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ARTICLE INFO ABSTRACT

Keywords: The 1/f* amplitude spectrum is a statistical property of natural scenes characterising a specific distribution of
Natural scene statistics spatial and temporal frequencies and their associated luminance intensities. This property has been studied
Spatiotemporal

extensively in the spatial domain whereby sensitivity and visual preference overlap and peak for slopes within
the natural range (a ~ 1), but remains relatively less studied in the temporal domain. Here, we used a 4AFC task
to measure sensitivity and a 2AFC task to measure visual preference and across a wide range of spatial (a = 0.25,
1.25, 2.25) and temporal (a = 0.25 to 2.50, step size: 0.25) slope conditions. Stimuli with a shallow temporal
slope modulate rapidly (e.g. 0.25), whereas stimuli with a steep slope modulate slowly (e.g. 2.25). Interestingly,
sensitivity and visual preference did not closely overlap. While the sensitivity of the visual system is highest for
our stimulus with an intermediate modulation rate (1.25), which is most abundant in nature, the stimulus with
the slowest modulation rate (2.25) was most preferred. It seems sensible for the visual system to be sensitive to
spatiotemporal spectra that most commonly exist in nature (« =~ 1). However, it is possible that preference might
be related to what these properties signal in the natural world. Consider the cases of waves slowly vs. rapidly
crashing on a beach or fast vs. slow animals. In both instances the slowest option is often the safest and pref-
erential, suggesting that the temporal 1/f* amplitude spectrum provides additional information that may indicate
preferred environmental conditions.

Amplitude spectrum

1/f* distribution of luminance (Kretzmer, 1952; Burton & Moorhead,
1987; Field, 1987), theoretical investigations have been conducted to

1. Introduction

A number of studies have investigated the 1/f* amplitude spectrum
in the spatial domain in an attempt to characterise how spatial regu-
larities that typically exist across natural scenes influence the tuning of
the visual system (Field, 1987; Knill et al., 1990; Tolhurst et al., 1992;
Tadmor & Tolhurst, 1994; Webster & Miyahara, 1997; Parraga et al.,
2000; Olman et al., 2004; Hansen & Hess, 2006; Spehar et al., 2015;
Isherwood et al., 2017; Flitcroft et al., 2020). The 1/f* amplitude spec-
trum has also been characterised in multiple studies of visual preference,
finding not only heightened sensitivity but also preference toward nat-
ural 1/f* spectra (Spehar et al., 2003, 2015, 2016; Juricevic et al., 2010;
O’Hare & Hibbard, 2011; Spehar & Taylor, 2013; Penacchio & Wilkins,
2015; Viengkham et al., 2019; Nguyen & Spehar, 2021).

Following the discovery that static images of natural scenes follow a

determine whether a 1/f* distribution of frequencies also exists as a
function of time (Eckert & Buchsbaum, 1993; Van Hateren, 1993). This
theoretical work was soon followed up with strong empirical evidence
by Dong and Atick (1995), and later by Billock et al. (2001b), that
movies of natural scenes indeed follow a 1/f* distribution of luminance
in both space and time (a =~ 1). Yet, since the discovery of this temporal
property of natural scenes, only a few studies have attempted to char-
acterise the sensitivity of the visual system to variations in spatiotemporal
1/f* spectra (Billock et al., 2001a; Baker & Graf, 2009; Cass et al., 2009).

The 1/f* amplitude spectrum in the temporal domain can be manip-
ulated in the same way as the spatial domain—through changes in
a—which will henceforth be referred to as changing either the spatial
slope (SS) or the temporal slope (TS) of a stimulus. Similar to how

* Corresponding author at: Department of Psychology, University of Nevada, Reno, Reno, NV 89557, USA.

E-mail address: zisherwood@unr.edu (Z.J. Isherwood).

https://doi.org/10.1016/j.visres.2021.01.001

Received 15 July 2020; Received in revised form 6 January 2021; Accepted 6 January 2021

Available online 9 February 2021
0042-6989/© 2021 Elsevier Ltd. All rights reserved.


mailto:zisherwood@unr.edu
www.sciencedirect.com/science/journal/00426989
https://www.elsevier.com/locate/visres
https://doi.org/10.1016/j.visres.2021.01.001
https://doi.org/10.1016/j.visres.2021.01.001
https://doi.org/10.1016/j.visres.2021.01.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.visres.2021.01.001&domain=pdf

Z.J. Isherwood et al.

changing the SS changes the degree in which certain SF bands are
perceived in an image (e.g. a shallow SS results in an image with
enhanced edges, while a steep SS results in a “blurred” image—see
Fig. 1A), manipulating the TS of a dynamic stimulus changes the degree
in which certain TF bands are perceived. For instance, if a stimulus has a
shallow TS it appears as flickering or the rate of luminance modulation is
rapid due to the large amount of energy contained in the high TF domain
(see Fig. 1B). A steep TS, on the other hand, is perceived as having a rate
of luminance modulation that changes slowly due to the large amount of
energy contained in the low TF domain. For examples of stimuli across
different SS and TS conditions, see Movie 1 (corresponding to Fig. 1B, htt
ps://osf.io/3q8gm/) and Movie 2 (corresponding to Fig. 2, https://osf.
io/qbr3z/).

Billock et al. (2001a) used this manipulation to investigate visual
tuning toward the 1/f* amplitude spectrum in both space and time using
synthetic noise movies similar to those depicted in Movie 2. To solely
assess the spatiotemporal 1/f* amplitude spectrum, random noise
stimuli are used as they can be highly controlled for low-level properties
and are devoid of other higher-order natural image properties such as
those present in Fig. 1 and Movie 1 (e.g. in phase intact images edge
positions are dependent on objects in a natural scene), which may in-
fluence perceptual judgments (Yoonessi and Kingdom, 2008). Billock
et al. (2001a) found that just noticeable difference (JND) thresholds
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were lowest for SS and TS combinations that were most natural (« ~ 1),
suggesting that the visual system is sensitive to natural 1/f* spectra in
space and time. In addition, JND thresholds were lowest when stimuli
had 1/f* spectra that were concordant in space and time (e.g. SS 1.25 TS
1.25)—irrespective of whether or not the SS or TS of a stimulus was
natural.

These findings may reflect that the spatial and temporal components
of the 1/f* amplitude spectrum are generally inseparable across natural
scenes (Dong & Atick, 2009). Indeed, this space-time inseparability can
be observed in Movie 1 (corresponding to Fig. 1B, https://osf.
io/3q8gm/). Changes to the temporal 1/f* spectrum of a natural
movie (such as the one depicted in Movie 1) result in changes to the
movie’s spatial 1/f* spectrum—pulling it in the direction of the
manipulation (e.g. steepening the temporal slope of a natural movie will
also make its spatial slope steeper). This is not the case, however, for
synthetic noise stimuli which can be generated to be space-time sepa-
rable—see Movie 2 for examples (corresponding to Fig. 2, https://osf.
io/qbr3z/).

Few studies have characterised the tuning of the visual system to-
ward the spatiotemporal 1/f* amplitude spectrum (Baker & Graf, 2009;
Cass et al., 2009). As such, visual sensitivity to this property is currently
unknown beyond the range Billock et al. (2001a) used, where SS varied
from 0.4 to 2.2 and TS varied from 0.2 to 1.4. It also remains unclear

Log Amplitude

Log SF or TF

fast

slow

Fig. 1. Examples of spatial (A) and temporal (B) manipulations of the 1/f* amplitude spectrum in a real-world image and movie. For the corresponding movie for (B),
see Movie 1 (https://osf.io/3q8gm/). A) The picture depicted in the middle panel has a SS (a = 1.35, solid line in graph) within the natural range. A shallower SS (e.g.
a = 0) enhances edges due to an increase of energy across high SF bands, and a decrease across low SF bands (leftmost panel). A steeper SS (e.g. a = 2) causes the
image to look blurry due to an increase in energy across low SF bands and a decrease across high SF bands (rightmost panel). B) The movie depicted in the middle
panel has a TS (« = 1.03, dashed line in graph) within the natural range. Making the TS shallower (e.g. @ = 0) causes only the fast components of the movie to be
perceived due an increase in energy across high TF bands and a decrease across low TF bands—any rapid movement (such as the dog chewing the stick) corresponds
to heightened luminance (leftmost panel). Making the TS steeper (e.g. a = 2) causes only the slow components of the movie to be perceived due to an increase in
energy across low TF bands and a decrease across high TF bands (rightmost panel).
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Fig. 2. Examples of stimuli used in the present study. Synthetic noise movies were generated across 3 spatial slope (rows) and 5 temporal slope (columns) conditions
at 30% RMS contrast, which resulted in 15 unique combinations. Shallow temporal slopes appear to have rapid luminance modulation (e.g. TS 0.25), whereas steep
temporal slopes appear to have slow luminance modulation (e.g. TS 2.25). For the corresponding movie (Movie 2), see the following link: https://osf.io/qbr3z/.

whether sensitivity toward spatiotemporal variations in the amplitude
spectrum correlate with visual preference. In the spatial domain, there
appears to be a tight link between visual preference and sensitivity and it
has been suggested that preference toward natural statistical properties
may be driven by the tuning properties of the visual system (Reber et al.,
2004). Visual preference toward variations in spatial 1/f* spectra is well
established, where peak preference is found for stimuli with a natural SS,
with lowered preference found for shallower and steeper SS conditions
(Juricevic et al., 2010; Spehar et al., 2015, 2016). This inverse U-shaped
response profile is also observed when measuring sensitivity across SS
conditions (Knill et al., 1990; Tadmor & Tolhurst, 1994; Spehar et al.,
2015) and is observed for BOLD responses in early visual cortex (Ish-
erwood et al., 2017; Olman et al.,, 2004). It is currently unknown,
however, the full extent to which these associations also exist in the
temporal domain (Juricevic et al., 2010; Spehar & Taylor, 2013; Spehar
et al., 2015; Yoshimoto et al., 2017, 2019, 2020).

To address these gaps, we conducted a series of psychophysics ex-
periments measuring sensitivity and visual preference to a range of
spatial and temporal 1/f* spectra. In Experiment 1, participants were
presented random noise movies varying in their spatial (« = 0.25, 1.25,
2.25) and temporal (a = 0.25, 0.75, 1.25, 1.75, 2.25) 1/f* amplitude
spectra across two different task conditions: 1) sensitivity—a four
alternative choice (4AFC) task where participants selected the “odd
stimulus out,” providing a measure of discrimination sensitivity and 2)
visual preference—a two alternative forced choice (2AFC) task where
participants indicated their preference between two stimuli. In Experi-
ment 2 we tested whether the presentation order of our stimuli would
affect their measured visual preference. For this we compared our visual
preference measures from Experiment 1, which had an intermixed pre-
sentation order, with visual preference measured using a fixed presen-
tation order (SS fixed across blocks). Lastly, in Experiment 3 we measured
sensitivity and visual preference to a different range of TS values (x =
0.50, 1.00, 1.50, 2.00, 2.50) across the same SS conditions used in
Experiment 1 and 2 (x = 0.25, 1.25, 2.25). This experiment tested the
generalisability of our findings in Experiment 1 to a different sample, as
well as extending our measures across a wider range of TS conditions.

We predicted that the most natural stimulus in our set, both spatially
and temporally, would be the easiest to discriminate and the most
preferred. We also predicted that the same pattern of results would be
observed for visual preference and sensitivity measures across all other
SS and TS conditions. If our predictions are supported, this would pro-
vide evidence that the visual system has evolved to become tuned to both
the spatial and temporal statistical properties of natural scenes. This
would also support the notion that visual preference toward statistical
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properties that exist in nature is driven by the ease in which these
properties are processed by the visual system (Reber et al., 2004).

2. Experiment 1: Measuring sensitivity and visual preference
toward spatiotemporal 1/fa amplitude spectra

2.1. Methods

2.1.1. Design

A 2 (task) x 3 (spatial slope, SS) x 5 (temporal slope, TS) repeated
measures design was used. The task conditions were: 1) sensitivity and
2) preference. The SS conditions used were: 0.25, 1.25, 2.25. The TS
conditions used were: 0.25, 0.75, 1.25, 1.75, 2.25.

2.1.2. Apparatus

Stimuli were presented and generated using MATLAB (2012a,
version 7.14) software (MathWorks) and Psychophysics Toolbox func-
tions (Brainard, 1997; Pelli, 1997), and also driven by a Bits# stimulus
processor (Cambridge Research Systems, Rochester, Kent, UK), which
provides 14-bit grayscale resolution. A gamma-corrected 18-inch
ViewSonic Graphics Series G90f CRT monitor (resolution, 1280 x
1024) was used to present stimuli at 85 Hz. The experiment was con-
ducted in a dark cubicle, and participants used a chin rest to maintain a
viewing distance of 35 cm. Responses were collected using a regular
computer keyboard.

2.1.3. Participants

33 participants with normal or corrected-to-normal vision were
recruited using the University of New South Wales (UNSW) Psychology
SONA system. SONA participants consisted of students enrolled in a
first-year psychology elective (PSYC1001) at UNSW who were required
to participate in experiments for course credit. Two participants were
excluded from analysis due to non-compliance with task instructions. As
such, data from 31 participants was analysed. The number of partici-
pants recruited for the present study was motivated by our previous
work (Spehar et al., 2003, 2015, 2016; Spehar & Taylor, 2013). Ethics
approval was provided by the UNSW Human Research Advisory Panel
(Reference Number: HREAP-C 2349).

2.1.4. Stimuli

Synthetic noise movies were generated using a custom code in
MATLAB that allows precise control of the distribution of pixel in-
tensities (1/f slope) and root mean squared (RMS) contrast. Each stim-
ulus was created starting from a normally distributed (u = 0, 6 = 1)
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matrix of random noise (Anoise) generated at a desired size (128, 128,
128) across spatial dimensions (x & y) and frames (z). The noise matrix
was then 3D fast Fourier transformed (FFT), and then the DC component
was subtracted to remove DC bias. A transformation matrix (Agmpspec)
proportional to 1/f* based on an input « in space (agpqig) and an input o
in time (@emporar) Was subsequently generated. This matrix was gener-
ated to have the same dimensions as Apise. Values in this matrix were
generated by first calculating the polar distance of each point in the

matrix across spatial (dspatia = \/ (x—x0)*+ (y— yo)z) and temporal

(dremporal = 1/ (2 — %)?) dimensions in Fourier space. Polar distance
values were then raised to an exponent that corresponded to the desired

input « in space and time, and subsequently multiplied together across

dimensions (Agmpspec = dsp(m»ul(l/ “SP““'“’)*dtempaml(l/ Cremporal )). The trans-
formation matrix was then multiplied in Fourier space with the noise
matrix (Agmpspec *Anoise) and inverse Fourier transformed—yielding a
stimulus with a specified 1/f* spatiotemporal amplitude spectrum. The
MATLAB script used to generate the stimuli was make_fractal 3D.m,
which can be viewed at the following link: https://osf.io/w5tvn/.

For the visual preference task, 3 different seeds of random noise were
used to generate dynamic stimuli at 30% RMS contrast across three
different SS values (x = 0.25, 1.25, 2.25) and five different TS values (a
= 0.25, 0.75, 1.25, 1.75, 2.25) resulting in 15 unique combinations
(Fig. 2). The size of each stimulus was 128 x 128 x 128 pixels, sub-
tending 5.48° visual angle.

For the discrimination sensitivity task, the Psi adaptive staircase was
used (Kontsevich & Tyler, 1999) with 78 possible steps (39 for incre-
mental trials and 39 for decremental trials), resulting in 1,170 possible
TS increments and decrements which were pre-generated for the
experiment to meet computational demand. The same stimulus param-
eters as in the visual preference task were used (contrast, size, a values
etc.) across all possible combinations.

When generating stimuli with a specific input o value there are some
slight discrepancies between the input and output o value caused by
rounding to the nearest 14-bit integer (see Tables 1 and 2). All termi-
nology referring to SS and TS will refer to the input a value unless
otherwise stated.

The spatial a of each stimulus was measured by plotting the 1/f*
amplitude spectrum (A(sf)) on a linear axis using MATLAB. This was
done by first conducting a 2D FFT of each frame of the stimulus, shifting
the zero-frequency component to the centre of the spectrum, finding the
magnitude of the transform, and lastly averaging across x & y di-
mensions. After plotting the spatial 1/f* amplitude spectrum of the
stimulus, the data was fit on a linear axis as a function of SF for each
frame (1 28) separately after 14-bit conversion. A non-linear fit function
in MATLAB with a multiplicative inverse model (}d,) was used to fit the
data with starting coefficients of —1 as a minimum, and the maximum
value of A(sf) as a maximum, yielding an estimated spatial « for each
frame. The measured spatial a reported in Table 1 was averaged across
frames and three different spatial patterns (seeds); the standard

Table 1
Measured SS across each SS x TS combination.
Input TS
0.25 0.75 1.25 1.75 2.25
0.25 0.22 0.23 0.23 0.22 0.22
(0.03) (0.03) (0.03) (0.02) (0.02)
Input 1.25 1.20 1.20 1.19 1.17 1.17
SS (0.09) (0.09) (0.10) (0.10) (0.10)
2.25 2.12 2.08 2.10 2.10 2.06
(0.29) (0.26) (0.33) (0.35) (0.33)

Notes: Reported SS values were averaged across 3 seed conditions and 128
frames (384 frames total). Values in parentheses indicate the standard deviation.
Fit was conducted in linear space.
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Table 2
Measured TS across each SS x TS combination.
Input TS
0.25 0.75 1.25 1.75 2.25
0.25 0.25 0.75 1.25 1.76 2.24
(0.00) (0.00) (0.00) (0.00) (0.00)
Input 1.25 0.25 0.75 1.26 1.76 2.20
SS (0.00) (0.00) (0.01) (0.02) (0.11)
2.25 0.24 0.73 1.26 1.73 2.38
(0.02) (0.03) (0.04) (0.02) (0.19)

Notes: Reported TS values were averaged across 3 seed conditions. Values in
parentheses indicate the standard deviation. Fit was conducted in linear space.

deviation is reported in parentheses. The MATLAB script used to mea-
sure the spatial o of our stimuli was calc_spatialslope.m, which can be
viewed at the following link: https://osf.io/98gkt/.

The measured temporal o reported in Table 2 was averaged across
three different spatial patterns (seeds), and the standard deviation
across seeds is reported in parentheses. The temporal o of each stimulus
was measured by plotting the temporal 1/f* amplitude spectrum (A(f))
on a linear axis using MATLAB functions. This was done by first con-
ducting a 3D FFT in MATLAB, collapsing across x and y dimensions, and
removing singleton dimensions, resulting in an array of estimated
amplitude across the z dimension—i.e. luminance intensity over time.
These data were subsequently plotted in linear space as a function of TF
after 14-bit conversion (Fig. 3, middle panel). A non-linear fit function in
MATLAB with a multiplicative inverse model (%) was used to fit the
data, with starting coefficients of —1 as a minimum, and the maximum
value of A(tf) as a maximum, yielding an estimated temporal o. The
MATLAB script used to measure the temporal a of our stimuli was
calc_temporalslope.m, which can be viewed here: https://osf.io/bz5hd/.

We used linear space rather than log-log space (the traditional way of
fitting the 1/f* amplitude spectrum) as it is more robust to changes
caused by 14-bit conversion (e.g. the flattening of the amplitude spec-
trum across high TFs; see blue circles in the bottom panel of Fig. 3). In
linear space these changes are minor, however in log-log space they are
emphasised (particularly for temporal 1/f* spectra)—which conse-
quently affects the fit.

2.1.5. Procedure

2.1.5.1. Discrimination Threshold Measurements. To determine the
discrimination threshold contrast (JND) necessary to detect increases
and decreases in the SS and TS of the reference image, the Bayesian
adaptive Psi procedure was used (Kontsevich & Tyler, 1999; Spehar
etal., 2015). We employed a four alternative forced choice (4AFC) “odd-
one-out” task, in which the observer was asked to indicate which stim-
ulus was different among the four stimuli shown on any given trial. This
design has been demonstrated by Jakel and Wichmann (2006) as well as
Vancleef et al. (2018) to provide a more robust measurement of
thresholds in fewer trials compared to 2AFC or 2IFC tasks in naive
observers.

Each trial began with a fixation point (4 x 4 pixels, 0.17° visual
angle) at the centre of the screen for 1 s, followed by a trial display in
which four stimuli were shown for a period of 2.133 s (not looped as for
the visual preference task). Each stimulus was 192 pixels (8.21° visual
angle) apart, and presented in a circular aperture with a blurred (raised
cosine) edge.

SS and TS conditions were not intermixed. Each run of the experi-
ment consisted of 1 SS and a base TS which was either increased or
decreased in a trial depending on the participants’ previous responses. In
a single trial, all four stimuli had the same SS and 3 of the stimuli had the
same TS. The remaining odd-one-out stimulus had a different TS, which
appeared randomly with equal probability in each of the four quadrants.
Each run consisted of 60 trials, 30 where the odd-one-out stimulus TS
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Fig. 3. A depiction of how the temporal 1/f* spectrum of each stimulus was
measured. The example depicted here is for a stimulus with a SS and TS of 2.25
(top panel). First a 3D Fourier Transform was conducted on the stimulus, then
luminance intensity (amplitude) was collapsed spatially across the x and y di-
mensions of the stimulus in Fourier space. The temporal (z) dimension was then
plotted on a linear axis where amplitude was fitted as a function of temporal
frequency (TF) (middle panel). The temporal 1/f* amplitude spectrum of our
stimuli were fitted in linear space in order to account for changes caused by 14-
bit conversion, which are emphasised when plotted on a log-log axis (e.g. the
flattening of the amplitude spectrum at high TFs) (bottom panel). The TS fit on
a linear axis is much closer to the input TS (2.12 v 2.25) compared to the
log-log fit (0.60 v 2.25).

increased, and 30 where the odd-one-out stimulus TS decreased. Incre-
mental (Up) and decremental (Down) trials were intermixed. The 15
conditions of SS and TS combinations resulted in a total of 900 trials.
Including optional breaks at the end of each run, the total time to
complete this task was around 45 min. See Fig. S11 in the Supplemen-
tary Materials for a schematic of the procedure.

