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Abstract: 

Visual context modulates perception of local orientation attributes. These spatially 
very localised effects are considered to correspond to specific excitatory-inhibitory 
connectivity patterns of early visual areas as V1, creating perceptual tilt repulsion and 
attraction effects. Here, orientation misperception of small Gabor stimuli was used as 
a probe of this computational structure by sampling a large spatio-orientation space to 
reveal expected asymmetries due to the underlying neuronal processing. Surprisingly, 
the results showed a regular iso-orientation pattern of nearby location effects whose 
reference point was globally modulated by the spatial structure, without any complex 
interactions between local positions and orientation. This pattern of results was 
confirmed by the two perceptual parameters of bias and discrimination ability. 
Furthermore, the response times to stimulus configuration displayed variations, that 
further provided evidence of how multiple early visual stages affect perception of 
simple stimuli.

Keywords: vision; orientation; centre-surround; local & global context.
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Introduction

When we look at a natural scene, local and global spatial context participates in 
creating the final percept. It provides cues regarding figure-ground segmentation, 
contour integration, or saliency pop-out [1-8], and nowadays it is largely accepted that 
early stages of visual processing are strongly shaped by contextual information [9-13]. 
The task-relevance of context also affects the activity of early visual cortex by 
modulating responses to task-irrelevant contextual information [8,14], while all early 
visual areas (V1 to V4) through intra- and inter-area recurrent interactions contribute 
at different short time scales for the processing of the visual input and to perception 
[15-21].

Among the basic features coded in the early visual areas, orientation is crucial. It can 
be processed as local luminance modulation, or it can be based upon higher-level cues 
such as contrasts or textures [22,23], which are more global forms of orientation 
information [24-27].

For perception of local orientation, since long it is known that it is strongly influenced 
by orientation content of nearby spatial locations [28-31], most frequently creating a 
tilt repulsion effect such that the perceived orientation of the target would shift away 
from the orientation of the contextual element. It is attributed to lateral inhibition in 
V1 between local neurons with non overlapping receptive fields [30,32], and 
conversely the attractive effects to excitatory interactions. Although other approaches 
are proposed [33-35], typically lateral connections in V1 are modelled with a specific 
“association field” structure  [2,4,7] where excitatory and inhibitory connections are 
spatially segregated (Fig.1a-b) and differentially contribute to grouping/segregation of 
contour elements. This V1 connectivity pattern is also supported by physiological 
studies [5,17].

Earlier psychophysical reports of the tilt repulsion effect showed that it is spatially 
spread around the centre stimulus [31,32], and the repulsion amplitude was a complex 
result of distance, relative orientation between stimuli, and spatial configuration. We 
asked whether the spatial excitatory/inhibitory connectivity structure, probed in the 
context of the psychophysical tilt illusion paradigm with briefly presented small 
stimuli [29-32,36], has any systematic asymmetric spatio-orientation structure as 
partially reported [5]. Therefore, we set to use the centre-surround tilt illusion effect 
as a putative probe of localised V1 lateral interactions by measuring the tilt effect of 
flanking Gabor patches onto the central target Gabor stimulus (Fig.1c). Thus, we 
aimed to measure a more complete map of spatio-orientation interactions of local 
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context onto target’s perception in order to extract a plausible asymmetric spatio-
orientation tilt repulsion (Fig.1d) that should be reminiscent of V1’s lateral interaction 
patterns (Fig.1b). The results were unexpected and interesting. They made us analyse 
further the collected behavioural data that led us to interpret the effects of contextual 
interactions on perception with regard to recent important advances about lateral and 
feedback interactions in early visual areas.
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Figure  1:  Hypothesis.  (a)  Association  field  for  a  vertical  preferred  element.  The 
elements  on the top that  have  the same orientations  as  the  connection lines,  can 
establish an excitatory connection with the central element. In contrast, the elements 
with orientations different from the connection lines cannot have a connection with 
the central element or inhibit it (redraw Figure 16 from Field, Hayes et al(1993). (b) 
Excitatory (green) and inhibitory (red) connectivity pattern for a node with a vertical 
orientation  preference  as  example  of  implementation  of  the  "association 
field”(connectivity following model equations of Piech et al (2013)). (c) Illustration 
of  stimulus  configuration  for  measuring  the  spatio-orientation  interactions;  small 
white doted circles – flanks locations sampled in our measures; large white doted 
circle depicts the constant radial flanks distance from the central stimulus; Gabor 
patches depict a central vertical stimulus flanked by two Gabor patches at θe=+30° 
and  θfl=+60°.  (d)  An  example  of  a  model  prediction  on  perceived  centre 
orientation/tilt (green excitatory/red inhibitory) providing different qualitative effects 
(repulsion vs. attraction).
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Results

