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ABSTRACT OF THE DISSERTATION 

 

Noise reduction in the visual motion system: 

The connection between counter-phase motion and flicker noise 

by 

Andrew Ernest Silva 

Doctor of Philosophy in Psychology 

University of California, Los Angeles, 2018 

Professor Zili Liu, Chair 

 

Motion opponency is a stage common to many motion processing models involving the 

combination of local motion vectors in space. Motion opponency functions as a mechanism for 

noise reduction during motion processing. Previous work has found evidence that human brains 

implement motion opponency, as locally-balanced and opposing motions (counter-phase stimuli) 

are known to elicit a weak response at human brain area MT+. This dissertation examines 

opponency, comparing counter-phase stimuli with novel flicker noise stimuli in psychophysical 

and neuroimaging experiments. Multivariate classification analyses found that the patterns of 

activation elicited by counter-phase stimuli were similar to that elicited by flicker stimuli. 

Furthermore, area V3A was strongly implicated as a participant in the brain’s motion opponency 

network. This work demonstrates the extent to which opponency selectively targets the locally-

balanced motion signals common in flicker noise that suggests that brain’s implementation of 

noise reduction during motion processing is bigger than simply suppression of MT+ inputs 

originating from antagonistic V1 neurons. 
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Global Introduction 

Motion processing models contain an opponency stage where all motion signals 

occupying the same local area in space are subtracted or combined to obtain the area’s overall 

motion direction. Opponency is necessary for proper motion processing and is thought to 

attenuate the processing of flicker noise by removing the omnidirectional motion energy of 

flicker stimuli from further processing. Neural correlates of opponency have been found in 

monkey MT physiology and MT+ neuroimaging studies. In both cases, the MT response is 

suppressed when viewing counter-phase dot stimuli designed to elicit opponency relative to 

control stimuli. 

Counter-phase stimuli contain bidirectional motion signals arranged in pairs such that 

each moving dot is spatially near another dot moving in the opposite direction. This stimulus is 

prevalent in studies of opponency, but the use of non-motion flicker stimuli has been largely 

overlooked. If counter-phase motion signals are truly suppressed by opponency, this implies that 

the brain should similarly process counter-phase and flicker stimuli, as the MT responses to both 

stimuli should be similarly muted. In the following chapters, I systematically investigate the 

brain’s opponency system using counter-phase stimuli, comparing counter-phase results not only 

to unsuppressed (in-phase) motion stimuli, but also to novel non-motion stimuli. 

In Chapter one, participants performed a left or right target motion discrimination task. 

The task was superimposed onto a field of in-phase, counter-phase, or non-motion paired dots to 

examine the practical effect of opponency on the processing of a relevant target motion. In 

counter-phase trials, task-performance was negatively correlated with the maximal allowed 

separation between any given background dot and its paired partner. Subsequent testing revealed 

that under specific stimulus conditions, the counter-phase background elicited performance 
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similar to that elicited by a non-motion background. However, when the counter-phase 

background contained slightly larger within-pair separations such that paired dots did not cross 

one another, then the resulting performance was poor and comparable to that elicited by 

unsuppressed in-phase stimuli. This finding suggests that the brain’s implementation of 

opponency is remarkably well-tuned to suppressing flicker noise.  

In chapter 2, the idea that counter-phase motion is processed like flicker noise is 

examined with two neuroimaging experiments. The brain activity in areas V1, V2, V3, V3A, V4, 

and MT+ are analyzed using three different measures: 1. Univariate BOLD responses for in-

phase, counter-phase, and non-motion stimuli, 2. Multivariate classifier discrimination of 

different stimulus angles in separate in-phase, counter-phase, and non-motion datasets, and 3. 

Multivariate classifier identification of in-phase, counter-phase, and non-motion stimuli. 

 The results from V1, V2, V3, and V4 were all mostly similar – all three conditions 

elicited similar univariate BOLD responses, stimulus orientations were somewhat discriminable 

by a multivariate classifier, and condition identification was generally poor. In contrast, the 

neuroimaging results for MT+ and V3A were not only distinct from the other areas, but also 

distinct from one another. Area MT+ exhibited a relatively large univariate response to in-phase 

stimuli but equally small responses to counter-phase and non-motion stimuli. Additionally, MT+ 

multivariate angle discrimination was moderately good for in-phase datasets but lower for 

counter-phase and non-motion datasets. Lastly, MT+ identification of in-phase stimuli by a 

multivariate classifier was very good, but very high confusion was observed between counter-

phase and non-motion stimuli. These results are consistent with the prevailing notion that neural 

correlates of motion opponency are detectible at area MT+. Interestingly, area V3A exhibited 

similar condition identification as MT+. However, V3A exhibited distinct results in the other 
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neuroimaging measures: multivariate classifier angle discrimination was good regardless of 

condition, and all three conditions exhibited similar univariate BOLD responses. 

Overall, the experiments in this dissertation primarily illustrate two things. First, the 

brain’s opponency system is remarkably selective for flicker noise, but careful arrangement of 

counter-phase signals may nevertheless elicit opponent suppression. In fact, a multivariate 

classifier using MT+ data could not readily distinguish between counter-phase and non-motion 

stimuli even while reliably identifying in-phase stimuli. Therefore, properly created counter-

phase stimuli are indeed processed like non-motion at area MT+. Second, the brain’s 

implementation of motion opponency may encompass more than just a suppressed response at 

area MT+. Area V3A exhibits counter-phase and non-motion misclassification errors indicative 

of opponency, though it exhibits no univariate BOLD differences between conditions and 

demonstrates consistently good multivariate angle discrimination. These results suggest that the 

brain’s implementation of motion opponency involves V3A in a role distinct from that of MT+. 

A full understanding of motion opponency, and the brain’s method of reducing noise when 

processing motion information, requires an exploration of the entire motion opponency network. 

 

 

 

 

 

 

 

 

 

 



4 
 

Chapter 1: Spatial proximity modulates the strength of motion opponent suppression elicited by 

locally paired dot displays 

Abstract 

Locally paired dot stimuli that contain opposing motion signals at roughly the same spatial 

locations (counter-phase stimuli) have been reported to produce percepts devoid of global 

motion. Counter-phase stimuli are also thought to elicit a reduced neural response at motion 

processing brain area MT/V5, an effect known as motion opponency. The current study 

examines the effect of vertical counter-phase background motion on behavioral discrimination of 

horizontal target motion. We found that counter-phase backgrounds generally produced lower 

behavioral thresholds than locally unbalanced backgrounds, an effect consistent with the idea 

that counter-phase motion elicits opponency. However, this effect was apparent only if the paired 

dots were close enough in proximity that they crossed one another during their movement. 

Furthermore, we found that counter-phase stimuli containing within-pair dot crossing elicits 

similar behavioral thresholds to non-motion flicker stimuli. These results provide insight into the 

requirements for activating opponency in the brain and suggest that the brain processes counter-

phase and flicker stimuli similarly due to opponency. 

1.1. Introduction 

The perception of motion is essential to successfully navigate the world. However, 

extracting useful motion information from a visual scene is challenging. For example, simple 

low-level motion detectors cannot distinguish flicker noise from meaningful motion information. 

Flicker noise occurs with abrupt changes in luminance; any sudden onset or offset of a bright 

object within a darker visual scene will elicit flicker noise during visual processing. Flicker is 

associated with omnidirectional motion energy that contains no useful directional information for 
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the observer (Bradley & Goyal, 2008; Qian, Andersen, & Adelson, 1994b). Therefore, it is 

beneficial for the visual system to possess some mechanism that suppresses the processing of 

flicker noise during motion perception, allowing for better processing of concurrently-presented 

directional motion information. 

Area MT/V5 of the visual cortex has been postulated to play a role in suppressing flicker 

processing (Marcar, Zihl, & Cowey, 1997; Snowden, Treue, Erickson, & Andersen, 1991). MT 

lesions have been shown to impair the discrimination of a motion signal in noise (Newsome & 

Paré, 1988). Extending this finding, Rudolph and Pasternak (1999) found that monkeys with MT 

lesions exhibited long-lasting performance deficits in tasks requiring the extraction of motion 

information from noisy stimuli, even as task performance gradually improved in conditions with 

less noise. Furthermore, while V1 neurons fire vigorously to flicker, MT neurons exhibit a 

relatively muted flicker response (Qian & Andersen, 1994; Snowden et al., 1991).  

Classic motion processing models generally contain an opponency stage in which the 

overall motion output is calculated by subtracting the responses of opposing motion-selective 

cells (Adelson & Bergen, 1985; Qian et al., 1994b; Simoncelli & Heeger, 1998; van Santen & 

Sperling, 1984, 1985). Because it suppresses the local omnidirectional motion signals composing 

flicker noise, motion opponency has been suggested to be play a fundamental role in visual noise 

reduction (Born & Bradley, 2005; Bradley & Goyal, 2008; Qian et al., 1994b). In a series of 

influential papers, Qian and colleagues (1994; 1994a; 1994b) presented results suggestive of 

opponency in the primate brain. They found that visual dot displays containing two opposing 

motion directions failed to elicit a strong MT response if the opposing motion signals were 

locally paired and placed spatially near one another, creating a locally balanced stimulus. In 

contrast, area MT exhibited a stronger response if the opposing signals were unpaired and 
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randomly distributed throughout the display. The balanced stimulus can be said to exhibit 

counter-phase motion (Lu, Qian, & Liu, 2004; Silva & Liu, 2015), and the acute neural 

suppression that occurs in response to counter-phase motion is considered a consequence of 

motion opponency (Heeger, Boynton, Demb, Seidemann, & Newsome, 1999; Lu et al., 2004; 

Qian & Andersen, 1994). 

