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Abstract: In response to the problem that the Pomodoro technique only man-
ages time without perceiving changes in focus states, this paper proposes a real-
time music parameter.regulation method based on a dynamic heterogeneous graph
neural network using multi-modal physiological signals, and designs an intelligent
AT music Pomodoro system. The method takes heart rate, heart rate variability,
electrodermal activity, and blood oxygen saturation as inputs. Each physiological
channel in each time window is modeled as a heterogeneous graph node. Tempo-
ral-edges and modal edges are used to construct a dynamic heterogeneous graph
sequence. A two-level attention mechanism, including node-level and semantic-level
attention, aggregates heterogeneous neighbor information. A gated recurrent unit
models the temporal evolution of the graph sequence. Finally, a multi-task out-
put head predicts five music parameters: BPM, overall gain, low-frequency gain,
reverb depth, and mode. To balance audio quality and real-time performance, the
system uses pre-generated style-consistent base music and achieves near-real-time
music matching through parameter-level adjustment and a cache pool. Offline sim-
ulation experiments show that the model achieves a mean absolute error of 1.738

for BPM prediction and an accuracy of 78.56% for mode classification. Real-time
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validation shows that the end-to-end latency P50 is 15.33 ms, satisfying the 100 ms
budget. The online device experiment design and statistical power analysis have
been completed and will be supplemented by real participant experiments in future

work.

Keywords: Dynamic heterogeneous graph neural network; Physiological sig-

nals; Music parameter prediction; Real-time regulation
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AR TGRS . 2 AR . WS DAGE— e, PR dor e
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FFRHX IR, B TITLE M SN EEREAT TR, BB PR, 46
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Gk (BHOTE) — BREHR TG (1, 40, KRG ARy FER,
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BB FE MR 2 B 5 SO 2 o ST RIS P B2 3T BOMIL Iy Y DA
WHLL, HRV. EDA % RIR(E 52 M ZME 14 R AT B A M
4 (GNN) (BT [40, 42) RO REEESIAE, MERMBSME, Tk
A B SR 25 S B A S = GO R A e A
S 1 S P N 2 SR T DA P2 O I L AR R R, MDA
RS ER: AR B A R R B, B TS T R
RSB HAE . DR R S it (EEG) 4 (38), MEDATE H A0 Bt
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FRA AR, AR TS R ZM% (DHGNN) B4 fs
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AR R, BRI DHGNN S B0 5 hHE R B4 (BPM, 4%
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(a) Multimodal Physiological Representation

Multi-domain Feature Extraction Block

Raw Signals Preproc Sliding Window

HRV Features ! Frequency Domain Normalization

Audio Engine! pTTTI = / Stacked Heterogencous Graph Attention |
: : = 3layers - K = 4 atention heads

G, Gs, ..., G}
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T AR 3
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BPRER SEAE TS 56 4 RIS R R MM B 25 5 T RS

MEERG 56 WA SEmES R S0 56 7 e 5 8 W4k gie.

2 HIRIAE



FET B0 75 S A P 22 10 2% 1) S I AR T 2 MK TAE

PEAER , BIFTEE N A BEIRR 1 M AR RS S 3K Sl & SRR 74 - Yamane
SEN (2025) FELRIA T RGERSE T 28 TR XBST, Wk 646 £S5, H 53.6%
HIRGE R T ORI AL AR, 60.7% MRS IRE R, 28.6% MRS THL
e ) BRI R ARDRAG N RS B & SR e 1), BARE, X4t
W TAE RS =4 &gt ABUE S 25 RS R MU Ik AR B A S
AR ZE M 28073k, PASCSRIN & AR AR S AR -

2.1 MEPE S 2 IR S B WL U5 T4

TEAE PR S5 RS Ry T, 0 T AR BB v )., RUMBA
X7 3 S 6 T 5 A R P I 7 L AR AL, DAV SR [45]0 X7 1523
TRTB, (FLIR AR B — | MDA A PRSI R A k. R RN BF Tt i &
SR . 0% )3k (CN122272969A, 2026) iR+ Fhgiér HRV 55
PRI 5 SR IGTT RS, AW S BT Oy 25 4 W R S R R e 1, IR
HRV-#5 SRAFAF MR 4 LA 100ms [8] fdi th e 035 SRS M0, 0 1 45 s | 45
A BT T [46]. MUK ARGET AT BRFRAAS ] AL E EC S AU RN T35
R BEAN S BERER, BZ BT .

HEAESE , BURBKEN R TR Ak e Han 4 A (2024) $2H T—Fhah &k
A TR RE 52 REEEBAEZ ML RBAL, LRSI (HRV) Fl
FRHLURY (GSR) %5 BISFR I T35 RIS RO B 5%, 78 PMEmo, RAVDESS
Al Soundtrack 4L FIGUE T A MA RN [52]. Wang 1 Serrano (2024) #2H
T FET EBEBMZM L (GON) BT RIEFER, i aimoR. K
L 285 2 TR I P PSS PR 25 IR [40). Sahin (2025) FE KRS B 1 B
WECHR I T HeartDJ 2%, FIJI HRV AW R EIRS AL KSR, LkhkH
AT P BT O R S 0 A B 23803 . RMISSD rp (i 7 2.48
(p < 0.05) , {EZ: G (R IH5 T F RIS SR 1 8 R ) T 15 2 oty 35 2 o I
JZE RSN TGRS (58], — T 96T 18 Y 5 RIS HE L BF 7 (2025) F
JHSEI R 2 S AN ARAAE . 285 ErWLasr SRR S BOR , FETH T i 2 7
TAE] T 96.7%) e (53], Ahmadi %A (2025) FIHEMIZM %M EEG {5
SRR R RS 4, F NMED-T $0adE k%] 87% I94h JSER 2 [43]. Pal
& X (2025) i PEIE 25 D W28 K ECG FIREIR (-2 cpsiiil L fs , He b 5 SRR
PV @M (42]. Wang %A (2025) WBFFE T % K555 BCG (Fofeit =
Valence-Arousal 58S (0] Fp O HMABLA, SIS & RIERER L T HRE [59].

2.2 JERME S B Pl e &5 5 ik

TEAE PSS A B 2 M 007, L N (2024) $RH0 T IS5t
LRI (TSGON) ,  [FII 25 B (7 I 6] 47 11 4 28 i 28 P o i X2 [ 1
AN, IF 5 ASRINIE IR 51 SR i VT4 5 BURE SURR 5 2 [ A — 3K
P [55]. Gao 2N (2024) HH TR TSHAEER IHLHIN EEG fifL A HEL
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(DGAT) , LSS E M EEG 18 8] BE I 8 A2 R 23 & [56]. Zhu 45
A (2025) 42T EEG-DGRN, —#f ] T T ERP 6 I i) sh A5 18 R
W%, 5 RSVP $dlade Fik#| 87.05% Hy-F-3-1- sy FUER A [57]. ERMWES
2GS E T, —W&kF T IEEE Transactions on Affective Computing 5T
(2025) $2i TR S E R IR MR 48 (DHGRNN) , M T2 8 2 B
AR ARSI SR G2 AR KA, B A A
Transformer [ 2%, AL KGR 2 HI T TSI RIC, 2002 BRSPS o
() S PR e, i B A A S M 48 38wy 1B R 2k 18 1A EHE Y S
(54]. THSSleepNet (2025) Mk T T -l 25 % A5 £ 1052 Fa el i o o
2 25 1) T BRI 23391 7025

2.3 PR A R N A U Tk

S T ST WA R T R . Google
Magenta PN (2025) %1 T Magenta RealTime, X4g—%~iT Transformer Z2
PR S B S AR RS ARY (0 B I 2 R T 2, BERE AR Zh A WS $ 7R BV s
PR IR KU [60]. Lyria FBA (2025) &7 “Live Music Models” i, BifE
SIS P AR RS E AR AR AR AL [61]. Newrophone R4¢ (2025) Mg —
Sy EEG REES ZhAE SR A AL E 2k 4% 11, ave P e A A B A A
T iRkFEik . Sargent A1 Snell (2025) FHEHIT “Cyborg synchrony” HEZE , @13 iy
Bt AT YNGR N2 A: B b 38 A I8 B G SR e X 88 TAEAC R T i 21 i S o 35
IRAE ORIV IERE , E CEH R GEAR A AR T AT ME DA SE A R R B R R K

2.4 BATWESERIA RS AR SR E AL

Zitr bk AR, SPAFTFAEDL T = AT AEA 2 -

5, WUNBRAAE “PibAE” MR SIE Bk . ZSUWHE Al S
— I (EERE) — EFRETIR M (L, 40], XAMUGIABIMTRE
B, ERAElE A e R R R B E S i FEEAE R

457, BOMARRGE S8 TP 2 B S Rl AN 2 . BE T R A% 4
Blgser) ARG YA MELAL R . HRV., EDA &R ifH 52 MR 8 ST
KA WO EET GNN BT [40, 42] BRESABHE SR KR, HEZRMBHER
P, JoyRAie N A BUR S AR Y S SR [57, 54].

L, S R AR I TEARE U . it 3] s A BB B AR AT DAL AR

I, (B EEAS AR UTRAERE , MEDA 2 S A LA K (60, 61]; HeartDJ ff
FUSERR R, AL AU ARAE T R S PR AIRF 2 HRV 2G5 5 1 7S 1T Bk 1%
[58]; HZBWFIE I EAE AR IR B By, 8= HS 5T B PRSI L

X B R, AUTERE M CRARCE R + SRR + ST K
I AR BC S, IFEE TR BT T — B AL FIRFAMB AR L. 5w
WITEATR, APt AIGC HE L RIS GE— YRS SR, 14T A
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JABHAS A P A 22 P 45 A 2 BES A B 5 U L 485 AR 240 (BPM., BRI o
et . IRITREE . ), A Y FRARCE SR T SRR, I B A
At BPM X R] SRR H o FERC R, ARSI 7 0 AR A B
TEHCEAN SR Rl I A A ARSI A B s A M I A1, R R
T ERUZE B I R G FAWIEE L, F R AT ERER R TR A 751 1
I RPiifl, f Rl it 2 A 55 S TN TL4E 5 AR S5 B Seid i 4 Kb,
FARR ARG S Oy L5 AR SR, PR AR TR IE R S5 Bk .l id sy 2 fly
TSI SRS IE , BE— 2B PP T % IR TN L S T A R B

ok
SR, % 104 T 2SR MR DR Bt X
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™

3 BhidERy 5 RE TR

AT AR YN T BO O e R . TALBRRE . FRIESR U R RIbR A
SC, R A IR GRDEE B RGBS Y S R A PR AR AESE 5 Y
RGBS TN A

a Signal conditioning and quality control

Raw Filtered Quality gate
HR /\\/_/\ 99.2% valid o
W ° Resample Artefact policy
HRV W’M\“ RR continuity 4 Hz threshold + spling
EDA m m artefact < 2% linear interpolation Butterworth filtering
Sp02 W \"/\/ signal presen t
b Windowed multi-domain representation
60 s window - 30 s stride
W Time HRV Frequency Normalise xHR
—_— xHRV
W“\WM mean - SD + SDNN - RMSSD + LF - HF * training-set Z-score -
range - skewness pNN50 LF/HF - power mask missing values XEDA
240 samples - 50% overlap xSp02

typed node tensors
— Gt

Pl 2 ZRESAERESHEIRES SFMET . (a) [F5WHBSREES . (b) B3hE 0.
Z L S B R R TR A

3.1 BRI B

AFR A4 F TN SR haS S v P i 28 P 28 A B0 ) B AR 4, A G AIH R IR
TALBRAR . FRER B VAR ZE E
3.1.1 Bfadie KRI85 ks

NGRS ST, MeilE (g . ) 2% WRsEieiE. &Kim, =
5530 U SCARTS 5 0] RE S22 5 M O e O IR . [1]. AHEEZ R, B AR
VER—FPr e B, REUS B TS T B2 SN G RS 55105 R 50 SO BZ 451
Z ARG R e, FETE BN Tt R A N2 e (11]. Beab,
BRI AN R AN 5 (el TAET RS RIRIT) BA RN
— e TR T SRR SR AR AR BE S I R B Y BB S B A Hb T A B LS
TS

T EiREE, AF5TEH WESAD (Wearable Stress and Affect Detection)
NIE AR [37] VMR RGNZRn 3 28Rk IR . WESAD J& H i ol 28380 )1 5 1%
TR AU S | ) V2 i RS R 2 —, HOR R AS S S S A H
PRI s BEVCRE . AR 16 Al (4RI 20-35 %) MAERE S
ek, SRR MHHMEEN RespiBan {4 M Bi#z0 Empatica B4 345 Wiffn] Z¢
#F55 . RespiBan &2t T.0HE (ECG). W (RESP). KeHiTEZ) (EDA).
=8 E (ACC) kiR (TEMP) (5% ; Empatica E4 Bsliis &34t 7 I s &
ik (BVP). EHifE2h (EDA). f&il (TEMP) FI=H#E (ACC) f55. &

12
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WIER G KRR N ECG A1 RESP {55 700 Hz, BVP 2k 64 Hz, EDA 2k 4 Hz,
ACC 4 32 Hz,

Bl fEimas T =g RS 5 Bk (neutral ), & J7 (stress) A (amuse-
ment ) . SLEIBCRAMHANETT, BAS 5 ERRETHLICR. EiESES
(Trier Social Stress Test, TSST) FIitiiFHESAE4 (amusement induction), &R
1555 B9 A BE S 3G X N AR SR . =R S A8 S B0 AR 2 5 A ] A 3
RSN E IRSEIWSHRAL T Z R IR .

5% I H A A SE B S F S A, WESAD 34 A% O 389 T HoR 8
WA N I E AT SRS B Bmpatica B4 BfF52K4 (BVP. EDA. TEMP)
SRR T RN BERE = JE — 20, XM OR T 5 TZ ARSI A 8 B2
AROT BB LM s, WESAD BdlRfE v 2 N T
R ARG BRI (8, 9], KO A LAERIE T HE 5 & X ok fe
X HE PR T B

AWESE I AL PRAE Sl - ST X O] gr iy (RRE TR, R EeE
18) METL AT VRNE, I B S5 L RES W IR, AT ik
AR Th R BOA T DU ZRAE - Sl R AR AL A -

(1) «0#% (Heart Rate, HR) ik ECG 5 BVP 55/ R i EIHITA
PAG, 2 RWE EMETE S ERTE b

(2) BB EY (Heart Rate Variability, HRV) — @I/ %E RR i
IR P51 3075, BARCR ) RMSSD il LF /HE {EAAZDAHE, i L3RS
FUHE 17K B bR i P84 5

(3) KeHLi%Zhl (Electrodermal Activity, EDA) — [ A8 A &4 R G011
arousal 7K, S {4 g e A ) 722 A RS

(4) 1% A (SpO.) BRI BRI S B3R, (BAE RN FE) (2
FRISIES, AITESebr e h i Bl I - i B AR

FIRMEAFSH, HR, HRV fl SpO, C8 P I TH S ] SR 8 45 5L
£, EDA WU ¥4 Amazfit Helio Ring SFf it , WiLR T HAUESLhrih &
T A AT A5, A WESAD %4 f, HR F1 HRV "] ECG (700 Hz) 5 BVP
(64-Hz) {55 H42HL, EDA W H EDA i (4 Hz), SpO; WM PPG (5%
A2 S B = AR . A SWELL-KW £idla4eH, HR F1 HRV "] B
HARALR) HR A1 SC (JekHT) 55

Ry YRR AR (A2 AV RE ) Bk AP A SV A R B E, A
W55 A SWELL-KW (SWELL Knowledge Work ) %idia4E [12] 1F Mt BhEs £t
iz Ak, SWELL-KW $dRgE 75 25 A Bkl TR (5
Wk WIVEEUR SRR . ACTRAL T HRCESE) AR BRSO, SR AR A
HR AT PN B HE ) = FeRAS o B AR SR AL T3 (HR ). 0% 5% (HRV) F1
B S (SC) 155, 3R NASA-TLX, RSME Hil SAM Z5ARiiAk fF 0T 45 11
Fr s WA AT S SR ST T hRYE. SWELL-KW B TAE 5 (SR TAE) 54

13
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WEFERIR S5 (Raiph L3 TAR) ) —80 HAPFESEIE (HR/HRV/SC) 5
TPl P R AR, (AR T B A s i BB A RO A B 258
FEREAEREE TR ). CAPRCH WESAD 5 SWELL-KW
HRET I I A (13], Sk X e S e & (8 1 iyl A7k

BEOh, ABFSEAERSE T 10 28 H IR BE T It E SR oh TARR )
PR, A AN TEIARAE PP A S S R B SR T 3 S i
ROR o 2R 2 0E T AR IrA Bdn e ARG R, K 3 DAEFEEASA &
WAn e U2 A: PRSI B e T O«

% 2 AHTTE R

B4 Bk %k AW G Y5k
WESAD 15 ECG/BVP ik RS, W
(—HR/HRV).EDA
SWELL-KW 25 HR. HRV. SC e BB, B
8] & 17
Bk 10 HR. HRV| (& e F Fnsh&HETE
£ 1)

a Dataset coverage across the four physiological modalities
HR HRV EDA Spo2 n

=, £7s B-E H H s

. HE B H 2

wisbans . HE B o

W ot avaiae

P 3 Efﬁﬁﬁﬁmﬁiﬁﬁﬁ%%%ﬁﬁgfﬁiﬁﬁﬁﬁﬁ%é%%Tﬁ@ﬁﬁ7
WAL

3.1.2 Hnii P

JFG BB IME S AL 1), RS ERE., FHEEATE, PRl XM
TG FARER FEIUA R, DATHBROREEME RS . G — B =& e J5 22/ 1 3l 1
HAFESZ

1. FRFE

WESAD #4443 18 19 R 4G R AR —30: ECG 5 RESP 24 700 Hz,
BVP Jy 64 Hz, EDA Jjy 4 Hz. RERMG, FrAfES5—NK 4.0 Hz[37]. KHG—
B Al R , ARETOR TR (5 AR 2 4 He,

W 4 Hz MR T . w5, MR EZEReRAE 8 (Nyquist-Shannon
sampling theorem) , KA f, BN HGE TR APIEDT TR foao HFRE (R

14



FET B0 75 S A P 22 10 2% 1) S I AR T 3 B SR TAE

fs > 2fmax), VARERUIRERE (aliasing) . AEFUFES (WL, WFZ) A S0
WEAET 2 Hz[19], KM 4 Hz FRAEERC R ATEBEREES A REL . HK,
4 Hz (RI4F 250 ms —ANRAFER) SIHBE R TR BLO SRR —3,
TR SC I S i ) LS E il fp . SR =, BRI SRS B T A AL
WTEFR, SRR IR . SWELL KW HURSIURBER ) 256 He,
[FFEERAE 2 4 Hez[12],

TR AER LSS (linear interpolation) RS2, X T H ARKHE 5 tuew,
WHAE IG5 o RIS RAE SN (to, m0) F (t1, 1), HAF o < thew <215 I
FEET R Toew N

1 — Zo
t1 — 1o

BT EBORAT T TEPI DA P R A S 2 R LR M, TR B A E 51
FRaE G I AR R ZEE 52

2. SRR S kb

1R RER A R R T BB R IZ B DR . MR lOR [ Bl s s e e = A AR P |
ANATRERY I (E, 75 T ARG b2

SRR SR H BT A ) 3 (threshold-based detection) o HAKBRIE R -
LOFRE/NT 30 bpm BT 200 bpm (A, EDA [N TARIREAS ., LA TEANE /)
T 70% MRS, YIHE R FE o IREE A8 KR T AT S i CORA ARG
D FIEHFAE 40-100 bpm i)y HRifHzE s Al iA 200 bpm; EDA Sk pZ kL
PIZERHE, UEAEYEE EOR AREE I AR AT BT 70% J@ ™ EARAEUALAE , e fa bl
ZAHE W H Il R N B

R ) S AN R, 12 R A =R ARSI (cubic spline interpola-
tion) HEATIERN ) PABRIEES RF I ESEE . FEAIEREMH 0 Bt =R 25K (piece-
wise cubic polynomials) FEFHERA RIS s ARG 4. X —2H T g
R ()5 ZIRFESE S(t) FERRAIXE] [t tig] BWERE

’ (tnew - tO) (1)

Lnew = 0

S(t) =.ai(t —4;)* + bi(t — ;)% + ci(t — t;) + d; (2)

HrP R ai b, ¢, di ISR S(t) —PrFEL S,(t) 34k SN@) T A N
T AL LR M . IR LR, BB H AL JEE S
Ak FREIEZIEUR T 5 B B E R TE, DA S A (EE K i TE) TG X
FIAFRIRZE.

3. JEE L

JF UG5 TR ARG 2 P s sy, A5G B PR RN R AR 12 3l 5 | ke 1) 5 4k A%
(baseline wander, #FEH LT 0.5 Hz). THITk (power line interference, 50/60
Hz) KEfifllHiErs (EMG noise, R 5 Hz). §F IR HCG RO B4 o

A5 R Butterworth 7 i & AR A TR . Butterworth JEJ s DA N

15



ST SIS R 80 4 S 4 S 3l 4 T TR

PRI P4 (maximally flat) SPHFAE, HMRSE LY FJ7 2 -

1
|H(Jw)|2 = W
H w=2nf HAFER, w. HBUEABER, n BB Brion Bis, @S
FEHT 2 TA) A I o e U, DB R Tl (HTF R R BRI R B 2
B . AFFSERERRACR S5 S IRERE, I 4 B Butterworth JEH 4% (n = 4).
ST LFAKAES (ECG. BVP), M 0.55 Hz (OB uEd:

o FEEIEWER 0.5 Hz: JHIRELERA AR IS ;

o (REEIEBE 5 Hz: 0 THTH (50/60 Hz) FIsE AL RL MRS , (ul i) o2 B £

B QRS ZIIEL.

T EDA 5%, HARUSM A NZNE, RN 0.05-1 Hz g9AGaE g, A5k
e AR 7 [ Ep O B B B L 21878 73 i (tonic component )

4. 5B SRR 5

AR SIEVEIG, FF R IE 2 B AR i SE I IR R 22T SR B U e in 2
B

WESAD e R Ol mikit, B2 5 WKREN TP B Hkidsk
(baseline, #j 5 4p4h) . EiFESES (TSST, 25 15 404h) . EH. WiiisS
145 (amusement, 2 8 43-4f) FHEAWREH [37). FdiRES S, HPrEE
I TE) Bk B FRPIR S ARAE (R kA /i) S e R e — IR At (P e
label iEY, RAERYE ECGMH, S 700 Hz) [37],

ARHFIT) B BN MR label @B AIITE TS, SR Bra AR A
SR SRR Ml RUREZEIXTE], KPR DX A ML T B X1
AT bR B T HERE B AR AR AR BT B R, R R AT AR 43 2R
B HAINI LA I - BERYEEAS B B BRI SR 2, e /1
55 314 Furh WU B E RS BRAE (BPM, 394355 ) , 1R WAL ZRAY i
I H A5

PA_EPUNFAE D PR UCRA T, B RGBSR SRV 2E 3.1.3 A58 3h
T E S ARSI A A
3.1.3 T Al 11 S REAIEBE L

SR SIEVEIG, FF RIS [R] P 9 40 by i )T IR 22 0 28 4 AR RE A RS
Xo AWFORMESNE D (sliding window) $EAN FALFR S H 55 2E4T 23 #15 47
AEFRHL

1. {Eghd sl

e 1o FIAZ O AR - AT K BE 0 10 9 B TRl DA & 20 K
g, RPN e TR EENE R B, B B — SR AR Fid S
BN, BAE S 240 DRAEA (4 Hz x 60 s), #HARPIMEE 8 MR H (B 4
AP RTINS0, ABiEgE LA 8850 N L 7800 £%)F 4.

(3)

16



FET B0 75 S A P 22 10 2% 1) S I AR T 3 WdmER SR T

ﬁﬁﬁﬁ’fgﬁﬁglé\ﬁd‘ﬁyg ﬂotal (@)7 H@ﬂmﬁgﬁ L (ﬁ/l\): ﬂ}ﬁﬂ‘j S (@)7 I)_l\lJ
A B B R -

N = Pc’t”‘;_ LJ +1 (4)
Hop -] i TR BN N B S ECh Lox fo, H fo WERFE
[P (4 Hz).,

AW O SHEE T

o FWHKEE L =060 ¥E8E 60 AIiKHEEH HRV o Aritniifbia g [19]0 %48
AR, RMSSD. LF/HF % HRV f8brpd e fliih 752 270 60 #21 RR
FPS . A RERIE (A 10-30 #) & FEIE PR TR0 HER
Af =1/L, 60 B OR4HE%4 1/60 ~ 0.0167 Hz, £ P4 LF (0.04-0.15
Hz) #l HF (0.15-0.40 Hz) #iay; MKageE 0 (40 300 &) W& P &3
PRSI PEEAZ AL, TR 2 e i T IR R K .

o K S =308 BKIE T REMTUNE AR, 30 LK EWER 30 #4
JE— TR TS5 A, FEm R (FBUA: HR A S B ) At
RS TP, A, @R ESRAN 1 - S/L =50%, HEHE KT
ARSI P, e v DA A S B0 T kA [19].

HRFENE, WESAD iR mEime SCh R T 60 B LA 0.25 7025

K [37], HHEEREELEIK, SEERMETOER . AR AT 30 7

AR TESRIERHE SR IGE 7 PR RIRIEE T, i 2 S P BR T 100 5 SR I A i 2K

1 Python 28 H, W] {#i Al numpy. 1ib.stride_tricks.sliding window_view Hf

scipy.signal.windows JEELGEFRY] A o€ BOZEAE

2. IHEREAESEE
XTREAS 60 FRET 11, M ASAEBAE Sl 1A TP R HLDA T e AR -
HERBGEVHREAE : %02, EDA F SpO, {55435 E A (mean) | 2

(variance) s #RifEZ: (standard deviation, STD) . H A H (maximum) . H/MH

(minimum ), BEREE(kurtosis) FIfwfE (skewness). JH Al f (554010 1 R

JEEE A BEAT e A PR YE P WG 40IR S — o iU dE (8],

HRV, bH4#AE: M RR BP0 it S5 pA T bRl HRV 545 [19]:

« SDNN (Standard Deviation of Normal-to-Normal intervals): G 1E%

RR [HARFREZ, HHE AN

N

SDNN = \ g > (RR; — RR)? (5)

i=1

Hh N s O RR ISR, RR A RR [E)RYME. SDNN S A
HRV, 5252 BRI A2 e 22 L[] 5 [19].

17



FET B0 75 S A P 22 10 2% 1) S I AR T 3 B SR TAE

« RMSSD (Root Mean Square of Successive Differences): #{4F RR [a] ]
ZAER R, HEAAR:

N-1
1

=1

RMSSD PRI s iph 28 (R EME ) 163 £ R Eets , Smizha (HE)
AR [19]. EAWFERY], RMSSD 2 I kel sl 53 s iy HRV 8
b 8]

« PNN50: 28 RR [EZEERT 50 ms (YELHI, T8R4

Count(|RR;+1 — RR;| > 50 ms)
N -1

pNN50 = x 100% (7)

PNN50 [F#F: S MR A 28752, 5 RMSSD BA B Sa9HH K [19].
3. WU AEDGE I
SR E i Th A 1% % 8 (Power Spectral Density, PSD) 7342 5, fuik HRV
A5 ORI A ) BE B 43T [19].
AT R T P i (28 #t (Fast_ Fourier Transform, FFT) #:473)
R AT M TREN M = L.Xf, = 60 x4 = 240 WEHUE S 75

2[0, z[1], ..., o[M — 1], HEEMEEMAR (DFT) & 3Ch:
X[k] = Z_ zln] - e ¥R = 0,1, .., M — 1 (8)
n=0

3t X[k] s h AV (frequency bin) 9SAL, j = V=T HEAUAL.
A BE R ()

Py S )

S| X K SRR ERT 7, Tevh 2 MR AER, 0N £, - M 7
R RS kRN

Ck-f k-4 k

he==37 T 240 60

(10)

SRS Af = f,/M = 4/240 ~ 0.0167 Hz,
FHT LR FET 4558, SR EGrE [19]:
« LF (Low Frequency power) : 0.04-0.15 Hz #5757 NEITIR, XN RG]0

18



FET B0 75 S A P 22 10 2% 1) S I AR T 3 B SR TAE

k=1[0.04x60] =3 % k=10.15x60] =9:
9
P =Y Pk (11)
k=3

LF Py g WAL BN gl A B e iy 2L R, 5 7 IRz 48 BSOS B ¢ [19],
« HF (High Frequency power) : 0.15-0.40 Hz #iiF NIHIZIR, XV RG |75
k=1[0.15%60] =9 & k = [0.40 x 60| = 24:

HF PR RIS (REME) &5, FEHPFRESEN OFEATE (res-
piratory sinus arrhythmia, RSA) 5| [19],
« LF/HF i U5 masiRzl, HaEAAN:
Pip
LF/HF = —
M B ()
LF/HF HAEBE ) 12 FIAEAS 8% Rl A S8 28 P i FE b —— LU AELTH i 4 s 52 s
5 (5EJ). FEMX), WEBERSEREIRRMZ I (5. T
x) [19].
o MR (Total Power, TP): 0-0.40 Hz #5i75 N ) B3

10.40x60]
Piotal = Z PIk] (14)
k=0
4. FeaebaiEft
SERUITA TR RRIESR U , R 1 LR R — RS d RHE i x, € RY,
JIA N A% D ARRER-ERE X € RV,
S I RV 2 02 B R B, 1 6 S A2
HEAT Z=scote FpifEfl:

(2

X(Horm) o X; = Mirain (15)

O train

HH pyoin € RY H O prain € R 23BN NS FFAER BRI HEZE M) B (BTTH
B3 o AREALSERAT N JSON SO, (L5 28 iy BOGH S IR 1 A ] 22
e, BAPRINZRAERL N A LS 20— 2

PR IEAR IS AR ) RF AR 26 4 73 TR 22 190 265 A5 I IR) 1 11 39 A 0 R Ak
PN
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ST SIS R 80 4 S 4 S 3l 4 T TR

3.1.4 FZ%EwEX

AWFFERIBIRCR A IR, TR 0w O “bpds” ——
RIABEZR R S50 ) H A5 R S5

PRSI AR H WESAD Hil SWELL-KW $dfa S 1341k 745> i 1]

B RY B A BRI AS AR (0 “rp e T Mt 6 ). BT ERRSIRTE, 45

FE RO F 2GR AR, NERMRESR T —H Sk

SR VERINGRZE .

PSS BIERE: 5IRE ISR SERIRT N, AR RS ES

B AR A T H AR

« BPM (Tempo): 60-120 Jufl NAGIEL(E (BIH{ES5). BPM &8 Ml 45 K
Wik BERERERZ ——— W2 &K (> 100-120 BPM) 5 5%
M A ROEM O, g2 &R (< 60-80 BPM) W fig#F il S Jlef 28 = F- 1.0
R [14].

o BUAWLE (Gain) : —6 £ +6 dB JuE N ESE - (HHES) , 35
JE o M J3E 2 5 M A PG R 1) LA PR 2R AIE s ) Ml L S 3R R arousal
IKPAH 5 [16].

o {EHiN4Z5 (Low-end Gain): —3 % +6 dB W H NMESHE (FIHESS),
60-250 Hz SELRRE /. MIRATIIGSR S SRR “JEE” “&E” WIWHEH 2, FEiL
PARIE ) iR = b B EEAE A 15).

o R (Reverb Depth) \0-1 o NHESAE (BIF4ES), Fllasmmee
TR LG o TE MR 3 5 e B AR W IR IR 5 [ J8%, T8 I8 AR AR IR AR
YR E R ARG (18],

« WX (Mode): {Major,Minor} 43 (5524555 ). KI5/ NI 2
LG8t (valence) PR KIHHEE SIERIEEHH K, /M5 7 0
LA [14].

REZNS WS HEN : EL T EAR ST, AR A DA AR BRAS 2

RS EIL KA -

% 3 AEBLRSE]E RS RN B AL

A AR BPM Bk BN RWTRE LEEW
it (neutral) 75-85 0 dB 0 dB 0.3 Major
711 (stress) 60-75 -2 dB +3 dB 0.6 Minor
RN 95-110 +2 dB —1dB 0.2 Major
(amusement )

WS R I 4 -

1. BPM [WesH&s : Frontiers LM AR , 187727 /K (60-80 BPM) {Z7EH
SEM AL ORI, EHTEIEAY S MRTZEER (> 100 BPM)
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ST SIS R 80 4 S 4 S 3l 4 T TR

DG AL SR 22, 4R THAE PRI JEE [14] . Stith (2015) fWFSE#E— 2P BIE T tempo
(60 BPM vs 90 BPM) X HRV FEAIHAA R 5200 [15].

2. BEER SACHIS AR HE : Ethridge 58 A\ (2024) % DEAP HdudEiy—
WAAT R, ZEEHE (L BRI RAE) 542 arousal 2 [AIfF7E R
FAHIENE [16]. Su Fl Zhou (2024) T FEHLARMIET A I, 22X
WD KT e (17 BT, R PRIV . 1R
AR 73 DAE 3 IR 20 e 8% TP s AR TR I . WS ARUH I AP PA S
T T B S A W J

3. TRMATREE W SRS - AR SO AR A R R SCER TR TR (reverb) AT
S Ep A DA AR PRAE S A% DB RS —, HE AR CREET CUTRIR”
“AS (B HAEAH G (18], Hudmst Ty R DA 1 A (A A AA IR e A
37 S PRARERARTE i DAL 17 T 3 R0 1 22 K

4. PR SHERSE : Frontiers ZEARTE 1, PIFI. AT A FIRTEEH (AniRFI5%)
{00 1) T 5 RO, T A BRI B R F 000 9 & S T RESENN e AH O SO [14] 6
BRI 33550 R F/NR - Hpi St 37 55 51 B ORI

i b, BN bR ) R

y = [yBPM; ygaim ylowigaina Yreverb, ymode] & R1+1+1+1+2 (16>

HHF Ymode W4 one-hot [aj5 (Major/Minor), HAEH HiELLbrE(E.

3.1.5 F AR5

Froe BBHREE 0% /. 15% ) 15% LB AR . B uEEE A 4 .
WGREE R TR SO B o B iE4E T8 SEGR R RS R, M EE T4
TP RE A ST PP Al

Rl 73w 2R R o 2 SR (B[R] — i i i AR AR H B S IRAE ] — >
), ARG /388 DREAS, DAEE S [R]— 8 1A B (R B s R DI R AR AT ik
e s BRI (data leakage), AN B ELSEHBPPASAR AR A WA P A2 4k
A& J). WESAD 15 Z ik, BEVLEER 10 AMERIIZGSE. 2 AMENIRIESE. 3
MNAERMREE s Hewid o), IghgEdt 5200 &34, Bnukdedt 1040 550751, Wl
RS 1560 25741, &£ FHEZRIIHIAES. SWELL-KW [ 25 £ 80CR i [H
FESRME , B 17 A%k, 4 ABAE. 4 AR,

3.2 AVishgk

ARATIEAN A T RGBT B B8 v 25 5 R AR TAR AR  FATTE ) WESAD
5 SWELL-KW flade, it FoRFE, U8, (A BREHAL LT, AT
Tl 13 AN I R AR PR L, A T IR R R BT AR AR, AT AR ELR
ASPRYES SO & ST T4 B SR8 bR . B E i e 4 35
BN A 22 R 25 B A R I R B T R . AR GE TR B B B S B AR AL R R
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BT 75 S P o 22 0 2% Y S P AR

3 s s SR T AR

RS b AT PRI
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ST 2l M VL 2 0 24 1 S R 4 S SR P 2 )

4 ghe i Pl phas o g5 o

AT AR AR OB — 3 S T E 2 M 24 (Dynamic Heteroge-
neous Graph Neural Network, DHGNN) , HiZUSfKIRMHNE 4 Fras, 504
A METEAE (4.1 797). SiSFMEME (4.2797). FHEERE ML (4.3
). BFEhASAEL (4.4 79Y), ARG SHARRE (4.5 1) FBZ)IZ
el (4.6 97) .

a Dynamic heterogeneous graph encoder

1 Typed inputs 2 Graph construction 3 Relation-aware HGAT x3 4 Temporal learner 5 Task outputs
Mean pool Shared FC| | BPM
Fusion .
HRV a attention g=zh/|V| Ré&LU
z_t = f(g_t@ t=1)

DTW modal edges
visibility temporal edges

b Information preserved at each stage

© ® ® ® ®

modality identity cross-modal dependency window dynamics shared control state executable parameters

Kl 4 DHGNN Z.L5EM. (a) S5 R I E B (b) &BrBREmfE
S

4.1 [ At
RWFFRF BN AR SO A W B
RS A TAE PR BRI 4 22 a8 AL RN R 41

S = [SuR,SHRV, SEDA, Ssp0,] € RT ¢ (17)

Horp TR RPAA . CREESED, O =4 AU S HEE. £583E 5 5%
R0 (HR)L WA PE (HRV), JeriEZh (EDA) FUMARAE (SpO2).

BRI E 5 RS E OSSP A 0 FE8 N ANE O, WORKEN
L =060 F, KK S =30F. O%5EN:

N = {T/f—S_LJ +1 (18)
Hp fo =4 Hz HERFER, GG S M = L x f, =240 PREES. 560
ANEIIEH W, e RMXC =12 ... N,

WiRAE: X5 0 A @DH’J% c NMlE (c€{1,2,3,4}), &M d 4ERHIE ) 5
x( € R, FRAEQATIIREEAHE (S0, Jr2 . FRME. MEHE. (il). HRV ik
FEiE (SDNN, RMSSD. pNN50) 1 HRV #ilsiE (LF $h#%, HF )%, LF/HF
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B Bl A M PR 4 D) 455 ) S I AR RS 4 BHES AL Pl 2 ) 2 A

FOAE . BT . DT S RRIELERE 2 5120 - HR 5,5 6 4k, HRV 45,5 7 4k, EDA
TR 6 4. SpO,y AL 5 4. FREFRHU e R E LA 3.1.3 77,
Plgits L & XE G = ( E)oe THEY ={vue |1 =1,...,N; ¢ =
SCHYHEV =N x CAT R, Hi oo XS @ N5 ¢ A8 RRHE
it 2, A AT A T A

type(v(,)) = ¢ € {HR, HRV, EDA, SpO,} (19)

H4E € = Eremp U Emodarl TWEWIEH:
o WFRIL: [F—EBEMHEE O Z BREE, Semp = {(Voe), Vi) |15 1,..., N =
Lce=1,...,C}, HTHieLARE *TB@H]LIE_‘JH/JE%,
o BigL: [_J WO WA FEE Z BB EE, Cneda = {(Wae), Vae)) | 1 =
L...,N; c# Y, AT A E%Zlﬂlﬁﬁﬂi‘ﬂ‘%uﬂéﬁf
A Gy FoRE ¢t MHHESE (t=1,...,N) JNAFEL ST {veo s X
HBFSH . EIRTNGE ¢ 2514k, 1"]5?‘—/\@@#*’]@)?% {G1,Go,...,Gn Yo
A s BRI 0 0 WY — NS SRS v IRPESS 3.1.4 TR
E L,

y: = [yBPMa ygaina ylow_gaina Yreverb) ymode] € R1+1+1+1+2 (2())

Hrpr:

e yppum € [60,120]: FREE (GBZHE, BIHES):;

* Ygain € [—6,+6]: FRIGE, B AB (HELE, HIHAESS);

* Yiow_gain € [—3, +6]: 1&%5& Mai, AL dB (GEZLE, BIEES);

o Yreverb € [0, 1] JRIEREE (EZHHE, BIAES);

* Ymode € {(150), (0] )}-ﬂT,(LO) X R (Major ), (0, 1) X R/ (Minor ) (43
HRALS)

gi b, BASERSEORE A EE N SHEWEFS {G,...,Gn}, K
WL f i
f(Gi s G) =y, t=1,2,...,N (21)

BIA AR 2 i ) 22 ¢ (IR A (R U, S0 24wt [ 2 (R e o AR S i . 1%

HJ'%EJI GRS A R ——F 30 A (RIEANHeT 1 R mE) i — ki 4528
Ui 2 Sy ffE AL AR 42 R AE 100 ms DAY

4.2 ghEeiabrgd

AT 2 Tl AR B R] P SV RO Sh S A R S5 I TR, BT EIE
A S RE L B SRR DAL P A~ ER 2y
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BT B AL P 22 I 265 ) S I SR 4 4 BHES AL Pl 2 ) 2 A

4.2.1 KAt X

WaWHE A FRIE N AREED, S0MEOEs C =4 M EREE,
AL (HR), LFRAFME (HRV), RS (EDA) FMAIAIE (SpOs).
SR t MIEE (t=1,2,... N) I5SHEN:

G = (Vt, Et, o, ¢) (22)

Hor:

o Vi N RER;

o & CVyx V, NiIIER;

o &V — A NN RRBIIR R, A KT R
o & — R ORI REL, R NHRBES.

5&45i[HE (homogeneous graph) “RN[F], Si4 R ELFISAIRTT AL,
REfE T ER L @B 2 RS AR T E S5 2 MM E R B R R [24)«

Bl A B AR By () @A Ty SRR ], T4y Sk B k) R 2 &S & (Discrete-Time
Dynamic Graph, DTDG) FliE2:nf |17 K (Continuous-Time Dynamic Graph,
CTDG) Wik [5]. DTDG REmsfalflria] 53 A BRI I 25, A [R] 20 0 B —>
SEP, BAETI {G1, G2, ..., Gn ) HSIASIE . CTDG Mg 45 1 Bt st ]
B, BFEEZE A L AT e . ARFRCR R 3h i 0517 &
FHES AP E SV B EBHR T (5 K EE 60 B, K 30 7)), A
PSR — A R, BE T DTDG {5, X — i BAE Tl A
2 R 1 7 P 8 O 28 b R g A PR PR v i A (R S5 A AR R, P e A AR A
(4n GRU) e b B (B B Ta) A AR (5]

4.2.2 PEweX

TR E A R IC . AR RIS O x AN A ELETE Y AR
R AT R E LA

FLURHE %54 ¢ AN ORS¢ AMEMLEE (c € {1,2,3,4}), & X305
Ve € Vio UL, BRI RLEEON Wi = C =4, BB AT RUEAL
KN x G

B VG EE RS 3.3 RN d AR R X9 € RY, fuér
HHE S THRFIE . HRV BHEERER HRV SUsERiE .

TSRl ¢ RBUR T

é(v..) = c € A = {HR, HRV, EDA, SpO, } (23)
AN R S AR A B AR B SO ST RR . O33R A5 SO i B )

FARTIH HRV 75 L H A 250 GIE S, 2478 L RS E
TIAKCEIEBUE TR AR s EDA 5 5 AL A 22 R GERY arousal KPR I 46 M i
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BT B AL P 22 I 265 ) S I SR 4 4 BHES AL Pl 2 ) 2 A

SRR I AU TRRT BT R A 2 1 R B T 0 5 % o

T AN R 2 ALY ) R AR R AL 1) i B S (R R 48 S AN Lo, Joik HARAE
Al —zS AR E R MR — “FHP8747  (heterogeneity gap) [FAIE,
ANHIFSE R 2 B et 2R A8 e (Type-specific Linear Transformation) X428y
SURRER TG RTTT [24] 0 %552 S48 R0 28 I 28 i B il 4, A% 0 JEAR
S BT SRR T AN ST I AR AR B, R IR AR R AR R R A — R A L
5 X A3[A] [24, 25],

HpRH, XTHRAN o(v) = A (Ae A) W1 v, HIFIHFHE x, € Rl
R L SRR IEAS B Wy € RT U FURE by € RY | BRI ES1 &
A paasn)

b, = W) - X, + by (24)

Hop W, € RY SH8E R RRHIE, BT 83 RO RIE A 2 g —h o' 7
BIHEFE W) MUREL by 3 ARTIIZSEL, AR G A o e 1) e it T
BT PAABRFEIIPUZET kOB, 20l 5E X

WHR e ]Rd’XG7 WHRV e Rd’X'Y’ WEDA e Rd/X6, WSpO2 e Rd’x5 (25)

KRBT SRS A B L B AR MO S AR o T TE T

(1) BB FAE RN BN A LS (B 2 B, SE@ad s py e Asde , (R
T B RRE R

(2) Gi—2 5 o R R AR I 200 Sl B ) 2 T A T4 — i AL R T3
AEEERA:

(3) ARIZEAL 2B SHH BT, BT, AR B REIE X AR A
UGS G TR T 25 A A [24].

S5t b ARRRVR R AR T, BT AR R AR Y B R — d 4R LA
ST R RAE R . TP R RRRE ), R R G 2 R B E R A
442.3 SRR TR

E LT RZ M RER . AW EPIE . W A .

WA (Temporal Edges): [f]—FEBLiE 8 fEAH LRI B 4 1 2 [B] ) a4, BRI
(ViesVirte) € ET™ (t=1,...,N — 1), FIFHHEAE TG AR RE AR Ak R 25

i ) 0 R A P S R A T LRI B (Visibility Graph) [20] 6 X B[] 751 o
TP EHE R (L, ) A (85, 25) (8 < ty), ERTTARE PR (e, 2) (8 < te <tj)
B -
ity

t—1,

T < T; + (l‘j — $z) (26)
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MW, <RI, e R R R . TR BEE B UE B 2R st () 2 2 e ok A2 %
W28 A R, AR I I 285 E SR F DA AE v A T 6 B[] ) 91 ) 8 0 R
20, 21].

Biis (Modal Edges) : [i]—HJ R 1 P9 [A) A BLE 1 2 (8] () 1 42, 1]
(Vne, Vpr) € E% (e £ ), TR AHUE S 2 [0 A ES S B

BRI A L TR 1) 2 2 [RD AR RURE T3 NIRRT SR F Sl AS i [R] R (Dy-
namic Time Warping, DTW) [ 5 5 & 18 FRAE ) 2 AU [22]. X TPIA
KJE AR m Al n WEHEFS a = (a1, ..., am) Fl b = (by,...,b,), DTW.iEHH
i mxn WRBEEHERE D, SR —FRIENFE 7= {m, ..., 7k}, FHRH
=SS Y

DTW(a, b) mmE:dm (27)

Horbrd(-) MERERE . DTW il AR 55 PN IR e S A (DU, X A= B
Fo AR LR (ALOFRAT I MAZE R . IRIOBR AR LSS ) HA B,
BB S b ) 2 B 23]

RS — R A

TR Ve 5 v ZIARTHALE S~ 2y Beek 40

(

202

DTW ()2
Visibility (¢,#").-exp ( (Xt Xy') ) ,oe=d, t'=t+1

552 ctd, t'=t
o

Voo o (B

0, otherwise
\

(28)

H o iy SESHL, ) #EHIA PR AR R . %ot A A N RRS

(1) Hpiaady [l =5 e T i) _BAg Cnroip:” FAsE_ErgARIE, RO s o
H;

(2) BEASHAEETRAAEAR LR T A R ;

(3) JAEAHARHFEIE WA R & 0T S el iEs: (BEER 0), PAREREIZEH
HFR R PRI BRCR

4.2.4 ghEHEPALH

TR ORIE L —. FEEE S D RttEdt, E#hihg 30
M — UK

FLAH, 2FrRYIRIET 1 ¢+ 1 2R, BSGH T DA T BRI T R R
L QIEHA A vpre (e=1,...,C), FWIAKEE x|, Hh 2467 O A 5 2058
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3.1.3 17 YRR U AR TS5 1 5
2. FESTHT S b B T S BB (vee, vig1e), ¢=1,...,C;
3. BN R Z BIPIBSIA (vis,e, Vegr,e), € F#
4. MRYEE HOERORN, M5 sl gy e R R, BIRERIH T R ve K
HORHRI
ﬁﬂ“i%ﬁﬁ]ﬁ%%ﬁmfﬁﬂﬁ@%ﬂ‘ﬁb%iHT&@%@EIE’H? SHYAZ AL, [RIEHFH G
A EERIRREAR T AT B A SRR BERT R S A C A7 ]
K, WHREEREN O(C?), § ”:‘lﬁﬁ@ﬂ@%ﬁﬁﬂéo A 51 A IR Ik BRI A RL
T B S S AE R 4EE i ny e Zeibist [38].
gi b, lat EARPUAS PR, IR AR Y 2l 18 AR PR )7 9 B A 4 o — A B S R
EIF3 {G1,Ga, ..., Gn ), Hrp BRI B9 B 5 DU AR R B ) T R 2830, 1A
PR A FLIRAS AR T S A % BT FRAE R 5 22 S AR 5 7 I 25 1)
Ao

a Graph snapshots evolve with each overlapping window

G t-1 Gt G t+1

&)

3

b Edge semantics

modal relation temporal relation :] adjacency matrix
dj t window:

width = dynamic DTW similarity 2% & same modality across adjacent windows local audit of edge weights

Pl 5 1Eahed b g PR s S R L. (a) B EPRIEGMEIERE. (b) B,
I e 32045 e 2 B 1 e B8 5 P

4.3 SRR

5542 T BT R, TR LG AR BRI AP 2 E RN B S S R
G 461, Gay- vk Gn ), HA RS RE  E AL S IUA AL A5 5 (HR, HRV, EDA,
SpOy) MM (BRI, BIESH) . AN ALEZ RIS Lsirr) s R )
M 2% (Heterogeneous Graph Attention Network) , %W 4538 i 2 IR AL B & 1AL
il ST SRR SR A 5 R

S EER I MO RS FEEERAEIE Y, ARIZRAWAY SN
W 2 AL MG R [24] 0 AR, AL S AN Z IR AL -

(1) Yisigkii: g ) (Node-level Attention) —FE[A]— X REBT, 25K
[F) &8 1 RN O R A

(2) B HHET (Semantic-level Attention) ——fFEAN[A] ¢ R A (I5}a]
. BESH) 28], 2ESORENE SUE B EEAE . JE X 2 R,
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BRARENS T i e RS A BRAR -5 Z [ YA R e AR [24]
AT 6 P

a Node-level attention b Learned modal attention ¢ Semantic relation fusion
K =4 heads
Type projection HR 0.00 ; _ 0.08 Layer 1
linear map of typed nodes
0.734
[ 0.4
Edge score Layer 2
additive attention over relations =
2
Neighbour normalisation 5 Layer 3
softmax over incoming edges 0.2 £
T EDA 0.12 0.00 0.0 g | Vg
Relation summary 0.1 B temporal [ modal
concatenate heads and sum
0.0 Modal weight risgs,witfl depth

SpO2 0.08 0.09 0.10 0.00

HR HRV ~ EDA SpO2

6 SEHEER L. (a) wﬁﬂ&?ﬁéiﬁﬁ% REBY iy = Wy vo BFF5)
e:tk—a (Wohs|[Wohe]. ABREIA—1L off" = softmaxe(ei’). XRILM
Wy = |k g alf Whhy (b) E%‘*%u&ijﬁﬁ% (c) WHCRARRA, AT RRES
O =%, 800 + RGN

4.3.1 ViRgERD

RGO I EFRE . ST o, WHAERR NG AT A
ve € No(t) VR T, TS GRS A, A0 T A% L R I
SRR [24].

BH(-1) 2 R I=18, b = ;,%%%422%%ﬂ%ﬁﬁ§ﬁ
T EARE) AR bV e RY L ST RE - (re {temp, modal}),
JE I 5 A R ﬁﬁﬁWWGR“J%%wmﬁﬁﬁw,M%ﬁ%%rﬁf
38 S 28]

R — WwORp-D

S T S Y

b = W (29)

AR WA AT GRS £ X R [R] ¢ R 2 A2 S ph ST A ERAE RS, AT ¢ &R
Ry E T SO [24].

B 5 BT R v RFUEA A oy PIEIETERS MY e Clat)e WTELLH X9
FIUET SURRIE RN B R SRR RS, A ?“~/\T%7E1’JEEEJJ 5 al) e R
SN bR IR

(1) = LeakyReLU (a" [{~V || bV ) (30)
Horr || Fonia B PHEHAE . LeakyReLU S %L (DAREN 0.2) FEBLALI B

Eﬁ?fﬁ R (R NSVl DANE | 22 S i ik ) R S IR R E Y= WA R = W]
kR T E =R S 4% (Graph Attention Network, GAT) 3T EE, @ B
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BB A e > <0 ) B [26].
NEHE R R BAEA R SR Z (A B A R HepE, R softmax pROW AR HE R
JHEHEATIH—1k

(r.l)
exp (e < >
o — (s:t) (31)
(s,t) (r)l)
Zs 'eN(t) eXp ( (s t))

Hoep NG(8) FR 5 BRI v FEX R r FHERE SES. B R
%ﬁﬁang oty =1, HATMERMERE.

iﬁ%ﬁF EART A v FE R v FIARE B AL o ok B
R ﬁ%ﬁ%ﬂﬂﬂ

7l 7,0 T (l—
0= 3 alh) R (32)
SEN(t)

173 - S= PR Nl s e R R s i 5 | o S I & S e e e
A SR R R &0 P AE R AL SR A TR A ]

4.3.2 2331 IIHLH

SBR[ 35 RE AN R E R, ASTRST R I 2 Sk R AL (Multi-
head Attention) [26]. £ 3L¥ERE IR0 B : HATIBFTZ AT M7 73k,
TGN S R T 740 - TR A2 1] Ak 52 Tt

Bk, HATZAT K QML 3 (RBFTRE K = 4), B304
ﬂi@ﬁﬁﬁﬁwﬁﬂﬁﬁﬁﬁi¥“%=L~ K), ARRtEs iR
5 thnk o

SETRIBEGRE(1 < L, LSRR, ¥ K ASLAH R R %2 0 5
2SR

2" =K 2 (33)
PHEBAERE T BRI B MS A5 B, AR T GRAS [R] B ¢ YA [] J2 10 ) 4
IEAZ H. o

MTY&IG—2 (I=1L1L), XA K A3k#En-FEE Xt , AR
T4 BRI 4

Z} nL) (34)

k:l

—_

(rL

L J e e AR LR R o (+) AFRIAS 2T i o X RRUZ , R ReLlU
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™

T PR
h{"Y = ReLU (zi’“’”) . l<L (35)

ReLU #ifi %L ReLU(z) = max(0, z) BATHRISE . SZAEHRIITA, 2’
MR Fp 2 A AR R R [26]
XTI, B REASRE L (B ESEB) -

hgT’L) _ Zgr,L) (36)

4.3.3 WEXLIEZT

Gl RGOE IR, BT AR R (R Bl ) RS T
REATE LR b L AR I 96 R TR AK T A A SR ) e S I S
i 437 2 LA B T AR, S0 S RS [ e B RS T . AT,
7] 9 3R BN AT 55 ) B B A AR ], P BRI 1 i ST AR . St B
SEE|ATE LG U [24].

SEFA A v, WHAESS | R %2 R e sl (b hy (s
PRI RS IR R ) o 18 T IO D 22 ST A X R AL By

B EANE LR b R ) E R R S R q € RY gt
TR S G, S5 G SRR, i S T A A R VU BB P A 4
KR BB, PG S S R BT

1 .

Wy = W Uze; q” - tanh (h,E ’l)> (37)
Hrr w, HEER r BEIETE CEZVE. tanh B80S R BCEHEEE LR (—1,1) K]H],
EFFELEHOVER , A BT e .

Bl JE il 1k softmax PRI 4% 56 R IR IR 1E SUIEEATIH—1k, 15315 X RHEE
ILEE

exp(,)
5ror b ()

Hp Y cr B =1, B BERFTR KR r TEARIEME ER A PBEZ. A ER]
FERE AN 7] 9 22 AU B 2745 U N DT T
AT v TS 1R ISR G RN N K ZR T SRR E 2R B IASURA -

b =", -h{"™ (39)
reER
At BT R ANE RN R R TR, BB BRI TE R A5 B RS
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FE RSB I CHbRN L R T WA, SERIR R I A e At
(19964 T [24].
4.3.4 S IRLEH L

W L ERWERENE (RPSRE L =23), SR U7 Bk g
B RN R AR, BRI T OUF R 2 0046 A 1 B 40
M5, PRI AR, =R WA 25 = Bk B A5 . . T AT 5e
(RIS S SR (AL 4 A 5), SR0 R AL BAE42 TR AT
I

(AR R, IR 2 45 25| Kk -1 (over-smoothing) IR, H
b RO, R R S R R T B, AR B RE 27, 28], SCRk
A KEFIFTINES], GNN BIHEZEGE 24 2EERE AR LB (27, 28],
IR 2 B0RN GNN BIRUR R I . 450% AU 288 592 (LhE Sy, 4%
BRI R R 1 48RRI 22 L = 3. HA B0 kK
K =4, BRSE4EE d = 64,

FIEWEEEE 25 (WO al | o) B ISR, R
ZIRIREL SR, DAVPBIRA AR [l 2 vk (2% SR [ TR 7

Zoid LIZERRIG, BT SR AR DY SaT L BAsE A M s RIE X
(5. TR S GAE, W AENR ST B (55 4.4 7Y), DA
A PR A7 1A 20 A AL B

A S g P 2 7 9 24 ) it AR T A 4 A s 1.
Algorithm 1: 54 50 0 4 i ) 1 4%

Input: S8 G = (V,€,0,¢), R SEHE (0} ooy, THESLE K,

J2HL L

Output: A EFET (b},

1 for [ « 1 to"L do
2 for &/~*% % r € R do
3 for AN B 477 & v €V do
1 WA RIAEE R ol (K (31);
Wi s eERe o (% (32)

6 FEFIZ MU, PRSP K Aot (X (33). (34);
. | BEOE RS E Y (R (35). (30));

s | ISR IE 5, (5 (38));
o | MEEXFZRME B (K (39));

return {hl(,L) }oey

1

o
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4.4 BHyah

Zoyat s 4.3 5 RA R S ML ALTE, AN IR 0 S (S B DR A
HA R b L BRI, R AN A LR ST BTG A AR [ ]
2 R R . AEFIUE AT R TS] 24 F 0 A B S 2 2
RSN, DRSS B RS R M. Bk, b5 AT oA
SR AP I TE) A AR O 2R, L R AR I PRI L F 8 AL B

4.4.1 BOUGEPE: [HIEH T

TP BT, TR L M4 (Recurrent Neural Network, RNN) 52 5k
APIEEN S BRI ASTE RS 18] 25 2 (R R4 138 ok B P SO . SR, f%40 RNN FE
IR TIERE BV 8 (vanishing gradient) [, B 24 A0 84 iy e n) 4% A A
FERJZ TN, FEORINE DA > K BE B ¢ & [31].

KHINILIZM 4% (Long Short-Term Memory, LSTM) A#al 5 [ AT THEHLH (4
AT BT #tT]) MRS, AR TR RER L, RS R KK
i [31]. 1R IE (Gated Recurrent Unit, GRUY) 4 LSTM ft—FhfaifbAE 14
i Cho % AT 2014 4EHEH [29]. GRU ¢ LSTM WZ=ANT 1A APANT] (FEE T
FUEHT), FFEOE 7ML AHRES, RRIRGS A SN G L3N EEk. B8
SCEMFR R, GRU ZEZ AN FH @RS RIS 75 LSTM A4 5 2 w41
AE, BRI SE R SR [30].

% TR BN B A5 B e ok SE R SRR, S HERR AR AR A AR IR, i
B D HREBEEED GRU @ NGB R, WA, AR RES
FPHK B N (g8t O dee , @E AT IR, B THEKETI,
GRU 1 THEAILH 2 AR I b () B A ¢ &%

4.4.2 W A AHS

P Ze4f 4.3 M R AL, 55 ¢« AR R Ao b e RY

(t=1,2,4.,N), Hf & Kaasmgs.

NHFFE AN PR (graph-level representation) , ABFFER P
Al (mean-pooling) X745 MIFIRIATRE -

1
LNy 40
8¢ |Vt‘1;vt v ( )
Ho Ve N5 ¢ DIERPRT RS, Vil = C =4 i flci . b Bdr
AF R AT SO RS A A R R g € RY, X REEG T KR BT A
A PLEIB R R
R FTAT B 1B 251 [ 2 ) R st B P HES ), A i A 791 -

G =g g, .. gv] € RV (41)
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4.4.3 GRU gijm{&Hk

GRU A% 0 RBARR B 1AL 42 i 5 B Rl . BET (reset gate) HhiE
L2 DI EMER, BT (update gate) PUE R Z Dl EREEANTIAZ

AETHIAEE [29].

BEER ¢ IHRE AR g € RY, BB IIRIRASH 21 € R (dgra A
GRU [RURASHERE ), W GRU (R UT .

%ﬁl] (Reset Gate) : ﬁ%ﬁﬁl‘] T € Rdg“ f%]jéﬁj‘lﬂ%[;%/{j( N Zp—q
WA RIS -

re =0 (Wrgt + Uth_l + br) (42)

Hp W, € Rlewxd' | U, € Rtarwxdens 1 b, € R B E ARG SE, o() N
sigmoid JE{EKREL, RrfmHiEA 2 (0,1) XA,

T Hil] (Update Gate): iHHEEH] 2 € R, G5l E— R RARE 201
I A 24 i s i) 2 R

z=0(W,g +U.,z_,+Db,) (43)

Hit W, € Rltenxd | U, € RlernXder Fii-by & R S35 TR Y225k
k2R & (Candidate Hidden-State): i1 EEEIRE 2, € R, giér
i AR TR ) ) AR

z, = tanh (Wg, + U(r,©z,_1) + b) (44)

Hrf W e Rlenxd | Y g RbBuxdenn ] b € Rifer SREIERIRSIH TGS, © £
RBEITCR IR (Hadamard product ), tanh 3% eRECRH HE4E 2 (—1,1) X[A].

HiBaiR#& (Current Hidden State): @I HHI] 2 76 L —BI AP BARAS
2,1 AMEIBEIRAS 2, Z [RIHEATHGME, 15524 Him a5 1 BRotR A -

Z;0— (1 — Zt) ©OZi1+ 20O Zt (45)

BT ERY 2 HGI 0 W, B TR DD LA R (RWNHEIZ) s 24 2 Bl 1
i *%iﬁﬁﬁ?%i‘%ﬁﬁﬁm/\ﬁu (RS ) -
EEHEEARM ¢ =1 2] t = N KIKIAT. BIHIRRIRE 20 BENZ IR

4.4.4 filHeIN

et N AWEE RS S, BRIRIRESRA {21, 20, .. 2n}o NERIFEEAF
S EAERE R, AFPIOR M e — 2 RUIRES 2n AE ARSI 4020 -

Zfinal = ZN (46)
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T RVEBAET 2y WS TES TEE 1 BRI N SRR T EE,
REMS 7870 SR RS E RS A I 8] 77 11 N R T AL I

XTI SRR B R 5, AR R Ttk (attention pooling ) X
P RS HEAT IR &, (B2 BRI AT I8 1 S FAT 55 24 BRI S ) s 2k
i, AP RIRET AT 27K

4.4.5 HZAT555 e

FAAREINY a € R [ AT B 1SRG, 0 AT
4.5 TIZAL S B . AR HUE AT IR 2ana BUFSRH RS ELN)
Y = [UBPM, Ygains Ylow_gain, Yreverbs Ymode] » 75 IR, BPM, AN ~ AR 7 |
TR BE AT =X A T B bR o

AP S A ELE AR W] B S5 N 2.

Algorithm 2: [ J7 3l 85 AR i 17 4%
Input: FRIRITH {8}, GRU BUIRSHESE do
Output: FHEHFEIR Zanal

1 WAL 20 < 0 ;

2 fort < 1 to N do

3 HEEE T r=0W,g + U,z _1+Db,);

4 | VEEH] 2 =0(W.g +Usiz,_1+4b,) ;

5 | HEREERIRE 7, = tanh(Wer U(r, ©2,1) +b) ;
6 | RSz =1 - 20021+ 2O % ;

7 return zg,, < zZy

4.5 ZAL55 il S 1 R

2212 4.3 3 AR I MEMIEE 4.4 1 P sh S AL BE, R 22 iiE
HE PRI ) ) 91 AR B — DB E LR B ROR 2 € R%™ o AT UIALRE
RSN S RSN ER, I SOH TR I 2 AT 55 10 5k B L

4.5.1 ZAL55 - IHER

AHFIE T E ] I TN A E R S8, AR ESHESE (BPM. B kHag .
A e IR ) A— B S8 (W) o RS SEO ST Ak sy
RS 727, M— A2 AE557#>] (Multi-Task Learning) HEZE [32],

ZAES A AIMMBIET (1) AREFS Z il I ZRZFR (R 2a0a) 5
PUFEEAS, I RAEFS UGG S /T M ESRAL; (2) IREG LS MES A B THR
L Z AL RE T, S LG B {45 (3) HHEBRA— R 1] £ 55 BT i s e
AR WL HEZOR.
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4.5.2 TD"(W!'J%*&H
FAT: 55 B — A2 PSS, Br A 0 Sk L =/ — 5 A 20, B

?ﬂ?ﬁ% ﬁ E’JTU”%?”%’& X BETT ARVFRE TG54 20 38 A S i Re R LS bR
B, (A 3L SR E AR PR U 25 1 S50

AT Sk ) B AR TR -

BPM Fidilsk: BPM [{EUETEE K [60,120]. TSk fh—A~ 26 1t 2 B Bk
Prie(E, ARG R (B B YEE R R), U v B oy S Ve 4 th R
il A R -

Jspum = clip (WhpyZnal + bpv, 60, 120) (47)

H wppy € R fil bgpy € R CHAYIZEZEL, clip(s, min, max) =
max(min(x, max), min) R it {H BR @ 75 8 2 K . RMEDT M IE Sigmoid
BRAWSF Y I IR T - BPM B EL SRR T e AR X (), 35 B AU
TORUER YRR SC, AL ) HSL AT

RIS TN S BRI SR W BUE S L [+6, 4-6] dB, Tl sk 4544 (" BPM
3.

anm - Chp ( gamzﬁnal + bgalm 67 +6) (48)

;H\:EP Wgain € Rdgm ;FI] bgain € R ﬂgm‘u[[éf;ﬁééﬁo
fUHBLE s Pt 3 - (AT SR A BBUELYE LA [—3, +6] dB:

glowigain = Chp (le(;wigainzﬁnal + blowigaina _37 _'_6) (49)

;E\EP Wiow_ gain € Rdgm ﬂ:‘n blowigain eR ﬂﬂﬂﬁ”%?‘ﬁo
TR TR TN s IR ER A UE TS B [0, 1]l iz By — AR
DXI), FUmek R Y Sigmoid s el BerF et i 48 22 (0, 1) X[

@reverb = O (Wz;verbzﬁnal + breverb) (50)

Hd o(-) 2N Sigmoid BEEL, o(z) = 1/(1+€7%), Wioverb € RE" F brever, € R N
—Iﬁlléfrf’%ﬁl Sigmoid PREFE ALY UL FAE T Hodi ) RIRVRAE (0, 1) X[i] HALAL AT
F, REUE AR R T REER T B Al T
PRBIMEL . WX KA, SR (Major) S/hE (Minor) . i
IS It PR 2 o 2 logits, FH28 Softmax KR MIER 2011 -

ymode = Softmax (Wmodezﬁnal + bmode) (51)
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;H\:EF' Wmode S RQngru %*RE%E%; bmode S ]RZ ﬂ‘j'fﬁﬂﬁlﬁo Softmax DZ[%&%EX%

exp(z.)

—
Zj:l exp(;)

?ﬁfﬂﬂ%%”ﬁﬂ%%ﬂ%ﬁ%%’@%” : gmode = argmax ymode °
%’ﬁi?ﬂu%ﬂ'ﬂﬁﬁ Hj ‘IE/%\%%E{%%?& W% }A’ = [QBPMy :ggainv @lowigaim :greverba gmode] o
F AT A0S iy A A g R =

Softmax(x), = c=1,2 (52)

%4 AWK BT

T H Fx L5527 i ya el e 2 FE AR I

BPM E)S [60,120] e g + B R
(60,120]

Lius EVE] [—6,+6] dB dopEm g+ B E
[_67 +6]

AT 5 EYE! [—3,+6] dB LY + B E
[_37 +6]

TR PR @S| [0,1] 2R ML) + Sigmoid J4TE

A= B {Major, Minor} 2P st 4 Softmax, HX
SN

a Tensor-level computation graph

typed

prolectlon T CHGAT- 1 P HGAT 2 = HGAT 3 - pool +GRU heads
features P
5 outputs

identity residuals stabilize deep message passing

b Multi-task prediction heads and constraints

BPM Gain LowGain Reverb Mode
60-120 -6-+6 dB -3-+6 dB 0-1 Major / Minor

Pl-7 DHGNN i HI&. (a) KEHRFIER. RN SREERE. (b) 25BNk
L S 2R

4.5.3 HiRBoE X
HERE AL EIRFAATSS, 1 LEATSS 12K R BN AT 55 1 2 AU -

»Ctotal - )\BPMEBPM + )\gainﬁgain + Alowigainﬁlowigain + /\reverbﬁreverb + )\modeﬁmode
(53)

>= EP >\BPM7 gain )\low __gainy )\reverba mode ﬁ%”ﬁﬁ%j:lﬁ Jﬂﬂ:%{ﬂxmff%f TJ
H TTHR .
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BRSSO A % X T BPM. BEfRIEGR . AIATIHY A TR e % 2 I A~ [ )
1%, R iRZE (Mean Squared Error, MSE) {E M5k sk

Lyse(9,y) = Z (54)

Horp M gtk Kol (batceh size) o 48 14T 55 B RAAS5 KA -

Lppym = Lyise(UBpM, YBPM) (55)
Legain = LMSE(Ygains Ygain) (56)
ﬁlow_gain = ﬁMSE( Ylow_gainy Ylow_ gam) (57)
Lreverb = LMSE (Jreverbs Yreverb) (58)

Y977 12 e AT 55 P i T B R R, AR OB R 22 R R (il
TAFIr WAL ), AR BRI St S 1 R T (i 220 SRR MRS T3 AR S 40
BN IC TR, PR R & AR 24 (A0 BEMJIY 30 HES 80) &7
AR BEAR S

S PAESS B e sl TR, SR AU % (Cross-Entropy Loss):

1 M

Emode = _M - CZ:; Ymode,ise log gmode,i,c (59>

HH Ymode,ic € {0, 1} HE T DEALELS ¢ BRYESLARE (one-hot 4D ), Jmodeic
BRI SR @ AR T AR o JEMR. SSUm I R A= AR R 1 5 H
SO Z I 2257 ¢ i o0 AT 55 B BRHES 2R BR AR

4.5.4 HRBEBE

AT 55 405 SR L 0B S AR AR 2 AT 55 [ AP . AR SRS AT
S5 HPBUETEEIMDERE , R AT SRS AL BN -

# 5 BALFHRAE R E

i%} VG il i e P BUE A
BPM 60, 120] MSE 1.0
gy E [—6,+6] dB MSE 1.0
RIFH25 [—3,+6] dB MSE 1.0
TR R B2 [0,1] MSE 2.0
P {Major, Minor} CE 0.5

CEBER AT - (1) R REREEE N ([0,1]), HABRE R AU
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L5519 1/6 2 1/12, G TEREE (Aeves = 2.0) PALPATHTTEG (2)
PR RS, X BIMES E S, B TRAE (Anode = 0.5) DARESR:
IAESAERAR A ERIE R, BRI (3) HoR=AEIAES
BUESEIALL, ACEY RN 1.0.
4.5.5 YNZEH bz

BRI SR H b il id e/ IMEER Lo, BRAPUALHTA FIL B ZALA L
AP (IR I M GRU) S5, (SRR M AR 2 B B
SRR [] 7 270 o E RS S50 TS B AR SR A SR B AR 2 i B A (R T
REAER Y S 21 i ) o

SRR ARSI -

a‘Ctotal o 8£k
00 "jé:AkT%T (60)

Horp 0 MBI AP ATNGRS R %R, AL 55 R Ao HEXT Bz ) of JEE 10 %
L 2RI vk, BT S5 0 skl R Ay 470

4.6 BORIYIZRENE

AT BB ST B 1 2 ) AL SRR, BIEEAE R 4. T b esik
Pe. 2R RN YA FAS RIS DA SE 6 .
4.6.1 Bl

VAL iz AL BB T, RF e B R R AR H T0% / 15% / 15% my He il kil
2542 (training set ). IHiF4E (validation set) FIMREE (test set). IZREE ] T
SRR S B TR SEOERE . BT RS W DA SO [ A 2R
F4 B L VP At il S AP E AR B YN R AN 36 Tk 58 B — R, T Ec AU PR RE
ISE DA . X2 Bl R R F 20 2 B9 (subject-wise stratified splitting), R
[F] — 9 T B L BB e R — N4, ARt (data leakage)
il PRI A S FES L S S BB A A DL - iz Ak RE
4.6:2 TEE2%

AKEFFERH Adam (Adaptive Moment Estimation) {i{b#s -8 S804k
33]. Adam J@&—FpET—Frdb BRI BENL H AR R E AL YR, 38 6 RS B — By

OOME) MZFrE CRerydr2e) T B@MALTE, RS EOTE M
adaptive 2% >J 3% [33],

Adam {EALAS IS ECEFALNANT . 856 ¢ 2RI & = Vo fi(0i—1), W—
BrAEA T my A AERS T v 20

m; = fimy_y + (1 — B1)g: (61)
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Vi = fovio + (1 — 62)&% (62)

Horp B, B2 € [0,1) NHEBCEWCR . T me A1 v FERIRIMI T2, R Tin22
FIE:

my A Vi

mtzl_—{a Vt:l—ﬁ§ (63)
SR AFN:
m
9t+1 = 9,5 — Q- ¢ (64)

Vit e

Hrpra R2E 3, e J AR R Inm) /NS 2L [33),

AR R A SEOLE N WIS % o = 0.001, —FrH R 61 = 0.9,
TR B = 0.999, € = 107° (BPERIAHERR(E) o Adam JLALSRTEATT 577 5
LA T

(1) B B EEAR A SRR TRt E ik, EHTE
PR 2 T SRR R IAY E 45 22 RS0 IRl 1)1 45 5

(2) XPBpREMERS HoAA St (O A R S50 b A A ng s A AR S

(3) WSS CEW HA 5 TR R B B AT S R AP ROCR [33],

4.6.3 *F2) RPN

PRI G55 BRGNS, AR 5 > SRl okmg . Bk, (1
ReduceLROnPlateau &£y, MIGUFEIELLEIELL A = 10 4~ epoch PR HIEL
), K BRI v = 0.5, FFRER/NFIHN 107° DA k2E ] %
i /INFECN AT o 2R W B DL AE T Be 8 A Ser uk 2R 451 2% 19 3l A28 Ak 15 A Y b
RS S B S i O ihAes = R A2 e o e G PR RS S A o 7 N LM [T

A, SRS A (learning rate warmup) 5EHE, FEYIZAIHAIHT 5 1
epoch Ff2FC M 107° LRpERIK 2 0.001, PAZEMRRIHIVIZha At E Tk .

4.6.4 AL 5

b B 2, ABRFER T Dropout Al L2 i MALFIHH el

Dropout: #ES IR M HE— 25, PR GRU MEHEZ IR, 1
Jif Dropout J3: [34]. Dropout iy BAERLE WL DR p BEHLAF 278
(T TR Ik 28T Il A AR R (co-adaptation) [34].
HACE N

hyop =m®h, m; ~ Bernoulli(1 — p) (65)
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b b i ARFE IR, m R, © METTERR. EMREE, A
FTRANLESE, AT WA TCHHTEDL (1 — p) DUREFIN 24 0 —CpE [34).
AFFFCREE Dropout 304 p = 0.2, HIENIZ R G204 20% 1K
ST . VIR(EAEBUA P W 22 AR S B 2 R (34, AT
e AR S 2 IS T T4
L2 EME: E 580 BRI L2 1B (IFFRRCE 26, weight decay),
X SR T A NAE T [35):

A
Lios = Lo + 5 6] (66)

Hrr 6 A TN ASENES, N HIENERE (AUFRER 5% 1071).
L2 1F D43 i A0 i R S8 B il B A= o) TR f FR Y eR &, AN P2 FHZ Ak R

Dropout 5 L2 TERMLHGE: £ 5 AR I 6 BEAV A Dropout J3HHiAL
EFAEIeE I AWM, A THE G fE rh e e R T 2% L2 14k i)
WIS 2R SR ROR TIB AT SR B . Wi FLAh, TR 4R TS A R WL B iz
teEfE
4.6.5 LN

BRI (carly stopping ) IR TENEA , DA ILORAY V14528
IEBFAL [36]. FAFAAZC AR . YIRuEE BV RTEIE LA T4 epoch WARTE R
I, PRErZ ORISR, MmB; IR R 24 Eal A,

HARH, SCEFARILGE (patience) iy 7 = 10 4> epoch, A IR KR E
22 7 A~ epoch PSR B M W(RI4HT epoch ISR R AT D sl Fe Ak Bk 4
Pe), fpl ke AsE, LRI kAR 10 R e AR A 24k . YN Zhid #R
PRAFIRIE S 2R BB LRSS (checkpoint ) , B fRoR A58 B S Iz AL
PERE.

TR R BT

(1) JoFmHidedsmE Y%k epoch $iit, REREARTEECHR R AR SO FE 1 38 MY
i E VI GRIH ;

(2) A7 1k A, JoH R AER T ST ;

(3) WA MERTTEIE, STINGAEE.
4.6.6 LS

A AR S IG BT PyTorch HEZE (JiiA > 1.10) il PyTorch Geometric JF (i)t
A >20) P, PyTorch $4L T HBF GPU IEIIGE, SCRemRU TR R
A% PyTorch Geometric % 4 Kz Mgt , 2L T 7y BIE R A1 A1
FEIBTE TS DA, R A M ST R ESC -6 .

YGRS ARELE—A> epoch WA SEREAEANENE 3 Fios.
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Algorithm 3: B431)|Z% epoch JifE

Input: YIGEARMELAF Diain, AL fo, TUALES Optim, HREKEL Lioa
Output: FHFMHEISEL 0, THUIGHK L
Loceum < 0, N <0

for Atk (X,y) € Diypgin do

3 Optim.zero_grad() ;

4 | ¥ foX);

5 | L4 Liow(y,y) +AIOI3/2 ;

6 L.backward() ;

7 Optim.step() ;

8 | Laceam + Laccum + L, N N +1;

[uny

N

return 0, £ < Lyccum/N

©
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5 HRETHEHMK

AN A H BRI RE AL FIRFMNM AL R AL SR Z. 2R
20308 1 ] R A A B AR B A ELSAR R R RS, AR 4 5 IIgRi
GNN BN R L ARS8, 9880 Web Audio APT SEBLH IR 1 S % 5
I, TR R — B — R — BRI T

5.1 HIREARIRHE

A GER A i B A, a8 PR Hisi oA B0 Web B, S5 & ]
B FFAESR . ARIECHN A2 5 Python Flask 45, fasens GNN
B, SRALSCIHERE APT A RE SQLite 5 AR IRAUE -

a Real-time system stack closed-loop update every 30 s
. Polar H9 / BLE AR(1) replay
Sensing | Feesmeesscosmsessssssesseeassssst st :
GATT HR + RR intervals three-state samples I
Feature worker Scheduler
Browser —
60 s buffer - FFT - HRV 30 s inference trigger
i ONNX primary Server rule Local rule
Service — —
/api/predict fallbagk level 2 fallback level 3
) Track retrieval Web Audio graph 4 s smoothing
Audio — —
BPM x mode index rate - EQ - gain - reverb click-free transition
) Physiology Experience Audit trail
Evaluation —
HRV response focus self-rating CSV + JSONL

Pl 8 HRE AL SR ARG ARGtk : ARG MIYEas . HERURS . S Airf 22
] PR s DA S = PR 5 P A S B A

a Closed-loop control timing

Physiological
window

60 s wifidow - 30 sfstride

30s 60s 9N0s
Inference
trigger

Audio
parameters

4 s ramp - click-free

T T T 1
0 30 60 90 s

Pl O PAEMEHIRII P4 . 60 s AEFRET DA 30 s B K AEDE, 4% 30 s il — IR
BT KBIERSE, SHAE 4 s W ARG nT T Ekas .

ARG — IR e BRI A 9 B, A& DA 20K
(1) AEFEEIE (% WESAD FURRGTHRHE. LA AR(L) R4 sl =S
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FEOIEEER, B0y 30 Zrehdt 1800 ANRAFA) DA 1 Hz BSR4 1103, RMSSD,
EDA Z5(55, IR 1x /5% /10x 53 ;

(2) mismdEd 60 P shfidnganh X (2 60 M), & 30 FHEH
IPIRRAE (O3 hr_mean, RMSSD) FIMUEAHE (LF/HF i), k=4t
R ) £

(3) HR4E & AW F JSON JERX i HTTP POST #k &%k ZE G
Ui /api/predict #11;

(4) Jusimzk ONNX #3019 GNN #iZ () onnxruntime.InferenceSession
DL CPU U EEH B3 R AE L) BEFFHERL, SR T4 B4 (BPMY Hfh
B, (B, RIRIE. ) | A LT (60,120, (26, +6] dB,
[=3,+6]dB. [0,1] 5 {Major, Minor}, X2 4 1y H i B 2R

(5) TR B S 50KE) Web Audio APT J##E IEZEREI & 2% 5

(6) HELLSEULALHT R 4 PR (40 2. B25(100ms) L

(7) A2 Ak BPM (7048 [BPM/10] A AAE i il ki 3 Uk, $hd
2 PRI S 2 PRI A SR ;

(8) FABIEEIH G H AT EHE AW (1104, HAHER focus_score
FE), raEdicsk 2 HERS.

5.2 i R oI
5.2.1 Fhiehilmtds

i s AZE At TAE- R I TR 28 CERIARHC 25 408h) .l Tl BEas &
XTYIEN 5 5 PIARZE T i (setInterval [al i i) B AR IR ), H4[ml i [a] g 22
I MRS . timex. js R HEsGS M RRTL - 5 20 1 300 x4 5ok 4
STEE I Z] targetEndTime = Date.now() + remaining, MJGEFR tick (il a]
FE 250ms) EPEH targetEndTime — Date.now() 15 ME]; B {EmHEE 2 —
YT S s P R A BT, PR DADRAE P 8 3 I o) B HE S 5 DR N 220, 3k 4
FiR
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Algorithm 4: F- HARS5 o I (BB 5T IR T I 4%
Input: HARHC T (£80), BB At = 250 ms
Output: IR ] remaining, By BeUI#HF1|

1 remaining < T'; targetEndTime < Date.now() + T’

JAZhER &R, R At il —IK tickO;

N

3 while +t8t % 4 % do

4 remaining <— max (O, targetEndTime — Date .now () );
5| HUFORIARINE] 2R,

6 if remaining = 0 then

7| | bR, BB (DIE o KR, MR

if J %)% 17454 then
9 remaining < targetEndTime — Date.now (), IR EHf:

f J 3|1k 52 354 then
11 targetEndTime < Date.now() + remaining, T JE7E N 28;

PRSI I R T 2R G 8 4 X N 280, 5 TR A i e iR e K
PR B hR 2 DB T 5 8BS G AT ISR SRS TUE T 5 6 25 20 i R
BRI /N 17

5.2.2 AP A S0 BTk

(a) WEPEE:EA. B &84 Web Bluetooth API F 45 AW IS
%y HIum A ] navigator.bluetooth.requestDevice({filters: [{services:
['heart_rate'1}}) sk HI AL ERARE GATT LA&MS (ks UUID
0x180D), 1T P (0x2A37) WM. ZFHEEIR A 7T MAREAL: L
0 $87R O EEAE (UINTS/UINT16) , i 4 f8nH G2 & #E RR [l RR
[EHADA 1/1024 Fhoh B0 b, T2 40.0% 5 HRV Jp51. RMSSD $%

®
ot

=0

10

n—1

1
RMSSD = J - > (RRi1 — RRy)’ (67)

n —

=1

LT

BERER | #£#% Polar H9 #0347 (49 300400 765 £531E: COOSPO
H808S, #)100-200 J5), 3 HLAbRIE GATT LZFARSXHN 4 RR [H)3; 2K
W #sh Chrome 1§ Edge, Tiflzfr T HTTPS 8% localhost %4 F .

(b) AR(L) 1Yl BIZ 50K, data-player. js Hi—B (11 AR(L) 3
A B = RS B B AT 1R

vy=0r 1+ (1—@)p+e, et ~ N(0,0%), (68)
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=K B SCF 4y Bl samplel_neutral.json., sample2_stress.json.
sample3_amusement.json. &F XS 30 4r%h (1800 4~. 1Hz) RFE&,
IO BN {timestamp, hr, rmssd, eda, labell}; fRESSEUNFE 6 Fr, [
JBGHRESCHF 1% /5% /10 fFi.

% 6 AR(L) {i FEHRH = IRESHK

ks DR EDA I (41S) AR
(& /45r)

1P neutral 72+4 2.5+0.5 0.85

& 77 stress 98 £ 8 8.0+£20 0.92

M amusement 9246 50+ 1.5 0:88

5.2.3 HiismFEAESE I

feature-extractor. js FEWI Viavim st MEE 3 W LA sh i DNARMETT & &
K 60, 254K 30s, it 03 39(H hr_mean, RMSSD (1 RR [AJ S0 P51 #%
RR = 60000/ HR #&f45]), YA LE/HF WAH+ Horf LF J5i5% [0.04,0.15] Hz,
HF #5iiiih [0.15,0.40) Hz, Fij AR Az JavaScript SEF radix-2 FET, A% 4 X
T DA RIS . B B DV RRIEAR GRER P50 2574 0.101ms, i8/hT 30s 25
K, W SER TR,
5.2.4 R 5l #ifk

A A PR AL PO 2 ST R - (1) Fandh b B SR ada); (i) AEBUE ST
e (0%, RMSSD Je B RRIE(E) 5 (iii) YEiHEEAR 0 H4ES RSEG (iv)
2l B 5 B S TEHERE.

5.3 JavutERINR 55
5.3.1 REST AP}
55 g T Flask SCEE, #2035 0N /api/predict:

Listing 1 /api/predict i >K-5 i 7~
1 // %K (POST) : ®ishi% 30 s REMFURKALE (THEH £F 0
history)
2 { "hr_mean": 82.4, "rmssd": 31.5, "1f _hf": 1.72, "history": []
}

o/ v AEFERSEK + BERKE (KF M time.perf_counter ()

T R)
5 { "bpm": 78.3, "gain": -1.2, "low_gain": 1.9,
6 "reverb": 0.52, "mode": "Major", "latency_ms": 0.170 }
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FLT BS540 [ i 28 X 25 1) S ) R R 48 5 RGEMEER

HoAth3: 45 : /api/health ({#EEEF 2, 12 [7] model loaded #5idi). /api/log
(H ,ugﬁ) . /api/music/get_tracks (HHJE#Tf]) . /api/music/next_track
(#h H#E#%) . /api/music/generate library (AIGC i E4A %) . /api/
style/similarity (XUSHIIE 1155 ). /api/qqmusic/proxy (5l MPS # 1
).

5.3.2 ONNX frid s e

% 4 YY) Py Torch #843# i torch. onnx.export () §HiH ONNX #%2,

i onnxruntime.InferenceSession % . R LFNTE; HEPERT DA = ZE4E54E 1)

i [hr mean, rmssd, 1f hf} Vel A HEPRREO DA time. perf counter () F] i,

i 2 By A PEAGIN e B2k 0] (latency_ms “FBg) . ONNX Runtime FAYCHEREAE

HTi@{E 0.031ms, P50 0.024 ms; Flask R4 HE predictor 71HJ39{E 0.178 ms., P50
0.170 ms.,

5.3.3 PR ARINEERR
I PRAUEAT AT R O AS T T 5 AR R, BRI = % g
L —%%: ONNX B, IEHEENhBAS T iS40
2. S8 MRSs va E B S S . AL SR R L i Bk UL A B R o I
_predict_rules() iS4, H =TT N

HR — 60 60 = RMSSD LF/HF — 0.5
Shr = 5 e ST a— St = — 5 (69)

(= 0,1])), H R
Sstress = 0.7 (0.5 Sgmssa + 0.5 sig/ng) + 0.3 S, (70)

FHEI RS RAJETES engagement = spe(1 — 0.58mssa — 0.5s1¢/ne) 7B
SR TAESEL, FEW RS 4 5 HE MR R

3. = nmaAHLE KA. G A AR, Hiig localHeuristic () PASE (70)
FARIIEA FLA M 5S40, PRIET A T

5.4 PRMCHE

5.4.1 WIS 550K
i DA SQLite X RFEE P, 7 tracks (#H H uHdl: file_path. bpm,

key. mode, style tags. overall similarity. duration). style_groups (JX{
WHNHZH M H) 5 group_tracks (XUASAL5 i H A9 R KAy ) =ik
#. BPM J34H7E music_library.py HUE CHZNANIXTE]: 60-70, 70-80. 80-90.,
90-100, 100-110, 110-120; YPH=4 A K (Major) /N (Minor) . HhH 3¢
# lofi {lo} {hi} {mode} Ay LN, HlUl lofi 70_79 minor F/r BPM
70-79 D[ E/NEINE o 24102 LR AR SR IRAR FEE 55 70-79. 80-89, 90-100 =
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AHERIRE, B 5 15, H3x2x5=30 |yl H (EZEnEE— MM S L8
7)o

5.4.2 AIGC 1 H Azl 5 U i ik

M B s MPS (A4 PE) fY) CreateAigcAudioTask % 4L &/
W, AR AT W, TR 20 % /api/qqmusic/proxy (CERIEIN. B0
i >k 15k 44 & mps.tencentcloudapi.com, API KA 2019-06-12., 2544 K H
TC3-HMAC-SHA256 &k, ALSHE T HTTP Header §1: X-TC-Action A
CreateAigcAudioTask, X-TC-Version A 2019-06-12, X-TC-Timestamp A4 Hi
UNIX B}[a]#;, Authorization NZE41{H.

WLk 250 T
e ModelName: MiniMaxMusic, 3 A ARz,

o SceneType: music, T Rk¥FHe;

o Prompt: XU, U"Lo-Fi Hip Hop";

e AdditionalParameters: {"is_instrumental":. true}, A
e (OutputAudioFormat: mp3;

o StoreCosParam: I57E COS TEEMiE&IE.

145018 J5 1% ] TaskId, #2if] DescribeAigcAudioTask B 414552 FH
B BT A SR URL AT 120NNE RO, &M N8 EAMRS 4. T
BUF I H DA librosa $EEURESHE, SEMEXAE (Lo-Fi Hip Hop / Chillhop) 1f
BAHLEE, AL overall similarity> 0.75 Wi H AFE, DABRIERZLN KA

5.4.3 I H#fi2Z %

/api/music/next_track #U{ group_id. current_bpm 4 played_ids =4>
SR Je#k current bpm VXA HE (get_tracks Arifiif s L +£5 BPM &%)
et HERC R B EREPLERE N —8 Al B 2, W
BPM JE L, A7 e o 5 5 R[] ORI R 42 A 2%

5.5 Thy |8 Sl
5.5.1 Web. Audio i fifith

BAGIEEELT Web Audio APT #7, 5 mi#nfhanEl 10 fon: T RiE A
MediaElementSource— {XMFifiA B g 78 (lowshelf, HLLMIIZR 200Hz) — T A5
7 dryGain— F1¥75 masterGain ([#H%E 0.9) —AudioDestination; JREMiiEEE H
lowshelf #ijHiifH |, £ ConvolverNode HiRNAIEZE reverbGain J5iL A T4k .
TEE M ok 7 R AR P Gl KB 2.8 s, $8BCE R T 2.2, ToFRAMIRIAEAS S

48



BET B0 785 S A VL ol 28 ) 2% 114 S P 2R IS 5 ARGLHHEM

a Web Audio processing graph

Source Low-shelf EQ Dry / Wet Master Output
MediaElement > BiquadFilter > parallel routing d gain 0.9 d . R
playbackRate r 200 Hz reverb depth 4 s ramp AudioDestination

dry
wet-2.8sIR

b Prediction-to-control mapping

BPM LowGain Reverb Gain Mode
playbackRate Biquad gain wet/dry ratio masterGain track retrieval
4 s interpolation 4 s interpolation 4 s interpolation 4 s interpolation crossfade

Pl 10 Web Audio ##i51%. (a) T SMEAIHATAIETI. (b) TR H B R I1
Fr i i il R L

5.5.2 Titlk 5 BT HT AUt
T 141 20 2B Ty 2
BPMyred

R = BPM,., = playbackRate = r, (71)
LIS gu = 1098/ — dryGain.gain = gy, (72)

qujiﬁ(71)ﬂ%iiﬁ%ﬁﬁﬁiﬁi%?ﬁéﬁﬁﬂiﬁ HE HAr BPM, 3 (72) K73 DIHE af 4% 4
R B AT AR s AT low_gain EHEE A lowshelf 75 i
WS (IR, JER [—8,46]dB); IRMIIREE reverb FLIEAE A i K 1 2t
reverbGain (JEM [0, 1)), A TR BRI LB WAER T S350 1E
oLk ST

5.5.3 SECFHLE

HEEESH (BHCESR . Bk . WG a . IRIRE) & 4s &g EE
#, S BRA M 40 25, B2 100 ms (A :

il?k—.TQ—l—%(fl?T—.’I)o) k=1,2,...,40. (73)
5.5.4 iRV

MY kA AL, 8 BPM 548 [BPM/10] &A= 7240, il %
switchTrack ) : [HMIH 2s JRH . Fr HFEIEFHRA, MGG 4s 22 33% 4. Frih
H Hi/api/music/next_track {K H hRIX [0 5 &5 R, FHFC A CHEE G DAkt
REK .
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5.6 Fiicdat 5 H ik

H AP ek . Biidi H&7E localStorage HHRfFHRIT 500 F&icsk (5
ABHUREAR R 500 4%), Al 04 BOM ) UTF-8 CSV SCff: (SCf44°h
aimusicpomo_log_ H #.csv); RS54 H&E 1 /api/log # HIiBME A JSON 47
X, T2 AZRERS L. BAHEFBEWNERT Fin.

* 7T OEHRHETE

B 8

timestamp (ts) ORI 21 5 5 AR Z

hr / rmssd / eda LETEE SR DR HRV $80R-5 55k i i 3l
1f_hf HIE OEE LE/HF e

bpm / gain / low_gain / reverb HERRA T 1) YIS B RS

mode HepRs = (Major’/ Minor)
focus_score FEAEP &R 5 L R 3 W4 (1-10)
5.7 /hgk

ATTRE B SCRIRBEEL SRR T VR - AT B AT S R G —— R RE AL &R
HEgh: PANIYEAF M ME—Z TR, AEat Web Bluetooth 2 A4 PR AR(1) £
BIRAE R Je A ONNX JBE 5 4 iU JE fh = PR R n: & SRS A
i BTz MPS CreateAigcAudioTask #2 I AIGC 3% 48 BUBE Syl = A A,
2 NS AL EE e J5 4% BPM X [B) 5 HANE ;. S5 2 PL Web Audio 5 5%
SR I TR S BOA 4s SECFIE S 4s SR IRUEWTESE ; 4Bt
[F) & HNCONSE R H S ZRGNAH 6 WA ST LR 7o —mm]
HFrH.
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6 Tl

AREETH b BMRERE AL H R ARG, W E Al B KR
ik, RGPS R A2 M 4: (DHGNN) FEAE B E S UKE0 7 AR SE i %
£95 BRI ST IS8 %O SR TT - (1) DHGNN B R Fs A
BURRAERRSS N HESER F RS (2) AR50 0 2] i AE 38 BB 4 2 S IR TR 22
k?

TR APABr B S —BrBOy s SR, PARET WESAD SGeiidsfitd:
Y AR(L) =ARSHEBIRHRIRE SE B B, BB U R B 5 2
B RS BE, IR HEAR N TL4ES 4R MAE 5 RMSE PAKAHNER 2, A
TAE A PRI, 25 B BOy SRR, FEHESE Flask ffRg5 + ONNX
Runtime + Node.js Hdm#i5e N EAFATIER , i 2] bR 2 100 ms i
B AR SRR RO T S AT RRAEO S TR IR, —IF4ai.

6.1 UGV E
6.1.1 SCUSEABE LAl

ARSI A A 25 5 L S I A o TRl Boe . REARRCE N - AL PRAR
Intel64 Family 6 Model 198 Stepping-2 (Genuinelntel) , NTE 64GB, #A/ERSE
Windows 10, #f4:¥435% 4 Python 3.11.9, PyTorch 2.14.0+cpu, scikit-learn 1.9.1,
XGBoost 3.2.0, ONNX Runtime 1:30.0, Fijug i1 5FHAEHREUE H Node.js v22.22.2,
A B2 S HERAE CPU BT, AR GPU k. Bra xS sm S 7e
[FIBRAE (PR N AT, PADRIESS R AT Fofk

6.1.2 Bdndi SEdA K

BRI R ELT WESAD (Wearable Stress and Affect Detection) ZIE&E4E
THRAEAE R AR(L) D7 B [37]. WESAD Bl tl s 15 Lnlle L. EJ)
I =MR A M ECGL EDA . PRI SE(ES . (F EAGR DA 1 Hz S35 A il
F, BEEE 30 4B (1800 AN REES), SEREER 4Hz J5HFARBIIZGSAS (4
B 7200 AN RFERD) o P EEER - N B M =2, AR 50 By, 3k 150
BoamEAE, A 7800 &7, HorrilZReg 5200 4. Mi4E 1560 4.
el oy, WAL SMIAELES, PARIEBETER LA P Eriz ki

=RASPRE 5 LA BES N 8 PR

TEL SIS i Polar HY W37 RAE FLSLH AN A FRAE 5
6.1.3 WAtk

AR R H AT PO R4 -

BIFAESs Haks - X7 T BPM., Befk3 g A0S o AR IR B UM ESESEL, R
45522 (Mean Absolute Error, MAE) FI¥J 5 Ri%2E (Root Mean Square

o1
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8 REAEHBE (TEHFME vs AR 5

. HR / RMSSD / EDA / SpO,
i LF - HF ! (sem) 7 €5)

Hipf neutral 72.18 / 45.54 / 0.94 0.85 2.5/ 98.0

7 stress 98.19 / 20.28 / 4.25 0.92 8.0 / 97.2

i amusement  92.08 / 38.35 / 1.74  0.88 5.0 / 98.2

Error, RMSE):

n

@z‘ - yi)z' (74)

i=1

S|

1 n
MAE == |3 —wl, RMSE =
n;ly Yi J

SPATSE R X TR O/ 3264555, RAERE (Accuracy) Fl
F14M4
TP + TN Precision - Recall

A — I =2 ' 7
ccuracy TP + TN + FP + FN' 1 Precision + Recall (75)

LRI EL S, SR G A 4L (1-10 43) A1 HRV 48fbiE
(ARMSSD) 1R & HAR S AL e h5 o
eV b . HEPRIEIR (latency), & MEFAES A 22505 00 i 2 Se R
6.1.4 JLekkimt
EIE DHGNN AR, B DA B2y :
o Z&PEMIH (Linear Regression): PAZZEAPFEAMIA, 25X E RS
BT LM
o PfiLAEAk (Random Forest): £El2~> K2k, PA 100 RRpe SR 54T |5 5 43
%,
« XGBoost :-FREFEFRIEL
o HiE GCN (Static GCN): i {EE R MY EETRMZ, NS ST
BLH] ¢
o AR GNN (Static Homogeneous GNIN) : ARX 25 S 28AL, i f 50
GAT #17HREG.,
« AT-DGNN (Adapted): X AT-DGNN Z244 [38] (4 H 2 M A2 3L 80 4 4 1]
3k, VENEESE R IR0

6.1.5 I

DHGNN R AT YIZRAL & YIZk /90 0E /M 84 70%/15%/15% K4 ;
Adam bR, WILRS42T% 1073, 4 10 4> epoch FEWH 0.5; FAEHEME, Mif.(EH 10
A epoch; Dropout 2% 0.2; L2 IENLZEEL 5 x 10745 #tk K/ 32, HGAT EZHHh
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3, HESEKECH 4, BRASEIZEREE N 64, 7 mAMEZEE RS S (HR:6, HRV:7,
EDAZ6, Sp0235)o

6.2 Bigkseingii

6.2.1 TR IkS b EE

9 R TR ATENNASE B ES BN RE. MR 1560 4%
B, KA 3 AR FAECEMZING 2 ], WEIE £ fRfEE.

469 RAENNAE EROBIPERERT L (SEI(E, ZRFTIME £ fRifER)

BPM BPM Gain LowGain Reverb Mode
Bt MAE RMSE MAE  MAE "y o Ace.
(dB)  (dB) (%)
R[] 1 2.300 2912  0.289 0.242 0.0359 78.72
1.673  2.091 79.10
LT
HEHLARA +0.007 =+0.004 0.249 0.2 o344 +0.06
XGBoost 1.777 2234  0.276 0.261 0.0365 78.59
1.666 2.078  0.249 0.241 78.85
4
i GON 4+0.016 40.022 =+0.002 " £0.001 0.0340 4+0.19
1.710 2.136  0.252 0.243 78.75
N 2 )
S [ A2 Pl P 2 4+0.023 40.022 «40.002° +£0.001 0.0341 4+0.10

1.840  2.312 ~ 0:254 0.245 0.0352 78.40
+0.023 +0:025..+£0.002 +£0.001 £0.0002 =+0.13
1.738 2.166. 0.249 0.244 78.56

DHGNN (43) +0.045,40.058 +0.001 +0.003 0.0339 +0.22

AT-DGNN (#%)

SeE 4L 220 (1) DHGNNE BPM il _F iy MAE 4 1.738, #{ . AT-DGNN
() 1 1.840 AL T 5%, HAE Gain MAE. Reverb MAE 1 BPM RMSE |3
AET AT-DGNN, SO A SLR ml USRS 4518 (2) {H DHGNN ) BPM
MAE M AR LHES GON (1.666) St 4.3%, W 22 540 T R Rl AL
THRPIERTETER A ([RIECE A R F 7 BPM MAE FrifEZE0T ik 0.045), FIEA
REE AR DHGNN g2 3 0 F VLR ERS GCNs (3) JE02ERR A 78.56%,
BRI/ | AP 78.4%-79.1% Z [6].

6:2.2 JiRisRgs

Sk DHGNN KB orik , A TIEmsess, 4558 0% 10 s,

THASCIR RN : (1) 2Bk GRU R 5, BPM MAE f 1.738 2712 1.856,
FHIE A 6.8%, J& VU flAs A e — BB 2 25 AL g 2 14, 1 R R @RS 23
YEREE B ETH  (2) BERSISEERINAR-1.3%, KEREREIPLH AL
F-3.7%, EEREH () AR +1.5%, X EeARfb Iy 58 [ B 1Y) Fh1[A]
WU RIEY, RNEEAE M ZBA s . B, FEARGFECT, X GRU B¥
IR ST R e 2 A
6.2.3 iRtk br

AT R B AL B A B N B R B, IR DA SR .
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S P 22 ) 248 1 S R SR RS

Model-level performance profile

Linear regression 2.300 2912 0.289

Random forest 1.673 2.091 0.249 0.243 0.0344 79.10

XGBoost 1.777 2.234 0.276

Gain MAE | LowGain MAE | Reverb MAE | Mode accuracﬂ

BPM MAE | BPM RMSE |

Darker = better. Cells report raw values.

0.242

0.261

0.245

0.0359

0.0365

f RPIAULIL

6 SCEHS
1.0

78.72

0.8

e

78.59 S

06 £

£

]

kel

I

04 =

£

15}

8
78.40 A\,
0.0

Pl 11 RBLAL 5 REAE R (S

a Absolute prediction error

b Run-to-run spread

: | AT-DGNN |
Static GCN ® 1.666 £0.023 e
Random forest ® 1.673
DHGNN | °
+0.045
Static homogeneous GNN ® 1.710
] Static homog. GNN |
DHGNN (ours) ® 1.738 0,023 o
XGBoost A ® 1.777
Random forest | P
+0.007
AT-DGNN (adapted) - ®1.840
i ion 4% AN Static GCN |
Linear regression ‘ ‘ ‘ ® 2.300‘ +0.016 @ ‘ ‘ ‘
1.6 1.8 2.0 22 24 1.7 1.8 1.9

BPM MAE (lower is better)

BPM MAE across seeds

Pl 12 A48 BPM il 2ext e (SEfE)

#: 10 DHGNN jHiscs g (Sclifi)

Ak BPM BPM Gain LowGain Reverb

MAE RMSE MAE MAE MAE
23 DHGNN 1.738 2.166 0.249 0.244 0.0339
FHah SR E 1.716 2.143 0.249 0.245 0.0341
"M (FEFiE) 1.764 2209 0.254  0.243 0.0342
P e ry= LI Nl 1.673 2.099 0.250 0.241 0.0339
F: GRU B FEE 1.856  2.352  0.263  0.245 0.0351

o4

Mode MAE
Acc  THig
78.56% —

78.59% -1.3%
78.85% +1.5%
78.88% -3.7%

78.91% +6.8%
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a Ablation error b Component penalty
Full DHGNN | ©1.738 dynamic update 1
w/o dynamic update - ® 1716
: heterogeneity |
w/o heterogeneity : ® 1.764
attention -|
w/o attention -| ® 1673
w/o temporal GRU - : ® 1.856 temporal GRU - +6.8%
1,65 1.70 175 1.80 1.85 0 5 0 5 10
BPM MAE (lower is better) BPM MAE change vs full model (%)

13 DHGNN &HELHF /S BPM Fillies (SLifE)

W TER MR % 11 R TSRS BES I M R A E (7 = TRl
i, 5 = HAin#iE, CEEEE— ). BOHEEE R ) 4 HRV-SpO,
= 0.138, HR-EDA = 0.106, EDA-SpO, = 0.082, HR=SpO, = 0.069, HRV-EDA
= 0.054, HR-HRV = 0.051, XFRIBEI T 3 HRVWY SpO, Z [ IESBLSRT
i HR 5 HRV Z [A] i VE R A XA

11 EEEEAAE (L, 1T =], 5 = Bip)
#E\Hk HR HRV EDA SpO,

HR 0.000 0.046 0.098 0.056
HRV 0:055 0.000 0.057 0.123
EDA 0.113 0.051 0.000 0.070
SpO, 0.082 0.152 0.094 0.000

W) B 2 12 i TR IF KR SRS K R MTE SRR I
o ] LEEEEOME, BUS K AMAEZHIE L (R 121 0.734 25 3 )2
[ 0.830),, WMok R BIRCEM B, Ui HIRITE IR 2 AR S RS (5 o

12 IEXHERINE (SME)

HGAT )2 B Bus
1R 0.266 0.734

F = 0.212 0.788
%32 0.171 0.830

IR 2 - DA ABPM-MAE IH—{b 5 B9FFE B 2R AR 13 Fron. ook
B R =AMFAEHR IR A eda. mean (89.6% ). eda var (4.3%). spo2 mean (2.1%),
Il RMSSD., LF/HF FLRIEM TR EEE T2 . X RHEATELEIE T, Bl
FEAH EDA f¥E 57 2287 BPM Fijll .
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13 EHSREEZE (S, LA ABPM-MAE H—1k)

a Cross-modal attention network

0.082

edge width encodes attention weight

FEAE
eda_mean

eda var
Spo2__mean
eda_std
hr_mean(dup)
eda diff mean
Spo2_ var
total power
hr mean
spo2_ std

hr kurt

hr var

eda_mean
eda_var
spo2_mean
eda_std
hr_mean (dup)
eda_diff_mean

other 6 features

56

vk b

89.6%
4.3%
2.1%
1.4%
1.0%
0.7%
0.3%
0.2%
0.1%
0.1%
0.1%
0.0%

b Feature importance

4.3%

21%

1.4%

1.0%

0.7%

0.8%

89.6%

0 20

40

60

80

Permutation importance (ABPM MAE, %)

Pl 14 ER KRR SFHEEZE (SLIfE)
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6.3 SEPPESSUE

R 14 A TAMATR SR . BT A IR Ok H B SE Flask k4 +
ONNX Runtime + Node.js Bisgf Ui LRzt .

% 14 SEIPESEINEER

57 31} ¥ (ms) P50 (ms) P95 (ms)
ONNX Runtime PR (FE4EH) 0.031 0.024 0.055
Flask f[i% P& predictor 1} 0.178 0.170 0.250
HTTP i ifEiR (AHLESEEK) 12.737 15.228 27.470
DHGNN #JE (8 & Hnf L& + DTW) 0.532 0.400 1.187
DHGNN #J + fif] (Seseprssfazm) 2.762 2.274 5.883
Hiifis feature-extractor.js #4HE (Node SEi) ) 0.114 0.101 0.162

U A BTEERAESEEL P50 A 0.101ms, HTTR {1k P50 A 15.228 ms,
Horp iR 55wt R P50 Sy 0.170ms, HEZR /M ZEFF45 P50 2 15.058 ms, di 3 I 1
P50 % 15.329ms, /& 100ms HitE. 5% DHGNN S5 79,046,

6.4 fELRICKRBELL SHEil i)

HTHELH PR EESA S, B Al AR s RE. AT sk
Bt Gt ERE SR SRR, N ESLE LSRR .

6.4.1 UG BEF

TEL LIRSS Polar HO L03RAF , 7E HL S L yE G o hox L AP 4% 4 (1)
SEEG A B AE AL BIRE AR A (2) XA JBEE S8 R
(BPM=80, 2§ =0dB, &M =0.3, Ki) . FOAHHL5E PR ERK L5
(ip-Ffr) , REAREHTIES LHE AW, WETEIR N TEETS (1-10) |
ARMSSD (%) FMES 52 mmim (HaH) .

6.4.2 Ziil N REA LRI

SHERFERG ST AR LI E L IEZE R 1.5, b
HEZE R 1.2/1.5, MIECXT ¢ 4556514 ¢ {5 Cohen’s d. {2 d. = t//n. JFFa R
FRt=3425 d=1.08, " HFEBHEFAETILERNEY. &5, &t =342,
M n=12H d, =0.987, n=15 0 d, = 0.883, n =20 i} d, = 0.765, PRZET
1.08.

ARMSSD B Z M Ak n = 12 i p = 0.01187 (REZ) , n = 15 i}
p=0.00936 (}23&), n =205 p=0.00720 (3F). AERKIKE 80% GZit Rk,
BV E d, =08 BfFRE 15 N, d. =10 WFHFE 10 N\, d. =108 BFFEI A,

g R AR I 2E SiniE2s, IRIEIIBRAEA S IR OER G A
K p=0.5 W75 10 A; ARMSSD 7£ p = 0.5 BHMUFE 4 A X UEHEFRPEAR RS

o7
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ROV B [AAFAERER TUAR , SR Fm S Al R ) S/ MR A A ) 25
6.4.3 FFHbIcE
PATR = 30ph 2l i SR SRR A ST By . ARMSSD., L5558 MU i

CfR Mt R T gt A S & R, SREESERUSE VT B i R ¢ kR
Wilcoxon #5746 %: . Cohen’s d,. 95% BEAZ X8 55115

6.5 g
6.5.1 LEYLREE

DHGNN #£ BPM il F#H Lt AT-DGNN (%) MR T 5.5%, HA{E Gain
MAE. Reverb MAE 1 BPM RMSE ¥R 4F AT-DGNN, iRHEHS 54 B 78
B ER SR T EEA —EM. H DHGNN £ #8 GON & L
2, X FER NG EARZE PSRRI E R AR (O = 2.0) , T
KRBT R ET R (£ 1.596) , SR SCMEISIEEIZ T A, FRn] X
AR . LR, A GRU B EEH R T 2T Re 4L T+
(+6.8%), HAHMTTRTERIPLIKIEE B N . XEERTEIGLL TAES, Wak—DR
KRN = 55 | A FE W IEE S, DA 7 4 AN AL 4% 2 A B DT ik

6.5.2 n[fiEREYE s

R RN, BT BPMA iz %3 HRV-SpO, (0.138) Al HR-EDA
(0.106) WIBSHIASARH,, Mk HR-HRV, FHMEEZMTERY], EDA $IHTTRE
K (89.6%) , H¥k A EDA #% (4.3%) Fl SpO, #MH (2.1%) , 1fii RMSSD A
LE/HF W5tk LT A2 s X451 -5 05 BRSO % —— T B 5
HIVEAZ B (RRRE . BOARE) WU A A, T EDA 55 S6y5 A8 B IR
5, PRMOARE IR 32 SR EDA FFAE

6.5.3 SEAWISEATLE

5 AT-DGNN _(Xiao %%, 2024) b, AWFITRFSISTAE HFES R
A%, FFHEBPM MAE AL T 5.5%. 5 Kreplin 4 (2013) /24 HR Fi
MRk 5l R? = 0.852 MIRMEIRIHAHLEL [39], ARFRAEZBASHG 5 ALt 2
DT SEEL T AR IR ZE . 5 PomoFlow UG ZEAH I, #dikzhny DHGNN
SEPLT SR TN R 2 RN i ) PR AR T (RRE R SLIRIRE )

6.5.4 B A5t

AT BRI =AW He—, fE N ALHER =, BEE Al
HARTAI IR N B 5 TAEM R B TR, Sem A 2 R sl S 8 5
B, WP RO IR B2, TEO3 RS, AT Ev PR 2 S
ST, @S R T I R R ST . =, R R A S,
AR HEERE TR TR T3, TOFRHIMERI Al el «B—if4=" 1]
W, HABARRIE) T . AR AT b PAREARFA T VAT RS AT (M4

o8



BT B AL P 22 I 265 ) S I SR 4 6 SCERPBEIT 545

HAREAYERE, PASER A BERRA I . 1Bl IKIZ 553 5
6.5.5 JajBRPESARK LI

AWFTAFAEA T IR (1) BZSEm M i B AR LS WESAD J5iR {5
75 (2) TELRIER M AR TEIMELTPELRE ;s (3) D7 EAREE B i) 0L W P 8
5, FEULS TR, BARZEFRARE . AR RG] E sk
WESAD {5 S TI0E, RIS AR 22 5

6.6 ATi/NE,

AREE T B B S L ERAE, RSP T DHGNN 7R B E 50K 5035 IR
LR 55 LRI BRI R, DHGNN 7£ BPM il 1) MAE 4 1.738,
FILL AT-DGNN (24 ) FEA% 5.5%, (HARBTES GON S lkd; W 0JE
WK 78.56%. JHASLIRRI], HA GRU BF bk BEdla (+6.8%), H
R TTHRAERED LK T B Y . PTARREIE AT S LA SO HRV-SpO,
Il HR-EDA [{¥SHS< H., EDA $9(E & i B Z M FUINERE . SEHPPERGUERH, b
F I AER P50 24 15.33ms, i 100 ms FiH . EREBNG T RRE SEA R
X R I S B S A S IR R AL T AR
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7 g5k

AR SCTE 7] 35 At eh AR ¥R A BRI ) 1 JC 3R B S RS B R, #2817 —Fp
BT 3050 B 2 0 2% 10 2 A5 AR UG 5 50w RS R0 s, R se Bl
THRAE Al HIRFMM RS, EBTAERGWT:

(1) BHT—F SSRGS + SRBHE + S 52m 35 R VTR
T AR RS G — 0 ISR B AR T S B T SRR, TR H A S AT
PR SEEUT B SE P 3 AR VL, e T i 31 i S B S 26 A AR
JOT R RS — B0 TR Y AR

(2) Wit T —FhEET 3785 b B 2 W 45 10 L BIE 5 51 35 AR S i . %
ABEZLRE A W () 1 11 1) A L0 0 ARy S A PR A, 3 o BT S AR A 321 4
BESSEME TS, PRSP E L2 B IPHR GRS W EER, If
KT TR BT AR R A A AL, Bl 2 AT 45 faned S BPM, 3%
fRiss . RN . IRIIRE ST A RS RS B2 2P, |
B AR E S A IEL H R SE, AR T BTER 515 Bk

(3) HFERITHLI TR EE AL HFRFmARG, K Ll EEE EEm T
BRI 3AE, 5E T AR BRE SOR4E « RRER I . AR B A A s 1) i 2
IPER . RECR G I B 480, Hjim3E T Web Audio APT SE3H 4k S 4R
5 4s i, JEimi T ONNX Runtime FREMSAIF AL =0 B AEPREER .

(4) W B ELI S PRIGIE, RN T DHGNN [tERE. B4kt
¥ 258, DHGNN #£ BPM il k% MAE 4 1.738, It AT-DGNN (k%) #%
% 5.5%; PR=CAUERA R Ky, 78.56% . THRESCIR KM, GRU By @ ME— 2k
By R AR (A (46.8%) 0 SEHPEIGUERA, SnElumiEiR P50 4 15.33 ms,
e 100 ms FidE,

(5) T FELRRAEEN T ZRIT ST RRE. S8 BatEas R,
JER AR t = 3.42 5 d = 1.08 FEREEHEA T T kR O 78 p = 0.5 [
RUEE M ST, THEW R 10 ABITR2] &P, ARMSSD (55 4 A,
h G S B SRR B L T R R E R A R

A A AT S IK B SS I AR R T — PP IR IR T B R B
FrHE iy “IRARE SR + SEGEE + G2t DRy A0 B0 25 S A ) ot 28 ) 2845
B, Wy RREEM. IR . S E SR, S R T
I PR T ROR Bt

60



BT

SIS P VR A 22 I 245 ) S N SR 2% SCHR

L EPEN

[1]

[13]

Yamane N, Mishra V, Goodwin M S. Toward music-based stress management:

Contemporary biosensing systems for affective regulation[J]. 2025.

Liu X. A Multimodal Signal Fusion and Heterogeneous Graph Neural Network-
Based Algorithm for Sleep Stage Classification[C]. IC-BIS, 2025.

Pei F, et al. Real-time sleep disorder monitoring design using dynamic tem-
poral graphs with facial and acoustic feature fusion[J]. Frontiers in Artificial
Intelligence, 2025, 8: 1681759.

Schlichtkrull M, Kipf T N, Bloem P, et al. Modeling Relational Data with
Graph Convolutional Networks[C]. ESWC, 2018.

Pareja A, Domeniconi G, Chen J, et al. EvolveGCN:-Evolving Graph Convolu-
tional Networks for Dynamic Graphs|C]. AAAI,2020.

Sankar A, Wu Y, Gou L, et al. DySAT: Deep Neural Representation Learning
on Dynamic Graphs via Self-AttentionNetworks[C]. WSDM, 2020.

Wikstrom P. Musical Composition by Regressional Mapping of Physiological
Responses to Acoustic Features[C]. NIME, 2014.

Kim H G, Cheon E J, Bai'D S, et al. Stress and heart rate variability: A meta-
analysis and reviewwof the literature[J]. Psychiatry Investigation, 2018, 15(3):
235-245.

Thayer J Fj Ahs F, Fredrikson M, et al. A meta-analysis of heart rate variability
and neuroimaging studies: Implications for heart rate variability as a marker
of stress and.health[J]. Neuroscience & Biobehavioral Reviews, 2012, 36(2):
TA7-756.

Oster G. Auditory beats in the brain[J]. Scientific American, 1973, 229(4): 94-
102.

Koelsch S. Brain correlates of music-evoked emotions[J]. Nature Reviews Neu-
roscience, 2014, 15(3): 170-180.

Koldijk S, Sappelli M, Verberne S, et al. The SWELL Knowledge Work Dataset
for Stress and User Modeling Research[C]. Proceedings of the 16th International
Conference on Multimodal Interaction, 2014: 291-298.

Moyano A, et al. Leveraging WESAD and SWELL-KW for cross-dataset stress
detection[J]. IEEE Access, 2023.

61



e

[14]

[15]

[16]

[21]

22]

23]

B A AL VI 22 I 248 1 ST ) SR A

M

\

2% SCHR

Frontiers in Cardiovascular Medicine. Music as a modulator of heart rate and
autonomic regulation: mechanisms and clinical applications[J]. Frontiers in Car-

diovascular Medicine, 2026.

Stith C C. The Effects of Musical Tempo and Dynamic Range on Heart Rate
Variability in Healthy Adults[D]. Appalachian State University, 2015.

Ethridge D, de Pablo L X, Leslie G. Low-Level Audio Feature Correlates to
Physiological Arousal: A Secondary Analysis of the DEAP Dataset[C].. Audio
Mostly 2024, 2024.

Su J, Zhou P. Quantitative physics—physiology relationship modeling of human

emotional response to Shu music[J]. Frontiers in Psychology; 2024, 15.

Method for generating music with biofeedback adaptation[P]. US Patent Appli-
cation, 2021.

Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology. Heart rate variability: standards of
measurement, physiological interpretation,.and clinical use[J]. Circulation, 1996,

93(5): 1043-1065.

Lacasa L, Luque B, Ballesteros'F, et al. From time series to complex networks:
The visibility graph[J]. Proceedings of the National Academy of Sciences, 2008,
105(13): 4972-4975.

Zhu G, Li Y, Wen P. Analysis and classification of physiological signals based
on visibility graph{J]. IEEE Access, 2021, 9: 128397-128407.

Berndt D J, Clifford J. Using dynamic time warping to find patterns in time
series[C]. KDD Workshop, 1994: 359-370.

Petitjean F, Ketterlin A, Gangarski P. A global averaging method for dynamic
time~warping, with applications to clustering[J]. Pattern Recognition, 2011,

44(3)1 678-693.

Wang X, Ji H, Shi C, et al. Heterogeneous Graph Attention Network[C]. Pro-
ceedings of the World Wide Web Conference (WWW), 2019: 2022-2032.

Hu Z, Dong Y, Wang K, et al. Heterogeneous Graph Transformer[C]. Proceed-
ings of the World Wide Web Conference (WWW), 2020: 2704-2710.

Velickovié¢ P, Cucurull G, Casanova A, et al. Graph Attention Networks|[C].

International Conference on Learning Representations (ICLR), 2018.

62



BT B AL P 22 I 265 ) S I SR 4 2% SCHR

[27] Li Q, Han Z, Wu X M. Deeper insights into graph convolutional networks for
semi-supervised learning|[C]. Proceedings of the AAAI Conference on Artificial
Intelligence, 2018: 3538-3545.

[28] Oono K, Suzuki T. Graph neural networks exponentially lose expressive power

for node classification|[C]. International Conference on Learning Representations

(ICLR), 2019.

[29] Cho K, van Merrienboer B, Gulcehre C, et al. Learning Phrase Representa-
tions using RNN Encoder-Decoder for Statistical Machine Translation[C]. Pro-
ceedings of the 2014 Conference on Empirical Methods in Natural Language
Processing (EMNLP), 2014: 1724-1734.

[30] Chung J, Gulcehre C, Cho K, et al. Empirical Evaluation’of Gated Recur-
rent Neural Networks on Sequence Modeling[J]. arXiv preprint arXiv:1412.3555,
2014.

[31] Hochreiter S, Schmidhuber J. Long Short-Term Memory[J]. Neural Computa-
tion, 1997, 9(8): 1735-1780.

[32] Caruana R. Multitask Learning[J}- Machine Learning, 1997, 28(1): 41-75.

[33] Kingma D P, Ba J. Adam: A Method for Stochastic Optimization[C]. Interna-
tional Conference on Learning Representations (ICLR), 2015.

[34] Srivastava N, Hinton.G Krizhevsky A, et al. Dropout: A Simple Way to Prevent
Neural Networks from Overfitting[J]. Journal of Machine Learning Research,
2014, 15(56): 1929-1958.

[35] Zhang C, Bengio S, Hardt M, et al. Understanding deep learning requires re-
thinking generalization|J]. Communications of the ACM, 2018.

[36] Prechelt L. Automatic Early Stopping Using Cross Validation: Quantifying the
CriterialJ]. Neural Networks, 1998, 11(4): 761-767.

[37] Schmidt P, Reiss A, Duerichen R, et al. Introducing WESAD, a multimodal
dataset for wearable stress and affect detection|[C]. Proceedings of the 20th
ACM International Conference on Multimodal Interaction, 2018: 400-408.

[38] Xiao M, Zhu Z, Xie K, et al. MEEG and AT-DGNN: Improving EEG emotion
recognition with music introducing and graph-based learning[C]. IEEE BIBM,
2024.

63



3]

[39]

[40]

[41]

[42]

[43]

[45]

[46]

[47]

[48]

[49]

[50]

B A AL VI 22 I 248 1 ST ) SR A

M

\

2% SCHR

Kreplin U, Fairclough S H. Predicting musically induced emotions from physio-
logical inputs: linear and neural network models[J]. Frontiers in Neuroscience,
2013, 7: 1-12.

Wang Y, Serrano E A. Research on personalized music recommendation model
based on human physiological signals|C]. Proceedings of the 2024 Interna-
tional Conference on Generative Artificial Intelligence and Information Security
(GAIS 2024), 2024: 1-5.

Sahin E. HeartDJ - Music Recommendation and Generation through Biofeed-
back from Heart Rate Variability[D]. Dartmouth College, 2025.

Pal P, Lambiase P, Chew E. Music-based graph attention network using ECG
and respiration signals to predict systolic and diastolic blood pressure[C]. Com-
puting in Cardiology (CinC), 2025.

Ahmadi K, Pfefferkorn M, Sorge S, et al. Leveraging graph neural networks to
decode music-induced emotions from EEG[C]. 2025 47th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC),
2025: 1-7.

Guo J Y, Wang P. Music emotion classification based on heterogeneous graph
neural networks[J]. IEEE Aceess; 2025, 13: 1-12.

Nicolaou N, Xydas E, Nasute'S, et al. Real time music modification based on
biosignals (RUMBA)[R]. University of Nicosia Medical School, 2025.

Shanghai Tenth People’s Hospital. A music therapy response method and
system combined with real-time optimization of heart rate variability[P].
CN122272969A, 2026.

Dynamicnoede.graph neural network for multimodal music recommendation|[J].

Journal of Imternet Technology, 2024.

Zhang Y, et al. EEG-based emotion recognition using dynamic graph neural

networks[J]. IEEE Transactions on Affective Computing, 2025.

Li X, et al. Multimodal physiological signal fusion for stress detection with

graph attention networks[J]. Biomedical Signal Processing and Control, 2024.

Chen J, et al. Temporal graph neural networks for physiological signal modeling
in health monitoring[J]. IEEE Journal of Biomedical and Health Informatics,
2025.

64



[53]

[55]

[58]

[59]

[60]

[61]

B A AL VI 22 I 248 1 ST ) SR A

M

\

2% SCHR

Wang H, et al. Dynamic graph learning for emotion recognition from multi-

channel physiological signals[J]. Pattern Recognition, 2023.

Han X, Chen F, Ban J. A GAl-based multi-scale convolution and attention
mechanism model for music emotion recognition and recommendation from
physiological data[J]. Applied Soft Computing, 2024, 164: 112034.

Neural Network based Adaptive Framework for Music Emotion Regulation[C].
2025 TEEE International Conference on Recent Trends in Machine Learning,
IoT, Smart Cities and Applications (ICMISC), 2025: 1-6.

Two-Stream Dynamic Heterogeneous Graph Recurrent Neural Network for
Multi-Label Multi-Modal Emotion Recognition[J]. IEEE Transactions on Af-
fective Computing, 2025, 16(3): 2396-2409.

Li R, Yang X, Lou J, et al. A temporal-spectral graph econvolutional neural net-
work model for EEG emotion recognition within.and across subjects[J]. Brain
Informatics, 2024, 11(1): 30.

DGAT: a dynamic graph attention neural network framework for EEG emotion

recognition[J]. Frontiers in Psychiatry, 2025, 16.

Zhu J, Jin X, Ming Y, et al. EEG-DGRN: dynamic graph representation net-
work for subject-independent, ERP detection[J]. Brain-Apparatus Communica-
tion: A Journal of Bacomics;2025, 4(1): 2447576.

Sahin E. HeartDJ'.- Music Recommendation and Generation through Biofeed-
back from Heart, Rate Variability[D]. Dartmouth College, 2025.

Wang J, Geng S, et al. Coordinating Music Signals and Electrocardiogram
Signals in"a Shared Valence-Arousal Emotional Space[C]. Advanced Intelligent
Computing, Technology and Applications, 2025.

Google DeepMind Magenta Team. Magenta RealTime: an open-weights live mu-
sic model[EB/OLJ. 2025. https://magenta.withgoogle.com/magenta-realtime.

Lyria Team, Google DeepMind. Live music models[EB/OL]. arXiv:2508.04651,
2025.

65



W

\

BT B AL P 22 I 265 ) S I SR 4 7% SCHR

ot

—. WFSET RN R I

B FEHAIE TR TAFR SRR YRS . BUA sl T RSO i) 2y
H7 O, ORBEAR CLTERET A e AR T RE I R S
NP ICIRIE A RCRES . I, B AE S BB A8 1 S A S IR AL L%
HRV SEAHES RO RTRE, Xy “ABRARERN — SEifE R0 $ 40 1 Haakk
il EBLITERT, HAERR —FETIHEFWEM ML TE, ELHZBES
PEHYE SR RS R S LS, AT PR B T AR A

BN 5 AU (RS2 SNBSS L SR (]

AHTFEHI R BB TR A2 B . 228 IS 2 32 A A ¢
A, A BAR Mt 7o kR, WENRATRAET AR SRS E AR X
— AU FERTFERE A, 2B B S S b P A R T . SR T SR
SE VA SR SCHI S F 28R4 T 2 IR B BRI, ) TEHAER A3 R4 5
WIS T A T T RIS AR NAEES, SOTEts ek
BB

= KBy 5% A viik

AHFSERIASE 2 N, MR BRI, it 58, SEl it 2ie SRS, 4y

Thn:

o HEHMRG: TOTERAUITIERBOT, E Sl Rl B2 I SR Y 5
BSING, AERAEAE ., RIS GRU IR R AT 55 2R s AU
G52 5 ADTES A S SYE LR A SC R B et Bl oA R
FIeSCHGIE ik, SEERAMEE TR .

o B MEAIRRM: 75 SCRIART S5 A 5 TAEREE, 52 WESAD 5 SWELL-KW
PR e HUCPLSFAEREG 25868 AL 5 RE NP R LAY 5L
I, ATTE RIRBUER AIGC RS XS i ve ; 85 RG-S HRGET,
HZ EFEA T 5 B =R
PIAAEREA WIS A R e . SR, SRR SER0E SO B S E R .

a. Al N BB L

APFFENEBE AL FARE AN ARGt AP 5L 3 R sr se B, Al
G JE s R 55 | F |5 AR AR PR B AEDF I AR, 45 T e B
EINAE R GAR BB ] R MER S 0E T B U AR NG T . REHTHR WESAD
KIS Bz MPS (1) AIGC & AR A RE I CAEAE SCH et B b
RIS TRV, Fra it JF A5 S8 TAES i BRGS0 A7
FEI, AR AN SE R o

66



i

\

BT B AL P 22 I 265 ) S I SR 4 7% SCHR

T B FE I AE B gl B

FERFFT AR, AT IR ) R o e Rk i R

(1) PIpheemgs gl T : FRA1 5 i HAN, EvolveGCON ZZ.083C,
AR T B A A I T B

(2) BOHYIZRpd LAy 3835 A Dropout, L2 IFENWALAIRE5FmE N PALE
fift, ERABIEER R R BN

(3) BRGEAEIEWAEIR : WebAudioAPT fSHCH BAAAE LR , FRATE A Aus
dioWorklet #EFTSEHTEAALER, f#ok T AER AT, 3 ) 3 HE R 5 HE 80 ms DAY .

(4) TSRS —BtE - Fewn ARy AIGC i H JUs2E R R o B&AT5 A
librosa FEAT XUBSAFAEHEEC S MBI, AR # H XS HE—.

202y 6 NHARSE ), BAVRL M T BRI RETE N ERE, B
WE TR A 25

7~ AL S O3]
AWFRAEA FERATEH T AL TH, BAnsciing :

o AT THABRBRA : DeepSeek (M T3 XHGEMHER A ), ChatGPT (T
SCHRA% IR )

o FOHANIBRNE: 0 SRS H By, DeepSeek X 38 SCHi BEHEA T 1A 2 Al
Mt A ChatGPT HiBIREHLS % SCikiE X, MIERTT G AR .

o fHHmFI B IR SR E B (2026 4F 8 H) bl 5 K, BIKEY 30
AR 1 NI,

o [EHIBGE: B AT AR oG 20 B AR 2 2 4 A S, BfRHE
IEHE S A AL T HAUE R FBL, KB 5B0EFEBHT. SCiliidis
Mr 54518 HE S

67



	论文摘要
	引言
	相关工作
	生理信号到音乐参数的映射方法
	生理信号建模的图神经网络方法
	实时音乐生成与调控方法
	现有研究的不足与本研究的定位

	符号表
	数据准备与特征工程
	模型训练数据
	数据集来源与规模
	数据预处理
	滑动窗口分割与特征提取
	标签定义
	数据集划分

	本节小结

	动态异构图神经网络模型
	问题形式化
	动态异构图构建
	图的形式化定义
	节点定义
	边定义与权重计算
	动态更新机制

	异构图注意力网络
	节点级注意力
	多头注意力机制
	语义级注意力
	网络整体结构与输出

	时序动态建模
	模型选择：门控循环单元
	输入序列构造
	GRU前向传播
	输出提取
	与多任务输出的衔接

	多任务输出与损失函数
	多任务学习框架
	预测头设计
	损失函数定义
	损失权重设置
	训练目标

	模型训练策略
	数据集划分
	优化器
	学习率调度
	正则化方法
	早停策略
	实现平台


	系统实现与集成
	系统整体架构
	前端系统实现
	番茄钟计时器
	生理数据接入与仿真回放
	前端特征提取
	界面与可视化

	后端推理服务
	REST API设计
	ONNX模型部署
	三级降级推理链路

	音乐底板库
	曲库组织与分类
	AIGC曲目生成与风格筛选
	曲目推荐逻辑

	音频引擎与实时调控
	Web Audio节点拓扑
	五维参数到音频节点的映射
	参数平滑过渡
	交叉淡化切曲

	数据记录与日志
	小结

	实验设计与结果
	实验设置
	实验环境与硬件配置
	数据集与数据生成
	评估指标
	基线模型
	训练配置

	离线实验结果
	预测精度对比
	消融实验
	可解释性分析

	实时性验证
	在线实验设计与统计量验算
	实验设计
	统计量验算与样本量规划
	待补实验

	讨论
	结果解释
	可解释性分析
	与现有研究对比
	应用前景
	局限性与未来工作

	本章小结

	结论
	致谢