We asked subjects to report the tilt direction of the central Gabor patch (Fig.1c) and 
extracted the orientation which each person perceived as vertical under a given local-
global configuration. This was performed for a large range of flank local orientations 
and their global positions (Fig.1c, for 12 flank orientations θfl=±10°, ±20°, ±40°, 
±60°, ±80°, 0°, and 90°, and 8 global positions θe=±15°, ±30°, ±60°, 0°, and 90°; data 
collected across multiple blocks of measures; see Methods). Figure 2a-e depicts the 
perceived vertical orientation of the central target patch as a function of the local 
orientation of the flanks (abscissa) and the global positioning of the three stimuli (also 
called envelope; one per panel; all local and global orientations are expressed with 
respect to the target orientation; vertically symmetric pairs were pooled for ease of 
visualisation). The grey areas depict quadrants where results could be interpreted as 
repulsion effects due to local contextual effects. While there were differences in local 
contextual modulation, in particular when comparing flanks located at 60° to the other 
conditions, we observed a striking regularity in the data. There was a repetitive 
pattern of flank orientation effects on perceived values across all their global 
locations, with the latter simply shifting vertically the reference point for local effects. 
This local orientation “repulsion” is with respect to the mean perceived orientation 
(Figure 2, red dashed lines, compare to grey areas), which is computed as the value of 
target orientation perception when the flank orientation is 0°, that is parallel to the 
target. In contrast, the global position adjusted the global reference point by attracting 
the perceived local target orientation toward the global orientation. These 
observations in the data were confirmed by the two-way analysis of variance that 
tested the effects of local and global factors (local: F(11,66, =0.333)=25.01, 
p<0.0001; global: F(7,42, =0.934)=13.84, p<0.0001; interaction: F(77,462, 
=0.100)=1.53, p=0.175).

A post-hoc power and effect size analysis confirmed in our data the strong local effect 
(power 1-β>0.999, partial η2=0.81, max standardised difference d=7.96, n=7), as 
expected from the known fact that local effects on misperception are strong even 
within subjects. The same was found for the global positioning effect onto local 
perception (1-β>0.999, partial η2=0.70, d=5.71, n=7). This modulation by global 
position is known [25], but in a configuration with full envelope that covers all local 
orientations along the envelope axis, thus creating an oriented and continuously 
textured pattern. Replotting this specific data together with our measures of a stimulus 
with a full elongated Gaussian envelope shows that the main qualitative effect of the 
global configuration, whether called position or orientation, is very similar irrelevant 
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of the stimulus types (Fig.2f). Last, for the interaction term the observed power of 1-
β=0.60 and effect sizes of partial η2=0.20 and d=1.84 with n=7 subjects hint to weak 
differences across levels of local-global orientations that might have been hidden by 
the limited number of subjects and study design. To backup this interaction analysis, 
we asked the converse question of what is the minimum interaction effect size that we 
could have detected given our original hypothesis and current observations. The main 
hypothesis was that we should see a switch in bias due to local flank orientation 
across different surround positions (Fig.1), i.e. at best opposite effects and at worst a 
simple amplitude change. Therefore, we used the data assuming the total mean flank 
effect and modulated it between -1 and 1 at location of 0° (-1 total opposite effect, +1 
no effect) and linearly between 0° to 90° spatial locations, the later one being 
unchanged (by keeping the individual subjects errors and global effect). This a 