Locally balanced displays have also been studied behaviorally, generally finding that 

observers perceive global motion in the average direction of the locally balanced dot signals 

(Curran & Braddick, 2000; Edwards & Metcalf, 2010; Matthews, Geesaman, & Qian, 2000; 

Watanabe & Kikuchi, 2006). Therefore, counter-phase motion can be considered a special case 

that averages to zero net global motion, consistent with Qian et al.’s (1994a) original behavioral 

finding that counter-phase displays tended not to produce percepts of global transparent motion. 

Perceptually suppressive relationships also exist between multiple simultaneously-

presented motion directions in locally unbalanced displays. In the absence of depth or color cues, 

unidirectional motion perception is reported to be easier than bidirectional transparent motion 

perception (Braddick, Wishart, & Curran, 2002; Curran, Hibbard, & Johnston, 2007; Mather & 

Moulden, 1983; Snowden, 1990). In fact, Edwards and Greenwood (2005) found that the 

coherence threshold required to detect a unidirectional signal was roughly one-third the 

coherence required to detect a bidirectional signal. These studies provide evidence that the 

simultaneous perception of two overlapping global motion directions is more difficult than the 

perception of a single global motion direction. However, the very presence of a bidirectional 

stimulus does not guarantee hindered processing of an individual motion signal if the second 

signal is task-irrelevant. Edwards and Nishida (1999) presented a transparent motion stimulus 

with orthogonal global motions but required participants to pay attention to only a single 
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direction. They found that the amount of task-interference elicited by a coherent motion 

background was about equal to amount elicited by incoherent motion noise. 

Nevertheless, it might still be expected that a horizontal target embedded within a vertical 

non-opponent background should be less discriminable than a horizontal target embedded within 

an opponent counter-phase background. The counter-phase background, containing locally-

balanced and opposing motion signals, would elicit no perception of global motion due to 

opponency. Therefore, the target stimulus in this background should effectively be 

unidirectional, strongly coherent, and readily discriminable. In contrast, a target signal embedded 

within an orthogonal and locally-unbalanced background may be relatively more difficult to 

discriminate due to interference from the non-suppressed directional background. Interestingly, 

Silva and Liu (Silva & Liu, 2015) tested this hypothesis and found the opposite result: 

participants performed better when a to-be-discriminated target motion was embedded within a 

background of locally unbalanced directional signals.  

If their counter-phase stimulus is assumed to elicit opponency, then Silva and Liu’s (Silva 

& Liu, 2015) result may be surprising. However, their counter-phase stimulus differed from Qian 

and Andersen’s (1994) original stimulus in a number of ways. While both studies used 

comparable maximum dot separations, Silva and Liu (Silva & Liu, 2015) used two-frame 

apparent motion and did not allow counter-phase dots to cross within-pairs. These differences 

may have affected the strength of the opponency elicited by Silva and Liu’s (Silva & Liu, 2015) 

counter-phase displays. For example, two-frame stroboscopic apparent motion is believed to 

drive MT cells relatively poorly (Mikami, Newsome, & Wurtz, 1986), and behavioral data 

supports the idea that stroboscopic motion stimuli are better integrated over multiple successive 

frames (Snowden & Braddick, 1989). If two-frame motion is an unreliable probe of MT activity, 
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the suppression elicited by opponency may be difficult to detect using Silva and Liu’s (Silva & 

Liu, 2015) two-frame stimuli. Furthermore, a localized opponent mechanism should produce the 

strongest effect when the opposing motions are as close together as possible. The opponency 

elicited by Silva and Liu’s (Silva & Liu, 2015) counter-phase stimulus might have therefore been 

compromised due to the dots’ inability to travel near enough to cross. 

In the current study, we carefully examine the consequences of manipulating average 

within-pair dot separations (Experiment 1) as well as the number of frames used to represent 

motion (Experiment 2). In Experiment 3, we examine similarities between flicker and counter-

phase stimuli and test the effect of background motion coherence on task performance. All 

together, these experiments provide new insight into the utility and specificity of the brain’s 

implementation of motion opponency. 

1.2. Experiment 1: Effect of dot crossing 

Experiment 1 Method 

Task 

Participants observed a dot stimulus containing horizontal target motion and vertical 

background motion. Participants used the arrow keys to indicate whether the target motion was 

leftward or rightward (Silva & Liu, 2015). 

Stimulus Dots 

The stimulus backgrounds consisted of 1,352 white (luminance 19.2 cd/m2) square dots 

with a side length of 2 pixels (2.1') against dark gray (luminance 0.85 cd/m2). These background 

dots were locally paired and oriented vertically with variable separation. The dot pairs were 

distributed throughout the display such that a random but generally uniform coverage of the 

display was achieved. In order to accomplish this, the paired dots were first arranged as a 26×26 



9 
 

square grid extending 12°. Every other column of the grid was then moved up 13 pixels (13.5'). 

Each pair was therefore separated from their nearest vertical neighbors by 27 pixels (28.1'), from 

their nearest horizontal neighbors by 54 pixels (56.2'), and from their nearest oblique neighbors 

by 31.2'. Finally, each pair was given a random vertical and horizontal offset uniformly sampled 

between ±12'. To prevent within-pair dot overlap during the vertical counter-phase movement, 

every dot was horizontally separated from its paired partner by 4'. 

A varying number of target dots were randomly distributed throughout the background 

grid, and a circular viewing window of diameter 12° circumscribed the grid so that any dot 

outside the window was not visible to participants. All dots simultaneously traveled in a straight 

line for 4 frames and moved a total of 8'. Background dots moved vertically, while target dots 

moved coherently either leftward or rightward. The monitor’s refresh rate was 85 hertz, and the 

dot speed was 3.8°/sec. 

Experiment 1A Conditions 

 Experiment 1 was carried out in two independent parts using separate participants. In any 

given Experiment 1A counter-phase trial, the initial vertical within-pair dot separation and the 

initial movement were set to one of the following: +24', +20', +16', +12', +8', +4', -0', -4', or -8', 

where the + indicates initial inward movement, and the - indicates initial outward movement. 

Dots were never vertically separated by more than 24', the maximal separation Qian et al. 

(1994a) reported to elicit behavioral effects consistent with opponency. 

It is important to note that aside from the background with 8' initial separation, all 

counter-phase backgrounds shared the same average dot separation with another counter-phase 

background moving in the opposite direction. For example, the conditions with initial within-pair 

separations of 16' and 0' both exhibited an average of 8' vertical separation. For clarity, we will 
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refer to counter-phase conditions by their direction of movement (or the direction with the 

longest duration, in the case of crossing pairs) and their average dot separation (e.g. outward 8'). 

For the counter-phase condition with an initial separation of 8', we will use the term “balanced”. 

As a comparison for the counter-phase backgrounds, Experiment 1A also tested non-

opponent in-phase backgrounds (Lu et al., 2004; Silva & Liu, 2015; Thompson & Liu, 2006; 

Thompson, Tjan, & Liu, 2013). In-phase stimuli are similar to counter-phase stimuli, except that 

both dots forming a pair travel in the same direction. Critically, counter-phase and in-phase 

stimuli contain equal numbers of opposing motion signals. The tested in-phase backgrounds had 

vertical within-pair separations equal to or near the average separations of the counter-phase 

backgrounds. Therefore, in-phase within-pair separations of 16', 12', 8', and 4' were tested. 

Schematic illustrations of in-phase and counter-phase stimuli are presented in figure 1.1. 

 

 

Figure 1.1. Diagram of in-phase and counter-phase stimuli. Target dots are colored black and 

background dots are colored white. The arrows represent the movement of each dot during a 

trial. A. An in-phase stimulus. B. A counter-phase stimulus. 

 

Experiment 1B Conditions 
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Experiment 1B tested counter-phase backgrounds with dot separations large enough that 

crossing never occurred; all other stimulus parameters were identical between Experiments 1A 

and 1B. Average Experiment 1B separations were: 10', 12', 14', 16', 18', 20', and 22'. Both inward 

and outward conditions were tested. During the inward and outward 10' conditions, the vertical 

separation was 2' at the nearest point and 18' at the farthest point. During the inward and outward 

22' conditions, the vertical separation was 14' at the nearest point and 30' at the farthest point. All 

other dot separations fell between these two extremes. 

Stimulus and Procedure 

Each trial began by revealing a small white fixation cross 300ms before the dots became 

visible. The dots began their movement 500ms after their onset and remained visible for 200ms 

after the termination of their movement. Whenever a trial was answered incorrectly, participants 

heard an auditory beep. All experiments were programmed in Python using the Psychopy library 

(Peirce, 2007, 2009) and run on Windows 7 using a Dell Optiplex 745 PC and a 17″ Compaq 

FS7600 CRT monitor. The resolution was 1024×768, and the refresh rate was 85 hertz. 

Participants viewed the display from 100 cm away. 

