Supplementary Material
1. Fiducial points detection
In a complete cardiac cycle, it can be divided into a systolic phase and a diastolic phase. Four key characteristic points can be identified in each PPG signal, including: (1) onset O, marking the cycle start and minimum vascular volume; (2) systolic peak S, corresponding to end-systole and maximum volume; (3) dicrotic notch N, reflecting the transition from systole to diastole and associated hemodynamic changes; and (4) diastolic peak D, representing the local volume maximum during diastole.
In addition to the original PPG waveform, its first derivative (VPG) and second derivative (APG) are also commonly used for feature extraction. The VPG typically includes the main peak U, main trough V, and secondary peak W; this study also annotates the secondary trough L. The APG consists of six characteristic waves labeled sequentially as a, b, c, d, e, and f. The complete set of fiducial points used in this work is illustrated in Fig. 1.
[image: ]
In this study, a derivative-based approach was employed to detect the aforementioned key feature points. In general, zero-crossing points before the derivative peak are correlated with local minima of the original waveform, whereas zero-crossing points after the derivative peak correspond to local maxima. Specifically, owing to the rapid variation characteristics of the PPG systolic upslope, the fiducial points in this phase can be reliably identified, including peak points S, U, a and b. Using these well-defined points as references, the locations of points V, W and L can be determined by searching for local extrema in either the forward or backward direction.
Due to inter-individual physiological variations, certain PPG waveforms may lack a distinct diastolic peak. We adopt an estimation approach using derivative marking to determine point f which denotes the estimated D point.

2. Feature description
This study involves 235 features, which are divided into six categories based on the analytical method. Their specific names, calculation methods, and descriptions are provided in Table. 1 to 6.
Table 1 Temporal feature
	Feature name
	Description

	[bookmark: _Hlk184589256]TS
	The time span between the start point O and the systolic peak S

	TN
	The time span between the start point O and the diastolic notch N

	TD
	[bookmark: OLE_LINK22]The time span between the start point O and the diastolic peak D

	TU
	The time span between the start point O and the main peak U

	TV
	The time span between the start point O and the first valley V 

	TW
	The time span between the start point O and the second peak W

	TL
	The time span between the start point O and the second valley L

	Ta
	The time span between the start point O and the wave a

	Tb
	The time span between the start point O and the wave b

	Tc
	The time span between the start point O and the wave c

	Td
	The time span between the start point O and the wave d

	Te
	The time span between the start point O and the wave e

	Tf
	The time span between the start point O and the wave f

	TSD
	TD - TS

	TSN
	TN - TS

	TND
	TD – TN

	TUV
	TV – TU

	TUW
	TW – TU

	TUL
	TL – TU

	Tab
	Tb – Ta

	Tac
	Tc – Ta

	Tad
	Td – Ta

	Tae
	Te – Ta

	Taf
	Tf – Ta

	Tbe
	Te – Tb

	Tbf
	Tf – Tb

	TOO
	The time span between adjacent start points O

	Normalized TS
	[bookmark: _Hlk198134050]TS / TOO

	Normalized TN
	TN / TOO

	Normalized TD
	TD / TOO

	Normalized TU
	TU / TOO

	Normalized TV
	TV / TOO

	Normalized TW
	TW / TOO

	Normalized TL
	TL / TOO

	Normalized Ta
	Ta / TOO

	Normalized Tb
	Tb / TOO

	Normalized Tc
	Tc / TOO

	Normalized Td
	Td / TOO

	Normalized Te
	Te / TOO

	Normalized Tf
	Tf / TOO

	Normalized TSD
	TSD / TOO

	Normalized TSN
	TSN / TOO

	Normalized TND
	TND / TOO

	Normalized TUV
	TUV / TOO

	Normalized TUW
	TUW / TOO

	Normalized TUL
	TUL / TOO

	Normalized Tab
	Tab / TOO

	Normalized Tac
	Tac / TOO

	Normalized Tad
	Tad / TOO

	Normalized Tae
	Tae / TOO

	Normalized Taf
	Taf / TOO

	Normalized Tbe
	Tbe / TOO

	Normalized Tbf
	Tbf / TOO



Table 2 Amplitude feature
	Feature name
	Description

	AS
	The amplitude of the systolic peak S

	AN
	The amplitude of the diastolic notch N

	AD
	The amplitude of the diastolic peak D

	[bookmark: _Hlk198134855]AU
	[bookmark: _Hlk198134838]The amplitude of the main peak U