5/23

Figure 2: Results for contextual biases. (a-e) Perceived vertical target orientation as 
a function of local flank orientation for different envelope orientations (n=7). The 
grey area in each panel represents quadrants interpreted as local repulsion effects for 
envelopes of 0° and 90°; red dashed lines help visualise the local reference point of 
repulsion set by the global envelope configuration. (f) Results for perceived vertical of 
local orientation as a function of envelope orientation when all local orientations are 
parallel: our results with 3 parallel Gabor patches replotted from (a-e) (Flank 
or.=0°; n=7), and measures for an elongated Gaussian envelope (n=10).  Error bars 
represent between subjects standard errors. In all panels symmetric configurations 
for opposite sign envelopes were pooled for ease of visualisation. Thin coloured lines 
are individual subjects results. Black circles and red squares with error bars represent 
between subjects mean and SEM.
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posteriori analysis showed that this interaction could have been detected starting from 
an amplitude decrease of ~40% between 90° to 0° that corresponds to bias decrease of 
~1.6° (~0.92 normalised to error standard deviation).

The lack of strong interactions between local orientation and global position, 
especially on a qualitative basis of opposite tilt effects for excitation and inhibition, 
was unexpected given the literature reports in psychophysics, physiology of V1, and 
computational modelling about asymmetrical spatio-orientation interactions and 
connectivity. Our psychophysical results, with a larger sampling of the spatial and 
orientation domains, provided an interesting and much simpler picture about 
perceptual outcomes of centre-surround interactions measured with brief small 
localised stimuli than previously reported. Local and global contexts acted 
independently onto perception of the central local orientation.

How can we connect these outcomes to the knowledge that contextual effects onto 
perception of small stimuli allows to measure and extract local interactions 
reminiscent of early stages of visual processing? We interpreted our results as 
follows. Local flanks activated local spatio-orientation inhibitory interactions that 
created a local repulsion effect onto target tilt perception that is iso-orientation in the 
spatial domain; the global configuration of the stimuli activated a larger, more global, 
mechanism whose main effect was to shift the whole local interaction pattern, effect 
to a large extent independent of the local interaction pattern.

We searched further evidence in our data about this interpretation. It came from the 
discrimination ability changes of the subjects, here orientation thresholds, as a 
function of the local-global configuration. These thresholds represent the necessary 
amount of change in target orientation in order to reliably report its deviation from the 
perceived vertical. It is known that if the perceptual outcome is based on a maximum 
likelihood extraction from the neuronal population activated by the stimulus and 
feature of interest, the best discrimination value, or equivalently threshold, about the 
stimulus of that neuronal population can be computed [37-39]. Thus, there is also a 
mechanistic explanation of contextual effects onto thresholds, where it is known that 
both variables are affected by context and can be correlated [36,40-43]. The results of 
our subjects for local orientation thresholds are depicted in Figure 3a-e, and show how 
flank orientation affected thresholds across any global position. On the contrary, there 
was no clear visible effect of global configuration. These observations were 
confirmed by the two-factor ANOVA analysis on orientation thresholds (local: 
F(11,66, =0.267)=5.36, p=0.0086; global: F(7,42, =0.722)=1.52, p=0.21; 
interaction: F(77,462, =0.141)=1.06, p=0.41). The post-hoc power and effect sizes 
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for the local effect were 1-β=0.86, partial η2=0.47 and d=2.61, which we consider as a 
medium effect of flank orientation given the observed variability. The interaction term 
gave an F value of 1.06, for which it is impossible to find realistic parameters to 
obtain significant effect at 0.05 level (experimentally realistic degrees of freedom for 
numerator and denominator). Given the experimental design, data analysis and 
observed outcome statistical power for detecting interactions in thresholds seems to 
necessitate very specific design and data. From another perspective, given the 
literature reports of correlations between biases and thresholds ([36,40,41,43] ) and 
the lack of interactions in the previous bias analysis (or at least a weak one not 
detected by our design), we consider that thresholds should also have weak 
interactions, but whose magnitude is much smaller than the main local flank effects. 
Thus, we concluded that local context affected thresholds to a large extent 
independently from the global configuration, in an equivalent manner as for perceived 
value.

While these analyses gave information about perceptual changes due to context, we 
asked whether we can use the behavioural results to further our knowledge about the 
time course of processing of these interaction patterns. Since local and global levels 
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Figure 3: Results for discrimination thresholds. (a-e) Discrimination thresholds of 
target orientation around perceived vertical as a function of local flank orientation 
for different envelope orientations. Black circles with error bars represent between 
subjects mean and SEM (n=7). Thin coloured lines are individual subjects results.
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interact through different levels at short time scales, as demonstrated for example 
within- and between-areas for the built-up of contours, surfaces or proto-objects 
[13,16,19,21], we should be able to observe correlates of differential time processing 
of global and local domains within the behavioural data.

For that purpose we analysed the response times (RTs) of the participants. RTs 
represent the time the subject took to report their decision about target tilt. For simple 
RTs as in discrimination and detection experiments they contain three continuous 
levels of processing: stimulus processing, decision level processing, and motor output 
processing [44-46]. Since for small localised objects, coding and perception of their 
orientation is assumed to be mainly affected by interactive feed-forward, lateral and 
feed-back interactions within and between V1 to V4 areas due to activation by local 
and global stimulus levels, a delay or speed-up of some condition should be visible in 
the response times due to time delays in coding the local target orientation. Figure 4 
presents the results for mean RTs of our seven participants. Despite the variability of 
this measure local-global context affected RTs. Flanks local orientation had a main 
effect (local: F(11,66, =0.471)=2.76, p=0.034) while global configuration had no 
significant effect (global: F(7,42, =0.746)=0.93, p=0.47). Interestingly, the amount of 
local effects was modulated across global positions (interaction: F(77,462, 
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Figure 4: Results for response times to target orientation as a function of local flank 
orientation (abscissa) for different envelope orientations (panels (a-e)).  Black circles 
with error bars represent between subjects mean and SEM (n=7). Thin coloured lines 
are individual subjects results.
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=0.192)=1.86, p=0.039), and it can be seen as an asymmetrical RTs data for 
envelopes of 30° and 60° and (Fig.4c,d). This interaction effect was astonishing as the 
two previous variables had not such an outcome. We extracted the observed power 
and effect sizes for the interaction term, which were 1-β=0.91, partial η2=0.24 and 
d=3.03 that we consider as medium post-hoc power and effect sizes. To cross-check 
this significant interaction effect, especially because of the experimental design and 
global within-subject analysis of variance applied here, we tested each individual 
block of measure for presence of interactions between local and global orientations 
(see Methods). From the 58 individual blocks of measures, 10 had significant 
interaction effect at α=0.05 level, which is unlikely for a binomial distribution with 
mean 0.05 and N=58 (p=0.00056). These 10 significant blocks were distributed 
among the 7 subjects such that 6 participants had at least one experimental block with 
significant interaction at α=0.05 level, which corresponds to a population prevalence 
of 0.85 (with 96% highest posterior density interval of [0.48,0.99], see [47,48]; 1 
subject with 4/8 significant blocks, 1 subject with 2/8, 3 subjects with 1/8, 1 subject 
with 1/10, and one with 0/8). Thus, it is concluded that the RTs modulation across 
local-global configuration that was uncovered is significant, though just strong 
enough to be unexpectedly detected in our study.

Discussion

Overall, our aim was to investigate the local contextual effects of orientation stimuli 
onto small and briefly presented orientation targets by sampling a larger spatio-
orientation stimulus space. The hypothesis was that such stimulus design probes local 
primary visual cortex interaction patterns [5,13,30-32,36,49-52] that has a specific 
excitatory-inhibitory asymmetry (Fig.1). The results revealed that perception of 
localised target orientation is affected by two levels of contextual information, local 
and global, with their effects largely dissociable on local orientation perception. The 
modulation by local orientation context had an iso-orientation structure in the spatial 
surround and the envelope orientation modulated these interactions in a global manner 
without visible local-global interactions.