 Participants performed a short practice block of in-phase and counter-phase trials before 

beginning the main experiment to verify that they understood the task. If a participant was unable 

to achieve 60% accuracy on this block, it was repeated until 60% accuracy was achieved. No 

participant required more than 2 training blocks, and all participants completed training in less 

than 5 minutes. 

During the main experiment, the number of target dots displayed on each trial was 

adjusted on a trial-by-trial basis in increments of 7 according to a 2-down, 1-up staircase 

procedure to obtain the performance threshold (Levitt, 1971). One staircase per condition was 



12 
 

used, and all staircases were randomly interleaved. Each condition was presented 100 times, and 

the threshold was estimated by averaging the last 6 reversals along with the final staircase value. 

All staircases began at 245 dots. Participants were given a short self-timed break after every 

100th trial. 

Subjects 

Twenty-four participants were recruited for Experiment 1A and twenty-five different 

participants were recruited for experiment 1B from the UCLA undergraduate subject pool for 

course credit. All participants had normal or corrected-to-normal vision. Informed consent was 

obtained, and all participants were treated in accordance with the Code of Ethics of the World 

Medical Association (Declaration of Helsinki). 

Experiment 1 Results 

Experiment 1A Results 

For statistical convenience, the balanced counter-phase condition was not included in the 

following analysis. As clearly illustrated in figure 1.3, this does not alter our conclusions in any 

way. A 3 (phase: in-phase, counter-phase inward, and counter-phase outward) × 4 (average 

vertical separation: 16', 12', 8', and 4') repeated measures ANOVA was run on the data. The main 

effects of phase and separation were significant, F(2,46) = 23.0, p < 0.001, 2
Pη  = 0.50, and 

F(3,69) = 20.9, p < 0.001, 2
Pη  = 0.48, respectively. Pairwise comparisons revealed that in-phase 

(average: 214.4), counter-phase inward (average: 179.2), and counter-phase outward (average: 

192.4) thresholds all significantly differed. The least significant comparison was between the two 

counter-phase conditions, F(1,23) = 8.36, p = 0.008, 2
Pη  = 0.27, uncorrected. A significant 

interaction was also found, F(6,138) = 45.6, p < 0.001, 2
Pη  = 0.67. As shown in figure 1.2A and 

figure 1.2B, each phase condition was affected differently by average separation. This is 
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especially true of in-phase thresholds, which monotonically decrease as separation increases, 

while both counter-phase conditions monotonically increase with increasing separation. 

To examine the effect of separation on the difference between inward and outward 

counter-phase thresholds, we subtracted the inward thresholds from the outward thresholds for 

each vertical separation and ran a one-way repeated measures ANOVA on the differences. A 

significant effect of separation was found, F(3,69) = 10.2, p < 0.001, 2
Pη  = 0.31. Planned 

repeated contrasts found that the difference at 16' separation (-25.9) was significantly different 

from the difference at 12' (4.29), F(1,23) = 4.40, p = 0.047, 2
Pη  = 0.16. Furthermore, the 

difference at 12' was significantly different from the difference at 8' (39.0), F(1,23) = 5.28, p = 

0.031, 2
Pη  = 0.19. However, no significant difference was found between the 8' and 4' (35.4) 

conditions, p = 0.74. 

Lastly, we verified whether the differences between inward and outward thresholds were 

meaningfully different from 0 for each average separation with individual one-sample t-tests, 

finding that the 12' difference was not significantly different from 0, p = 0.67. However, the 

other three differences reached significance, with the least significant being the 16' difference, 

t(23) = -2.99, p = 0.007, uncorrected. 
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Figure 1.2. Experiment 1 thresholds as a function of vertical dot separation. A. Experiment 1A 

in-phase thresholds. B: Experiment 1A Counter-phase thresholds. The data points with average 

separations at or below 8' come from conditions that exhibit within-pair crossing. C. Experiment 

1B counter-phase thresholds plotted in black alongside Experiment 1A thresholds plotted in light 

gray for comparison. Here and in following figures, error-bars are ±1 standard error of the mean. 

 

Experiment 1B Results 

The Experiment 1B data were analyzed with a 2 (phase: counter-phase inward, and 

counter-phase outward) × 7 (average dot separation: 22', 20', 18', 16', 14', 12', and 10') repeated 

measures ANOVA. No significant main effect of phase was found (inward threshold: 267.5, 
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outward threshold: 267.9), F(1,24) = 1.01, p = 0.32. The main effect of average dot separation 

was small but significant, F(6, 144) = 3.67, p = 0.002, 2
Pη  = 0.13. The interaction effect did not 

reach statistical significance, F(6,144) = 1.91, p = 0.082, 2
Pη  = 0.074. Figure 1.2C plots this data, 

contrasting it with the Experiment 1A data. 

As in Experiment 1A, we subtracted the Experiment 1B inward counter-phase thresholds 

from the outward counter-phase thresholds and carried out separate one-sample t-tests for each 

difference. The only comparison to reach significance was the 10' difference (28.6), t(24) = 2.28, 

p = 0.031 uncorrected. It is interesting to note that while the 16' difference was significant in 

Experiment 1A, the same difference was not significant in Experiment 1B, suggesting that the 

earlier result was spurious. Overall, the few significant effects found in Experiment 1B lack 

robustness when compared to those from Experiment 1A. 

Experiment 1 Discussion 

Experiment 1B thresholds were generally higher than Experiment 1A thresholds, even in 

shared conditions. We attribute this to random sample error and cohort effects, as the 

experiments were run with completely separate participants at different points in the academic 

year. Critically, Experiment 1A found a dramatic relationship between dot proximity and 

performance that was dependent on phase. In counter-phase conditions, behavioral thresholds 

increased as dot proximity increased. However, a less striking relationship in the opposite 

direction was found with in-phase stimuli. 

Previous studies have compared counter-phase stimuli to either unpaired or in-phase 

stimuli (Garcia & Grossman, 2009; Heeger et al., 1999; Lu et al., 2004; Muckli, Singer, Zanella, 

& Goebel, 2002; Qian et al., 1994a; Thompson et al., 2013), yet little in-depth exploration of in-

phase motion has been carried out. The current study suggests that manipulating within-pair 
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separation results in opposite behavioral effects between in-phase and counter-phase stimuli. 

Because counter-phase stimuli are designed to harness a local opponency mechanism, it is 

theoretically reasonable that smaller average separations lead to lower behavioral thresholds in 

trials containing counter-phase backgrounds. However, the opposite effect found in trials 

containing in-phase backgrounds remains puzzling. Though highly speculative, one possible 

explanation is that dot proximity might influence in-phase performance due to varying strengths 

of perceptual grouping. In-phase paired dots with smaller within-pair separations might be more 

readily perceived as a unified stimulus element; this stimulus element is larger and more 

complex than a single dot and might interfere with the task more strongly. Clearly, additional 

work is required to truly understand the visual processing of in-phase stimuli. 

The results of Experiment 1 suggest that task performance is critically dependent on 

within-pair dot separation. Counter-phase backgrounds produced better performance than in-

phase backgrounds when dot proximity was small and dots within-pairs crossed. However, in-

phase backgrounds produced better performance than counter-phase backgrounds when dot 

proximity was too large to allow within-pair crossing, replicating Silva and Liu (Silva & Liu, 

2015). Overall, these results are consistent with the idea that counter-phase stimuli do not 

robustly elicit opponency unless the paired dots are located near enough that they cross during 

their movement. 

 Opponency is the proposed mechanism that causes brain area MT to respond weakly to 

counter-phase motion (Heeger et al., 1999; Qian & Andersen, 1994; Thompson et al., 2013). A 

potentially related perceptual phenomenon is the tendency to perceive a locally averaged motion 

direction when viewing paired dot stimuli (Curran & Braddick, 2000; Edwards & Metcalf, 2010; 

Watanabe & Kikuchi, 2006). In the special case of counter-phase motion, this averaging 
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produces zero net global motion. As a result, the Experiment 1 counter-phase backgrounds were 

expected to elicit low behavioral thresholds due to opponency. Interestingly, low thresholds were 

found exclusively when counter-phase dot pairs were positioned near enough to cross one 

another at some point during their movement. In fact, elevated thresholds were found even when 

counter-phase dots came within 2' of crossing. 

Moreover, the comparison between the inward and outward counter-phase backgrounds 

revealed a perceptual asymmetry; inward thresholds tended to be lower than outward thresholds. 

This pattern was entirely confined to the conditions with the three smallest vertical separations 

across Experiment 1. This may suggest that inward motion elicits stronger opponency in the 

brain than outward motion, but additional work is required to better understand this asymmetry. 

Because Experiments 1A and 1B found fundamentally different results in non-

overlapping conditions, we ran a replication study containing counter-phase conditions from both 

Experiment 1A and Experiment 1B with thirteen new participants. A significant difference 

between inward and outward conditions was found, F(1,12) = 9.97, p = 0.008, 2
Pη  = 0.45. 

Additionally, a significant main effect of dot proximity was also found, F(4, 48) = 53.12, p < 

0.001, 2
Pη  = 0.82. The replication data is plotted in figure 1.3. As in Experiments 1A and 1B, 

only those conditions with dot proximities small enough to allow the paired dots to cross 

exhibited relatively low counter-phase thresholds. Furthermore, inward thresholds were lower 

than outward thresholds, an effect again apparent only in conditions with relatively small dot 

separations. The similarity between the data of the control replication and Experiments 1A and 

1B provide additional evidence for the reliability of the Experiment 1 results. 
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Figure 1.3. Replication thresholds as a function of vertical dot separation. 