	AV
	The amplitude of the first valley V 

	AW
	The amplitude of the second peak W

	AL
	The amplitude of the second valley L

	Aa
	The amplitude of the wave a

	Ab
	The amplitude of the wave b

	AC
	The amplitude of the wave c

	Ad
	The amplitude of the wave d

	Ae
	The amplitude of the wave e

	Af
	The amplitude of the wave f

	[bookmark: _Hlk198135029](Reflection Index) AD/S
	[bookmark: _Hlk198134934]AD / AS

	Alternative AD/S
	1 - AD/S

	AN/S
	AN / AS

	AN/D
	AN / AD

	AV/U
	AV / AU

	AW/V
	AW / AV

	AL/W
	AL / AW

	Ab/a
	Ab / Aa

	Ac/a
	Ac / Aa

	Ad/a
	Ad / Aa

	Ae/a
	Ae / Aa

	Af/a
	Af / Aa

	(PPG Augmentation Index) Ad/b
	Ad / Ab

	Age index
	(Ab – Ac – Ad – Ae) / Aa

	Substitute age index
	(Ab – Ae) / Aa

	Modified age index
	(Ab – Ac – Ad) / Aa

	Slope OS
	AS / TS

	Slope ON
	AN / TN

	Slope OD
	AD / TD

	Slope ND
	AD – AN / TD – TN

	Slope SN
	AN – AS / TN – TS

	Slope UV
	AV – AU / TV – TU

	Slope VW
	AV – AW / TV – TW

	Slope ab
	Ab – Aa / Tb – Ta

	Slope bc
	Ac – Ab/ Tc – Tb

	Slope be
	Ae – Ab / Te – Tb

	Slope bd
	Ad – Ab/ Td – Tb



Table 3 Area feature
	Feature name
	Description

	Area1
	[bookmark: _Hlk198141139]Area between the O and S

	Area2
	Area between S and N

	Area3
	Area between N and D

	Area4
	Area between D and the next O

	K
	Average blood volume from the O to the next O divided by AS

	K1
	Average blood volume from the O to N divided by AS

	K2
	Average blood volume from the N to the next O divided by AS

	Area34/12
	(Area3 + Area4) / (Area1 + Area2)

	Area23/1
	(Area2 + Area3) / Area1

	Area234/1
	(Area2 + Area3 + Area4) / Area1

	Area2/1
	Area2 / Area1

	Area3/1
	Area3 / Area1

	Area4/1
	Area4 / Area1

	Area3/12
	Area3 / (Area1 + Area2)

	Area4/12
	Area4 / (Area1 + Area2)


