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[bookmark: _heading=h.slcmy02e3sz2]Supplementary Table S1: Architecture of the convolutional neural network
	Layer
	Input shape
	Kernel shape
	Filter #
	Activation

	Convolutional
	(1, 11, 48)
	(1, 1)
	32
	ReLU

	Convolutional
	(1, 11, 32)
	(1, 1)
	64
	ReLU

	Max Pool
	(1, 11, 64)
	(1, 4)
	-
	-

	Convolutional
	(1, 11, 64)
	(1, 1)
	32
	ReLU

	Convolutional
	(1, 11, 32)
	(1, 1)
	32
	ReLU

	Max Pool
	(1, 11, 32)
	(1, 4)
	-
	-

	Convolutional
	(1, 11, 32)
	(1, 1)
	16
	ReLU

	Convolutional
	(1, 11, 16)
	(1, 1)
	16
	ReLU

	Max Pool
	(1, 11, 16)
	(1, 4)
	-
	-

	Dense*
	171
	-
	-
	Sigmoid


* The dense layer has 1 output unit.



[bookmark: _heading=h.4n2cwtgyrucc]Supplementary Table S2: Demographic characteristics of participants across evaluations of a PPG-based sudden loss of pulse detection system.
	Cohort A	Cohort B	Cohort C	Cohort D	Cohort E	Cohort F
		Train	Validation	Test	Train	Validation	Test			
Number enrolled	100	47	23	29	495	298	155	220	135	21
Number analyzed	90*	n/a	n/a	n/a	n/a	n/a	n/a	220	135	21
Age										
≤35	1.1% (1)	51.1% (24)	34.8% (8)	44.8% (13)	48.7% (241)	33.6% (100)	31% (48)	23.2% (51)	16.3% (22)	14.3% (3)
36–59	12.2% (11)	36.2% (17)	47.8% (11)	41.4% (12)	45.7% (226)	29.9% (89)	67.7% (105)	41.8% (92)	38.5% (52)	61.9% (13)
60+	86.5% (78)	2.1% (1)	0% (0)	3.4% (1)	4.4% (22)	1.3% (4)	0% (0)	1.4% (3)	45.2% (61)	23.8% (5)
n/a	0% (0)	10.6% (5)	17.4% (4)	10.3% (3)	1.2% (6)	35.2% (105)	1.3% (2)	33.6% (74)	0.0% (0)	0.0% (0)
Sex or Gender†										
Female	33.3% (30)	44.7% (21)	43.5% (10)	55.2% (16)	30.7% (152)	22.1% (66)	12.9% (20)	10.5% (23)	60.7% (82)	47.6% (10)
Male	66.7% (60)	42.6% (20)	52.2% (12)	37.9% (11)	68.1% (337)	41.3% (123)	80.6% (125)	54.5% (120)	39.3% (53)	52.4% (11)
Non-binary	n/a	2.1% (1)	0% (0)	0% (0)	0.4% (2)	0.7% (2)	1.9% (3)	n/a	n/a	n/a
n/a	0% (0)	10.6% (5)	4.3% (1)	6.9% (2)	0.8% (4)	35.9% (107)	4.5% (7)	35% (77)	0.0% (0)	0.0% (0)
Race‡										
American Indian or Alaska Native	2.2% (2)	n/a	n/a	n/a	n/a	n/a	n/a	 0.5% (1)	0.0% (0)	0.0% (0)
Asian	0% (0)	n/a	n/a	n/a	n/a	n/a	n/a	21.4% (47)	3.0% (4)	9.5% (2)
Black or 