Due to computational limitations, we were unable to present 4
different seed patterns (i.e. 4 stimuli with different noise patterns) each
trial with accurate timing. Instead, in each trial the three distractor
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stimuli were the same stimulus—but rotated relative to one another to
avoid repeating the same pattern with the same orientation. Since the
stimuli were dynamic random noise movies, these 3 distractor stimuli
were essentially indistinguishable (see Movie S-1, https://osf.
io/gaqdb/), enabling accurate stimulus presentation each trial. The
task design facilitated focus on the overall appearance of the stimulus
rather than adopting an image matching strategy. The duration of the
response interval was unlimited. Participants were given auditory
feedback, with either one or two beeps indicating the response was
correct or incorrect, respectively.

2.1.5.2. Visual Preference Measurements. Visual preference was
measured using a two-alternative forced-choice (2AFC) paired com-
parison procedure (Cohn, 1894; Spehar et al., 2015). Each trial began
with a fixation point (12 x 12 pixels, 0.51° visual angle) at the centre of
the screen for 500 ms. Subsequently, two images were presented side-
by-side with observers indicating (via key press) which of the two
stimuli they visually prefer. To avoid imposing a criterion for the subject
to use during this task, no further instruction was given other than to
“pick the noise stimulus that you prefer”. Stimuli were presented 200
pixels (8.55° visual angle) apart in a circular aperture with a blurred
(raised cosine) edge. The duration of the response interval was unlim-
ited. Due to the periodic nature of the Fourier transform, there was no
temporal discontinuity while the stimuli were looped until the response
was recorded (Baker & Graf, 2009).

In this procedure, stimuli of each SS (3) and TS (5) combination (i.e.
15 different stimuli) are paired with all of the other SS and TS combi-
nations in the series, resulting in a total of 210 pairs. This basic sequence
ensures that every experimental image is paired with each other and that
each experimental stimulus is presented 28 times across all experimental
pairings with equal frequency on the left and the right side. All pairs
were presented in random order. A complete sequence of 210 trials was
only presented once with no repetitions across 3 blocks (70 trials/block).
Participants were allocated breaks at the end of each block. This task
took around 15 min for participants to complete. See Fig. S-2 in the
Supplementary Materials for a schematic of the procedure.

2.2. Results

Initial analyses were conducted on responses from each task indi-
vidually (sensitivity and visual preference). Subsequent analyses
involved comparing responses across both tasks. For this, data were
transformed into z-scores to allow a direct comparison between them.
All statistics reported in this section were Greenhouse-Geisser corrected.
All the raw data (sensitivity and visual preference) have been anony-
mised and are available on the following OSF project webpage: htt
ps://osf.io/6sgpy/.

2.2.1. Sensitivity

A 2-way repeated measures ANOVA was conducted on the sensitivity
(1/threshold) values obtained from the 4AFC discrimination task. Here,
we report statistical analyses that were conducted on sensitivity values
that were averaged across both up and down staircases of the task (i.e.
increments and decrements), which is common practice when calcu-
lating psychophysical thresholds (Kingdom & Prins, 2016). A table
summarising the main effects and interactions can be found in the
Supplementary Materials (Table S-1).

2.2.2. Main effects and interactions

The main effects of SS (F1.629,48.868 = 17.953,p < 0.001,7]}% = 0.374)
and TS (F1.571,47.153 = 64.843, p < 0.001, ;13 = 0.684) were significant.
The direction of these effects is depicted in Fig. 4 below, which show an
inverted U-shaped pattern of results where sensitivity is highest for the
most natural SS (Fig. 4A) and the most natural TS (Fig. 4B) in the stim-
ulus set—1.25. There was a significant interaction between SS x TS
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Fig. 4. Main effects and interactions from the sensitivity analysis. A) Main effect of SS—sensitivity plotted as a function of SS. The values plotted were averaged
across all TS conditions. An inverted U-shaped pattern peaking for SS 1.25 is observed. B) Main effect of TS—sensitivity plotted as a function of TS. The values plotted
were averaged across all SS conditions. An inverted U-shaped pattern peaking for TS 1.25 is observed. C) Interaction between SS and TS—sensitivity plotted as a
function of TS for each SS condition separately (red, green, blue lines correspond to SS 0.25, SS 1.25, SS 2.25 respectively). Error bars depict SEM between subjects.
See Fig. S-3 in the Supplementary Materials to view the same plots with individual datapoints. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

(F2.365, 70.958 = 11.065, p < 0.001, ;13 = 0.269), and the direction of this
interaction is plotted in Fig. 4C. The effect sizes reported here (as indi-
cated by ng) are considered large as per the effect size conventions of
Cohen (1988).

Overall, the most natural stimulus in the set elicits the highest
sensitivity (SS 1.25 TS 1.25). There is also a rightward shift in sensitivity
from shallow to steep SS conditions. For SS 0.25, sensitivity is heightened
between TS 0.75 and TS 1.25; for SS 1.25, sensitivity is heightened be-
tween TS 1.25; and 1.75, and for SS 2.25, sensitivity is heightened be-
tween TS 1.25 and TS 2.25. With the exception of TS 0.25 it appears that
the closer the spatial and temporal slope, the higher the sensitivity (e.g. SS
1.25 TS 1.25).

2.2.3. Visual Preference

A 2-way repeated measures ANOVA was conducted on the proportion
chosen values obtained from the 2AFC visual preference task. Before
statistical analysis, the raw data were arcsine transformed. This trans-
form was used as a variance-stabilisation measure as the raw data had a
non-normal (binomial) distribution (McDonald, 2014). A table sum-
marising the main effects and interactions can be found in the Supple-
mentary Materials (Table S-2).

2.2.4. Main effects and interactions
The main effect SS was not significant (F;.38941.675 = 2.509, p =
0.110, ;13 = 0.077), however TS was significant (F;.177,35.305 = 26.735, p

52

< 0.001, ’13 = 0.471). The direction of these effects is depicted in Fig. 5A
and B, showing that visual preference is highest for steep SS and steep TS
conditions. These findings indicate that on average the most preferred
stimulus in the set was SS 2.25, TS 2.25. There was also a significant
interaction between SS x TS (F45g5,137.564 = 15.827, p < 0.001, 173
0.345), which is depicted in Fig. 5C. All SS conditions show increasing
preference as the TS steepens. Generally, across TS conditions SS 2.25
was most preferred (blue line in Fig. 5C), followed by SS 1.25 then SS
0.25. The effect size for SS is considered small to medium, and the effect
sizes for TS and for the SS x TS interaction are considered large as per
Cohen’s (1988) effect size conventions.

2.2.5. Direct comparison between sensitivity and visual preference

Results from sensitivity and visual preference tasks were compared.
For this, data from both experimental task conditions were converted to
z-scores to ensure they had the same units. Data from the visual pref-
erence task was arcsine transformed prior to being z-scored transformed
to stabilise variance (McDonald, 2014). After the data was standardised,
a 2 x 3 x 5 repeated measures ANOVA was conducted where the main
effects included Task (sensitivity, visual preference), SS (0.25, 1.25,
2.25), and TS (0.25, 0.75, 1.25, 1.75, 2.25). Due to z-score trans-
formation of both data sets, the main effect of Task is not meaningful
since the mean and standard deviation across both tasks is 0 and 1. The
present analysis aims to compare responses between visual preference
and sensitivity, and as such here we report interactions involving Task
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Fig. 5. Main effects and interactions from the visual preference analysis. A) Main effect of SS—proportion chosen is plotted as a function of SS. The values plotted
were averaged across all TS conditions. Visual preference was highest for steep SS conditions (e.g. 2.25) B) Main effect of TS—proportion chosen is plotted as a
function of TS. The values plotted were averaged across all SS conditions. Visual preference was highest for steep TS conditions (e.g. 2.25). C) Interaction between SS
and TS—proportion chosen plotted as a function of TS for each SS condition (red, green, blue lines correspond to SS 0.25, SS 1.25, SS 2.25 respectively). Error bars
depict SEM between subjects. See Fig. S-4 in the Supplementary Materials to view the same plots with individual datapoints. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

rather than the main effect of Task itself (F; 30 = 0.744, p = 0.395, 115 =
0.024). All main effects and interactions from this analysis are sum-
marised in Table S-3 in the Supplementary Materials.

Interactions

The two-way interactions between Task x SS (F1.560,46.780 = 5.248, p
= 0.014, 715 =0.149) and between Task x TS (F1,883,56.487 = 9.693,p <
0.001, ;13 = 0.244) were significant, and the direction of these in-
teractions is depicted in Fig. 6A and B. These effect sizes are considered
large as per Cohen’s (1988) conventions. The shape of the response
profiles between task conditions as a function of SS (Fig. 6A) is dissim-
ilar, where an inverted U-shape peaking at SS 1.25 is observed for the
sensitivity task while a linear increase is observed between SS 0.25 to SS
2.25 for the visual preference task.

The three-way interaction Task x SS x TS (F4.625,138.749 = 6.375,p <
0.001, nﬁ = 0.175) was also significant, and the effect size can be
considered large (Cohen, 1988). The direction of this interaction is
depicted in Fig. 6C. The same pattern of results for visual preference as
described above is observed for all SS conditions—a monotonic increase
from shallow to steep TS conditions. Conversely, sensitivity resembles an
inverted U-shaped pattern of results with peak responses that system-
atically change depending on the SS—i.e. a rightward shift in peak
sensitivity as a function of TS with increasing SS. The similarity between
task conditions increases from SS 0.25 to SS 2.25 (i.e. similarity in shape
and distance between solid and dashed lines in Fig. 6C), suggesting that
visual preference and sensitivity are more concordant for SS 1.25 and SS
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2.25.

2.2.6. Exploratory Factor Analysis

We also conducted an Exploratory Factor Analysis to assess how well
a small set of variables can capture common variance in our sensitivity
and preference datasets (Child, 1990; Suhr, 2005). We also conducted
this analysis to assess how similar the factors extracted from both
datasets would be. Our exploratory factor analysis conducted across all
conditions (15 total — 3 SS, 5 TS) yielded three factors for both datasets,
and these factors explained 72.3% of the variance in the case of sensi-
tivity, and 85.2% in the case of preference. These findings suggest that
participants were performing in a relatively systematic way during the
preference task compared to the sensitivity task—despite not having a
concrete definition of how visual preference should be judged. If this
was not the case, the factors pulled from the EFA would not be able to
explain a large degree of variance in the preference dataset. To view a
plot of the loadings of the EFA factors for each dataset, see Fig. 7 (and to
compare to the raw sensitivity and preference data see Figs. 4 and 5
respectively).

The factors across datasets differ. For sensitivity, three factors appear
to correspond to the pattern of sensitivity across the different SS con-
ditions. Factor 1 (36.7% explained variance) appears to correspond to
the sensitivity profile of SS 2.25; Factor 2 (23.7% explained variance)
the sensitivity profile of SS 0.25 and SS 1.25, and Factor 3 (11.9%
explained variance) a scaling factor to account for different magnitudes
of the response profiles to SS 0.25 and 1.25, and also SS 2.25 to a degree



Z.J. Isherwood et al.

A
2_
o=
Q%C 14
Qc o
o n 9V
n o O
NES
o E
8% 8
TE&E
5§28
cao 2
g 5o -1
2N )]
-2 T T I
0.25 1.25 2.25
Spatial Slope

0.25

Vision Research 181 (2021) 47-60

= == Sensitivity

B
5 = \/isual Preference
0w
©35 ¢
oc 9
388
N &)
-
§58
8528
T E O
cC 0 =
g 5o
2N))
-2 1 1 1 1 1
025 075 125 175 225
Temporal Slope
Spatial Slope
1.25 2.25

Standardised z-scores
Sensitivity (1/threshold)
Proportion Chosen

-2 T T T T T T
0.25 0.75 1.25 1.75 2.25

0.25 0.75 1.25 1.75 2.25

Temporal Slope

T T T T T T T T
0.25 0.75 1.25 1.75 2.25

Fig. 6. Measuring the degree of concordance between sensitivity and visual preference. A) Comparison between sensitivity and visual preference as a function of SS
averaged across TS conditions. A discrepancy is observed between tasks where sensitivity resembles an inverted U-shape peaking for SS 1.25 while visual preference
increases systematically from shallow to steep (left to right) TS conditions. B) Comparison between visual preference and sensitivity as a function of TS averaged
across SS conditions. The response curves between the two task conditions appear similar. However, at TS 2.25 visual preference increases, while sensitivity drops C)
Comparison between sensitivity and visual preference measures across SS conditions as a function of TS (left to right columns SS 0.25, SS 1.25, SS 2.25). Error bars

depict SEM between subjects.

(scaling responses down for TS 2.25). For preference, the three factors
also appear to correspond to the pattern of preference across the
different SS conditions. Factor 1 (45.6% explained variance) appears to
correspond to the preference profile for SS 0.25, Factor 2 (26.3%
explained variance) the preference profile for SS 2.25, and Factor 3
(11.3% explained variance) the preference profile for SS 1.25. See
Tables S-4 and S-5 in the Supplementary Materials for a summary of the
factors for sensitivity and visual preference respectively.

2.3. Discussion

In Experiment 1, we sought to characterise sensitivity and visual
preference toward stimuli which differed in their 1/f* spatiotemporal
spectra. Following research conducted in the spatial domain (Spehar
et al.,, 2003, 2015, 2016; Juricevic et al., 2010), we predicted that
sensitivity and preference would overlap across all of our stimuli and
peak for the most natural stimulus in our set. We confirmed that the most
natural stimulus in our set elicited the highest sensitivity (i.e. it was the
easiest stimulus to discriminate)—however, it was not the most
preferred on average. We find that a stimulus with a spatiotemporal
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spectrum beyond what is found on average in nature—SS 2.25 TS
2.25—was the most preferred. Following this finding, the question ari-
ses: Why does this discrepancy occur? Before addressing this, we will first
discuss the pattern of results observed for sensitivity and visual preference
separately.

2.3.1. Sensitivity

While we observed maximum discrimination sensitivity toward the
most natural stimulus in the set—SS 1.25 TS 1.25—we also observed
systematic differences in sensitivity dependent on both SS and TS. When
sensitivity is plotted as a function of TS, the response profile resembles
an inverted U-shape with a peak that shifts rightwards from shallow to
steep SS conditions (Fig. 4C). This essentially corresponded to height-
ened sensitivity for stimuli that had 1/f* spectra close in space and time.
These findings are in accordance with Billock et al. (2001a), who also
found lower JND thresholds for stimuli with corresponding spatiotem-
poral spectra.

Based on the spatiotemporal contrast sensitivity function (CSF), one
may in fact predict the opposite of these findings—sensitivity across SFs
becoming progressively more band-pass as TF increases (Kelly, 1979). If
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Fig. 7. Plots of the EFA factor loadings for
sensitivity (top panel) and preference (bottom
panel) datasets. To compare to the raw sensitivity
and preference data see Figs. 4 and 5 respec-
tively. For sensitivity, three factors appear to
correspond to the pattern of sensitivity across the
different SS conditions. Factor 1 (solid line):
corresponds to the sensitivity profile of SS 2.25;
Factor 2 (dashed line): corresponds to the sensi-
tivity profile of SS 0.25 and SS 1.25; Factor 3
(dashed dotted line): scaling factor to account for
different magnitudes of the response profiles to
SS 0.25 and 1.25, and also SS 2.25 to a degree

e Factor 1
e e Factor 2

Factor 3

L a— T T T T L a— (scaling responses down for TS 2.25). For pref-
Q(,’J A0 qf’ Ao Q(,’-’ Q:’-’ A0 qf’ Ao Qf:’ Qﬁ’ o qf’ Ao Qf-’ erence, the three factors also appear to corre-
Qo 0‘ \ \. ('bo Qo Qo \0 \c ('l/. 0» Qo \0 \ (ba
spond to the pattern of preference across the
Temporal Slope different SS conditions. Factor 1: preference
; profile for SS 0.25; Factor 2: preference profile for
Visual Preference SS 2.25; Factor 3: preference profile for SS 1.25.
SS025 SS125 SS225
1.51

Factor Loading

© Lo P Ao o

Temporal Slope

this was the case, in the present study we should have observed rela-
tively equal sensitivity across SS conditions when the corresponding TS
was shallow (i.e. rapid luminance modulation, TS 0.25 and TS 0.75).
However, given that the spatiotemporal CSF is based on narrowband
measures of spatial and temporal frequency, the pattern of sensitivity it
describes may not generalise to the broadband stimuli used in the present
study nor others (Simoncini et al., 2012; Gekas et al., 2017; Vacher et al.,
2018). So, what can account for our pattern of results? While we cannot
offer a detailed model of how the visual system is tuned to broadband
distributions of spatial and temporal frequencies, we can speculate as to
why we observe heightened sensitivity for stimuli with 1/f* spectra that
are close in space and time.

While natural scenes on average have spatiotemporal 1/f* spectra
with an «a close to 1 (Billock et al., 2001b; Dong & Atick, 2009)—this
averaged o value does not capture the spatiotemporal correlations that
may exist across certain natural scenes. For instance, how is the move-
ment of a swarm of bees captured by this measure? Or the movement of
clouds? Dong and Atick (2009) investigated this by measuring spatio-
temporal correlations in amplitude spectra across a wide range of
movies of natural scenes. The spatial and temporal spectra of natural
scenes was found to generally be non-separable, suggesting that these
components are typically concordant. As such, it is possible that the
visual system is sensitive to spatiotemporal concordance in 1/f* spec-
tra—consistent with the observed heightened sensitivity for stimuli with
1/f* spectra close in both space and time.

2.3.2. Visual Preference

Contrary to our hypotheses, instead of observing peak preference for
the most natural stimulus in the set, we observe peak preference for the
steepest slope in both space and time—2.25. The most preferred SS was
2.25 followed by 1.25 then 0.25 (Fig. 5A), and the same systematic in-
crease in preference was observed from shallow to steep TS
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conditions—albeit at different overall magnitudes depending on the SS
condition (Fig. 5C).

It has been well established across a multitude of studies using static
images that the most preferred SS is ~1.25 (Spehar et al., 2003, 2015;
Juricevic et al., 2010; Spehar & Taylor, 2013). Our results suggest that
the addition of a temporal component to an otherwise static stimulus can
profoundly change its visual appeal. When investigating the emotional
effects of dynamic textures, Toet et al. (2011) presented participants a
variety of natural scene movies and found that the speed of the stimulus
most highly correlated with ratings of relaxation and pleasure—the
slower the stimulus, the higher its relaxation and pleasure ratings. In
addition, spatial regularity—i.e. the degree in spatial variation within a
stimulus—positively correlated with measures of pleasure and
relaxation.

As such, stimuli with slow temporal dynamics and high spatial reg-
ularity could be considered the most preferred in Toet et al. (2011)—
analogous to our findings that the stimulus with low spatial variation
that slowly varied in luminance over time was most preferred (SS 2.25
TS 2.25). Indeed, the appearance of a random noise stimulus with steep
1/f* spectra in space and time has been described by a number of par-
ticipants as containing “rather coherent large masses undulating very
slowly” (Billock et al., 2001a), corresponding to the factors described by
Toet et al. (2011). Visual preference toward the spatiotemporal 1/f*
amplitude spectrum appears therefore to be driven mostly by the tem-
poral component of our stimuli (the slower the better) and to a lesser
extent its spatial component (the smoother the better).

2.3.3. The relationship between sensitivity and visual preference

The divergence we observe between sensitivity and visual preference
is contrary to our initial expectation that the exact same pattern of re-
sults would be observed across spatial and temporal slope combinations,
following findings in the spatial domain (Spehar et al., 2015). As stated
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above, the addition of a temporal component to an otherwise static
stimulus influences its visual appeal. On the other hand, sensitivity to-
ward these stimuli seems to accord with the spatiotemporal correlations
that exist across natural scenes. So why do we observe this divergence be-
tween sensitivity and preference in the temporal domain?

It is possible that our preference findings are consistent with a
Bayesian prior for “slow” and “smooth” moving objects. In their inves-
tigation of how motion illusions arise, Weiss et al. (2002) sought to
model how motion is estimated by the visual system. Their approach is
based on two plausible assumptions: 1) local measurements made by the
visual system are inherently noisy and 2) that velocities in the natural
world tend to be slow—i.e. most objects in nature are stationary, or if
they move, they do so slowly. The model was able to accurately predict a
range of psychophysical data related to perceived direction and speed (e.
g. gratings across a range of contrast conditions, a translating rhombus,
and plaids). Weiss et al. (2002) concluded that ideal observers assume
that velocities are ‘slow and smooth’—somewhat analogous to the most
preferred stimulus in our set (SS 2.25, TS 2.25)—and that this bias stems
from what exists in our natural environment.

It may also be possible that the divergence observed in the temporal
domain may be reflective of a different judgement criterion being used
in the preference task. It seems sensible for the visual system to be
sensitive to spatiotemporal correlations that most commonly exist in
nature, particularly a ~ 1 (Billock et al., 2001b; Dong and Atick, 2009).
However, preference may be based on dynamic contextual cues that may
signal preferred environmental conditions. Take for instance the scene
of a beach on a calm versus stormy day. Theoretically, both scenes
would have similar spatial amplitude spectra. However, their temporal
amplitude spectra would differ considerably—one having a steep spec-
trum, and the other shallow. As such, the temporal amplitude spectrum
may provide additional information that can be used as an environ-
mental cue. As to why the addition of a temporal component corre-
sponds with heightened preference for stimuli with increased spatial
regularity, e.g. SS 2.25, we cannot provide a complete account. However,
whilst speculative, perhaps this change in preference may be related to
higher level preference judgments of environmental cues—e.g. a smooth
vs. a spiky surface (Viengkham et al., 2019).