[bookmark: _Hlk214372428]
Table 4 Pulse width feature
	Feature name
	Description

	[bookmark: _Hlk184641137]W5
	The maximum time span of 5% systolic peak amplitude

	W10
	The maximum time span of 10% systolic peak amplitude

	W15
	The maximum time span of 15% systolic peak amplitude

	W20
	The maximum time span of 20% systolic peak amplitude

	W25
	The maximum time span of 25% systolic peak amplitude

	W30
	The maximum time span of 30% systolic peak amplitude

	W35
	The maximum time span of 35% systolic peak amplitude

	W40
	The maximum time span of 40% systolic peak amplitude

	W45
	The maximum time span of 45% systolic peak amplitude

	W50
	The maximum time span of 50% systolic peak amplitude

	W55
	The maximum time span of 55% systolic peak amplitude

	W60
	The maximum time span of 60% systolic peak amplitude

	W65
	The maximum time span of 65% systolic peak amplitude

	W70
	The maximum time span of 70% systolic peak amplitude

	W75
	The maximum time span of 75% systolic peak amplitude

	W80
	The maximum time span of 80% systolic peak amplitude

	W85
	The maximum time span of 85% systolic peak amplitude

	W90
	The maximum time span of 90% systolic peak amplitude

	W95
	The maximum time span of 95% systolic peak amplitude

	W5R
	The maximum time span from S to right side 5%*AS point

	W10R
	The maximum time span from S to right side 10%*AS point

	W15R
	The maximum time span from S to right side 15%*AS point

	W20R
	The maximum time span from S to right side 20%*AS point

	W25R
	The maximum time span from S to right side 25%*AS point

	W30R
	The maximum time span from S to right side 30%*AS point

	W35R
	The maximum time span from S to right side 35%*AS point

	W40R
	The maximum time span from S to right side 40%*AS point

	W45R
	The maximum time span from S to right side 45%*AS point

	W50R
	The maximum time span from S to right side 50%*AS point

	W55R
	The maximum time span from S to right side 55%*AS point

	W60R
	The maximum time span from S to right side 60%*AS point

	W65R
	The maximum time span from S to right side 65%*AS point

	W70R
	The maximum time span from S to right side 70%*AS point

	W75R
	The maximum time span from S to right side 75%*AS point

	W80R
	The maximum time span from S to right side 80%*AS point

	W85R
	The maximum time span from S to right side 85%*AS point

	W90R
	The maximum time span from S to right side 90%*AS point

	W95R
	The maximum time span from S to right side 95%*AS point

	W5L
	The maximum time span from S to left side 5%*AS point

	W10L
	The maximum time span from S to left side 10%*AS point

	W15L
	The maximum time span from S to left side 15%*AS point

	W20L
	The maximum time span from S to left side 20%*AS point

	W25L
	The maximum time span from S to left side 25%*AS point

	W30L
	The maximum time span from S to left side 30%*AS point

	W35L
	The maximum time span from S to left side 35%*AS point

	W40L
	The maximum time span from S to left side 40%*AS point

	W45L
	The maximum time span from S to left side 45%*AS point

	W50L
	The maximum time span from S to left side 50%*AS point

	W55L
	The maximum time span from S to left side 55%*AS point

	W60L
	The maximum time span from S to left side 60%*AS point

	W65L
	The maximum time span from S to left side 65%*AS point

	W70L
	The maximum time span from S to left side 70%*AS point

	W75L
	The maximum time span from S to left side 75%*AS point

	W80L
	The maximum time span from S to left side 80%*AS point

	W85L
	The maximum time span from S to left side 85%*AS point

	W90L
	The maximum time span from S to left side 90%*AS point

	W95L
	The maximum time span from S to left side 95%*AS point

	W5_Ratio
	W5 / TOO

	W10_Ratio
	W10 / TOO

	W15_Ratio
	W15 / TOO

	W20_Ratio
	W20 / TOO

	W25_Ratio
	W25 / TOO

	W30_Ratio
	W30 / TOO

	W35_Ratio
	W35 / TOO

	W40_Ratio
	W40 / TOO

	W45_Ratio
	W45 / TOO

	W50_Ratio
	W50 / TOO

	W55_Ratio
	W55 / TOO

	W60_Ratio
	W60 / TOO

	W65_Ratio
	W65 / TOO

	W70_Ratio
	W70 / TOO

	W75_Ratio
	W75 / TOO

	W80_Ratio
	W80 / TOO

	W85_Ratio
	W85 / TOO

	W90_Ratio
	W90 / TOO

	W95_Ratio
	W95 / TOO

	W5_Ratio_LR
	W5L / W5R

	W10_Ratio_LR
	W10L / W10R

	W15_Ratio_LR
	W15L / W15R

	W20_Ratio_LR
	W20L / W20R

	W25_Ratio_LR
	W25L / W25R

	W30_Ratio_LR
	W30L / W30R

	W35_Ratio_LR
	W35L / W35R

	W40_Ratio_LR
	W40L / W40R

	W45_Ratio_LR
	W45L / W45R

	W50_Ratio_LR
	W50L / W50R

	W55_Ratio_LR
	W55L / W55R

	W60_Ratio_LR
	W60L / W60R

	W65_Ratio_LR
	W65L / W65R

	W70_Ratio_LR
	W70L / W70R

	W75_Ratio_LR
	W75L / W75R

	W80_Ratio_LR
	W80L / W80R

	W85_Ratio_LR
	W85L / W85R

	W90_Ratio_LR
	W90L / W90R

	W95_Ratio_LR
	W95L / W95R

	W5_Ratio_RL
	W5R / W5L

	W10_Ratio_RL
	W10R / W10L

	W15_Ratio_RL
	W15R / W15L

	W20_Ratio_RL
	W20R / W20L

	W25_Ratio_RL
	W25R / W25L

	W30_Ratio_RL
	W30R / W30L

	W35_Ratio_RL
	W35R / W35L

	W40_Ratio_RL
	W40R / W40L

	W45_Ratio_RL
	W45R / W45L

	W50_Ratio_RL
	W50R / W50L

	W55_Ratio_RL
	W55R / W55L

	W60_Ratio_RL
	W60R / W60L

	W65_Ratio_RL
	W65R / W65L

	W70_Ratio_RL
	W70R / W70L

	W75_Ratio_RL
	W75R / W75L

	W80_Ratio_RL
	W80R / W80L

	W85_Ratio_RL
	W85R / W85L

	W90_Ratio_RL
	W90R / W90L

	W95_Ratio_RL
	W95R / W95L



Table 5 Frequency feature
	Feature name
	Description

	[bookmark: _Hlk198141927]Fdominant
	[bookmark: _Hlk198141953]The frequency component with the highest power 

	Fcenter
	The Center of Gravity Frequency

	Froot
	The Root Mean Square Frequency

	Fsecond
	The second most prominent frequency

	Peak Frequency Ratio
	FDominent / FSecond

	Peak Frequency Difference
	The difference in frequency between the dominant and the secondary frequency



Table 6 Entropy feature
	Feature name
	Description

	[bookmark: _Hlk198142213]eEn
	Energy Entropy

	ApEn
	Approximate entropy

	SpEn
	Sample entropy

	FuzzyEn
	Fuzzy entropy

	PeEn
	Permutation entropy





3. Robust classification of features 
High-robustness features are characterized by their stability against fiducial point localization errors or physiological absences. This category encompasses two types of features: those independent of any fiducial points, calculated from complete waveform segments, such as the microcirculatory feature K, and those derived from highly stable fiducial points. As discussed in Section 3.2, fiducial points S, U, a and b, benefitting from the rapid upslope characteristics of the PPG signal, exhibit highly reproducible localization. Therefore, features directly derived from these points, such as upslope time and systolic slope, are thus considered highly robust. Similarly, features that use above points as reference points also maintain excellent stability. A representative example is the pulse width feature, which utilizes the stable fiducial point S as a reference, with percentage amplitude points identified relative to it. This approach ensures consistent reliability across diverse physiological conditions.
In contrast, low-robustness features typically depend on the precise localization of specific fiducial points that are challenging to identify consistently. First, due to inter-subject physiological variations, fiducial points such as N, D, c, and d may be absent in waveforms from certain individuals, as illustrated in Fig. 2. Second, higher-order differentiation amplifies signal noise, further compromising the stable identification of feature points such as e and f in the second derivative. Consequently, the application of these features remains largely confined to specific populations or controlled laboratory settings with stringent signal quality requirements, thereby limiting their broad deployment in clinical practice.
[image: ]
Fig. 2 Absence of fiducial points: (a) Absence of N and D; (b) Fusion of c and d.

4. Simulated Annealing-Guided Acceptance Criterion
To balance exploitation and exploration and avoid local optima, a simulated annealing-inspired acceptance criterion is adopted. The probability of accepting a new solution is defined as:
	

	(1)





where  represents the change in feature cost,  denotes the change in mean squared error, and the temperature function  controls the annealing process.
	

	(2)





where  represents the initial temperature,  represents the annealing decay coefficient, and  indicates the current generation number.
5. Five-folds results in Section 4.5
Solution 4 achieved a correlation coefficient of 0.90±0.01, ME of -0.01±0.18 m/s, MAE of 0.59±0.06 m/s, and SDE of 0.74 m/s. Table. 7 shows its detailed fold-wise results.
Table 7 AS prediction results of the solution 4
	Fold
	MAE
	ME
	R
	R²

	1
	0.54
	0.13
	0.90
	0.80

	2
	0.51
	-0.33
	0.92
	0.80

	3
	0.66
	-0.05
	0.89
	0.78

	4
	0.56
	0.02
	0.88
	0.76

	5
	0.66
	0.16
	0.88
	0.76


Solution 18 exhibited improved performance with an MSE of 0.45±0.11, correlation coefficient of 0.91±0.01, ME of -0.01±0.08 m/s, MAE of 0.52±0.06 m/s, and SDE of 0.67 m/s. Table. 8 shows its detailed fold-wise results.
Table 8 AS prediction results of the solution 18
	Fold
	MAE
	ME
	R
	R²

	1
	0.42
	-0.14
	0.93
	0.87

	2
	0.52
	-0.05
	0.90
	0.81

	3
	0.49
	0.08
	0.90
	0.82

	4
	0.58
	0.01
	0.90
	0.80

	5
	0.59
	0.04
	0.90
	0.81
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