African American	2.2% (2)	n/a	n/a	n/a	n/a	n/a	n/a	4.1% (9)	34.1% (46)	14.3% (3)
White	91.1% (82)	n/a	n/a	n/a	n/a	n/a	n/a	33.2% (73)	60.0% (81)	66.7% (14)
Multiple	0% (0)	n/a	n/a	n/a	n/a	n/a	n/a	4.1% (9)	3.0% (4)	9.5% (2)
n/a	4.4% (4)	n/a	n/a	n/a	n/a	n/a	n/a	36.8% (81)	0.0% (0)	0.0% (0)
Ethnicity‡										
Hispanic/Latino	23.3% (21)	n/a	n/a	n/a	n/a	n/a	n/a	6.8% (15)	3.7% (5)	19.0% (4)
Not Hispanic/Latino	73.3% (66)	n/a	n/a	n/a	n/a	n/a	n/a	56.4% (124)	96.3% (130)	81.0% (17)
n/a	3.3% (3)	n/a	n/a	n/a	n/a	n/a	n/a	36.8% (81)	0.0% (0)	0.0% (0)
Monk skin tone§										
1–4	90% (81)	23.4% (11)	52.2% (12)	51.7% (15)	50.9% (252)	31.2% (93)	47.1% (73)	n/a	40.7% (55)	28.6% (6)
5–6	8.9% (8)	36.2% (17)	39.1% (9)	27.6% (8)	30.9% (153)	22.1% (66)	52.9% (82)	n/a	35.6% (48)	66.7% (14)
7–8	1.1% (1)	19.1% (9)	4.3% (1)	10.3% (3)	12.9% (64)	9.1% (27)	0% (0)	n/a	20.7% (28)	4.8% (1)
9–10	0% (0)	6.4% (3)	0% (0)	0% (0)	4.6% (23)	2.7% (8)	0% (0)	n/a	3.0% (4)	0.0% (0)
n/a	0% (0)	14.9% (7)	4.3% (1)	10.3% (3)	0.6% (3)	34.9% (104)	0% (0)	n/a	0.0% (0)	0.0% (0)
Fitzpatrick/ITA§										
1	1.1% (1)	0% (0)	4.3% (1)	6.9% (2)	0.6% (3)	1.3% (4)	0% (0)	n/a	3.0% (4)	0.0% (0)
2	17.8% (16)	6.4% (3)	21.7% (5)	34.5% (10)	7.3% (36)	4.4% (13)	0% (0)	n/a	5.9% (8)	9.5% (2)
3	40% (36)	40.4% (19)	43.5% (10)	34.5% (10)	12.5% (62)	11.1% (33)	0% (0)	n/a	11.1% (15)	28.6% (6)
4	30% (27)	17% (8)	17.4% (4)	3.4% (1)	12.1% (60)	3.7% (11)	0% (0)	n/a	11.1% (15)	33.3% (7)
5	10% (9)	12.8% (6)	8.7% (2)	10.3% (3)	8.5% (42)	6.7% (20)	0% (0)	n/a	43.0% (58)	19.0% (4)
6	1.1% (1)	12.8% (6)	0% (0)	3.4% (1)	7.5% (37)	4.7% (14)	0% (0)	n/a	25.9% (35)	9.5% (2)
n/a	0% (0)	10.6% (5)	4.3% (1)	6.9% (2)	51.5% (255)	68.1% (203)	100% (155)	n/a	0.0% (0)	0.0% (0)
BMI										
<18.5	n/a	0% (0)	8.7% (2)	3.4% (1)	2.6% (13)	1.3% (4)	0.6% (1)	n/a	0.7% (1)	4.8% (1)
18.5– <25	n/a	44.7% (21)	56.5% (13)	41.4% (12)	49.5% (245)	40.9% (122)	74.8% (116)	n/a	18.5% (25)	47.6% (10)
25– <30	n/a	29.8% (14)	26.1% (6)	31% (9)	32.5% (161)	14.8% (44)	12.3% (19)	n/a	27.4% (37)	38.1% (8)
≥30	n/a	14.9% (7)	0% (0)	6.9% (2)	14.7% (73)	7.7% (23)	7.7% (12)	n/a	53.3% (72)	9.5% (2)
n/a	n/a	10.6% (5)	8.7% (2)	17.2% (5)	0.6% (3)	35.2% (105)	4.5% (7)	n/a	0.0% (0)	0.0% (0)

* Cohort A enrolled 100 participants, of whom 90 had analyzable data. Data was not acquired or not analyzable from 10 participants due to: investigational device failure / no sensor data recorded (5 patients) or procedure artifacts (blood pressure cuff inflation, 1 patient; failed/ambiguous induction of ventricular fibrillation, 4 patients).
† Sex assigned at birth was recorded in studies in Cohorts A, D, E, and F. Individuals’ self-identified gender was recorded for Cohorts B and C.
‡ Race and ethnicity were not collected in Cohorts B and C due to corporate policy.
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§ Participants self reported their Monk skin tone, while skin tone on the Fitzpatrick or Individual Typology Angle (ITA) scales were derived from colorimetric measurements at the cheek, forehead, and/or wrist.
[bookmark: _heading=h.an69dw2ufv5o]Supplementary Table S3: Sensitivity and false detection rates of algorithm phases 1 and 2 before user notifications
	Algorithm phase (not-user-facing)*
Cohort	Split	Activity	N	1	2
Retrospective Sensitivity 
(Cohort B)	Validation	Still	64 sessions	82.81%
(71.32–91.10)†	81.25%
(69.54–89.92)
		Motion	22 sessions	50.00%
(28.22–71.78)	45.45%	(24.39–67.79)
	Test	Still	81 sessions	74.07%
(63.14–83.18)	69.14%
(57.89–78.93)
		Motion	21 sessions	52.38%
(29.78–74.29)	47.62%
(25.71–70.22)
Retrospective Specificity 
(Cohort C)	Validation	Free-living	13.50 user-yrs	4.74 / user-yr	(3.66–6.04)‡	2.74 / user-yr	(1.93–3.77)
	Test	Free-living	7.84 user-yrs	5.48 / user-yr	(3.98–7.37)	3.19 / user-yr	(2.07–4.70)

* User-facing algorithm stages were not evaluable retrospectively due to the need to opportunistically activate additional PPG channels.
† The ranges in parentheses indicate the Clopper-Pearson 95% confidence interval.
‡ The ranges in parentheses indicate the 95% confidence interval.


[bookmark: _heading=h.scjxs89qchmt]Supplementary Table S4: Sensitivity of sudden loss of pulse detection across demographic strata in Cohort E
Cohort	Demographic group	Stratum	N	User-facing feature
				stage: Call placed
Prospective 
Sensitivity 
(Cohort E)	All sessions 
in Cohort E	n/a	810 sessions	69.26%	(65.95–72.42)*
	Age	22 to 39 years	174 sessions	68.97%	(61.52–75.75)
		40 to 60 years	288 sessions	72.92%	(67.39–77.96)
		Above 60 years	348 sessions	66.38%	(61.15–71.33)
	Sex	Female	492 sessions	72.36%	(68.18–76.27)
		Male	318 sessions	64.47%	(58.93–69.73)
	Individual typology angle skin tone	Very light, light, 
or intermediate	162 sessions	70.37%	(62.70–77.28)
		Tan or brown	438 sessions	64.84%	(60.17–69.31)
		Dark	210 sessions	77.62%	(71.37–83.07)

* The ranges in parentheses indicate the Clopper-Pearson 95% confidence interval.




[bookmark: _heading=h.ftgvjynoplgu]Supplementary Methods
[bookmark: _heading=h.gjdgxs]Overview
The Loss of Pulse Detection algorithm consists of preprocessing followed by three algorithm phases. The figure (Supplementary Fig. S1) and pseudocode describe the algorithm in additional detail. The functional blocks in the figure map to the pseudocode section headers below.


Supplementary Fig. S1: Overview of algorithm phases.
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[bookmark: _heading=h.30j0zll]

[bookmark: _heading=h.1fob9te]Preprocessing
"""
Photoplethysmography (PPG) sensor data preprocessing.

Pseudocode:
"""
  class Preprocessor:
    def _apply_bp_filter(input_time_series):
      # Applies Butterworth filter to a time series with the following 
      # characteristics: 4th order, 0.5 Hz and 4 Hz corner frequencies
      return filtered_time_series

    def perform_preprocessing(ppg_rx, i_ma):
      # Performs PPG preprocessing
      # Inputs:
      #   ppg_rx: Time series of received PPG counts
      #   i_ma: Time series of LED currents, with the same length as ppg_rx
      # Outputs:
      #   ppg_filt: Time series of normalized, bandpass-filtered PPG
      ppg_norm = ppg_rx / i_ma
      ppg_filt = self._apply_bp_filter(ppg_norm)
      return ppg_filt
[bookmark: _heading=h.3znysh7]Shared utilities
"""
Utilities common to multiple algorithm stages.

Pseudocode:
"""
STILLNESS_THRESHOLD_MS2 = 0.3 * 9.81  # 0.3g
STILLNESS_PERIOD = TimeDelta(seconds=10)

class LossOfPulseUtils:
  def calc_peak_to_peak(input_time_series):
    # Calculates the maximum minus the minimum, returning a single float
    return input_time_series.max() - input_time_series.min()

  def identify_stillness_period(accel_x_ms2, accel_y_ms2, accel_z_ms2):
    # Identifies periods with low motion consistent with a physiological 
    # state of central pulselessness
    # Inputs:
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    # Outputs:
    #   Boolean that is True during periods of stillness
    sum_of_ptps = (accel_x_ms2.rolling(STILLNESS_PERIOD).apply(
      self.calc_peak_to_peak) +
      accel_y_ms2.rolling(stillness_period).apply(
      self.calc_peak_to_peak) +
      accel_z_ms2.rolling(stillness_period).apply(self.calc_peak_to_peak)
    )
    return sum_of_ptps <= STILLNESS_THRESHOLD_MS2
    
  def calc_snr_check_below_threshold(ppg_series, threshold_db):
    # Calculates and checks that the signal-to-noise ratio is below a 
    # threshold, indicative of an absence of pulsatility at near-pulse rates
    # Returns a Boolean that is True if the SNR is at or below the threshold
    freqs_bpm, powers_db = calc_fft(ppg_series)
    powers_db_subset = crop_powers_to_40_to_220_bpm(freqs_bpm, powers_db)
    snr = powers_db_subset.max() - powers_db_subset.median()
    return snr <= threshold_db

  def calc_autocorrelation_check_below_threshold(ppg_series, threshold_au):
    # Calculates and checks that the autocorrelation is below a threshold,
    # indicating an absence of periodicity (i.e., pulsatility)
    # Returns a Boolean that is True if the autocorrelation is below threshold
    # The normalized autocorrelation is in a range of 0–1, where 1 indicates
    # maximum correlation and 0 indication minimal correlation.
    autocorr = calc_autocorrelation_normalized(ppg_series)
    return autocorr < threshold
   
  def calc_and_check_snr_and_autocorrelation(ppg_series, snr_threshold_db, 
    autocorrelation_threshold_au
  ):
    # Wrapper that performs the SNR and autocorrelation checks on a PPG series
    # Returns a Boolean that is True if the SNR and autocorrelations are both
    # below the provided thresholds.
    return self.calc_snr_check_below_threshold(ppg_series,
      snr_threshold_db) and self.calc_autocorrelation_check_below_threshold(
      ppg_series, autocorrelation_threshold_au
    )
[bookmark: _heading=h.2et92p0]Algorithm phase 1
[bookmark: _heading=h.tyjcwt]DSP component
"""
Defines the digital signal processing-based phase 1 algorithm component.

The entry point that runs the entire DSP algorithm component is the run_phase1_dsp_algo method.

Pseudocode:
"""
MASK_DURATION = TimeDelta(seconds=10)

AC_COMPONENT_AVERAGE_DURATION = TimeDelta(seconds=3)
AC_COMPONENT_SMOOTH_DURATION = TimeDelta(seconds=10)

LARGE_DROP_SHIFT_DURATION = TimeDelta(seconds=30)
LARGE_DROP_THRESHOLD = 0.9  # 90% drop in recent past

PERSISTENT_DROP_DURATION = TimeDelta(seconds=20)
PERSISTENT_DROP_FRACTION = 0.99

class AlgoPhase1DspComponent:

  def _identify_periods_to_mask(i_ma):
    # Identifies periods with a change in LED current
    # Inputs:
    #   i_ma: Time series of LED currents
    # Outputs:
    #   Boolean indicating True where the LED current has changed
    has_led_current_changed = i_ma.rolling(MASK_DURATION).apply(
      LossOfPulseUtils.calc_peak_to_peak
    ) != 0
    return has_led_current_changed

  def _calc_ac_component(ppg_filt):
    # Calculates the AC component of the PPG signal, returning a time series
    # Inputs:
    #   ppg_filt: Time series of normalized, bandpass-filtered PPG
    # Outputs:
    #   ppg_ptps_smoothed: Time series of smoothed PPGs
    ppg_ptps = ppg_filt.rolling(AC_COMPONENT_AVERAGE_DURATION).apply(
      LossOfPulseUtils.calc_peak_to_peak)
    ppg_ptps_smoothed = ppg_ptps.rolling(AC_COMPONENT_SMOOTH_DURATION).mean()
    return ppg_ptps_smoothed

  def _identify_large_ac_drop(ppg_ptps_smoothed_masked):
    # Identifies if a large drop in the AC component has occurred recently,
    # returning a time series
    # Inputs:
    #  ppg_ptps_smoothed_masked: Time series of smoothed PPGs
    # Outputs:
    #  is_large_drop_present: Boolean time series indicating True if a large 
    #    drop has occurred in the recent past
    ppg_ptps_shifted = ppg_ptps_smoothed_masked.shift(
      LARGE_DROP_SHIFT_DURATION)
    is_large_drop_present = ppg_ptps <= (1 - LARGE_DROP_THRESHOLD) * 
      ppg_ptps_shifted
    return is_large_drop_present

  def _identify_persistent_ac_drop_period(is_large_drop_present):
    # Identifies periods with persisent drops in the AC component in the 
    # recent past, returning a time series
    # Inputs:
    #  is_large_drop_present: Boolean time series indicating True if a large  
    #    drop has occurred in the recent past
    # Outputs:
    #  is_large_drop_persistent: Boolean time series indicating True where
    #    the large drop has been persistent
    is_large_drop_persisent = is_large_drop_present.rolling(
      PERSISTENT_DROP_DURATION).mean() >= PERSISTENT_DROP_FRACTION
    return is_large_drop_persistent
       
  def run_phase1_dsp_algo(ppg_filt, i_ma, accel_x_ms2, accel_y_ms2, 
    accel_z_ms2
  ):
    # Runs the DSP component of the Phase 1 algorithm
    # Inputs:
    #   ppg_filt: Time series of normalized, bandpass-filtered PPG
    #   i_ma: Time series of LED currents, with the same length as ppg_filt
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    # Outputs:
    #   Boolean time series that is True when a pulsatile→pulseless 
    #     transition has occurred
    ppg_ptps_smoothed_masked = self._calc_ac_component(
      ppg_filt
    ).where(self._identify_periods_to_mask(i_ma)
    is_large_drop_present = self._identify_large_ac_drop(
      ppg_ptps_smoothed_masked
    )
    is_large_drop_persistent = self._identify_persistent_ac_drop_period(
      is_large_drop_present
    )
    is_still = LossOfPulseUtils.identify_stillness_period(accel_x_ms2, 
      accel_y_ms2, accel_z_ms2
    )
    is_phase1_dsp_pulseless = (is_large_drop_present and 
      is_large_drop_persistent and is_still
    )
    return is_phase1_dsp_pulseless
[bookmark: _heading=h.3dy6vkm]ML component
"""
Defines the machine learning-based phase 1 algorithm component.

The entry point is the run_phase1_ml_algo method. This should be run at each timestamp that is True from the output of the AlgoPhase1DspComponent.run_phase1_dsp_algo method.

Pseudocode:
"""

MIN_PROB_FOR_PULSELESSNESS = 0.88
NUM_WINDOWS_FOR_PULSELESSNESS = 7

class AlgoPhase1MlComponent:
  def _calc_5s_analysis_windows(window_duration_s):
    # Calculates 22 analysis windows that are 5 seconds in duration each.
    # This consists of overlapping 5-second windows (with 2-second stride)  
    # across the past 64, 68, or 72 seconds (window_duration_s), but omitting     
    # the central 13, 17, or 21 seconds, respectively. The analysis windows 
    # are, e.g., at 1–5, 3–8, 5–10, ... seconds as described in the 
    # accompanying text.
    # Inputs:
    #   window_duration_s: 64, 68, or 72 seconds
    # Outputs:
    #   A vector of analysis windows over which features are calculated.
    return analysis_windows
  
  def _calc_approx_accel_magnitude(accel_x_ms2, accel_y_ms2, accel_z_ms2):
    # Calculates the approximate accelerometer magnitude using the L1 norm.
    # Inputs:
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    # Outputs:
    #   accel_mag_ms2: The approximate accelerometer magnitude in m/s^2
    return accel_mag_ms2

  def _calc_features(ppg_filt, i_ma, accel_mag_ms2):
    # Calculates features that are input to the machine learning model. These
    # features are almost all calculated over the 5 s duration windows.
    # The 22 ML features that are calculated over the 5 s duration windows   
    # consist of descriptive statistics of the PPG: approximate interbeat 
    # interval (mean, median, standard deviation), standard deviation of 
    # distance between IBIs, peak-to-peak range (mean, median, standard 
    # deviation, maximum), FFT- derived features (argmax, mean, min, max, 
    # median), whether the LED current changed; and accelerometer: standard 
    # deviation, approximate change within the epoch (L2-norm), FFT derived 
    # features (argmax, mean, median,, maximum). Two features are calculated 
    # over the full (64–72) s duration window and are repeated across all 5 s 
    # duration windows therein, which consist of the  peak-to-peak of both 
    # sensors. There are thus 24 features for each 5 s duration window.
    # Inputs:
    #   ppg_filt: Time series of normalized, bandpass-filtered PPG
    #   i_ma: Time series of LED currents, with the same length as ppg_filt
    #   accel_mag_ms2: The approximate accelerometer magnitude in m/s^2
    # Outputs:
    #   ml_features: A vector of 24 features calculated for one analysis window
    return ml_features

  def _calc_and_reshape_features_for_full_window(ppg_filt, i_ma, accel_mag_ms2,  
    full_window_duration_s
  ):
    # Calculates ML features from the sensor data and returns the 528 features
    # that are to be used for machine learning inference.
    # Inputs:
    #   ppg_filt: Time series of normalized, bandpass-filtered PPG
    #   i_ma: Time series of LED currents, with the same length as ppg_filt
    #   accel_mag_ms2: The approximate accelerometer magnitude in m/s^2
    #   full_window_duration_s: The duration of the full signal to analyze. 
    #     Must be one of 64, 68, or 72 seconds
    # Outputs:
    #   ml_features_reshaped: The 528 features for input to the ML model, 
    #     shaped as an 11x48 array.
    ml_features_all = [self._calc_features(ppg_filt, i_ma, accel_mag_ms2)
      for analysis_window in self._calc_5s_analysis_windows(window_duration_s)]
    ml_features_reshaped = reshape_features(ml_features_all)
    return ml_features_reshaped
  
  def _perform_ml_inference_one_full_window(ml_features_reshaped):
   # Calculates the probability of a pulsatile→pulseless transition.
   # Details of the convolutional neural network machine learning  model, 
   # including layers, kernels, and activation functions, are in the 
   # accompanying text.
   # Inputs: 
   #   ml_features_reshaped: The 528 features for input to the ML model, 
   #     shaped as an 11x48 array.
   # Outputs:
   #  pulsatile_to_pulseless_probabiliy: The probability of a 
   #    pulsatile→pulseless transition as a float from 0–1
   return pulsatile_to_pulseless_probabiliy
   
  def _perform_ml_inference_for_one_dsp_pulseless_detection(ppg_filt, i_ma, 
    accel_x_ms2, accel_y_ms2, accel_z_ms2, timestamp_of_dsp_pulselessness
  ):
    # Performs ML inference using sensor data in the vicinity of a Phase 1 DSP 
    # algorithm detection of potential pulselessness. This consists of 
    # performing 9 ML inferences in the -72 to 0, -68 to 0, -64 to 0, -70 to 2, 
    # -66 to 2, -62 to 2, -68 to 4, -64 to 4, and -60 to 4 seconds duration 
    # windows relative to when the Phase 1 DSP algorithm identifies potential 
    # pulselessness.
    # Inputs:
    #   ppg_filt: Time series of normalized, bandpass-filtered PPG
    #   i_ma: Time series of LED currents, with the same length as ppg_filt
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    #   timestamp_of_dsp_pulselessness: Each timestamp that is True from the 
    #     output of the AlgoPhase1DspComponent.run_phase1_dsp_algo method.
    # Outputs:
    #   ml_probs: 9 probabilities indicating pulsatile→pulseless transitions
    accel_mag_ms2 = self._calc_approx_accel_magnitude(accel_x_ms2, 
      accel_y_ms2, accel_z_ms2)
    start_time_offsets_s = [-72, -68, -64, -70, -66, -62, -68, -64, -60]
    end_time_offsets_s = [0, 0, 0, 2, 2, 2, 4, 4, 4]
  
    ml_probs = []
    for (start_time_s, end_time_s) in zip(start_time_offsets_s, 
      end_time_offsets_s
    ):
      # The crop_sensors function crops the sensor data to the specified window
      ppg_cropped, accel_mag_ms2_cropped = crop_sensors(ppg_filt, 
        accel_mag_ms2)
      ml_features_reshaped = self._calc_and_reshape_features_for_full_window(
        ppg_cropped, accel_mag_ms2_cropped, full_window_duration_s)
      ml_prob_in_one_window = self._perform_ml_inference_one_full_window(
        ml_features_reshaped)
      ml_probs.append(ml_prob_in_one_window)
    return ml_probs

  def _classify_ml_probs_from_one_dsp_pulseless_detection(ml_probs):
    # Classifies probabilities of machine learning output.
    # 7 of 9 classifications must exceed 0.88 for a classification of   
    # pulselessness to occur.
    # Input:
    #   ml_probs: 9 probabilities indicating pulsatile→pulseless transitions
    # Output:
    #   Boolean indicating if pulsatile→pulseless transition is likely present
    classification_results = [prob > MIN_PROB_FOR_PULSELESSNESS 
      for prob in ml_probs
    ]
    return sum(classification_results) >= NUM_WINDOWS_FOR_PULSELESSNESS

  def run_phase1_ml_algo(ppg_filt, i_ma, accel_x_ms2, accel_y_ms2, accel_z_ms2, 
    timestamp_of_dsp_pulselessness
  ):
    # Runs the Phase 1 machine learning algorithm and outputs whether a 
    # pulsatile→pulseless transition is ikely present.
    # Inputs:
    #   ppg_filt: Time series of normalized, bandpass-filtered PPG
    #   i_ma: Time series of LED currents, with the same length as ppg_filt
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    #   timestamp_of_dsp_pulselessness: Each timestamp that is True from the 
    #     output of the AlgoPhase1DspComponent.run_phase1_dsp_algo method.
    # Outputs:
    #   Boolean indicating if pulsatile→pulseless transition is likely present
    ml_probs = self._perform_ml_inference_for_one_dsp_pulseless_detection(
      ppg_filt, i_ma, accel_x_ms2, accel_y_ms2, accel_z_ms2, 
      timestamp_of_dsp_pulselessness
    )
    return self._classify_ml_probs_from_one_dsp_pulseless_detection(ml_probs)
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"""
Defines the phase 2 algorithm, which confirms the absence of pulsatility in the green and infrared PPG channels. An accelerometer-based stillness check that may run in this phase is redundant as it is identical to and runs for the same period as that in phase 1, and is not shown below for brevity.

Pseudocode:
"""
class AlgoPhase2:
  def check_green_ppg_baseline_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the green PPG.
    # Inputs:
    #  ppg_series: Green PPG sensor data for the 10 seconds before potential 
    #    pulselessness was identified in phase 1.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=33, autocorrelation_threshold_au=0.45
    )

  def check_infrared_ppg_baseline_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the infrared PPG.
    # Inputs:
    #  ppg_series: Infrared PPG sensor data for the 10 seconds before potential 
    #    pulselessness was identified in phase 1.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=28, autocorrelation_threshold_au=0.5
    )

  def run_phase2_algo(green_ppg_baseline_channel, 
    infrared_ppg_baseline_channel, timestamp_of_dsp_pulselessness
  ):
    # Runs the phase 2 algorithm on sensor data from the 10 seconds prior to 
    # when potential pulselessness was identified by phase 1.
    # Inputs:
    #   green_ppg_baseline_channel: The green PPG channel.
    #   infrared_ppg_baseline_channel: The infrared PPG channel.
    #   timestamp_of_dsp_pulselessness: Each timestamp that is True from the 
    #     output of the AlgoPhase1DspComponent.run_phase1_dsp_algo method.
    # Output:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)

    # The crop_sensors function crops the sensor data to the 10 seconds before 
    # timestamp_of_dsp_pulselessness
    cropped_green, cropped_infrared = crop_sensors(
      green_ppg_baseline_channel, infrared_ppg_baseline_channel
    ) 
    return (self.check_green_ppg_baseline_channel(cropped_green) and 
      self.check_infrared_ppg_baseline_channel(cropped_infrared
    )
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"""
Defines the phase 3 algorithm, which confirms the absence of pulsatility in 7 PPG channels at green and infrared wavelengths. An accelerometer-based stillness check verifies stillness.

Pseudocode:
"""
class AlgoPhase3:
  def check_green_ppg_baseline_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the green PPG.
    # Inputs:
    #  ppg_series: Green PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=30, autocorrelation_threshold_au=0.45
    )

  def check_green_ppg_second_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the green PPG.
    # Inputs:
    #  ppg_series: Green PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=33, autocorrelation_threshold_au=0.45
    )

  def check_green_ppg_third_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the green PPG.
    # Inputs:
    #  ppg_series: Green PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=36, autocorrelation_threshold_au=0.45
    )

  def check_green_ppg_fourth_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the green PPG.
    # Inputs:
    #  ppg_series: Green PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=30, autocorrelation_threshold_au=0.45
    )

  def check_infrared_ppg_baseline_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the infrared PPG.
    # Inputs:
    #  ppg_series: Infrared PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=25, autocorrelation_threshold_au=0.45
    )

  def check_infrared_ppg_second_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the infrared PPG.
    # Inputs:
    #  ppg_series: Infrared PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=30, autocorrelation_threshold_au=0.45
    )

  def check_infrared_ppg_third_channel(ppg_series):
    # Confirms the absence of pulsatility and periodicity in the infrared PPG.
    # Inputs:
    #  ppg_series: Infrared PPG sensor data for the 12 seconds after potential 
    #    pulselessness was identified in phase 2.
    # Outputs:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)
    return LossOfPulseUtils.calc_and_check_snr_and_autocorrelation(ppg_series,
      snr_threshold_db=25, autocorrelation_threshold_au=0.45
    )

  def check_stillness(accel_x_ms2, accel_y_ms2, accel_z_ms2):
    # Identifies periods with low motion consistent with a physiological 
    # state of central pulselessness
    # Inputs:
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    # Outputs:
    #   Boolean that is True during periods of stillness
    return LossOfPulseUtils.identify_stillness_period(
      accel_x_ms2, accel_y_ms2, accel_z_ms2
    )
  
  def run_phase3_algo( green_ppg_baseline_channel, green_ppg_second_channel, 
    green_ppg_second_channel, green_ppg_third_channel,
    infrared_ppg_baseline_channel, infrared_ppg_second_channel,   
    infrared_ppg_third_channel, accel_x_ms2, accel_y_ms2, accel_z_ms2, 
    timestamp_of_dsp_pulselessness
  ):
    # Runs the phase 3 algorithm on sensor data from the 12 seconds after
    # when potential pulselessness was identified by phase 2.
    # Inputs:
    #   green_ppg_baseline_channel: The green PPG channel. This is the same
    #     as the green channel in prior phases.
    #   green_ppg_second_channel: A second green PPG channel with increased
    #     gain relative to the baseline channel.
    #   green_ppg_third_channel: A third green PPG channel with increased
    #     gain relative to the second channel.
    #   green_ppg_fourth_channel: A fourth green PPG channel that uses
    #     different LED and photodiode combinations as baseline.
    #   infrared_ppg_baseline_channel: The infrared PPG channel. This is the 
    #     same as the infrared channel in prior phases.
    #   infrared_ppg_second_channel: A second infrared PPG channel. This may 
    #     have different gain than the infrared channel in prior phases.
    #   infrared_ppg_third_channel: A third infrared PPG channel. This may 
    #     have different gain than the infrared channel in prior phases.
    #   accel_x_ms2: Time series of accelerometer data along x-axis in m/s^2
    #   accel_y_ms2: Time series of accelerometer data along y-axis in m/s^2
    #   accel_z_ms2: Time series of accelerometer data along z-axis in m/s^2
    #   timestamp_of_dsp_pulselessness: Each timestamp that is True from the 
    #     output of the AlgoPhase1DspComponent.run_phase1_dsp_algo method.
    # Output:
    #   Boolean indicating True when pulsatility is absent (i.e., suggestive of 
    #     pulselessness)  
    
    # The crop_sensors function crops the sensor data to the 12 seconds after 
    # timestamp_of_dsp_pulselessness. This is applied to all 7 PPG channels
    # and to all 3 accelerometer axes.
    green_ppg_baseline_cropped, ..., accel_z_ms2_cropped = crop_sensors(
      green_ppg_baseline_channel, ..., accel_z_ms2
    )
    return (
      self.check_green_ppg_baseline_channel(green_ppg_baseline_cropped) and 
      self.check_green_ppg_second_channel(green_ppg_second_cropped) and
      self.check_green_ppg_third_channel(green_ppg_third_cropped) and
      self.check_green_ppg_fourth_channel(green_ppg_fourth_cropped) and
      self.check_infrared_ppg_baseline_channel(
        infrared_ppg_baseline_cropped
      ) and
      self.check_infrared_ppg_second_channel(infrared_ppg_second_cropped) and
      self.check_infrared_ppg_third_channel(infrared_ppg_third_cropped) and
      self.check_stillness(accel_x_ms2_cropped, accel_y_ms2_cropped, 
        accel_z_ms2_cropped
      )
    )
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