 

Experiment 1A found that dot proximity is a critical factor in determining whether the in-

phase or counter-phase background produces better behavioral performance; performance was 

higher during counter-phase trials when average dot separation was low, but performance was 

higher during in-phase trials when dot separation was relatively large. Therefore, Silva and Liu’s 

(Silva & Liu, 2015) result was at least partly due to their counter-phase stimulus using relatively 

large average dot proximities that did not allow within-pair counter-phase dots to cross. 

However, another obvious difference between Silva and Liu’s (Silva & Liu, 2015) and Qian et 

al.’s (1994a) stimuli exists; the former used two-frame apparent motion stimuli, while the latter 

used smooth motion stimuli. Experiment 2 examines whether the use of two-frame stimuli 

contributes to better in-phase task performance by replicating Silva and Liu (Silva & Liu, 2015) 

while manipulating the number of frames in the stimulus. 

1.3. Experiment 2: Effect of frame number 

Experiment 2 Method 

Stimuli and Procedure 
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The stimulus was created similarly to Experiment 1, except for the following differences: 

To replicate Silva and Liu (Silva & Liu, 2015), counter-phase dots began with a vertical 

separation either between 4' and 12', or between 20' and 28'. Pairs with larger separations 

traveled toward one another, while pairs with smaller separations traveled away from one 

another. In-phase dots were always separated by 16', the average of the counter-phase dot 

separation.  

The number of frames representing the dot motion varied between 2 and 4. Because the 

monitor’s refresh rate was 85 hertz, each additional frame increased the stimulus presentation 

length by 1/85 sec. As a result, it should be noted that any effect of frame number found in this 

experiment may in fact be due to an effect of dot speed. Four-frame movies had a dot speed of 

3.8°/sec, three-frame movies had a dot speed of 5.7°/sec, and two-frame movies had a dot speed 

of 11.3°/sec. The experimental procedure was identical to Experiment 1.  

Subjects 

Twenty-six new undergraduate students from the UCLA psychology subject pool were 

recruited as in Experiment 1. 

Experiment 2 Results 

 The thresholds were analyzed with a 2 (phase: in-phase and counter-phase) × 3 (frame 

number: two, three, and four frames) repeated-measures ANOVA. Significant main effects of 

phase and frame were found, F(1, 25) = 190.5, p < 0.001, 2
Pη  = 0.88 and F(2, 50) = 84.2, p < 

0.001, 2
Pη  = 0.77, respectively. A relatively small but significant interaction was also found, F(2, 

50) = 5.1, p = 0.01, 2
Pη  = 0.17. 

 Counter-phase dot thresholds (average: 452.4) were always larger than in-phase 

thresholds (average: 296.7). Therefore, in-phase trials elicited better performance than counter-
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phase trials, replicating Silva and Liu (Silva & Liu, 2015). Planned repeated contrasts found that 

two-frame thresholds (average: 498.9) were significantly different from 3-frame thresholds 

(average: 365.1), F(1,25) = 66.0, p < 0.001, 2
Pη  = 0.73, and that 3-frame thresholds were 

significantly different from 4-frame thresholds (average: 259.7), F(1,25) = 42.2, p < 0.001, 2
Pη  = 

0.63. These data are plotted in figure 1.4. 

  

Figure 1.4. Experiment 2 thresholds as a function of the number of frames used in the motion 

stimulus. 

 

Experiment 2 Discussion 

Experiment 2 examined whether the number of frames used by Silva and Liu (Silva & 

Liu, 2015) contributed to their counterintuitive finding that counter-phase backgrounds elicited 

poorer task performance than in-phase backgrounds. The current experiment replicated the 

previous result in all conditions tested. Counter-phase task difficulty was always greater than in-

phase task difficulty, demonstrating that the counterintuitive results found in Silva and Liu (Silva 

& Liu, 2015), and replicated here, are not due to the use of two-frame stimuli. 
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It must be noted that a strong main effect of frame number was found; in-phase and 

counter-phase thresholds both decreased as the number of frames increased. However, 

Experiment 2 confounded dot speed with frame number. It is therefore impossible to know 

whether this overall performance change resulted from manipulating dot speed or from 

manipulating the number of frames used in the stimulus. 

Critically, Experiment 2 demonstrated that manipulating frame number does not 

qualitatively change the relationship between in-phase and counter-phase performance. 

However, it remains unclear why in-phase performance is robustly higher than counter-phase 

performance under certain stimulus conditions. In a past study, participants performed a 

detection task where the target motion was embedded either within orthogonal directional signals 

or within randomly-moving and incoherent motion noise (Edwards & Nishida, 1999). No 

performance difference was found between coherent and incoherent conditions. A similar effect 

may have occurred in Experiment 2. While speculative, Experiment 2 in-phase signals may be 

more readily perceptually segregated than Experiment 2 counter-phase signals, allowing more 

independent processing of the target motion during in-phase trials. 

Flicker noise contains omnidirectional motion energy at a single point in space. It 

therefore contributes no meaningful information about real motion in a visual scene. Motion 

opponency may function to reduce flicker processing in the brain. Because counter-phase motion 

is locally balanced, it can be considered similar to flicker noise. This similarity is highest at the 

moment when paired and oppositely-moving dots cross, because this moment contains opposing 

motion signals in the same location along the axis of motion. If the moment of crossing is 

critically important for counter-phase stimuli to elicit opponency, this suggests that the human 

brain’s implementation of opponency is highly precise and well-tuned to exclusively reduce the 
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processing of flicker noise. Furthermore, it suggests that crossing counter-phase stimuli and 

flicker backgrounds may elicit similar behavioral performance. Therefore, Experiment 3 

compares flicker noise backgrounds with crossing counter-phase and in-phase stimuli. In 

addition, Experiment 3 also examines whether a coherent vertical background interferes with the 

target discrimination task differently than an incoherent background in order to further 

investigate the low in-phase behavioral thresholds found in Experiment 2. 

1.4. Experiment 3: Flicker Stimulus and Effect of Background Coherence 

Experiment 3 Method 

Stimuli and Procedure 

Experiment 3 examined coherent and random orientation conditions. During coherent 

trials, all background pairs were oriented vertically and moved along a common vertical axis. 

During random trials, all background pairs were oriented and moved independently, creating a 

random background with no coherent motion direction. 

Experiment 3 also tested a flicker background condition. The first and last frames of the 

flicker background were identical, but every dot pair was randomly replotted during the central 

two frames, creating flicker without eliciting any perception of apparent motion. Paired dots 

were randomly distributed throughout the display in every frame of the flicker background. The 

flicker within-pair separation was 4' along the orientation axis (either coherent or random). 

Experiment 3 also tested the in-phase 4' and balanced counter-phase backgrounds originally 

from Experiment 1. All conditions had comparable average within-pair dot separations and all 

stimuli consisted of 4 frames. 

Experiment 1 demonstrated very large differences between in-phase and balanced 

counter-phase thresholds. Therefore, Experiment 3’s in-phase staircases began at the in-phase 
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threshold found in Experiment 1A. Similarly, Experiment 3’s counter-phase and flicker 

staircases began at the balanced counter-phase threshold found in Experiment 1A. All other 

experimental methods and procedures were identical to Experiment 1. 

Subjects 

Seventeen new undergraduate students from the UCLA psychology subject pool were 

recruited as in Experiments 1 and 2. 

Experiment 3 Results 

A 3 (phase: in-phase, counter-phase, and flicker) × 2 (background motion: coherent and 

random) repeated-measures ANOVA was used to analyze the Experiment 3 thresholds. 

Significant main effects of phase, F(2, 32) = 469.6, p <0.001, 2
Pη  = 0.967, and background 

motion type F(1, 16) = 11.29, p = 0.004, 2
Pη  = 0.414 were found. In addition, phase and 

background motion interacted significantly, F(2, 32) = 10.12, p < 0.001, 2
Pη  = 0.387. Planned 

contrasts found that in-phase thresholds (average: 284.7) were significantly different from both 

counter-phase thresholds (average: 53.6), F(1, 16) = 517.1, p < 0.001, 2
Pη  = 0.970, and flicker 

thresholds (average: 43.6), F(1, 16) = 662.3, p < 0.001, 2
Pη  = 0.976. However, counter-phase and 

flicker thresholds did not significantly differ, F(1, 16) = 2.164, p = 0.16. Figure 1.5A plots the 

Experiment 3 thresholds.  
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Figure 1.5. Experiment 3 threshold and staircase data. A. Average thresholds for in-phase, 

counter-phase, and flicker stimuli exhibiting coherent or random background orientations. B. 

Trial-by-trial average staircase behavior in all conditions. The staircase value represents the 

number of visible target dots at the given trial number. 

 

In order to investigate the interaction effect, pairwise post-hoc comparisons were run for 

each pair of coherent and random thresholds at every phase condition. We found a significant 

difference between in-phase random and in-phase coherent thresholds, p = 0.003 uncorrected 

(random - coherent, mean difference = 49.5). The difference between counter-phase random and 

counter-phase coherent thresholds was also significant, p = 0.018 uncorrected (mean difference = 

11.5). However, note that this difference does not survive Bonferroni correction for 3 

comparisons at α = 0.05 with critical p = 0.0167. Finally, there was no significant difference 

between flicker random and flicker coherent thresholds, p = 0.44 uncorrected (mean difference = 

-3.87). 

