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Figure 1. Psychophysical Spectrotemporal MTF for dynamic rippled-noises.

(A) Dynamic rippled noise stimuli encompass sinusoidal amplitude modulations along time and logarithmic frequency. The stimulus grid represents a subset of 25 ripple spectrograms with varying temporal (vertical-axis) and spectral (horizontal-axis) modulation rates. Four parameters define the amplitude envelope of each spectrogram: (1) Velocity, ω [Hz]: temporal modulation; (2) Density, Ω [c/o]: spectral modulation; (3) Modulation depth, ΔM [%] (linear scale); (4) ω/Ω ratio: upward (< 0) or downward (> 0) direction of spectral motion. Ω = 0 represents pure temporal modulations; ω = 0 defines pure spectral modulations. The (0,0) stimulus—used to measure the listener’s guess rate—has a flat (i.e., non-modulated) spectrogram. 
(B) Each ripple yields onset detection performance as function of ΔM, here shown for the downward moving (Ω = 1.2 c/o, ω = 8 Hz), ripple highlighted in (A). In turn, the resulting 87 psychometric curves, with their threshold defined as the half-point between guessing and maximum performance (see Equation 5, Materials and Methods), were used to construct the joint spectrotemporal modulation transfer function or MTF.
(C) Threshold-based MTF obtained from human listener h1, Grey level coding represents threshold levels as distributed over the (Ω,ω) stimulus matrix. Note that for the (0,0) ripple (hatched area), the threshold value is not defined. The small inner rectangle at the bottom circumscribes the stimulus grid shown in (A).
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Figure 2. Categorisation principles of spectrotemporal hearing  
Four hypothetical sensitivity matrices of the psychophysical spectrotemporal MTF, like the one shown in Figure 1C. Panels are categorized according to up/down symmetry (r2up/down above or below 0.8; horizontal), or separability (αSVD above or below 0.05; vertical). For details about the statistical criteria underlying MTF up/down symmetry and (in)separability, see Materials and methods, section:  Data analysis. Light shades specify high ripple sensitivity, dark shades low sensitivity. The inset boxes at the top illustrate that separable MTFs (top row) are fully determined by the product of a single temporal and spectral modulation transfer-function (αSVD=0). Notice that the distribution of high sensitivity for positive vs. negative moving rippled-noises is unrelated to MTF separability.
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Figure 3. Stimulus control and hearing thresholds in humans and monkeys.
(A) Example staircase procedure of pure-tone hearing-threshold estimates in monkey m1, recorded on a single experimental day. The thin black line is a graphical representation of 5 successive staircase runs produced by onset detection judgements to pure tunes of 1000, 375, 8000, 3000, and 24000 Hz, respectively. A single run ended after at least 13 reversals in the direction of the change in stimulus level occurred (circles) from which we derived an estimate of the detection threshold (arrows). The single-interval implementation of the 3-down/2-up rule converged to a ≈60% level of correct responses (see Materials and methods). Notably, the limited number of steps within each run reveals a high level of stimulus control.

(B) Free-field hearing curves for human (left panel:  h1-h5) and monkey (right panel: m1-m3) listeners. Grey areas indicate the 95%-confidence interval (95%-CI) as assessed by bias-corrected percentile bootstrap resampling based on 100,000 evaluations. Frequencies are plotted on a logarithmic scale.  Notably, the monkeys’ hearing range extends to higher frequencies (> 20 kHz) than in humans.
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Figure 4. Latency analysis of the ripple-onset detection paradigm.
(A) Definition of hits and misses. A trial started by holding down a response bar and terminated when the bar was released (arrows) upon ripple-onset detection. Static noise duration was randomised. Ripple duration remained constant. By definition, responses between 220 and 800 ms after ripple onset were hits (Hit window). When subjects failed to detect the modulation (latency > 800 ms), the response was counted as a miss. Early bar release trials (latency < 220 ms) were discarded. Catch-trials were used to estimate a listeners’ guess rate. (B) Distribution of reaction times for human h1 (top) and monkey m1 (bottom). The first peak corresponds to hits. The latencies around the second peak are due to misses. Data were recorded over a period of 3-6 months.

(C) Hit reaction times as function of the cumulative trial number pooled across all stimulus conditions: human (top panel: h1-h5) vs. monkey (bottom panel: m1-m5) listeners.  The data cover the last 4,200 (top panel) or 8,500 (bottom panel) recorded hits of each listener. Solid white lines represent the 30-trial running average as a function of cumulative trial number. Grey areas reveal the variability in the underlying mean latencies. There is no obvious learning effect, since the running averages do not decay over time.
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Figure 5.  Intrasubject ripple detection threshold and latency analysis.
(A) Performance functions (percentage correct) of listeners h1 and m1 for the dynamic ripple defined by (Ω: -3.0 c/o, ω: 32 Hz) as function of modulation depth, ΔM. Constrained likelihood maximization was used for parameter and confidence interval estimation of the expected cumulative Weibull performance function (black lines; see Methods for details). Vertical dashed-lines define the 95%-CI of the detection thresholds. The grey areas comprise 10,000 evaluations of the expected performance function; obtained through Monte-Carlo resampling. Trial sample-sizes: nh1 > 11 x 12;  nm1 > 11 x 18.
(B) Ripple-onset detection latency as a function of ΔM of listeners h1 and m1 for the same ripples. The black lines were based on a shape-preserving interpolation algorithm for illustrative purposes only. Grey areas define the 95%-CIs, as assessed by bias-corrected percentile bootstrap resampling (100,000 samples). The upper and lower horizontal grey lines mark the hits and misses peaks of the reaction time distributions shown in Figure 4B. 

(C) Raster plots of static noise duration (D) vs. ripple-onset reaction time (Hit latency) in human h1 and monkey m1. Histograms illustrate the uniform distribution of D (horizontal grey bars) and the non-uniform distribution of Hit latency (vertical grey bars). 
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Figure 6.  Fitted psychometric data are highly consistent across subjects.

(A) Probability density distributions of the estimated psychometric function parameters α (left panel) and β (right panel). α determines the scale, or threshold, and β determines the lateral spread, or slope, of the fitted performance function. (Equation 4, Materials and Methods). Data are pooled across human (h1-h5; light shading) or monkey (m1-m5; dark shading) listeners. Each distribution comprises 5x 87 data points and was computed by means of a linear diffusion-based kernel density-estimation algorithm. Insets represent Log-scaled cumulative distributions of the probability density distributions. Notice that the α distributions are characterised by a high degree of overlap, whereas the β distributions are characterised by narrow bandwidths (< 5) and a distinct shift in their maximal density, in which monkeys yield systematically lower slopes.
(B) Comparison between thresholds as determined for individual subjects and the pooled averaged thresholds (humans: h1-h5, left panel; monkeys: m1-m5, right panel). Grey shaded areas represent the convex hull enclosing 87 data points belonging to each listener. Thresholds are scaled onto the [0,1] range (Equation 6, Materials and Methods). The diagonal (black) corresponds to the identity line. Insets represent the 95%-CIs of the obtained Spearman’s rank squared correlation coefficients (dots); defined by 100,000 evaluations of bias-corrected percentile bootstrap resampling. Notably, none of the 95%-CIs has a value smaller than 0.8, indicating a close relationship between the individual and the averaged data.
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Figure 7. Perceptual performance did not improve over time.
Solid lines represent the mean 95%-CIs of 5 x 87 ripple threshold values as a function of the number of cumulative trials for human (left:  h1-h5) and monkey (right:  m1-m5) listeners. The cumulative trial number can be regarded  as a measure of “practise time”. Grey areas define the 95%-CI, as assessed by bias-corrected percentile bootstrap resampling (100,000 samples). Data were smoothed by a factor of 10 through bivariate linear interpolation for illustrative purposes only. Inset boxes show the same data used to compute the solid white lines, but now the chronological order with which the data were collected was reversed. Notice that in this case (solid black lines) the same amount of trials was required to converge to the same confidence levels. 
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Figure 8. Raw performance of humans and monkeys to dynamic ripples.
(A-B) Contour performance plots constructed for 8 ripple velocity values (ω: 0 to 256 Hz). Modulation depth (ΔM: 0 to 50 %) is plotted against ripple density (Ω: -3.0 to +3.0 c/o). Performance levels are colour coded, with blue/green low performance (0 - 55% correct), and yellow/red high performance (56 - 100% correct). Within each subplot, changes in colour along the vertical (iso-density) dimension represent raw performance functions similar to the fitted ones shown in Figure 5A. Contours were smoothed by a factor of 10 through bivariate linear interpolation for illustrative purposes only. 
(A) Human raw performance data, pooled across h1 to h5. This database comprises a total of 43,115 trials; recorded over a period of 2-3 months. 

(B) Monkey raw performance data, pooled across m1 to m5. This database comprises a total of 107,787 trials; recorded over a period of 3-6 months.
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Figure 9.  Normalized threshold MTFs of humans and monkeys.
(A) Normalised MTFs based on pooled and averaged threshold data of human (left panel: h1-h5) and monkey (right panel: m1-m5) listeners. The vertical axis represents ripple velocity (i.e., temporal modulation); the horizontal axis represents ripple density (i.e., frequency modulation). Thresholds are normalised onto the [0,1] range and colour coded: warm colours (red/yellow) imply low thresholds (high sensitivity); cold colours (green/blue) imply high thresholds (low sensitivity). Dashed lines indicate the fall-off in sensitivity at high ripple velocities. Contours are smoothed by a factor of 10 through bivariate linear interpolation for illustrative purposes only. The interpolated contours circumscribed by the grey shaded rectangles are inferred from the guess rates obtained from flat stimuli (Ω:  0 c/o, ω: 0 Hz). Notice the high congruence in shape of the MTFs, despite a substantial vertical shift―approximating one octave―between the high sensitivity regions (dark red contours).
(B) Quantitative comparison between the human and monkey MTFs shown in (A). Mutual information (purple) and squared Spearman’s rank correlation r2 (red) are plotted as a function of the log-scaled ripple velocity (top) and linear density (bottom). Coloured areas indicate the 95%-confidence interval as assessed by bootstrap resampling (100,000 samples). Mutual information is scaled onto the [0,1] range for illustrative purposes only. 
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Figure 10. Separability and up/down symmetry of human and monkey threshold MTFs.
(A) Separability analysis: human (h1-h5, left panel) vs. monkey (m1-m5, right panel). Compared is αSVD to (Spearman’s rank) r2SVD, both of which are SVD-based measures of spectrotemporal separability. Each shaded area represents the convex hull enclosing 100,000 bootstrap samples, based on the normalised threshold-based MTF of a single subject. αSVD close to zero implies near-to-full separability. r2SVD close to unity implies a near-to-perfect reconstruction of the measured data assuming full separability. Bootstrap samples computed from randomly permuted MTFs reveal clusters (green) expected to have large sizes positioned towards (0,1), which arise by chance alone. In contrasting, clusters computed from the original, measured data (purple) are positioned close to (1,0); as expected for highly spectral-temporal separable MTFs.
(B) Symmetry analysis: human (h1-h5, left panel) vs. monkey (m1-m5, right panel). Shown are two-dimensional histograms of up/down symmetry statistics, where Spearman’s rank squared correlation is set out against its mutual information counterpart. Histograms combine five data sets of 100,000 bootstrap samples each.  In turn, each set is based on a pair of matrices derived from a single listener’s MTF: one containing the thresholds to upward, M(Ω < 0), and the other to downward M(Ω > 0) moving ripples. The (ω, 0) combinations are excluded. Mutual information is scaled onto the [0,1] range. That is, mutual information was divided by maximised mutual information as determined by either M(Ω > 0) vs. M(Ω > 0) , or M(Ω < 0) vs. M(Ω > 0). The number of bootstrap samples per bin is colour coded: zero density is plotted dark brown, while the highest density is shown in bright yellow. White inset boxes (lower left corners) contain samples computed from randomly permuted MTFs; the highest densities of which are clustered close to (0, 0). These clusters arise due to chance alone. By contrast, the highest densities computed from the original, measured up/down matrices cluster around (0.8, 0.9), which indicates near-to-perfect symmetry; as expected for highly separable MTFs.
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Figure 11. Separated temporal and spectral modulation transfer functions.

(A-B) One-dimensional spectral (A) and temporal (B) modulation transfer functions of humans (right column) and monkeys (left column). Black functions represent the averages of the individual GΩ(ω) and Hω(Ω) vectors, as prescribed by either the pooled and averaged human (h1-h5, left column) or monkey (m1-m5, right column) MTFs of Figure 9A. Thus, the black curves include static H0(Ω) rippled-noises and amplitude G0(ω) modulated noises in addition to the dynamic rippled-noises. Red functions represent the first singular vectors (1#) derived through SVD. Modulation index equals ΔM/100. Attenuation (right y-axis) is given in negative dB: -20 x Log10(ΔM/100). Curves are smoothed by a factor of 10 through bivariate linear interpolation for illustrative purposes only. Notice that compared to humans (left column), the spectral and temporal modulation sensitivity of macaques (right column) is shifted to the lower-end of the frequency domain and the higher-end of the time domain, respectively. This can be seen from the relative shift between the cut-offs (grey lines: left panels vs. right panels) of the respective SMTFs and TMTFs (top row vs. bottom row). Despite these cross-species differences, the close match between the (red) 1# SVD-based data and the (black) averaged data strongly argues for the full separability of spectro-temporal sensitivity in both humans and monkeys.
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Figure 12.  Separability of suprathreshold MTFs for human and monkey. 
(A) Incremental ΔM chronology of 2x 15 (species-specific) iso-ΔM MTF contour plots. Each contour plot represents the pooled and averaged data of five human (h1-h5, left panel) or five monkey (m1-m5, right panel) listeners. The x- and y- scales are identical to that of the threshold-defined MTFs: frequency modulation vs. temporal modulation. Colours code for performance level (% correct) scaled linearly onto the [0,100] % range: warm colours (red/yellow) represent high performance; cold colours (green/blue) represent low performance. Contours are smoothed by a factor of 10 through bivariate linear interpolation for illustrative purposes only. Notice the striking resemblance of some of the iso-ΔM contour plots with the threshold contour plots of Figure 9A.

(B-C) Iso-ΔM MTF (In)separability (B) vs. mutual information (C) analysis as a function of ΔM. Analyses are based on the pooled data as detailed in (A).  Curves are smoothed by a factor of 10 through bivariate linear interpolation for illustrative purposes only. Data are normalised to make comparison with the threshold-defined MTFs straightforward.  Inseparability index values below unity—dashed line in (B)—represent Iso-ΔM MTFs that have a higher degree of separability than the corresponding threshold-defined MTF. Mutual information values below unity in (C) represent MTF pairs (Iso-ΔM vs. threshold) with a lower degree of similarity than a pair of MTFs holding only the threshold data. Notice that mutual information maximization—dashed line in (C)—transpires over closely similar ΔM ranges (human: 16-21% vs. monkey 18-23%), whereas inseparability index values at unity in (B) occur much earlier and at distinct ΔM values (human: ≈17% vs. monkey ≈ 7%). Note also that more than 85% of all values of the threshold-MTFs are below a ΔM of 20%.
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Figure 13. Comparative analysis of spectrotemporal hearing in humans and monkeys . 
(A-B) To allow for a straightforward comparison with the known literature {Chi, 1999 #116;Elliott, 2009 #205}, we remapped our MTF results. This was achieved by first assigning positive and negative values to the velocity (ω) axis,  as opposed to the density (Ω) axis. Hereafter, we plotted ripple density (vertical axis) against ripple velocity (horizontal axis). Thus, the positive and negative halves of the original MFTs (see Figure 9A) are rotated orthogonally. Finally, the remapped MTFs were overlaid (black lines) with iso-power (A), or iso-performance (B) contours originating from data described in the literature. Ripple detection thresholds are scaled onto the [0,1] range and colour coded: warm colours (red/yellow) imply low thresholds (high sensitivity); cold colours (green/blue) imply high thresholds (low sensitivity).
(A) Spectrotemporal MTF results of the present study (coloured contours) in a format equivalent to that reported by Elliot and Theunissen  (c.f. Figure S1, {Elliott, 2009 #205}) used to describe the log-frequency modulation power spectrum (MPS) of male speech (American English). In the left panel, the outer and inner black contour lines delineate the modulations contained in 90% and 95% of the modulation power, respectively. Notice that the area enclosed by the black contour lines does not commensurate with the red contours, which  reflect the human listeners’ highest spectrotemporal sensitivity. For comparison, we show the remapped data of the monkey MFT as well. In this case, however, a direct comparison with the literature is not possible (for details, see main text)
(B) A subset of the data (shaded areas) shown in (A), but now  in a format equivalent to that reported by Chi et al. (c.f. Figure 3A, {Chi, 1999 #116}) used to describe adaptive-tracking based detection thresholds of upward moving ripples as a function of ripple velocity, ω [Hz], and density, Ω [c/o]. The overlaid, black iso-performance lines(left panel) represent the data from Chi et al. {Chi, 1999 #116}.
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Figure 14. Frequency–time separability of hearing vs. space-time inseparability of vision.

The single surfaced shapes derived from either five human (audition: left upper panel) or five monkey (audition: right panel) listeners represent their averaged auditory MTFs; defining the frequency-time window of spectrotemporal hearing. A 5th order 3D polynomial model (poly55) was used to yield the auditory MTFs; the coefficients of which are given in Table 1 (also, see the Data analysis section). For comparison (vision: upper panel), we show the human spatiotemporal contrast-sensitivity function (CSF), defining the space-time window of vision; adapted from Kelly (1979) {Kelly, 1979 #332}; see Equation 12. In case of the auditory MTF, the lower axes represent the spectral and temporal modulations of a depth modulating rippled noise; the vertical axis represent the observer’s depth modulation sensitivity to each of the depth modulated rippled noises. Thus, the height of the surface represents sensitivity: the reciprocal of the minimum perceptible depth modulation. The data used to fit these surfaces are summarised in Figure 13B. In case of the visual MTF, the lower axes represent the spatial and temporal frequencies of a contrast-reversing pattern; the vertical axis represents the observer's contrast sensitivity to each of the contrast-reversing patterns. Colour codes iso-sensitivity regions with a resolution of 10%, ranging from light-blue (10% to 20%) up to dark-red (90% to 100). Each bottom panel represents a comparison of two inseparability indices, r2SVD vs. αSVD., by means of bootstrap resampling (N = 100,000). Bootstrap samples computed from randomly permuted data reveal convex hulls (green) expected to have large sizes positioned towards (0,1), which arise by chance alone. In contrasting, convex hulls computed from the original, measured data (purple) are positioned close to (1,0), as expected for highly separable MTFs. 
Table 1: Coefficients of the fitted human and monkey spectrotemporal MTF as shown in Figure 14 (left panel).
	p00  
	+0.7196  
	+0.6527 

	p10
	+0.0006676
	-0.06  

	p01 
	+0.006075 
	+0.01407  

	p20 
	-0.01059
	-0.03133  

	p11 
	-0.0004487  
	+0.0002025  

	p02 
	-0.0001453  
	-0.0002436  

	p30 
	-0.0001743 
	+0.02162  

	p21 
	-0.0009817  
	-0.001051  

	p12 
	+2.994e-006  
	-6.307e-006  

	p03 
	+1.118e-006  
	+1.772e-006  

	p40 
	+0.001017
	+0.002486  

	p31 
	+5.116e-005  
	-2.11e-005  

	p22 
	+5.713e-006  
	+6.308e-006  

	p13 
	+1.636e-008
	+4.354e-008  

	p04 
	+3.862e-009  
	-5.977e-009  

	p50 
	+1.096e-005  
	-0.001662  

	p41 
	+1.103e-005  
	+3.404e-006  

	p32 
	-1.633e-007  
	+3.456e-008  

	p23 
	-1.092e-008  
	-1.173e-008  

	p14 
	+3.416e-011  
	-8.366e-011  

	p05 
	+5.023e-012 
	+7.646e-012  