The above results are at odds with the “association field” hypothesis (Fig.1a,b), where 
strong spatial segregation is present between excitatory and inhibitory interactions. It 
predicts opposite tilt illusion effects with spatially segregated attraction/repulsion 
effects, which was not observed experimentally. It has long been known that tilt 
repulsion is somehow spread in surround locations [5,31], while its amplitude 
depended on the specific location and relative orientation of the contextual elements. 
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Our results also demonstrated this, but the full spatio-orientation mapping allowed us 
to show that these peculiar findings are due to a much simpler interaction than what 
could be previously considered. Once the global contextual configuration is taken into 
account the local orientation interactions follow a very simple iso-orientation pattern 
independent of the global context, which was confirmed by analyses of both 
perceptual variables of bias and discrimination ability. To some extent, this outcome 
seems in accord with other studies [53,54] that investigated plausible tilt repulsion 
asymmetries in the spatial vicinity.

Our findings of the systematic influence of the envelope orientation structure on local 
orientation perception are in line with previous reports [25]. Processing of global 
orientation, texture, or real and illusory contours is now accepted to be strongly 
influenced from post-V1 levels of the visual system where neuronal receptive fields 
sense a much larger visual space [15,16,18,22,23,27,55]. Importantly, this more global 
information is sent back to earlier areas and modulates the initial wave of V1’s visual 
activation [16,19-21], and through dynamic interactions enhances relevant 
information, or respectively suppresses irrelevant one. These interactions depend on 
the exact stimulus features that activated local and global V1 to V4 networks, and thus 
the final outcome is a combination of all processing levels. We propose that the 
percept formation of small local attributes, which is thought to arise from decoding of 
V1 neuronal activity, also contains the effects of downstream areas that modulate the 
V1 responses in a perceptually rather simple manner.

Another important new information from our results, that we think confirms the above 
interpretation, was the response times modulation of the participants that was 
depending on the local-global structure. That is, some spatio-orientation 
configurations of the full stimulus necessitated longer times for the subjects to give 
their responses. Interestingly, two main effects arose, one from local flank orientation 
and one from asymmetrical effects (interactions) across local-global orientations. 
Thus, we propose that the time to process the stimulus until the final perceptual 
outcome is differentially affected by the local and global structures. This can be 
understood if the local RTs modulation is created from local interaction patterns 
creating the tilt repulsion effect while on top of it comes the effect of the global 
structure that sets a reference frame. Specifically, we explain the asymmetrical effect 
by the fact that it happens when contextual local and global orientations are close, and 
thus, the flank orientations match an expected global elongated spatial structure coded 
in V2 to V4 that activates a feedback mechanism to V1. Because of the mismatch 
between the centre target orientation and the global one, this dynamic mechanism 
adds longer time processing in V1 than other configurations. Interestingly, this time 

10/23

228
229
230
231
232
233
234
235

236
237
238
239
240
241
242
243
244
245
246
247
248

249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264



modulation effect across subjects is about 30-50 ms (Fig.4c, d), in the range of V2-V4 
feedback effects onto V1 activity reported in recent studies [16,18,19,21,56].

In the analyses presented here, the interest was at investigating the general structure of 
modulation of orientation perception by orientation context. Whilst the results already 
provide new important insights, idiosyncratic results are also present between 
observers (see thin coloured lines in Figures 2-4). The extent of these inter-individual 
differences and their connections to the early visual processes involved in percept 
formation [57-61] might provide further important knowledge useful to disentangle 
neurotypical results in visual perception from conditions due to atypical neural 
development or ageing [62-64].

In summary, our work provides a renewed understanding of non-invasive probing 
with small brief stimuli of the early processes of visual input analysis and how they 
affect the perceptual and behavioural outcomes.
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Methods

Observers

Seven adults (including two of the authors, 3 males), with normal or corrected to 
normal vision, naive to the purpose of the experiment (with the exception of the two 
authors), participated in this study. Their age ranged from 23 to 40 years, with an 
average of 28.6 ± 6.3 (SD). The research protocol followed the guidelines of the 
Declaration of Helsinki and was approved by the Ethics Committee of the School of 
Life Science (USTC). Written informed consent was obtained from each participant 
after explanation of the nature and possible consequences of the study. 

Apparatus

All stimuli were displayed on an EIZO FlexScan T962 monitor driven by an NVIDIA 
Quadro K600 video card and generated by a PC computer running Matlab with 
PsychToolBox 3 extensions [65,66]. The monitor had a total display area of 40×30 
cm, with a resolution of 1920×1440 pixels and a refresh rate of 85 Hz. Participants 
viewed binocularly the stimuli, which were presented centred on the monitor. A chin-
rest was used to minimize subjects’ head movements during the experiment. 
Participants were seated in a darkened room in which all local cues to 
vertical/horizontal were removed by using black cloth and black cardboard to provide 
a circular window of 30 cm in diameter to the display [42]. The original 8 bits per 
pixel luminance range digitization was extended above 10 bits with the contrast box 
switcher [67], and the monitor weekly calibrated with a custom laboratory automated 
procedure.

Stimuli 

The stimulus consisted of 3 oriented Gabor patches with centres standing in a straight 
line (Fig.1c). The centre Gabor patch was the target. The two bilateral patches are 
called flanks and their orientation with respect to the centre patch define the local 
contextual information. The whole stimulus orientation, that is the straight line going 
through the three patches centres, which we call the envelope, defined the global 
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contextual information. These angular orientations were defined as θc, θfl, θe, 
respectively. We defined centre with vertical orientation as 0° and the two orientations 
θfl, θe are expressed relative to θc. Positive values express clockwise tilts from the 
reference. The luminance profile L(x,y) of the stimulus was computed as follows:

 (1)

where L0 is the mean background luminance of the screen, 30 cd/m2 in our 
experiment; C is the Gabor patch contrast, Michelson contrast, which was fixed at 
50% during the experiment; f is the spatial frequency of the Gabor patches, 4 cycles 
per degree; σ the standard deviation of the Gabor patches in both x- and y-directions, 
fixed at 0.17°;  (x,y) are the spatial coordinates with respect to the central Gabor 
patch’s centre, the target; (xfl1, yfl1) and (xfl2, yfl2) are the flanks’ centred coordinates of 
the two contextual Gabor patches, respectively (see equations below); Xc, Xfl1, Xfl2 are 
the cosines coordinates of the respective Gabor patch for a given orientation (see 
below); distance between centres of flanks to the central stimulus was defined in 
wavelength’s units as dλ and we used d=3 [49,68]. The terms in equation (1) are 
defined as:

(2)

(3)

(4)

For the target stimulus orientation θc, we denote the vertical orientation as 0°, 
orientations clockwise (CW) and anti-clockwise (ACW) from vertical or target 
orientation as positive and negative, respectively. There were 12 orientations θfl (±10, 
±20, ±40, ±60, ±80, 0, and 90 degrees) for the flanks, and 8 orientations θe (±15, ±30, 
±60, 0, and 90 degrees) for envelope. We re-emphasise that all flank and envelope 
orientations are relative to the target.

Procedure

All seven subjects took part in the whole experiment. They were instructed to fixate a 
small black square displayed at the centre of the screen and that the stimuli would be 
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briefly presented centred on it. Breaks were set-up in the middle of the experiment to 
prevent excessive fatigue. They initiated one trial with a key press, then the fixation 
dot in the middle of the monitor would disappear, and after 235 ms the stimulus 
would appear and last for 35 ms. Subjects were instructed to focus on the target and 
respond with two fingers by using two predefined keyboard keys whether the target 
was clockwise (CW; right arrow key) or anti-clockwise (CCW; left arrow key) from 
their internal vertical standard. They were given 100 practice trials to get used to the 
task and experiment. The blocks were run in random order across subjects.

Simple adaptive testing with the weighted up-down staircase method [69] were used 
to sample the psychometric function. For each condition, we sampled each 
psychometric function by varying target orientation with steps Up/Down of 1/3 and 
3/1 degrees, or 0.5/1.5 and 1.5/0.5 degrees, corresponding to convergence points of 
25% and 75%. Staircases started at the opposite side of the convergence point 
allowing rapid measures within the transition region of the psychometric function.

The full experiment was carried in 8 blocks for all but one author subject. In each 
block we measured 12 conditions (2θe ×6θfl or 6θe ×2θfl) (e.g. θe=-30°,+30°, and θfl=-
80°,-40°,-10°,+10°,+40°,+80°), by selecting orientations for both envelope and flank 
such that each pair has its vertically symmetric version within each block (see Table 
1). There were 40 trials per condition {θe,θfl}  (each staircase was assigned 20 trials), 
giving a total of 480 trials per block, and 3840 total trials per subject. One of the 
author subject ran the experiment with 10 blocks with a different flank-envelope 
assignment (that included envelope of ±40°, not presented in the results), but keeping 
the within-block symmetry. Within one block all 24 staircases were presented in a 
pseudorandom order. All subjects finished the whole experiment within 3-4 days of 
measurements, coming when they were available, sometimes with days between 
measures. The blocks were ran in different order across subjects.

Data Analyses

Maximum likelihood estimation [70] was used to adjust theoretical psychometric 
functions to each condition {θfl,θe}. We fit a 1D psychometric function to the 
orientation discrimination data for each condition, with probability of CW responses 
to target orientation θc given by:

(5) 

where here λ is subject's lapsing rate, and a and σ are the perceived vertical orientation 
(also called “bias”) and the threshold of the subject for perceiving a deviation from 
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verticality, respectively. The lapsing rate was fixed at 1% for all subjects. For positive 
biases (a>0) the perceived orientation of the target as being vertical is CW from the 
real vertical line, and vice versa. Bias values were adjusted per block by subtracting 
the mean of the within-block conditions’ biases to eliminate internal vertical bias 
differences across block measures within-subjects, and also between-subjects. 

For plot purposes only, as in previous research [5], the data for symmetric envelope 
orientations of θe=±15°, ±30°, ±60° were pooled as follows:

(6)

(7)

Response times (RTs) were recorded at millisecond precision and defined as response 
key press with respect to trial initiation. All RTs were first log-transformed, and then 
each value was computed and adjusted for within-subject variability as follows: (1) 
each block RTs were pruned by eliminating any value above 4×rsd from block median 
value (robust estimate of standard deviation: rsd(x)=1.4826×median(|x-median(x)|); 
this eliminated between 2 to 31 values across all 58 blocks, mean of 12), (2) within 
each block the individual left/right RT were adjusted to the within block mean by 
taking out the corresponding mean block left/right RTs, (3) each condition {θfl,θe} 
mean RT was computed (based on 34 to 40 values, mean 39), and (4) each individual 
block of measures mean RT was adjusted to the global mean RT of that subject across 
all blocks of measures. For plot purposes only, RTs were pooled for symmetric 
envelope conditions, as for thresholds in equation (7). It should be noted that given 
the original experimental design with symmetric {θe,θfl} measures within a given 
block and different conditions across blocks of measure, if RTs are modulated across 
local or global orientations the main effect of step (4) would be to decrease the 
amount of differences observed across blocks of measures, that is, across local-global 
configurations measured in different blocks.

Statistics

Two way within-subject ANOVA was used to analyse whether the two factors local 
(flank orientation, 12 levels) and global (envelope, 8 levels) influenced the variables 
extracted about the centre target and whether there was interaction. We performed the 
two-way ANOVA on biases, thresholds, and log-transformed response times. All 
statistical levels were Huynh-Feldt epsilon-tilde adjusted; p<0.05 is considered 
significant. We further report post-hoc, or observed, power (1-β) and post-hoc effect 
size through the variables partial η2, which measures the size of the effect given the 
error variance within the tested effect in the ANOVA, and, analogously to the 
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psychophysics d-prime, the maximum standardised difference effect size “d” defined 
as d=(largest difference in means within the tested effect)/(error standard deviation for 
the effect). The RTs were also analysed at individual subject level within each block 
of measure for the presence or not of interaction effect between local and global 
factors; the block RTs that passed the preprocessing were used in a 2-way between-
subject ANOVA with the corresponding levels for local and global factors of the given 
block (see Table 1). We would like to note that this last test has disadvantages in 
comparison to within-subject designs, and this later design was not carried at 
individual participant level in the current study.

Details for measures with an elongated Gaussian envelope (similar to Dakin et al 
(1999) [25]).

We repeated the design of Dakin et al. (1999) which allowed us to compare the 
similarity between single “envelope” orientation effects and our 3 stimulus design. 
Here, 11 subjects participated (6 males, 24.1 ± 5.5(SD), 3 subjects also ran the main 
experiment). The stimulus was a cosine grating whose contrast was modulated by a 
single elongated Gaussian envelope as follows: 

(8)

with a ratio σy / σx of 3, and Xc is defined in equation 4. The task of the subject was to 
judge whether the inner central part of the stimulus grating, the “stripes”, was CW or 
CCW from their internal vertical standard; 18 envelope orientations were measured, 
from -80° to 90° in steps of 10°; the two staircases sampling a given condition were 
each assigned with 30 trials; this experiment was carried in two blocks, one 
containing the “odd” orientations (-70° to 90° in steps of 20°) and the second block 
the remaining “even” orientations (two subjects did not include the 90° envelope due 
to a manipulation error during experimental recording). The remaining experimental 
parameters, design, and procedure were the same as the main experiment. Data 
analysis was similar to the main experiment but with the exception of including a 
prior on the lapse rate, modelled as a single lapse rate within a given block of 
measurement (with prior defined as a Beta probability density function with 
parameters 1.2 and 10). One of the 11 subjects had very high thresholds for envelopes 
near 0°, additionally in about half of the conditions with expected “misperception” the 
biases exhibited opposite signs from the remaining subjects, and finally inspection of 
the individual raw staircases displayed some peculiar raw staircase behaviours. This 
made us suspect that the person did not completely follow the instructions within at 
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least one of the blocks. This participant data is not included in Fig.2f.

Table 1: Assignment of flank and envelope conditions to each block of measure for 
each subject.

Subject # Block # Within block paired orientations of [envelope], [flank]

1 1
2
3
4
5
6
7
8
9
10

[-60 -40 0 40 60 90], [-10 10]
[-60 -40 0 40 60 90], [-20 20]
[-60 -40 0 40 60 90], [-40 40]
[-60 -40 0 40 60 90], [-60 60]
[-60 -40 0 40 60 90], [-80 80]
[-60 -40 0 40 60 90], [0 90]
[-15 15], [-80 -40 -10 10 40 80]
[-15 15], [-60 -20 0 20 60 90]
[-30 30], [-80 -40 -10 10 40 80]
[-30 30], [-60 -20 0 20 60 90]

2, 3 1
2
3
4
5
6
7
8

[-60 -30 0 30 60 90], [-10 10]
[-60 -30 0 30 60 90], [-20 20]
[-60 -30 0 30 60 90], [-40 40]
[-60 -30 0 30 60 90], [-60 60]
[-60 -30 0 30 60 90], [-80 80]
[-60 -30 0 30 60 90], [0 90]
[-15 15], [-80 -40 -10 10 40 80]
[-15 15], [-60 -20 0 20 60 90]

4, 5, 6, 7 1
2
3
4
5
6
7
8

[-15 15], [-80 -40 -10 10 40 80]
[-15 15], [-60 -20 0 20 60 90]
[-30 30], [-80 -40 -10 10 40 80]
[-30 30], [-60 -20 0 20 60 90]
[-60 60], [-80 -40 -10 10 40 80]
[-60 60], [-60 -20 0 20 60 90]
[0 90], [-80 -40 -10 10 40 80]
[0 90], [-60 -20 0 20 60 90]
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