In the current experiment, the initial staircase positions for each condition were set at the 

corresponding threshold from Experiment 1. As a result, the in-phase staircases began at a much 

higher value than the counter-phase and flicker staircases. Therefore, to verify that the 

Experiment 3 staircases adequately converged, the average staircase position at each consecutive 
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trial presentation was calculated for every condition. The resulting trial-by-trial staircase 

positions are presented in figure 1.5B, generally demonstrating good convergence for most 

conditions. However, the in-phase staircase with random coherence continuously increases with 

trial number. This suggests that the in-phase random threshold is likely underestimated, further 

suggesting that the Experiment 3 in-phase threshold data underestimates the effect of motion 

coherence. However, no such underestimation is present in the counter-phase and flicker 

threshold data. 

Experiment 3 Discussion 

 Experiment 3 generally found lower thresholds with coherent backgrounds than with 

random backgrounds. This effect is most apparent in the in-phase condition, likely because only 

in-phase trials contained unsuppressed background motion. This result is consistent with the 

notion that coherent in-phase backgrounds can be perceptually segregated, allowing more 

independent processing and better discrimination of the target motion. Experiment 3 suggests 

that an additional factor may contribute to the relatively good in-phase performance reported in 

Silva and Liu (Silva & Liu, 2015); coherent vertical motion may interfere with the discrimination 

task less strongly than even incoherent motion. Therefore, the results of Experiment 2 and Silva 

and Liu (Silva & Liu, 2015) may have arisen from a combination of the non-crossing counter-

phase background not eliciting strong opponency and the in-phase background not interfering 

with the discrimination task as strongly as expected. 

Nevertheless, the in-phase conditions elicited markedly higher thresholds than the flicker 

and counter-phase conditions regardless of background coherence. Moreover, comparable 

thresholds were found in the flicker and counter-phase conditions. This behavioral similarity 

may suggest a similarity in the visual processing of these stimuli; opponency may have 
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suppressed the directional signals present in the counter-phase background, causing counter-

phase and flicker backgrounds to similarly interfere with the discrimination task. 

1.5. General Discussion 

 The current study examined behavioral performance when discriminating a target motion 

embedded within in-phase, counter-phase, and flicker backgrounds. We found that counter-phase 

thresholds decreased as within-pair separation decreased. However, this trend only held if the 

paired dots crossed at some point during their movement. If the dots were separated by more 

than 2' throughout their entire lifetime, then behavioral thresholds remained uniformly high. 

Furthermore, we found that the numerical difference between in-phase and counter-phase 

thresholds was only subtly manipulated by the use of two-frame stimuli; the effect remained 

qualitatively similar and robust regardless of frame condition. Finally, we found that the strength 

of the interference exerted by a crossing counter-phase background was roughly equivalent to the 

interference exerted by a non-moving flicker background. 

In Qian et al. (1994a), counter-phase displays were reported to be devoid of global 

motion information when the maximum within-pair separation fell within 24'. The current study 

suggests an additional constraint; the moment when opposing motions cross may be crucially 

important for activating opponency. Our study found low counter-phase thresholds, consistent 

with opponency, exclusively in conditions exhibiting within-pair dot crossing. If the dots came 

even within 2' of one another without crossing, no evidence for opponency was found.  

Interestingly, average dot separation may modulate the strength of opponency differently 

depending on the spatial dimension of the separation. The current study specifically examined 

proximity along the axis of motion, finding results suggestive of opponency only when counter-

phase dots were located near enough to cross one another. However, previous work examined 
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dot proximity orthogonal to the axis of motion, finding that under certain circumstances, an 

orthogonal separation of up to 12' was tolerated before the stimulus appeared transparent (Qian 

et al., 1994a). The brain’s opponency mechanism may therefore require greater local precision 

along the axis of motion than orthogonal to the axis of motion. 

Due to its local balancing, counter-phase motion and flicker noise share similar motion 

energy profiles, especially at the moment of crossing when both counter-phase dots exactly 

coincide in time and space. If the strength of opponency elicited by counter-phase motion is 

dependent on within-pair crossing, manipulating this crossing is an effective way of probing the 

precision of the brain’s implementation of opponency. Overall, the results of the current study 

are consistent with a highly precise opponent mechanism in the human brain tuned to selectively 

remove locally-balanced motion energy, such as that found in flicker noise and standard counter-

phase stimuli, from further perceptual processing. 

In the current study, we examined the behavioral effects of in-phase, counter-phase, and 

flicker backgrounds on target motion discrimination, manipulating the average within-pair 

separation as well as the number of frames used in the stimuli. Not all counter-phase stimuli we 

examined produced results suggestive of opponency, and a slight change in average separation 

produced striking behavioral effects within a restricted range of tested stimuli. Ultimately, this 

study suggests that the human brain’s implementation of opponency is selective for extremely 

localized opposing motions such as those found in flicker noise. 
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Chapter 2: A multivariate fMRI exploration of the motion opponency network 

Abstract 

Motion opponency is an important motion processing stage where all local signals in the 

same local area are combined to calculate the overall motion energy at that local area. 

Opponency is useful in reducing the processing of flicker noise during motion processing. Past 

work has established that a neural correlate of motion opponency is observed in human area 

MT+. Motion stimuli designed to elicit motion opponency (counter-phase stimuli) also elicit a 

relatively weak univariate BOLD response compared to control stimuli. An underlying 

assumption is present; an opponency-suppressed counter-phase stimulus should be processed 

similarly to a non-motion flicker stimulus. This assumption has not been directly examined 

outside of early monkey physiology. The current study uses univariate and multivariate analyses 

of fMRI data to examine the visual system’s processing of counter-phase motion, comparing it to 

flicker stimuli and to unsuppressed motion stimuli. When a classifier was trained to identify 

different condition types, the classifier could readily identify unsuppressed motion in V3A and 

MT+, but had difficulty distinguishing between counter-phase and flicker stimuli, a distinctive 

pattern of results that no other visual area exhibited. While condition identification was similar 

between V3A and MT+, other measures drastically differed between the two areas. Taken as 

whole, this suggests that counter-phase motion is indeed processed as flicker noise in area MT+, 

cementing the notion that MT+ is involved in motion opponency. In addition, area V3A may 

play a distinct role in the brain’s implementation of motion opponency, suggesting that a better 

understanding of motion processing can be accomplished by examining the greater motion 

opponency network. 
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2.1. Introduction 

Motion Opponency is a crucial step in motion processing that calculates the overall 

motion energy at a given local area by subtracting or combining local motion signals. 

Opponency has been described in a variety of motion processing models (Adelson & Bergen, 

1985; Qian, Andersen, & Adelson, 1994b; Reichardt, 1961; Simoncelli & Heeger, 1998; van 

Santen & Sperling, 1985). Physiological research has found effects indicative of opponency in 

human and monkey brains. Qian and Andersen (1994) pioneered a locally-balanced and 

bidirectional motion dot stimulus in which each randomly-positioned dot was located spatially 

near a second dot traveling in the opposite direction. This stimulus is now referred to as 

“counter-phase” dot motion (Lu, Qian, & Liu, 2004). Relative to a more traditional locally-

unbalanced bidirectional stimulus, MT neurons are known to exhibit a muted response to 

counter-phase stimuli. In fact, this response is no greater than the MT response to flicker noise 

(Qian & Andersen, 1994). 

Consistent with the computational model of motion opponency, psychophysical studies 

have found that when viewing a locally-paired display containing two different but non-opposing 

motion directions, observers tend to perceive global motion in the average direction of both 

motions (Curran & Braddick, 2000; Edwards & Metcalf, 2010; Matthews, Geesaman, & Qian, 

2000). This perceptual averaging occurs at the local spatial scale; a locally-paired stimulus made 

up of four different motion directions, spatially arranged to elicit the perception of opposing 

transparent global motion, produces the same orientation-discrimination thresholds as the 

corresponding bidirectional transparent stimulus comprised exclusively of the two averaged and 

opposing motion directions (Watanabe & Kikuchi, 2006). 
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Neuroimaging studies provide further evidence for opponency in human motion 

processing. While not specifically testing the suppression of opposing motion signals, Huk and 

Heeger (2002) examined pattern-selective responses in humans using an fMRI adaptation 

experiment. They superimposed two moving gratings to create a plaid stimulus and tested 

whether different brain regions exhibited a stronger adaptation response to the average direction 

of the plaid or to one of the plaid’s component motions. Area MT+ was found to contain the 

highest proportion of pattern-selective responses, a result consistent with the idea that MT+ plays 

an important role in motion opponency’s pooling of local motion signals. Also, while less 

dramatic than the results from MT+, areas V2 and above all exhibited a markedly larger 

proportion of pattern-selective responses than V1. 

Reduced univariate MT+ BOLD responses to counter-phase stimuli relative to various 

unsuppressed controls have been reported (Heeger, Boynton, Demb, Seidemann, & Newsome, 

1999; Muckli, Singer, Zanella, & Goebel, 2002; Thompson, Tjan, & Liu, 2013). These results 

are generally consistent with Qian and Andersen’s (1994) original physiological study. However, 

perhaps consistent with the pattern-selective responses found throughout extrastriate cortex (Huk 

& Heeger, 2002), one neuroimaging study has suggested that the effect of opponency may be 

distributed throughout the visual cortex and not specific to area MT (Garcia & Grossman, 2009). 

One fundamental purpose of motion opponency is thought to be the reduction of flicker 

noise in motion processing (Born & Bradley, 2005; Bradley & Goyal, 2008; Qian et al., 1994b). 

Because flicker noise contains omnidirectional motion energy at a single point in space, motion 

opponency outputs zero net motion when processing flicker noise. Counter-phase motion should 

be processed similarly; the opposing local motions average to zero net motion, resulting in no 

perception of global motion. The theoretical similarity between counter-phase and flicker stimuli 
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is consistent with physiological findings that counter-phase and flicker stimuli elicit similar 

neural responses (Qian & Andersen, 1994). This similarity is also consistent with psychophysical 

findings that counter-phase orientation discrimination is worse than orientation discrimination 

with locally unbalanced stimuli (Garcia & Grossman, 2009; Lu et al., 2004; Muckli et al., 2002; 

Thompson, Deblieck, Wu, Iacoboni, & Liu, 2016; Thompson & Liu, 2006). Furthermore, early 

psychophysical studies report that observers perceive motionless flicker when viewing counter-

phase dot stimuli (Heeger et al., 1999; Muckli et al., 2002; Qian, Andersen, & Adelson, 1994a). 

Contributing an objective examination of counter-phase and flicker processing, Silva and 

Liu (2018) examined the effect of task-irrelevant paired-dot backgrounds on a target motion 

discrimination task. In this study, the unsuppressed control background was composed of so-

called “in-phase” dots, created by reversing the movement of one randomly-selected dot in each 

counter-phase dot pair (Lu et al., 2004). Because motion opponency attenuates the processing of 

locally-balanced counter-phase signals, counter-phase backgrounds were expected to not disrupt 

performance as strongly as in-phase backgrounds. Interestingly, the actual level of disruption 

caused by counter-phase backgrounds was dependent on within-pair dot proximity. When the 

within-pair dot separation was large enough that any given counter-phase dot never crossed its 

paired partner during movement, task performance was poor and comparable to performance 

elicited by in-phase backgrounds. However, when the within-pair separation was small enough to 

allow each counter-phase dot to cross its paired partner, task performance was much better. 

When the counter-phase motions were precisely balanced, e.g., the maximal within-pair dot 

separation was equal to the individual dot travel distance, the counter-phase and non-motion 

flicker backgrounds elicited equally high performance. 
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While previous psychophysics and physiology supports the idea that motion opponency 

processes counter-phase motion and non-motion flicker similarly (Qian & Andersen, 1994; Silva 

& Liu, 2018), neither methodology examines counter-phase and flicker processing at the whole-

region level of the human brain. Multivariate pattern analysis (MVPA) of fMRI data has recently 

gained prominence as a tool for understanding perceptual processing, but this technique has not 

yet been used to study flicker processing (Mahmoudi, Takerkart, Regragui, Boussaoud, & 

Brovelli, 2012; Norman, Polyn, Detre, & Haxby, 2006; Tong & Pratte, 2012). Because MVPA 

harnesses region-wide patterns of activation, it may provide additional insight into the brain’s 

implementation of motion opponency. The current study aims to provide a better understanding 

of motion opponency by examining counter-phase, non-motion, and in-phase stimuli using 

psychophysical methods as well as univariate and multivariate analyses of neuroimaging data 

from areas V1 through MT+. 

2.2. Psychophysical Experiments 

Introduction – Psychophysical Experiments 

Silva and Liu (2018) systematically examined the importance of dot proximity and dot 

crossover in counter-phase stimuli, finding similar behavioral performance between particular 

locally-balanced counter-phase backgrounds and flicker backgrounds. While consistent with the 

idea that counter-phase and flicker stimuli are similarly processed, this study was unable to 

directly match certain properties of the flicker and counter-phase stimuli. For example, each 

counter-phase dot crossed over its paired partner only once during the brief 4-frame stimulus, 

while the flicker stimulus dots were continually replotted. Therefore, a tight correspondence 

between stimuli was not achieved. In the current study, a tighter correspondence between in-
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phase, counter-phase, and flicker stimuli is achieved, and two different tasks are used to 

thoroughly examine the processing and function of opponency.  

By superimposing a global motion discrimination task onto a task-irrelevant in-phase, 

counter-phase, or flicker background, Silva and Liu (2018) examined the degree to which these 

background “noise” conditions directly influenced the perception of meaningful motion signals. 

If motion opponency reduces the processing of flicker noise (Born & Bradley, 2005; Bradley & 

Goyal, 2008; Qian et al., 1994b), and if counter-phase motion is processed as flicker noise, then 

neither counter-phase nor flicker backgrounds should effectively disrupt task performance. We 

examine this hypothesis in psychophysical experiment 1. 

Previous paired-dot studies have used orientation perception tasks to gauge the perceptual 

processing of counter-phase dot motion. For example, Muckli et al. (2002) presented a display of 

counter-phase dots oriented horizontally, but a small subset of counter-phase dots were oriented 

vertically, and observers were required to locate the position of the vertically-moving subset. 

Other studies assigned a common motion orientation to all pairs and required observers to 

indicate whether the orientation was clockwise or counter-clockwise relative to some explicitly 

or implicitly defined standard (Garcia & Grossman, 2009; Lu et al., 2004; Thompson et al., 

2016, 2013; Thompson & Liu, 2006).  

Because opponency is the process by which local opposing motions are subtracted or 

combined, counter-phase stimuli are not expected to elicit the global perception of directional 

motion. However, it should be noted that local motion signals can be readily perceived if 

attending to individual counter-phase dot pairs (Qian et al., 1994a). Due to the suppressed 

perception of global motion, orientation perception tasks are expected to pose a greater challenge 

when observing counter-phase stimuli than when observing in-phase stimuli. Unlike the task 
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developed by Silva and Liu (2015, 2018), orientation tasks require no additional stimulus 

components. Therefore, while the Silva and Liu task may effectively test the function and 

effectiveness of opponency, the orientation task may be a cleaner probe into the mechanism and 

implementation of opponency in the brain. Unfortunately, no psychophysical comparison 

between counter-phase and flicker stimuli have been carried out using an orientation 

discrimination task, despite its potential for further elucidating the brain’s implementation of 

opponency. For this reason, psychophysical experiment 2 employs an orientation discrimination 

task containing in-phase, counter-phase, and non-motion conditions. 

Method – Psychophysical Experiments 

Apparatus and Stimulus – Psychophysical Experiment 1 

All psychophysical experimental stimuli were programmed in Python using the Psychopy 

library (Peirce, 2007, 2009) and run on Windows 7 using a Dell Optiplex 745 PC and a 17″ 

Compaq FS7600 CRT monitor. The resolution was 1024×768, and the refresh rate was 85 Hz. 

Participants viewed the display from 100 cm away, so one pixel subtended 0.017 degrees or 1.04 

arcmin (Silva & Liu, 2018). All stimuli were presented in front of a solid gray background 

(luminance 0.85 cd/m2), and participants were required to fixate on a centrally-positioned black 

fixation point for the duration of every experiment. 

Psychophysical experiment 1 trials contained 180 randomly distributed white square 

target dots (luminance 19.2 cd/m2) traveling upward at a left or right oblique angle. Observers 

were asked to judge whether the target dots traveled left or right. In addition, 160 pairs of task-

irrelevant dots, comprising the background, were randomly distributed throughout the display. 

Each background dot was placed no more than 12 horizontal pixels away from its paired partner, 

creating a locally paired background. Every dot had a limited lifetime of 9 frames, after which 
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they were randomly replotted. Furthermore, every dot exhibiting translational movement traveled 

12 pixels during its lifetime (2.2 degrees/s). The trial duration was 26 frames (306 ms). In any 

given trial, background dots could exhibit in-phase motion, counter-phase motion, or no motion. 

During in-phase trials, both dots within a background pair traveled horizontally in the 

same direction. Each pair was independently assigned a random initial lifetime between 0 and 12 

pixels to temporally stagger the dot replotting. The horizonal within-pair distance was 

randomized between 0 and 12 pixels. During counter-phase trials, dots within a background pair 

traveled in opposite directions. Counter-phase pairs began horizontally separated by 12 pixels 

and traveled toward one another, crossing and completing their movement when again separated 

by 12 pixels at the end of their limited lifetime. To temporally stagger the replotting of counter-

phase dots, each counter-phase pair was initially plotted at a randomly-selected point along its 

full lifetime trajectory. Non-motion backgrounds behaved identically to in-phase backgrounds, 

except that no non-motion background dot underwent any translational movement for the 

duration of its lifetime. Critically, in-phase and counter-phase backgrounds contained the same 

number of left and right motion signals, and the Glass patterns of all three background conditions 

were indistinguishable from one another (Glass, 1969). Diagrams of all psychophysical stimuli 

are illustrated in figure 2.1. 
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Figure 2.1. Stimuli used in psychophysical experiment 1 and psychophysical experiment 2. Dots 

are shaded according to their direction of motion. Non-motion dots are represented by broken 

circles. In experiment 1, participants judged whether the target dots, represented with white 

unbroken circles, moved obliquely left or right. In experiment 2, participants judged whether the 

paired dots were oriented clockwise or counterclockwise relative to vertical. All paired dots 

within an experiment shared the exact same glass pattern. 

 

Apparatus and Stimulus – Psychophysical Experiment 2 

Psychophysical experiment 2 trials contained 250 pairs of randomly distributed white 

square dots. In-phase, counter-phase, and non-motion conditions were presented. All aspects of 

the paired dots were identical to that of psychophysical experiment 1, except that the dots were 

not arranged horizontally. Instead, paired dots were oriented along a common angle clockwise or 

counterclockwise from vertical, and the direction of in-phase and counter-phase movement 

In-phase Counter-phase Non-motion

Exp. 1

Exp. 2
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followed this orientation. After each trial completed, observers were required to judge whether 

the orientation was clockwise or counterclockwise from vertical.  

It should be noted that the Glass pattern common to in-phase, counter-phase and non-

motion stimuli provided task-relevant information. The in-phase and counter-phase conditions 

also contained additional motion information relevant to the task. As a result, psychophysical 

experiment 2 measured the perceptual benefit afforded by task-relevant but opponency-

suppressed counter-phase motion, comparing it not only to not unsuppressed in-phase motion, 

but also to zero directional motion. 

Subjects 

The same 30 participants from the UCLA undergraduate subject pool were recruited for 

both psychophysical experiments for course credit. Both experiments were completed in a single 

session. All participants had normal or corrected-to-normal vision. Informed consent was 

obtained, and all participants were treated in accordance with the Code of Ethics of the World 

Medical Association (Declaration of Helsinki). 

Procedure 

Participants performed 150 trials per condition for each psychophysical experiment. They 

were given a short self-timed break halfway through each experiment and after completing an 

experiment. The order of experiments alternated with each new participant.  Participants were 

instructed to fixate on a central point for the entire duration of the experimental session, except 

during the self-timed breaks. After the conclusion of a trial, participants were allowed to 

respond, and the next trial began 17 frames (200 ms) after the response. All conditions within an 

experiment were randomly interleaved. 
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Task difficulty was manipulated via one 3-down, 1-up staircase per condition and per 

experiment. The orientation of the signal relative to vertical determined the difficulty of the trial, 

and the staircases employed a step-size of 0.75 degrees. Therefore, if a trial from psychophysical 

experiment 1 displayed a target motion oriented θ degrees clockwise or counterclockwise from 

vertical, and it was answered incorrectly, then task difficulty would be decreased in the 

subsequent trial by displaying a target motion oriented θ + 0.75 degrees clockwise or 

counterclockwise from vertical. The staircase behaved identically in psychophysical experiment 

2, except that the staircase controlled the orientation of the paired dots. Behavioral thresholds 

were estimated by averaging the last 6 reversals along with the final staircase value. All 

staircases began at θ = 15 degrees. Before beginning either experiment, participants were 

required to complete 26 practice trials of trivial difficulty to verify task understanding.  

Results – Psychophysical Experiments 

Experiments 1 and 2 were analyzed with a repeated measures MANOVA with paired-dot 

condition as the only independent variable and experiment 1 and experiment 2 behavioral 

thresholds as the two dependent variables. The multivariate effect of paired-dot condition was 

significant, F(4, 116) = 16.185, p < 0.001. Furthermore, the univariate effect of paired-dot 

condition was significant in both experiments – experiment 1: F(2, 58) = 42.111, p < 0.001, and 

experiment 2: F(2, 58) = 40.358, p < 0.001. All pairwise contrasts were also significant. In both 

experiments, the contrast with the lowest F was between counter-phase and non-motion – 

experiment 1: F(1, 29) = 9.024, p = 0.005, experiment 2: F(1,29) = 25.634, p < 0.001. 
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As illustrated in figure 2.2, counter-phase performance fell between in-phase and non-

motion performance. Counter-phase thresholds were also numerically nearer to non-motion 

thresholds in both experiments. We carried out one post-hoc test per experiment to determine 

whether counter-phase performance was statistically closer to non-motion performance than to 

in-phase performance. For each participant, we calculated the midpoint between in-phase and 

counter-phase performance separately for both experiments. We then ran a one-tailed paired-

samples t-test per experiment between counter-phase performance and the midpoint 

performance. We found that counter-phase performance was indeed significantly closer to non-

motion performance in both experiments – experiment 1: t(29) = 3.026, p = 0.003, experiment 2: 

t(29) = 1.865, p = 0.036. 

Figure 2.2. Psychophysical thresholds. In both experiments, the thresholds represent the angle 

away from vertical required for threshold performance in a left/right (experiment 1) or 

clockwise/counterclockwise (experiment 2) task. Error bars are ±1 standard error of the mean. 

 

Discussion – Psychophysical Experiments 

Psychophysical experiment 1 included a target discrimination task superimposed onto in-

phase, counter-phase, and non-motion backgrounds. Because in-phase backgrounds contribute 

task-irrelevant global motion signals to the overall stimulus, the in-phase condition was expected 
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to elicit relatively poor performance. Counter-phase and non-motion backgrounds contribute no 

task-irrelevant global motion signals and were therefore expected to elicit relatively better 

performance (Edwards & Greenwood, 2005; Edwards & Nishida, 1999; Silva & Liu, 2018). The 

opposite pattern of results was expected in psychophysical experiment 2; the in-phase 

background was predicted to elicit better performance because it contained task-relevant global 

motion (Garcia & Grossman, 2009; Lu et al., 2004; Thompson & Liu, 2006; Thompson et al., 

2013). Both predictions were correct, and while in-phase, counter-phase, and non-motion 

conditions all elicited significantly different performances, we found that counter-phase 

thresholds were statistically closer to non-motion thresholds than to in-phase thresholds. 

These results are consistent with Silva and Liu (2018) and suggest that the brain may 

process counter-phase and non-motion flicker stimuli similarly. Nevertheless, both 

psychophysical studies found significant performance differences between the counter-phase and 

non-motion conditions, and the t-score associated with the post-hoc examination of counter-

phase thresholds was markedly smaller in psychophysical experiment 2. At least two 

explanations exist that might explain the less robust bias of experiment 2. First, opponency may 

not have fully suppressed all counter-phase motion processing at area MT. While flicker stimuli 

are locally balanced at even the smallest spatial resolutions, counter-phase stimuli are locally 

balanced only at a much courser resolution. Silva and Liu (2018) found that spatial proximity 

influences the behavioral performance elicited by counter-phase backgrounds. Therefore, the 

counter-phase backgrounds tested in the current psychophysical experiments may not have 

elicited as strong opponency as that elicited by flicker noise.  

 Opponency suppresses counter-phase motion processing at area MT, but it does not 

influence the processing of counter-phase local motion signals at area V1 (Qian et al., 1994a). 



46 
 

Therefore, another possible explanation for the relatively greater difference between counter-

phase and non-motion thresholds in experiment 2 is that area V1, unaffected by opponency and 

unable to distinguish between in-phase and counter-phase motion, still processes the task-

relevant counter-phase motion signals, allowing this local information to influence performance 

in the angle discrimination task. This explanation is consistent with the observation that the local 

movement of individual counter-phase dot pairs is highly perceptible, even while the global 

perception of motion is abolished.  

To further examine the processing of counter-phase motion and the implementation of 

opponency in the brain, we carried out neuroimaging experiments using modified versions of the 

current psychophysical stimuli. If opponency truly suppresses MT brain activity during 

presentations of counter-phase motion, then the MT brain activity elicited during counter-phase 

and non-motion stimuli presentations should be similar. This is perhaps consistent with the idea 

that unsuppressed lower-level processing at V1 underlies the psychophysical experiment 2 

counter-phase threshold. Conversely, if MT activity is greater in response to counter-phase 

motion than to non-motion flicker, this may support the notion that counter-phase stimuli do not 

fully activate opponency. 

2.3. Neuroimaging Experiments 

Introduction – Neuroimaging Experiments 

Motion opponency is thought to arise from competitive V1 outputs synapsing onto the 

same subunit of an MT cell (Qian et al., 1994a), but some fMRI evidence suggests that 

opponency may be a global phenomenon present in all visual areas above V1 (Garcia & 

Grossman, 2009). To examine the processing of counter-phase motion and the brain’s 

implementation of opponency, we carried out two fMRI experiments in which participants 
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viewed in-phase, counter-phase, and non-motion stimuli. Data from areas V1, V2, V3, V3A, V4, 

and MT+ were analyzed using univariate and multivariate classification methods. Neuroimaging 

experiment 1 adapted the psychophysical experiment 1 stimuli to examine the neural 

consequences of opponent and non-opponent background noise on target discrimination, and 

neuroimaging experiment 2 adapted the psychophysical experiment 2 stimuli to examine the 

degree to which opponency causes the processing of a fully counter-phase stimulus to resemble 

the processing of pure flicker noise. 

Method – Neuroimaging Experiments 

Participants 

Functional neuroimaging data was collected from five participants. The same five 

participants performed both neuroimaging experiments on different days. All participants had 

normal or corrected-to-normal vision. Informed consent was obtained, and all participants were 

treated in accordance with the Code of Ethics of the World Medical Association (Declaration of 

Helsinki). For their participant, participants received CAN$200 (CAN$50 per scanning hour). 

Apparatus, Stimuli, and Experimental Procedure 

All stimuli were back-projected onto a screen (12 cm × 9 cm useable area, 1024 × 768 

resolution, 60 hz refresh rate) that was mounted above the fMRI head coil. Participants viewed 

the display through a mirror just above the eyes. Due to differences in head size, viewing 

distances ranged between 22 cm and 25 cm, and therefore the size of one pixel ranged between 

0.027 and 0.031 degrees. 

The neuroimaging experimental stimuli were similar to the corresponding psychophysical 

stimuli. During neuroimaging experiment 1, stimulus blocks contained 160 pairs of background 

dots and 180 target dots. The background dots were always oriented horizontally, but the target 
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dots moved either up or down during any given block. During neuroimaging experiment 2, 

stimulus blocks contained 250 paired dots uniformly oriented either horizontally or vertically. 

Participants fixated at a central black square dot 5 pixels in size. 

All neuroimaging stimuli alternated between a 12-second (720 frames) stimulus block 

and a 12-second blank block displaying only a black fixation point. All dots where white (67 

cd/m2) and 3 pixels in size against a darker background (4 cd/m2). All dots had a limited dot 

lifetime of 9 frames before being randomly replotted, and all dots exhibiting translational motion 

traveled 8 pixels during their lifetime (2.3 to 2.6 degrees/s, depending on viewing distance).  

To encourage focus and motivation, a mildly effortful behavioral task was employed. 

Each stimulus block was divided into 6 behavioral trials, each lasting 95 frames (1.1 seconds). 

During each behavioral trial, the direction of the target dots (neuroimaging experiment 1) or the 

orientation of the paired dots (neuroimaging experiment 2) was displayed 15 degrees clockwise 

or counterclockwise from the cardinal reference direction. An inter-trial interval of 30 frames 

was used, during which no dots were presented. Participants judged whether the target stimulus 

was clockwise or counterclockwise from the reference. All participants achieved ceiling 

performance. 

Each experiment contained in-phase, counter-phase, and non-motion blocks, and any 

given block from a particular paired-dot condition could exhibit one of two cardinal reference 

orientations. One experimental run contained 3 blocks of each paired-dot condition per cardinal 

reference, totaling 18 blocks per run. Eight runs per experiment were performed, totaling 144 

blocks per experiment (24 blocks of each paired-dot condition per cardinal reference and 48 total 

blocks per paired-dot condition). Participants performed all scans over 2 sessions on separate 

days. All runs belonging to the same experiment were completed on the same day. 
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Magnetic Resonance Imaging 

All scans took place in the Centre for Functional and Metabolic Mapping at the 

University of Western Ontario’s Robarts Research Institute on the 7T Siemens Magnetom 

scanner. All functional scans used an 8-channel transmit, 32-channel receive coil optimized for 

the occipital pole and providing an unobstructed field-of-view to the visual stimulus. All 

anatomical scans used an 8-channel transmit, 32-channel whole-head coil. For each participant, 

we collected an anatomical scan (MP2RAGE, 224 sagittal slices, 700 mm isotropic voxel size, 

TR=6000 ms, TE= 2.73 ms, Flip angle 1 = 4º, Flip angle 2 = 5º, TI 1 =800 ms, TI 2 = 2700 ms), 

two retinotopy scans, one with rotating wedge stimuli and one with expanding ring stimuli (Sixty 

coronal slices originating at the posterior pole, 1500 ms isotropic voxel size, TR = 1000 mm, TE 

= 19.6 ms, Flip angle = 45º), one MT+ localizer scan (Sixty coronal slices originating at the 

posterior pole, 1500 mm isotropic voxel size, TR = 1600 ms, TE = 19.6 ms, Flip angle = 45º), 

and two experimental scans, one using experiment 1 stimuli and one using experiment 2 stimuli 

(Sixty coronal slices originating at the posterior pole, 1500 mm isotropic voxel size, TR = 1200 

ms, TE = 19.6 ms, Flip angle = 45º) 

Preprocessing  

fMRI data were preprocessed in BrainVoyager, and all univariate analyses and localizer 

analyses took place within BrainVoyager (Formisano, Di Salle, & Goebel, 2006; Goebel, 

Esposito, & Formisano, 2006). Functional data were preprocessed using motion correction, slice 

scan time correction, and highpass filtering. The functional scans were coregistered to the native 

anatomical space using BrainVoyager’s by-eye coregistration and visualization tools. All 

transformations were applied with sinc interpolation. 

Regions of Interest Localization 
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A standard rotating wedge and expanding ring retinotopic mapping procedure was used 

to identify areas V1, V2, V3, V3a, and V4 (Engel, Glover, & Wandell, 1997; Sereno et al., 

1995). The black-and-white checkerboard wedges spanned 45º, shifted 11.25º per TR (1000 ms) 

and completed 7 full cycles during the session. The checkerboard rings began centrally and 

expanded more into the periphery once per TR (1000 ms). Twenty such expansions per cycle 

occurred, and 7 full cycles were completed during the session. The largest ring expansion had an 

outer radius of 384 pixels and an inner radius of 270 pixels. The retinotopic stimuli flickered and 

reversed their contrast polarity at a rate of 8 hz. MT+ localization stimuli was composed of 1348 

white square dots with a side length of 3 pixels alternating between inward and outward radial 

motion. The dots traveled 4 pixels per frame and reversed direction every 2 seconds. Four 16-

second blocks were presented, alternating with 16-second blank periods containing completely 

static dots exhibiting no limited lifetime. In every localization scan, participants performed a 

fixation task, indicating when the central fixation randomly alternated between “O” and “X”. 

Bilateral MT+ was identified for each participant. First, a GLM was fit to the MT+ 

localization data using a box-car stimulus model and BrainVoyager’s default double-gamma 

HRF. The model additionally contained z-scored head-motion nuisance regressors. A whole-

brain, voxel-wise contrast of moving dots verses static dots was applied (FDR, q < 0.05). Area 

MT+ was defined as the significant clusters of voxels bilaterally located near the ascending limb, 

or the posterior continuation, of the inferior temporal sulcus or the posterior bank of the superior 

temporal sulcus (Dumoulin et al., 2000). 

To identify areas V1-V4, a 3D brain surface model was constructed from the skull-

stripped and Talairach-transformed anatomical scan. The surface was inflated, cut across the 

calcarine sulcus, flattened, and corrected for surface distortions. A whole-brain, voxel-wise 
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cross-correlation analysis was carried out and mapped onto the flattened brain surface, and the 

borders of V1-V4 were identified by observing the cross-correlation polarity reversals running 

along the calcarine sulcus. A GLM was then fit to all experimental data collected for the 

participant, and a voxel-wise contrast of stimulus period verses blank period was applied (FDR, 

q < 0.05). The final ROIs were defined as the significant voxels within the ROI borders. 

Univariate Analysis 

The univariate analysis compared the BOLD signals elicited by in-phase, counter-phase, 

and non-motion stimuli on Talaraich-transformed data. One GLM was fit to each ROI per 

participant using paired-dot condition as the three experimental regressors and using z-scored 

head-motion data as additional nuisance regressors. Each block was modeled as an individual 

box-car and the HRF was the default double-gamma function. Average single-subject in-phase, 

counter-phase, and non-motion beta values were calculated with percent signal change 

normalization. For visualization purposes, model-independent BOLD time courses were also 

extracted for each paired-dot condition. 

Multivariate Analysis 

Within-subject multivariate pattern classification analyses were carried out on fitted 

voxel-wise betas using support vector machines. Betas were calculated using the Matlab toolbox 

NeuroElf (www.neuroelf.net) on native-space data. One GLM per ROI was fitted with each 

individual block as a separate regressor (Mumford, Turner, Ashby, & Poldrack, 2012; Rissman, 

Gazzaley, & D’Esposito, 2004) and with z-scored head-motion data as additional nuisance 

regressors. Each block was modeled as an individual box-car and convolved with the default 

double-gamma HRF. Betas were z-score normalized. 
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All classification analyses utilized Support Vector Machines programmed in Python with 

the Scikit-learn library (Pedregosa et al., 2011). Two different classification tasks per experiment 

were completed. The first classification task involved discriminating the cardinal reference used 

in any given block. In-phase, counter-phase, and non-motion datasets were independently trained 

and tested. The second classification task involved the identification of in-phase, counter-phase, 

and non-motion blocks using three pairwise one-verses-one classifiers. Three independent 

classifiers were trained, each discriminating between in-phase and counter-phase, in-phase and 

non-motion, and counter-phase and non-motion, respectively. All three trained classifiers were 

then tested on the same testing set, and the predicted label was determined by majority vote. If a 

tie occurred, then all three labels were assigned a 1
3
 vote in the resulting confusion matrix. The 

angle classification task examines the impact of opponency on the brain’s processing of 

directional motion information. The paired-dot identification task directly tests whether the 

processing of counter-phase motion is more like in-phase processing or more like non-motion 

flicker processing by revealing of any potential systematic identification bias. 

All classifiers used the radial basis function kernel. In order to optimize the gamma and 

cost hyperparameters without increasing the likelihood of overfit, all classifiers used a nested 

leave-one-run-out cross-validation scheme (Haynes, 2015; