Supplementary Materials

Supplementary Tables

Table S1 summarizes best results across Study 1/2/3 tasks (Ring 1/2). Tables S2—S3 report Study 3 treadmill HR/RR benchmarks
using IR-only inputs (avg-5folds), while Tables S4—S14 and all Supplementary Figures correspond to Study 1/2 experiments.

Task Ring 1 (Reflective) : Ring 2 (Transmissive)

Best Model MAE RMSE NRMSE | MAPE | Pearson | Best Model MAE RMSE NRMSE | MAPE | Pearson
HR | resnet (ir) 5.33+0.17 | 9.25+0.21 0.29 6.87 0.71 resnet (irred) 7.324+0.17 | 10.44+0.24 0.49 9.02 0.48
RR | peak (ir) 2.98+0.06 | 4.03+0.09 0.29 18.38 0.45 | inception-time (ir) | 3.284+0.07 | 4.25+0.10 0.28 20.40 0.22
SpO, | transformer (irred) | 1.72+0.04 | 2.62+0.06 0.29 3.58 0.19 | transformer (irred) | 1.48+0.04 | 2.284+0.05 0.35 4.20 0.03
SBP | transformer (irred) | 12.98 +0.74 | 15.58 +1.33 0.25 12.21 0.28 | resnet (irred) 14.81+1.07 | 18.18+1.83 0.26 14.36 0.15
DBP | transformer (irred) | 7.64+0.51 | 9.70+0.83 0.15 12.03 | —0.06 | transformer (ir) 8.11+0.72 | 10.79 £1.09 0.16 12.60 | —0.12

MAE: mean absolute error; RMSE: root mean square error; NRMSE: subject-wise normalized RMSE; MAPE: mean absolute percentage error (%); Pearson denotes Pearson correlation.

Values are mean =+ standard error (SEM); best model and channel shown for each ring.
For NRMSE, each subject’s label range (Ymax,s — Ymin.s) is computed from that subject’s test windows; for BP we normalize by the task’s global label range due to sparse labels per subject.
Channel notation: ir (infrared), irimu (infrared+IMU), irred (infrared+red), irredimu (infrared+red+IMU).

Table S1. Best results on HR, RR, SpO,, and BP tasks (All scenarios).

Method Study 1/2 Pretrained (Zero-shot) Treadmill Fine-tune (Init: Study 1/2)
Input MAE RMSE NRMSE | MAPE | Pearson | Input MAE RMSE NRMSE | MAPE | Pearson
ResNet IR 39.07+1.17 | 47.67+1.84 0.38 28.79 —0.10 | IR 35.184+2.65 | 43.34+3.03 0.31 26.03 0.08

InceptionTime | IR 39.684+1.92 | 47.67+£2.36 0.38 29.32 0.12 IR 39.144+3.31 | 46.66+3.58 0.33 29.30 0.28
Transformer IR 38.104+1.75 | 46.34+£2.30 0.37 28.10 —-0.01 |IR 23.99 + 0.61 | 29.80 + 0.83 0.21 19.93 0.12
Mamba2 IR 36.914+2.16 | 45.13+£2.37 0.36 27.26 0.02 IR 26.954+2.98 | 33.21+3.66 0.24 22.08 0.04
Values are mean &= SEM. Zero-shot uses the five Study 1/2 cross-validation folds evaluated on treadmill data without adaptation.

Fine-tune results are averaged over five fine-tune rotations (one fold fine-tuned, four folds tested per rotation).

NRMSE is RMSE normalized by the label range.
MAPE is mean absolute percentage error (%).

Table S2. Treadmill running HR benchmarks comparing Study 1/2 zero-shot evaluation vs. treadmill fine-tuning (Study 3),
using IR-only inputs (avg-5folds).

Method Study 1/2 Pretrained (Zero-shot) Treadmill Fine-tune (Init: Study 1/2)
Input MAE RMSE NRMSE | MAPE | Pearson | Input MAE RMSE NRMSE | MAPE | Pearson
ResNet IR 5.65+0.36 | 6.6540.40 0.26 26.29 0.03 IR 5.4440.25 | 6.484+0.27 0.23 25.64 0.03

InceptionTime | IR 5.87+0.47 | 6.89+0.52 0.27 27.01 0.01 IR 5.64+£0.29 | 6.68+0.31 0.24 26.27 0.02
Transformer IR 5.87+£0.43 | 6.90+0.48 0.27 26.98 —0.07 | IR 4.61 £ 0.20 | 5.65 £ 0.22 0.21 23.88 -0.08
Mamba?2 IR 5.44+0.26 | 6.45+0.29 0.25 25.36 0.02 IR 5.46+£0.15 | 6.50+£0.17 0.24 25.45 0.01
Values are mean + SEM. Zero-shot uses the five Study 1/2 cross-validation folds evaluated on treadmill data without adaptation.

Fine-tune results are averaged over five fine-tune rotations (one fold fine-tuned, four folds tested per rotation).

NRMSE is RMSE normalized by the label range.
MAPE is mean absolute percentage error (%).

Table S3. Treadmill running RR benchmarks comparing Study 1/2 zero-shot evaluation vs. treadmill fine-tuning (Study 3),
using IR-only inputs (avg-5folds).
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. Ring 1 (Reflective) Ring 2 (Transmissive)

HR Stationary | Method MAE RMSE | NRMSE | MAPE | Pearson | MAE RMSE | NRMSE | MAPE | Pearson

Physics-based | P 6274026 | 12224029 | 0.18 | 7.74 | 059 | 13704037 | 20.18+048 | 036 | 1744 | 0.18
FFT 6011031 | 14074032 | 021 | 728 | 056 |1239+1042 20954047 | 038 | 1518 | 023
ResNet 414+0.13 ] 675016 | 010 | 528 | 083 | 659-0.16 | 9.15+-023 | 0.16 | 851 | 050

Supervised | ceptonTime [ 5605014 [ 805009 | 042 | 716 | 074 | 700£014 [ 9145022 | 016 | 902 | 045
Transformer | 6.76£0.13 | 8.80£021 | 0.13 | 845 | 066 | 809+10.16 | 10314025 018 | 1046 | —0.02
Mamba 70040.16 | 9561022 | 0.14 | 908 | 066 | 852+40.16 | 1082+026| 019 | 1122 | 007

MAE = Mean Absolute Error in HR estimation (Beats/Min), RMSE = Root Mean Square Error in HR estimation (Beats/Min), NRMSE = Normalized RMSE,
MAPE = Mean Absolute Percentage Error (%), Pearson = Pearson Correlation in HR estimation.
Values are mean =+ standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

Table S4. Benchmark results of different methods on HR task in stationary scenarios.

HR Motion Method Ring 1 (Reflective) Ring 2 (Transmissive)
MAE RMSE NRMSE | MAPE | Pearson MAE RMSE NRMSE | MAPE | Pearson
Physics-based Peak 31.994+1.56 | 38.15+1.94 0.44 35.69 —0.05 |36.17+£1.78 | 42.97+£2.26 0.51 40.31 —0.16
FFT 40.49+1.62 | 45.97+1.69 0.54 43.91 0.09 40.56 +1.62 | 45.83+1.85 0.54 43.72 | —0.06
ResNet 16.83+0.98 | 21.39+1.56 0.25 21.11 —0.03 |14.22 +0.91 | 18.63 + 1.38 0.22 16.79 0.12
Supervised InceptionTime | 17.09+1.00 | 21.71+1.53 0.25 20.62 0.01 14.534+0.92 | 18.98+1.35 0.22 16.79 0.07
Transformer 16.004+0.95 | 20.45+1.51 0.24 20.59 0.01 14.794+0.94 | 19.28+1.35 0.23 16.99 | —0.06
Mamba 15.85 + 0.96 | 20.44 + 1.50 0.24 20.07 0.03 14.83+091 | 19.10+1.33 0.23 16.95 0.04

MAE = Mean Absolute Error in HR estimation (Beats/Min), RMSE = Root Mean Square Error in HR estimation (Beats/Min), NRMSE = Normalized RMSE, MAPE = Mean Absolute
Percentage Error (%), Pearson = Pearson Correlation in HR estimation.
Values are mean =+ standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

Table S5. Benchmark results of different methods on HR task in motion scenarios.

. Ring 1 (Reflective) Ring 2 (Transmissive)
HR Motion | In-Channel(s)
MAE RMSE NRMSE | MAPE | Pearson MAE RMSE NRMSE | MAPE | Pearson
IR 17.324+1.00 | 21.94 +1.60 0.26 21.77 —0.06 | 15.92+0091 | 19.96+1.35 0.23 18.19 0.02
Mamba IR+RED 18.55+1.00 | 22.94+1.67 0.27 22.71 —0.06 | 14.83 +0.91 | 19.10 + 1.33 0.23 16.95 0.04
IR+RED+IMU | 15.85 + 0.96 | 20.44 + 1.50 0.24 20.07 0.03 15.66+£1.01 | 20.61+1.43 0.24 17.84 | —0.22

MAE = Mean Absolute Error in HR estimation (Beats/Min), RMSE = Root Mean Square Error in HR estimation (Beats/Min), NRMSE = Normalized RMSE, MAPE = Mean
Absolute Percentage Error (%), Pearson = Pearson Correlation in HR estimation.
Values are mean =+ standard error (SEM). Best results in bold.

IR: infrared channel, RED: red light channel, IMU: inertial measurement unit (accelerometer).

Table S6. Ablation study of multi-channel fusion on HR estimation in motion scenarios with Mamba model.

RR All Method Ring 1 (Reflective) Ring 2 (Transmissive)
MAE RMSE NRMSE | MAPE | Pearson MAE RMSE NRMSE | MAPE | Pearson
Physics-based Peak 2.98 + 0.06 | 4.03 & 0.09 0.17 18.38 0.44 3.84+0.08 | 5.09+0.12 0.22 24.74 0.21
FFT 4.80+0.08 | 5.78 +0.09 0.25 26.28 0.29 4.954+0.09 | 6.07+0.11 0.26 26.81 0.16
ResNet 3.12+0.06 | 4.05+0.09 0.18 20.15 0.32 3.33+£0.07 | 4.30+0.10 0.19 20.60 0.18
Supervised InceptionTime | 3.21+0.06 | 4.154+0.10 0.18 20.56 0.25 | 3.28 +0.07 | 4.25 + 0.10 0.18 20.40 0.22
Transformer 3.33+0.06 | 4.30+0.10 0.19 21.52 0.05 3.34+0.07 | 4.34+0.10 0.19 20.77 0.09
Mamba 3.234+0.06 | 4.22+0.10 0.18 21.68 0.15 3.36+£0.07 | 4.35+0.10 0.19 22.01 0.03

MAE = Mean Absolute Error in RR estimation (Breaths/Min), RMSE = Root Mean Square Error in RR estimation (Breaths/Min), NRMSE = Normalized RMSE, MAPE =
Mean Absolute Percentage Error (%), Pearson = Pearson Correlation in RR estimation.
Values are mean =+ standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

IR: infrared channel; RED: red light channel; IMU: inertial measurement unit. “~” indicates the correlation is undefined (nan).

Table S7. Benchmark results of different methods on RR estimation.
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RR Stationary | Method Ring 1 (Reflective) Ring 2 (Transmissive)

MAE RMSE NRMSE | MAPE | Pearson MAE RMSE NRMSE | MAPE | Pearson
Physics-based Peak 2.84 £+ 0.06 | 3.87 £+ 0.09 0.17 18.19 0.46 3.72£0.09 | 4.97+0.13 0.22 24.38 0.21
FFT 4.524+0.08 | 5.44+0.09 0.24 25.68 0.31 476 4+0.09 | 5.824+0.11 0.25 26.42 0.16
ResNet 2.9240.06 | 3.78+0.09 0.17 19.92 0.23 3.16+£0.06 | 4.06+0.10 0.18 20.20 0.07

InceptionTime | 2.99 +0.06 | 3.84£0.09 0.17 20.25 0.15 | 3.11+0.06 | 4.01 +0.10 0.17 19.96 0.11
Transformer 3.07+0.06 | 3.96+0.10 0.17 21.17 | —0.05 | 3.12+£0.07 | 4.04+£0.10 0.18 20.18 0.01
Mamba 3.03+0.06 | 3.964+0.09 0.17 21.65 0.05 3.18+0.07 | 4.094+0.10 0.18 21.63 0.05

MAE = Mean Absolute Error in RR estimation (Breaths/Min), RMSE = Root Mean Square Error in RR estimation (Breaths/Min), NRMSE = Normalized RMSE, MAPE = Mean
Absolute Percentage Error (%), Pearson = Pearson Correlation in RR estimation.

Values are mean + standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

IR: infrared channel; RED: red light channel; IMU: inertial measurement unit.

Supervised

Table S8. Benchmark results of different methods on RR estimation in stationary scenarios.

RR Motion Method Ring 1 (Reflective) Ring 2 (Transmissive)
MAE RMSE NRMSE | MAPE | Pearson MAE RMSE NRMSE | MAPE | Pearson
Physics-based Peak 4.22 + 0.26 | 5.49 + 0.36 0.24 20.06 0.34 4.99+0.29 | 6.19+0.48 0.27 28.19 0.14
FFT 7.4240.35 | 8.80+0.39 0.38 31.80 0.10 6.704+0.40 | 8.46+0.46 0.37 30.47 0.17
ResNet 4.83+0.24 | 5.87+0.38 0.26 22.16 0.06 4.87+0.28 | 6.07+0.41 0.26 24.22 0.21

InceptionTime | 5.10£0.25 | 6.19+0.39 0.27 23.19 0.07 | 4.83+£0.27 | 595+ 0.41 0.26 24.27 0.23
Transformer 5.53£0.25 | 6.55+0.37 0.28 24.51 —0.02 | 5.30+0.28 | 6.414+0.42 0.28 26.04 0.08
Mamba 4.89+£0.25 | 6.05+0.36 0.26 21.97 0.04 5.04£0.27 | 6.17£0.42 0.27 25.38 | —0.01

MAE = Mean Absolute Error in RR estimation (Breaths/Min), RMSE = Root Mean Square Error in RR estimation (Breaths/Min), NRMSE = Normalized RMSE, MAPE =
Mean Absolute Percentage Error (%), Pearson = Pearson Correlation in RR estimation.

Values are mean =+ standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

IR: infrared channel; RED: red light channel; IMU: inertial measurement unit. “—” indicates the correlation is undefined (nan).

Supervised

Table S9. Benchmark results of different methods on RR estimation in motion scenarios.

HR Comparison | Method Ring 1 (Reflective) Samsung Ring 2 (Transmissive) Samsung
MAE MAPE MAE MAPE MAE MAPE MAE MAPE
. Peak 8.68+0.27 | 10.36 15.79+£0.37 | 19.56
Physics-based
FFT 9.24+0.32 | 10.70 15.06+0.41 | 17.88
ResNe't . 533+£010| 6.83 9.90 + 125 | 13.94 7.32 £ 0.08 9.31 9.94 + 157 | 1332
. InceptionTime | 6.70£0.10 | 8.47 7.80£0.08 9.83
Supervised
Transformer 7.68£0.08 | 9.62 8.81+0.08 | 11.14
Mamba2 8.09+0.12 | 10.37 9.234+0.09 | 11.89

MAE = Mean Absolute Error in HR estimation (Beats/Min), MAPE = Mean Absolute Percentage Error (%).
Values are mean = standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.
Samsung columns report the built-in HR estimation performance of Samsung Galaxy Ring compared to medical-grade ground truth.

Table S10. Benchmark results of different methods on HR task compared with Samsung Ring.

HR Comparison | Method Ring 1 (Reflective) Oura Ring 2 (Transmissive) Oura
MAE MAPE MAE MAPE MAE MAPE MAE MAPE
. Peak 10.944+0.74 | 13.54 15.85+1.33 | 18.60
Physics-based
FFT 10.884+0.90 | 12.43 17.20+1.51 | 19.67
ResNe.t . 5.32 +0.12 6.87 1009 + .13 | 14.67 7.05 £ 0.09 9.02 10.56 - 1.43 | 14.38
. InceptionTime | 6.71+£0.11 8.59 7.57+0.10 9.76
Supervised
Transformer 7.67+0.09 9.67 8.92+0.09 11.49
Mamba?2 8.31+0.14 | 10.73 9.61+0.12 12.32

MAE = Mean Absolute Error in HR estimation (Beats/Min), MAPE = Mean Absolute Percentage Error (%). Values are mean =+ standard error
(SEM). Best channel selected for each model based on lowest MAE; best results are in bold.

Oura columns report the built-in HR estimation performance of the Oura Gen 3 Ring on the same segments (deepsquat, sitting, SpO,) used for
these comparisons.

Table S11. Benchmark results of different methods on HR task compared with Oura Ring.
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Ring 1 (Reflective) Ring 2 (Transmissive)
$pO2 Low Oxygen | Method MAE RMSE | NRMSE | MAPE | Pearson | MAE RMSE | NRMSE | MAPE | Pearson
Physics-based Ratio 357+0.14 | 465+021 | 023 | 3.86 | 030 |330+0.13|393+024| 022 | 357 | 028
ResNet 35341045 | 4724062 | 024 | 391 | 006 | 3894039 |510+061| 028 | 435 | 006
Supervised InceptionTime | 3.35+£0.40 | 441 £055| 022 | 3.70 | 0.6 |3.70£036 | 4941050 | 028 | 413 | 0.3
Transformer | 3.22  0.28 | 446 = 044 | 022 | 358 | 003 | 3.73+048 | 5164065 | 029 | 420 | —0.05
Mamba 5871103 | 6845099 | 034 | 640 | 011 | 537115 | 6311128 035 | 592 | —0.09

MAE = Mean Absolute Error in SpO2 estimation, RMSE = Root Mean Square Error in SpO2 estimation, NRMSE = Normalized RMSE, MAPE = Mean Absolute
Percentage Error (%), Pearson = Pearson Correlation in SpO2 estimation.
Values are mean =+ standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

Table S12. Benchmark results of different methods on SpO2 estimation in low oxygen simlulation scenario.

SBP All Method Ring 1 (Reflective) Ring 2 (Transmissive)
MAE RMSE NRMSE | MAPE | Pearson MAE RMSE NRMSE | MAPE | Pearson
ResNet 14.21+0.88 | 17.49+1.46 0.27 13.88 0.08 14.81 + 1.07 | 18.18 + 1.83 0.28 14.36 0.15
Supervised InceptionTime | 14.01+£0.85 | 17.14+1.45 0.27 12.94 —0.01 | 16.69+1.01 | 19.41+1.93 0.30 15.60 0.06
Transformer 12.98 + 0.74 | 15.58 +1.33 0.24 12.21 0.28 1544+0.93 | 17.94+1.82 0.28 14.80 0.02
Mamba 13.334+0.84 | 16.52+1.42 0.26 12.75 —0.01 15.064+1.02 | 18.10+1.80 0.28 14.88 0.04

MAE = Mean Absolute Error in SBP estimation (mmHg), RMSE = Root Mean Square Error in SBP estimation (mmHg), NRMSE = Normalized RMSE, MAPE =
Mean Absolute Percentage Error (%), Pearson = Pearson Correlation in SBP estimation.
Values are mean = standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

Table S13. Benchmark results of different methods on SBP estimation.

Ring 1 (Reflective) Ring 2 (Transmissive)
DBP ALl | Method MAE RMSE | NRMSE | MAPE | Pearson | MAE RMSE | NRMSE | MAPE | Pearson
ResNet 847+059 | 1094+094 | 021 | 1330 | —0.20 | 846+076 | 11.30+1.12 | 021 | 1372 | —0.16
Supervised | 11ePionTime | 877054 [ 10802091 | 020 | 1336 | 028 | 858068 | 1090109 | 021 | 1317 | 006
Transformer | 7.64 = 0.51 | 9.70 = 0.83 | 0.18 | 12.03 | —0.06 |8.11+0.72 | 10.79 - 1.09 | 020 | 12.60 | —0.12
Mamba 7841053 | 10011086 | 0.19 | 1223 | —0.17 | 858+071 | 11L.07£1.12 | 021 | 1373 | —0.17

MAE = Mean Absolute Error in DBP estimation (mmHg), RMSE = Root Mean Square Error in DBP estimation (mmHg), NRMSE = Normalized RMSE,
MAPE = Mean Absolute Percentage Error (%), Pearson = Pearson Correlation in DBP estimation.
Values are mean =+ standard error (SEM). Best channel selected for each model based on lowest MAE. Best results in bold.

Table S14. Benchmark results of different methods on DBP estimation.
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Supplementary Figures

All Supplementary Figures correspond to Study 1/2 experiments.
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Figure S1. ResNet HR/BP MAE across scenarios. Each panel summarises the four-task scenario analysis (HR, RR, SpO»,
BP); HR appears in the top-left subplot and BP in the bottom row, enabling comparison of IR versus IR+RED channels for both

rings.
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Figure S2. Transformer HR/BP MAE across scenarios. HR top-left and BP bottom-row panels allow side-by-side

assessment of channel choices for both rings.
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Figure S3. InceptionTime HR/BP MAE across scenarios. Four panels capture the 16 scenario combinations covering ring

and channel variations.
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Figure S4. Mamba HR/BP MAE across scenarios. The four panels complete the 4 models x 2rings x 2 channel
combinations requested; HR is shown in the top-left subplot and BP in the bottom row of each panel.
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