We must acknowledge, however, that while we speculate our pref-
erence findings may be indicative of preferred environmental con-
ditions—the stimuli we used in the present study were random noise
textures. Further work using movies of actual natural scenes with
analogous variations in their spatiotemporal spectra will need to be
compared to stimuli used in our study. In addition, further work directly
probing the criteria our subjects used to infer their preference judgments
with synthetic noise stimuli may reveal whether our notions hold.

2.3.4. Limitations

The divergence between sensitivity and visual preference is apparent
for steeper TS conditions. However, it is possible that differences in the
way the data were collected across sensitivity and visual preference
tasks may account for the observed differences. In the visual preference
task, all spatial and temporal slope combinations were compar-
ed—providing a spatiotemporal measurement of visual preference across
slope conditions. In contrast, sensitivity was separately measured for
each spatial and temporal slope condition, resulting in the sensitivity
task containing 15 blocks total (3 SS x 5 TS). SS was fixed within each
block, and TS varied across trials based on an adaptive staircase pro-
cedure that modelled possible increments and decrements around one
specified TS condition. As such, it may be possible that visual preference
differs when measured in a way such that the SS or TS is fixed within a
block in comparison to when preference is measured in an intermixed
fashion. To address this, we investigated whether the visual preference
of our stimuli changes when SS is fixed within each block in Experiment
2.
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3. Experiment 2: The effect of presentation order on visual
preference

We conducted a follow up experiment to investigate whether or not
the visual preference of our stimuli changes when SS is fixed within each
block (spatial fixed). We directly compared the preference data from the
present study to the visual preference data collected in Experiment 1
(intermixed presentation). For brevity, the Methods section, the analysis
of the raw data (prior to z-score transformation), as well as a comparison
between the preference data collected here and sensitivity collected in
Experiment 1, are included in the Supplementary Materials.

3.1. Results

Prior to analysis, the data across both experiments were z-score
transformed such that the corresponding mean and standard deviation
of each SS condition became 0 and 1 to ensure both task conditions had
the same units to allow a direct comparison between them. Visual
preference data were arcsine transformed prior to being z-score trans-
formed as a variance stabilisation measure (McDonald, 2014). All the
raw data from the present experiment has been anonymised and is
available on the following OSF project webpage: https://osf.io/avzhc/.

3.1.1. Comparing visual preference across spatial fixed and intermixed
presentation orders

The data were analysed using a 2 x (3 x 5) mixed ANOVA with
Presentation Type as the between-subject factor, and SS and TS as within-
subject factors. Due to z-score transformation, the direct comparison
between presentation types is not meaningful since the mean and
standard deviation for both presentation types is equal to 0 and 1. Given
the present analysis compares the pattern of results between fixed and
intermixed presentation types, here we focus on interactions rather than
the main effect of Presentation Type itself (F; g0 = 1.000, p = 0.321, 173 =
0.016). All main effects and interactions from this analysis are sum-
marised in Table S-7 in the Supplementary Materials.

3.1.2. Interactions: Spatial Fixed vs. Intermixed comparison

The two-way interaction Presentation Type x Temporal Slope
(F1.286,77.147 = 2.811, p = 0.675, ;j7 = 0.016) and the three-way inter-
action Presentation Type x Spatial Slope x Temporal Slope (Fs 232 313.938 =
1.459, p = 0.200, r]ﬁ = 0.024) were not significant. The interaction
Presentation Type x Spatial Slope (F1,60 = 1.000, p = 0.321, 11’% =0.016)
was also not significant. However, the comparison between these two
main effects is not meaningful due to the way the data was z-score
transformed. The direction of these interactions is depicted in Fig. 8. All
effect sizes are considered small (Cohen, 1988). The only observable
difference in the pattern of results between presentation conditions is for
SS 0.25, where preference distinctly peaks for TS 1.25 when the pre-
sentation type is fixed, while preference plateaus between TS 1.25 and
TS 2.25 when the presentation type is intermixed.

3.1.3. Discussion

We found no major differences in the pattern of results between fixed
and intermixed presentation conditions. The most preferred stimulus
across presentation conditions was still the coarsest and slowest stimulus
in the set (SS 2.25 and TS 2.25), replicating the findings of Experiment 1.

4. Experiment 3: Measuring sensitivity and visual preference to
temporal 1/f* amplitude spectra ranging between 0.50 and 2.50
(step size 0.5)

Following the findings of Experiments 1 and 2, we explored whether
the same pattern of results for sensitivity and visual preference would be
observed for a differing range of TS conditions. With a finer sampling
rate, we can better infer how narrowband or broadband the tuning we
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Fig. 8. Comparison of visual preference between intermixed (black lines) and spatial fixed (red lines) presentation orders. A) Preference averaged across SS con-
ditions plotted as a function of TS. The pattern of results across presentation conditions overlap where a systematic increase in preference from shallow to steep TS
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referred to the web version of this article.)

observe in our sensitivity experiment is (Experiment 1), as well as
whether visual preference continues to increase beyond TS 2.25 (i.e. is
there a point where the stimulus appears too slow and is less preferred?) We
conducted the same sensitivity and visual preference experiments in
Experiment 1 using the same SS conditions (« = 0.25, 1.25, 2.25), but a
different range of TS conditions (« = 0.50, 1.00, 1.50, 2.00, 2.50). Given
the extensive analyses conducted in our previous experiments, we did
not focus here on the direct comparison between sensitivity and visual
preference. Here, we describe the shape of these tuning curves when the
data from Experiment 1 (TS conditions: 0.25, 0.75, 1.25, 1.75, 2.25) are
combined with the data from the present study after z-score trans-
formation. For brevity, the Methods section and the analysis of the raw
data (prior to z-score transformation) are included in the Supplementary
Materials.

4.1. Results

Data across both Experiment 1 and 3 were transformed into z-scores
to allow a direct comparison between them. Visual preference data were
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arcsine transformed prior to being z-score transformed as a variance
stabilisation measure (McDonald, 2014). All raw data (sensitivity and
visual preference) has been anonymised and is available on the
following OSF project webpage: https://osf.io/dfkj7/.

4.1.1. Comparison between Experiment 1 and Experiment 3

Given the design of both experiments (different samples, different set
of TS conditions in each sample), we are unable to conduct a statistical
analysis (e.g., an ANOVA) on the combined data. Instead, here describe
the shape of tuning curves for both experiments, and fit the data using
polynomials (1st, 2nd, and 3rd degree) determined by Akaike Infor-
mation Criterion (AIC) values. These values are calculated based on the
trade-off between goodness of fit of a model and its complexity by
estimating the amount of information lost (Akaike, 1974). AIC values
are used to indicate which model was best suited to explain the data,
whereby the model with the lowest AIC value (least information lost)
amongst other models tested indicates it is the best fit. For a summary of
AIC values across polynomials, refer to Table S-13 (sensitivity) and
Table S-14 (visual preference) in the Supplementary Materials.
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4.1.2. Sensitivity

When sensitivity is averaged across all TS conditions, we observe the
pattern of tuning as a function of SS (Fig. 9A), which resembles an
inverted U-shaped function peaking at SS 1.25 (2nd degree polynomial,
R? = 0.89). This fit, however, was conducted using only three points—so
the data in this case may be overfitted. When sensitivity is averaged
across all SS conditions, we can observe the pattern of tuning as a
function of TS (Fig. 9B), which also resembles an inverted U-shaped
function peaking ~ TS 1.50 (2nd degree polynomial, R? = 0.90). When
plotting all the data as a function of TS, different tuning functions can be
observed for each SS separately (Fig. 9C). Here we can observe that
stimuli within the natural range (SS 1.25 and TS 1.00 to 1.75) elicit the
highest sensitivity in the stimulus set (Fig. 9C, green line). While
sensitivity to SS 0.25 and 2.25 are generally lower overall as a function
of TS (Fig. 9C, red line and blue line respectively), we observe height-
ened sensitivity for stimuli which are concordant in space and time.

4.1.3. Visual preference

When averaged across all TS conditions, the visual preference tuning
pattern as a function of SS is essentially a flat line with a slight increase in
preference from SS 0.25 to SS 2.25 (1st degree polynomial, R? = 0.46)
(Fig. 10A). Across all SS conditions, the pattern of tuning for visual
preference as a function of TS resembles a logarithmic function starting
to asymptote ~ TS 1.75 (2nd degree polynomial, R? = 0.90) (Fig. 10B).
When plotting all the data as a function of TS, tuning functions can be
observed for each SS separately (Fig. 10C). Here we observe that pref-
erence increases as a function of TS, where SS 2.25 is slightly more
preferred than SS 1.25, followed by SS 0.25. However, for TS conditions
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0.25 to 1.00, SS 0.25 is most preferred. The shape of these tuning curves
is similar across SS conditions. For SS 1.25 and SS 2.25, the response
curves are essentially the same and resemble logarithmic functions
starting to asymptote ~ TS 1.75 (SS 1.25: 2nd degree polynomial, R? =
0.91; SS 2.25: 2nd degree polynomial, R> = 0.83). For SS 0.25, the
tuning curve somewhat resembles a logarithmic function like SS 1.25
and SS 2.25 (2nd degree polynomial, R? = 0.47), however the increase
in preference is shallower between TS 0.25 and TS 1.50, and preference
appears to decrease between TS 2.00 and TS 2.50.

4.1.4. Discussion

The present study has shown that we observe a similar pattern of
sensitivity and visual preference tuning toward the spatiotemporal 1/f*
amplitude spectrum across a new range of TS conditions (« = 0.50, 1.00,
1.50, 2.00, 2.50). By combining the results from Experiment 1 and
Experiment 3, we were able to describe and fit response curves across
sensitivity and visual preference measures. We find that the fit of these
response curves differs substantially between these two measures,
further indicating that a divergence in sensitivity and preference occurs
in the temporal domain. A novel finding of the present study is that visual
preference starts to decrease for SS 0.25 when its corresponding TS is too
steep (TS 2.50). It would be interesting in future research to test at what
point (if any) visual preference starts to decrease for SS 1.25 and SS 2.25
at steeper and steeper TS conditions (e.g. TS 3.00 or 4.00). Future research
could also include a stationary static condition (SS manipulations only) to
be able to directly compare the influence of motion in visual preference.

Fig. 9. Plotting discrimination sensi-
tivity across Experiment 1 and Experi-
ment 3. A) Main effect of SS—sensitivity
plotted as a function of TS. The values
plotted were averaged across all TS con-
ditions within each experiment sepa-
rately. An inverted U-shaped pattern
peaking for SS 1.25 is observed. B) Main
effect of TS—sensitivity plotted as a
function of TS. The values plotted were
averaged across all SS conditions. An
inverted U-shaped pattern peaking
around TS 1.50 is observed. C) Interac-
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tion between SS and TS—sensitivity
plotted as a function of TS for each SS
condition separately (red, green, blue
lines correspond to SS 0.25, SS 1.25, SS
2.25 respectively). Each SS condition has
a slightly different pattern of results.
Overall, the most natural stimuli in the
set elicit the highest sensitivity (e.g. SS
1.25 TS 1.50). Note: Error bars indicate
the SEM. The polynomial degree chosen
for each fit was based on the AIC calcu-
lated across 1st' 2nd, and 3rd degree
polynomial fits (see Table S-13 in the
Supplementary Materials for a sum-
mary). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of
this article.)
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Fig. 10. Plotting visual preference across Experi-
ment 1 and Experiment 3. A) Main effect of
SS—proportion chosen is plotted as a function of
SS. The values plotted were averaged across the TS
conditions within each experiment separately.
Visual preference increased linearly from SS 0.25
to SS 2.25, however this increase is minimal. B)
Main effect of TS—proportion chosen is plotted as
a function of TS. The values plotted were averaged
across all SS conditions. Visual preference was
highest for steep TS conditions (e.g. TS 2.00 to
2.50). C) Interaction between SS and TS—pro-
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5. General Discussion

The series of experiments described here are some of the first to
systematically measure and compare sensitivity and preference toward
the 1/f* amplitude spectrum in both space and time. Following work
conducted purely on the spatial domain (Spehar et al., 2015), we pre-
dicted that the most natural stimulus both spatially and temporally would
be most preferred and the easiest to discriminate. We also predicted a
strong concordance between preference and sensitivity across all other
spatial and temporal variations in 1/f* spectra.

Contrary to our hypotheses, preference for natural 1/f* spectra (a ~
1) only holds for static stimuli. The most preferred stimulus in our set
was found to have steep 1/f* spectra in space and time, corresponding to
the coarsest and slowest stimulus in the set (SS 2.25 TS 2.25). In addition,
the slowest stimulus was always preferred irrespective of its spatial
properties (TS 2.25). Our predictions held for sensitivity as the most
discriminable stimulus were the most natural in the set (SS 1.25 TS 1.25).
Interestingly, peak sensitivity shifted depending on the spatial properties
of a stimulus, such that stimuli with 1/f* spectra concordant in space and
time were easier to discriminate (SS/TS—shallow/shallow, intermediate/
intermediate, steep/steep). This pattern of results corroborates the find-
ings of Billock et al. (2001a), suggesting the visual system is tuned to 1/
f* spectra concordant in space and time—a property which typically
exists across natural scenes (e.g. small insects typically move quickly,
big clouds typically move slowly) (Dong & Atick, 2009).

It seems sensible for the visual system to be maximally tuned to 1/f*
spectra that exist commonly across natural scenes—however, this does
not mean one necessarily prefers such spectra. While we do observe a
strong concordance between sensitivity and preference to a certain point
the divergence between measures for steep 1/f slope conditions cannot
be dismissed. We speculate that with the addition of a temporal

1
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O Experiment 01

portion chosen plotted as a function of TS for each
SS condition (red, green, blue lines correspond to
SS 0.25, SS 1.25, SS 2.25 respectively). Across all
SS conditions, preference increased as a function
of increasing TS from 0.25 to 2.50. Note: Error
bars indicate the SEM. The polynomial degree
chosen for each fit was based on the AIC calcu-
lated across 1st’ 2nd, and 3rd degree polynomial
fits (see Table S-14 in the Supplementary Mate-
rials for a summary). (For interpretation of the
references to colour in this figure legend, the

Experiment 03 reader is referred to the web version of this
article.)
Spatial Slope
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component, the preference of a stimulus may be based on either a
Bayesian prior to ‘slow and smooth’ velocities (Weiss et al., 2002), or
perhaps dynamic contextual cues that signal preferred environmental
conditions. As mentioned previously, in comparisons between a beach
on a calm day vs. a stormy day—the spatial 1/f* spectra across these
comparisons are relatively similar. The only spectral information
discerning both comparisons is in the temporal domain, and in general
scenes which are more preferred move slowly (Toet et al., 2011). How-
ever, it is important to note that the stimuli we use in our experiments
are synthetic filtered textures. As such, the extension of our findings to
real-world scenes is at present speculative and needs further
investigation.

Future work measuring the spatiotemporal 1/f* amplitude spectrum
of a wider range of natural scenes than done previously (Billock et al.,
2001b; Dong & Atick, 2009) may help disentangle the dissociation we
observe between sensitivity and visual preference. For example, Toet
et al. (2011) had participants rate a wide range of natural movies on a
variety of emotional attributes (e.g. relaxation, pleasure, arousal) and
spatiotemporal descriptors (e.g. spatial regularity, speed frequency,
temporal regularity). They subsequently modelled the extent to which
the rated spatiotemporal descriptors of each movie could account for its
emotional attributes. Instead of using the descriptors labelled by par-
ticipants, it would be interesting to model the extent to which the
measured spatiotemporal 1/f* amplitude spectrum of their stimuli could
explain their findings that slow stimuli with high spatial regularity were
most preferred. This may indicate whether it is indeed the case that
scenarios such as those described above (e.g. a beach on a calm day) are
preferred based on a criterion related their temporal 1/f* properties
rather than their spatial 1/f* properties.
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Supplementary Materials

Experiment 1:
Measuring sensitivity and visual preference toward spatiotemporal 1/f¢ amplitude

spectra

Supplementary Methods
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Figure S-1. A 4AFC task was used to measure discrimination sensitivity across a
range of SS and TS conditions, where participants were tasked with picking the “odd
stimulus out”. SS and TS conditions were not intermixed within blocks. As such,
each block had one SS condition and a base TS that increased or decreased based
on participant performance. Within a trial, four stimuli had the same SS (e.g. Block
1, red solid line—0.25; Block 15, dark blue solid line—2.25) and three had the same
TS (e.g. Block 1, red dashed line—0.25; Block 15, dark blue dashed line—2.25).
The remaining odd one out stimulus had a different TS which appeared randomly
with equal probability across the four quadrants (e.g. Block 1, orange dashed line—
0.75; Block 15, light blue dashed line—1.75). Participants had to complete a total of
15 blocks for each unique SS and TS combination (b1 to b15, 60 trials/block). The
order of SS/TS block conditions was randomised. Note: the coloured rings are only
present here for illustration purposes.
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Movie S-1. Example trial from the 4AFC Sensitivity Task. Corresponding link to the
movie: https://ost.io/gaqdb/. All stimuli have the same SS (1.25) and were generated

using the same random seed of noise. The target stimulus (lower left-hand corner)
has a TS of 0.75, whilst distractor stimuli have a TS of 1.25 (Note: The disparity
between temporal slopes has been increased for demonstration purposes). Due to
computational limitations, all 3 distractor stimuli were the exact same stimulus
rotated relative to one another. Since the stimuli used in the present study are noise
textures, it is not obvious to observers that the 3 distractors are the same—making
the experimental procedure feasible.
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Figure S-2. A 2AFC task was used to measure visual preference across a range of
SS and TS conditions, where for each trial participants had to indicate which of the
two stimuli they visually preferred. Stimuli were presented in an intermixed fashion
such that each unique SS and TS combination was paired together, resulting in 210
pairs. A complete sequence of 210 trials was only presented once across 3 blocks
with no repetitions (b1, b2, b3; 70 trials/block). The example trials in Block 1 depicts
the comparison between SS 0.25, TS 0.25 and SS 2.25, TS 1.25; for Block 2 it is
between SS§ 2.25, TS 0.25 and SS 0.25, TS 1.25; and for Block 3 it is between SS
1.25, TS 2.25 and SS 0.25, TS 0.25. Note: the coloured rings are only present here
for depiction purposes.
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Supplementary Results

Table S-1
Summary of ANOVA main effects and interactions for the sensitivity task
df Error F p ny  Power
Spatial Slope 1.629 48.868 17.953 <0.001 0.374 0.999
Temporal Slope 1.571 47.135 64.843 <0.001 0.684 1.000

Spatial Slope x 2365  70.958 11.065 <0.001 0.2690 0.995
Temporal Slope
Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05.

Table S-2
Summary of ANOVA main effects and interactions for the visual preference task
df Error F p ny  Power
Spatial Slope 1.389 41.675 2.509 0.110 0.077 0.397
Temporal Slope 1.177 35.305 26.735 <0.001 0.471 1.000

Spatial Slope x 4585  137.564 15.827 <0.001 0.345 1.000
Temporal Slope
Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05.

Table S-3
Summary of ANOVA main effects and interactions for the comparison between

sensitivity and visual preference measures

df Error F p ny  Power

Task 1.000 30.000 0.744 0.395 0.024 0.133

Spatial Slope 1.570 47.094 6.933 0.004 0.188 0.854
Temporal Slope 1.831 54.918 117.912 0.000 0.797 1.000
Task x Spatial Slope 1.560 46.789 5.248 0.014 0.149 0.738

Task x Temporal
Slope
Spatial Slope x
Temporal Slope
Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05.

1.883 56.487 9.693 0.000 0.244 0.971

4.859 145.767 24.396 0.000 0.448 1.000
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Figure S-3. Replotted version of Figure 4 (Experiment 1 — sensitivity data) with
individual datapoints to assess variation between participants. Error bars

represent standard deviation.
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Figure S-4. Replotted version of Figure 5 (Experiment 1 — preference data) with
individual datapoints to assess variation between participants. Error bars

represent standard deviation.
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Table S-4.

Summary of EFA Factor Loadings of sensitivity data from Experiment 1

Factor 1 Factor 2 Factor 3 Unigueness
0.25 -0.1175 -0.8044 -0.3531 0.2144
0.75 0.5323 -0.6944 -0.1823 0.2012
SS 0.25 1.25 0.9002 -0.3148 -0.1154 0.0772
1.75 0.9495 -0.031 -0.0511 0.0948
2.25 0.9108 -0.0184 -0.1764 0.139
0.25 -0.8103 -0.4811 -0.0778 0.106
0.75 -0.7724 -0.4968 0.3546 0.0308
SS1.25 1.25 -0.1418 -0.0339 0.8389 0.275
1.75 0.4905 0.4547 0.4401 0.359
2.25 0.6493 0.3421 0.5654 0.1417
0.25 -0.8824 -0.1616 -0.2875 0.1126
0.75 -0.9582 0.0246 -0.1413 0.0614
SS2.25 1.25 -0.5848 0.6279 -0.1496 0.2414
1.75 0.0814 0.9273 -0.0868 0.126
2.25 0.1416 0.9683 -0.0202 0.0419

Notes: 'Minimum residual’ extraction method was used in combination with a

'varimax' rotation

Table S-5.

Summary of EFA Factor Loadings of preference data from Experiment 1

Factor 1 Factor 2 Factor 3 Unigueness
0.25 -0.9223 0.31933 -0.0706 0.0425
0.75 -0.0382 0.87177 0.0214 0.2381
SS 0.25 1.25 -0.1088 0.64238 0.1401 0.5559
1.75 0.6108 0.17049 0.6212 0.212
2.25 0.9286 0.0022 0.1974 0.0988
0.25 -0.9515 0.28323 -0.066 0.01
0.75 -0.1098 0.82773 0.1291 0.2862
SS1.25 1.25 0.0599 0.84918 0.0446 0.2733
1.75 0.2369 -0.04873 0.3142 0.8428
2.25 0.825 0.01735 0.3962 0.1621
0.25 -0.957 0.25437 -0.0656 0.0151
0.75 -0.3627 0.68505 0.244 0.3396
SS2.25 1.25 -0.0336 0.40801 0.5894 0.485
1.75 0.3108 0.21523 0.7083 0.3554
2.25 0.7796 0.10646 0.3774 0.2385

Notes: 'Minimum residual’ extraction method was used in combination with a

'varimax' rotation
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Experiment 2:

The effect of presentation order on visual preference
Supplementary Methods
Design

A 3 (spatial slope, SS) x 5 (temporal slope, TS) repeated measures design was
used. The SS conditions used were: 0.25, 1.25, 2.25. The TS conditions used were:
0.25, 0.75, 1.25, 1.75, 2.25. Visual preference was measured in a spatial fixed order

(SS was fixed within each block).
Apparatus
Same as Experiment 1.
Participants

31 participants with normal or corrected-to-normal vision were recruited using
the University of New South Wales (UNSW) Psychology SONA system as used in

Experiment 1. No participants were excluded from analyses.
Stimuli

The same stimuli used in the visual preference task of Experiment 1 were used

in the present study.
Procedure
Visual Preference Measurements

The procedure was the same as Experiment 1, however in the present study
there were 3 blocks each corresponding to one of the SS conditions. Within each block,
all TS conditions were paired with one another, resulting in a total of 20 pairs. Each
combination of pairs was presented twice, resulting in 60 trials per block, whereby
each stimulus is presented 16 times with equal frequency on the left and the right side.
This resulted in a total of 120 trials. The order of SS and TS conditions was randomised.

See Figure S-5 for a schematic of the procedure.
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Figure S-5. The same visual preference task used in Experiment 1 (2AFC), except
SS was fixed within blocks. Participants had to complete 3 blocks (b1 to b3, 60
trials/block), where only TS varied across trials. The proportion each stimulus was
chosen provides a measure of preference toward TS conditions, independent of SS.
The example trial in Block 1 depicts the comparison between SS 0.25, TS 0.25 and
SS 0.25, TS 1.25; for Block 2 it is between SS 1.25, TS 0.25 and SS 1.25, TS 2.25;
and for Block 3 it is between SS 2.25, TS 1.25 and SS 2.25, TS 0.25. Note: the
coloured rings are only present here for depiction purposes.

Supplementary Results
Main effects and interactions

The main effect SS was fixed for this presentation condition, so we cannot
report statistics for this factor (see Figure S-6A). The main effect TS was significant
(F1.142,34.272= 16.026, p < 0.001, n;= 0.348), and the direction of this large effect size
indicates a systematic increase in visual preference from shallow to steep TS
conditions (Figure S-6B) (Cohen, 1988). For a summary of the main effects and
interactions, see Table S-6.

There was also a significant interaction between SS and TS (Fs.701,111.040 =
3.669, p<0.01, n;=0.109), and the direction of this interaction is plotted in Figure S-
6C. This effect size is considered moderate to large (Cohen, 1988). This interaction is
slightly different from intermixed presentation conditions (see Figure 5C). Here the
pattern of results indicates how frequently each TS condition was chosen when

compared to other TS conditions, which is depicted in Figure S-6C for each SS
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separately (red, green, and blue lines: 0.25, 1.25, 2.25). Both SS 1.25 and SS 2.25
have the same pattern of responses—a systematic increase in visual preference as
TS gets steeper. While a similar pattern of preference is observed for SS 0.25,

preference peaks at TS 1.25 and is slightly lower for TS 1.75 and TS 2.25.
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Figure S-6. Visual preference. Main effects and interactions from the Spatial Fixed
Presentation condition (SS varied between blocks, and TS varied between trials).
A) Main effect of SS—Proportion chosen plotted as a function of SS. SS was fixed
within blocks, as such differences in overall preference between SS conditions could
not be inferred (i.e. each block had the same number of SS presentations). B) Main
effect of TS—Proportion chosen plotted as a function of TS. A systematic increase
in visual preference was observed from shallow to steep TS conditions. On average,
TS 2.25 was the most preferred TS condition. C) Interaction between SS and TS—
proportion chosen plotted as a function of TS for each SS condition (red, green, blue
lines correspond to SS 0.25, SS 1.25, SS 2.25 respectively). Error bars depict SEM
between subjects. See Figure S-7 to view the same plots with individual datapoints.
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Figure S-7. Replotted version of Figure S-6 (Experiment 2 — spatial fixed
preference data) with individual datapoints to assess variation between
participants. Error bars represent standard deviation. Note: SS was fixed within
blocks, as such differences in overall preference between SS conditions could
not be inferred.

Table S-6

Summary of ANOVA main effects and interactions for the spatial fixed visual
preference task.

df Error F p ny  Power
Spatial Slope n/a n/a n/a n/a n/a n/a
Temporal Slope 1.142 34.272 16.026 <0.001 0.348 0.983

Spatial Slope x

3.701 111.040 3.669 0.009 0.109 0.848
Temporal Slope

Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05. Spatial Slope was fixed in the experimental task, so we cannot report
statistics for this factor.
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Comparing visual preference across spatial fixed and intermixed presentation

orders

Table S-7

Summary of ANOVA main effects and interactions for the comparison between
preference measured for two presentation types: spatial fixed v intermixed.

df Error F p Ny  Power

Spatial Slope 1.000 60.000 1.000 0.321 0.016 0.166

Spatial Slope x 1.000 60.000 1.000 0.321 0.016 0.166
Presentation Type

Temporal Slope 1.286 77.147 37.844 <0.001 0.387 1.000

Temporal Slope x
Presentation Type
Spatial Slope x
Temporal Slope
Spatial Slope x Temporal

Slope x Presentation 5.232 313.938 1.459 0.200 0.024 0.525
Type
Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05.

1.286 77.147 0.255 0.675 0.004 0.082

5.232 313.938 4.455 <0.001 0.069 0.973

Comparing visual preference and sensitivity tasks when the presentation order

is the same

The preference data from the present study and the sensitivity data from
Experiment 1 were analysed using a 2 x (3 x 5) mixed ANOVA with Task (spatial fixed
preference vs sensitivity) as the between subject factor, and SS and TS as the within
subject factors. Due to z-score transformation, the direct comparison between Task
(Fr60 = 1.000, p = 0.321, n; = 0.016) conditions is not meaningful due to z-score
transformation. As such, here we will report interactions involving the main effect of
Task. All main effects and interactions from this analysis are summarised in TTable
S-8.

Interactions (Spatial Fixed comparison): Visual Preference vs. Sensitivity

The two-way interaction Task x Temporal Slope (F 1.559,93.533 = 6.108, p = 0.006,
np = 0.092) and the three-way interaction Task x Spatial Slope x Temporal Slope
(Fs.654330.219 = 5.972, p< 0.001, 7 = 0.091) were significant. The effect sizes reported

here are considered moderate as per the effect size conventions of Cohen (1988).
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The interaction Task x Spatial Slope (F1,60 = 1.000, p = 0.321, n; = 0.016) was not
significant—however, the comparison between these two main effects is not
meaningful due to way the data was z-score transformed. The direction of these
interactions is depicted in Figure S-8. Both measures are close to identical from TS
0.25 to TS 1.25, but diverge between TS 1.75 and TS 2.25, where peak preference

plateaus while sensitivity decreases (Figure S-8A).
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Figure S-8. Comparison of sensitivity (dashed line) and visual preference (red solid
line) when preference was collected with a spatial fixed presentation order. A)
Sensitivity and preference averaged across SS conditions and plotted as a function
of TS. The pattern of results between sensitivity and preference is similar between
TS 0.25and TS 1.25. However, between TS 1.75 and TS 2.25 sensitivity drops while
preference plateaus. B) Sensitivity and preference plotted as a function of TS for
each SS condition separately. Error bars depict SEM between subjects.
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Table S-8

Summary of ANOVA main effects and interactions for the comparison between
sensitivity and preference when spatial slope is fixed.

Spatial Slope
Spatial Slope x
Presentation Type
Temporal Slope
Temporal Slope x
Presentation Type
Spatial Slope x
Temporal Slope
Spatial Slope x
Temporal Slope x
Presentation Type

df Error F P ny  Power
1.000 60.000 1.000 0.321 0.016 0.166
1.000 60.000 1.000 0.321 0.016 0.166
1.559 93.533 75.415 <0.001 0.557 1.000
1.559 93.533 6.108 0.006 0.092 0.814
5.654 339.219 18.354 <0.001 0.234 1.000
5.654 339.219 5.972 <0.001 0.091 0.997

Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =

0.05.
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Experiment 3:
Measuring sensitivity and visual preference to temporal 1/f* amplitude spectra

ranging between 0.50 to 2.50 (step size 0.5)
Supplementary Methods
Design

A 2 (task) x 3 (spatial slope, SS) x 5 (temporal slope, TS) repeated measures
design was used. The task conditions were: sensitivity, visual preference. The SS
conditions used were: 0.25, 1.25, 2.25. The TS conditions used were: 0.50, 1.00, 1.50,
2.00, 2.50.

Apparatus

Stimuli were presented and generated as in Experiments 1 and 2. However, for
this experiment we did not have access to a monitor which could display 14-bit
grayscale resolution. Instead, we presented stimuli on a 27-inch DELL U2718Q LCD
monitor (3840 x 2160 at a refresh rate of 60 Hz) at 8-bit grayscale resolution. The
experiment was conducted in a dark cubicle, and participants used a chin rest to
maintain a viewing distance of 20 cm. Responses were collected using a regular

computer keyboard.
Participants

37 participants with normal or corrected-to-normal vision were recruited using
the University of Wollongong (UOW) Psychology SONA system. SONA participants
consisted of students enrolled in a third-year psychology elective (PSY349/328) at
UOW who were required to participate in this experiment as part of a lab assignment.
Two participants were excluded from analysis due to power outages that occurred
during testing. As such, data from 35 participants were analysed. Ethics approval was
provided by the UOW Human Research Advisory Panel (Reference Number:
2019/193).

Stimuli

Each stimulus was generated at 30% RMS contrast across three different SS
values (a = 0.25, 1.25, 2.25) and five different TS values (a = 0.50, 1.00, 1.50, 2.00,

2.50) resulting in 15 unique combinations. The size of each stimulus was 128x128x128
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pixels, subtending 5.81° visual angle. Due to the constraints of the monitor used in the
present experiment, the stimuli had to be generated at 8-bit resolution instead of 14-
bit resolution. As such, the input and measured a of the 1/f* amplitude spectrum differs
more substantially in comparison to the 14-bit stimuli used in Experiment 1. For
examples of the stimuli see Figure S-9 (corresponding to Movie S-2:
https://osf.io/gaqdb/). For a summary of the measured SS and TS values of these
stimuli see Table S-9 and Table S-10.

Temporal Slope (TS)

r=—— F==na
. . 11501 . 12501
o= o= d
1/f2 amplitude
spectrum

— a=0.50

— a=1.50

—a=250

Spatial Slope (SS)
log Amplitude

log SF or TF

slow

Figure S-9. Examples of stimuli used in the present study. Synthetic noise movies
were generated across 3 spatial slopes (rows) and 5 temporal slope conditions
(columns) at 30% RMS contrast, which resulted in 15 unique combinations. Shallow
temporal slopes modulate rapidly (e.g. TS 0.50), whereas steep temporal slopes
modulate slowly (e.g. TS 2.50). For the corresponding movie (Movie S-2), go to the
following link: https://osf.io/gaqdb/.
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Table S-9
Measured SS across each SS x TS combination

Input TS

0.50 1.00 1.50 2.00 2.50

0.95 0.22 0.21 0.21 0.21 0.21
' (0.03) (0.03) (0.03) (0.03) (0.03)

Input 105 1.21 1.21 1.21 1.22 1.22
SS ' (0.10) (0.09) (0.10) (0.10) (0.10)
5 o5 2.16 2.20 2.23 2.23 2.23
' (0.32) (0.36) (0.37) (0.37) (0.37)

Notes: Reported SS values were averaged across 3 seed conditions and 128
frames (384 frames total). Values in parentheses indicate the standard deviation.
Fit was conducted in linear space.

Table S-10

Measured TS across each SS x TS combination

Input TS
0.50 1.00 1.50 2.00 2.50
0.95 0.50 1.00 1.51 2.00 2.49
' (0.00) (0.00) (0.00) (0.00) (0.01)
Input 105 0.50 1.01 1.51 1.97 2.44
SS ' (0.00) (0.00) (0.01) (0.01) (0.01)
5 o5 0.48 0.91 1.16 1.52 1.58
' (0.00) (0.01) (0.05) (0.13) (0.28)

Notes: Reported TS values were averaged across 3 seed conditions. Values in
parentheses indicate the standard deviation. Fit was conducted in linear space.

Procedure

Discrimination Threshold Measurements
Same as Experiment 1.

Visual Preference Measurements

Same as Experiment 1.

Supplementary Results

All statistics reported in this section were Greenhouse-Geisser corrected.
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Sensitivity

A 2-way repeated measures ANOVA was conducted on the sensitivity
(1/threshold) values obtained from the 4AFC discrimination task. Here, we report
statistical analyses that were conducted on sensitivity values that were averaged
across both up and down staircases of the task (i.e. increments and decrements),
which is common practice when calculating psychophysical thresholds (Kingdom and

Prins, 2016). For a summary of the main effects and interactions, see Table S-11.
Main effects and interactions

The main effects SS (F1.76250.892= 21.116, p < 0.001, 17 = 0.383) and TS were
significant (F1.6s7,57.349 = 47.034, p < 0.001, nj = 0.580). The direction of these effects
is depicted in Figure S-10 below, which show an inverted U-shaped pattern of results
where sensitivity is highest for the most natural SS (Figure S-10A) and the most
natural TS (Figure S-10B) in the stimulus set—SS 1.25 and TS 1.50. There was a
significant interaction between SS x TS (Fs.160,107.431= 12.924, p < 0.001, n; = 0.275),
and the direction of this interaction is plotted in Figure S-10C. Overall, the most natural
stimuli in the set elicit the highest sensitivity (SS 1.25 TS 1.00 and SS 1.25 TS 1.50).
The effect sizes reported here for the main effects and interaction are considered large

as per the effect size conventions of Cohen (1988).
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Figure S-10. Main effects and interactions from the sensitivity analysis. A) Main
effect of SS—sensitivity plotted as a function of TS. The values plotted were
averaged across all TS conditions. An inverted U-shaped pattern peaking for SS
1.25 is observed. B) Main effect of TS—sensitivity plotted as a function of TS. The
values plotted were averaged across all SS conditions. An inverted U-shaped
pattern peaking between TS 1.00 and TS 1.50 is observed. C) Interaction between
SS and TS—sensitivity plotted as a function of TS for each SS condition separately
(red, green, blue lines correspond to SS 0.25, SS 1.25, SS 2.25 respectively). Each
SS condition has a slightly different pattern of results. The highest sensitivity for SS
0.25 is observed at TS 1.00; for SS 1.25 peak sensitivity is between TS 1.00 and TS
1.50; and for SS 2.25 itis at TS 1.50. Error bars depict SEM between subjects. See
Figure S-11 to view the same plots with individual datapoints.
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Figure S-11. Replotted version of Figure S-10 (Experiment 3 — sensitivity data)
with individual datapoints to assess variation between participants. Error bars
represent standard deviation.

Table S-11
Summary of ANOVA main effects and interactions for the sensitivity task
df Error F p ny  Power
Spatial Slope 1.762 59.892 4.666 21.116 <0.001 0.383
Temporal Slope 1.687 57.349 42.383 47.034 <0.001 0.580
Spatial Slope x
Temporal Slope 3.160 107.431 5.198 12.924 <0.001 0.275

Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05.

Visual Preference

A 2-way repeated measures ANOVA was conducted on the proportion chosen
values obtained from the 2AFC visual preference task. Before statistical analysis, the

raw data was arcsine transformed. This transform was used as a variance-stabilisation
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measure as the raw data had a non-normal (binomial) distribution (McDonald, 2014).

For a summary of the main effects and interactions, see Table S-12.
Main effects and interactions

The main effect SS was not significant (F1.69757.704 = 0.014, p = 0.975, n; <
0.001), however TS was significant (F1.314,44.665 = 139.885, p<0.001, n; = 0.804). The
direction of these effects is depicted in Figure S-12B, showing that visual preference
is highest for steep TS conditions (e.g. 1.50 to 2.50). There was also a significant
interaction between SS x TS (F4.ss6,166.136 = 27.324, p < 0.001, n; = 0.446), which is
depicted in Figure S-12C. The effect size (as indicated by ;) for SS is considered
small, and the effect sizes for TS and for the SS x TS interaction are considered large
as per the effect size conventions of Cohen (1988). All SS conditions show the same
pattern of responses—increasing visual preference as the TS becomes steeper.
Across TS conditions SS 2.25 was slightly more preferred (blue line in Figure S-12C),
followed by SS 1.25 then SS 0.25. The only exception is observed for TS conditions
0.50 and 1.00, which were more preferred on average when the SS was 0.25 (Figure
S-12C).
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Figure S-12. Main effects and interactions from the visual preference analysis. A)
Main effect of SS—proportion chosen is plotted as a function of SS. The values
plotted were averaged across all TS conditions. Overall, visual preference was close
to the same across all SS conditions. B) Main effect of TS—proportion chosen is
plotted as a function of TS. The values plotted were averaged across all SS
conditions. Visual preference was highest for steep TS conditions (e.g. TS 2.00, TS
2.50). C) Interaction between SS and TS—proportion chosen plotted as a function
of TS for each SS condition (red, green, blue lines correspond to SS 0.25, SS 1.25,
SS 2.25 respectively). Error bars depict SEM between subjects. See Figure S-13 to
view the same plots with individual datapoints.
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Figure S-13. Replotted version of Figure S-6 (Experiment 3 — preference data)
with individual datapoints to assess variation between participants. Error bars
represent standard deviation.

Table S-12.
Summary of ANOVA main effects and interactions for the visual preference task
df Error F P ny  Power
Spatial Slope 1.697 57.704 0.014 0.975 0.000 0.052
Temporal Slope 1.314 44.665 139.885 <0.001 0.804 1.000

Spatial Slope x 4.886  166.136 27.324 <0.001 0.446 1.000
Temporal Slope

Notes: Reported statistics were adjusted using Greenhouse-Geisser correction.
Rows in bold represent interactions with p < 0.05. Power was computed using a =
0.05.
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Comparison between Experiment 1 and Experiment 3

Table S-13

Polynomial models of best fit for the sensitivity data collected in Experiment 1 and
Experiment 3: a summary of their calculated AIC and corresponding goodness of fit
(R?)

Polynomial AIC R?
Vair Spatia 1 -17.5468 0.1066
effect Slope 2 2800 O ot
3 -24.4513 0.8549
. 1 -5.8984 0.0708
Main Temporal 9 -25.8147 0.8962
effect Slope 3 -24.0718 0.8988
S5 1 -5.3302 0.0136
o 2 -18.1268 0.7754
| : 3 -20.9702 0.8616
Interaction: 1 -1.4358 0.0898
Spatial Slope sS 2 -18.8429 0.8693
X 1.25 3 -16.9547 0.8707
Temporal Slope 1 -8.6649 0.2893
25235 2 -21.6101 0.8405
- 3 -22.1209 0.8759

Note: The values in bold text correspond to chosen polynomial value as determined
by the AIC (lower values indicate the best fit when considering the number of
parameters used by the model) (Akaike, 1974). The polynomial chosen for “Main
effect: Spatial Slope) corresponds to Figure 9A; for “Main effect: Temporal Slope”
it corresponds to Figure 9B; and for “Interaction: Spatial Slope x Temporal Slope”
the values correspond to each line plotted in Figure 9C.
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Table S-14

Polynomial models of best fit for the visual preference data collected in Experiment 1
and Experiment 3: a summary of their calculated AIC and corresponding goodness of
fit (R?)

Polynomial AIC R?
Main Spatial 1 -27.8309 0.4621
an Sﬁo . 2 -26.1803 0.4925
P 3 -22.9988 0.3821
_ 1 -23.5866 0.7936
Main Temporal 9 -28.6689 0.8984
effect Slope 3 -27.4541 0.906
ss 1 -29.0205 0.2482
0.5 2 -29.8595 0.4728
Interaction: | 2 gl e
_ : 1 -25.3770 0.7968
Spatial Slope SS 9 -20.8486 0.9095
X 1.25 3 -27.8815 0.9099
Temporal Slope 1 -20.0775 0.7144
25235 2 -22.0932 0.8271
: 3 -20.4546 0.8348

Note: The values in bold text correspond to chosen polynomial value as determined
by the AIC (lower values indicate the best fit when considering the number of
parameters used by the model) (Akaike, 1974). The polynomial chosen for “Main
effect: Spatial Slope) corresponds to Figure 10A; for “Main effect: Temporal Slope”
it corresponds to Figure 10B; and for “Interaction: Spatial Slope X Temporal Slope”
the values correspond to each line plotted in Figure 10C.
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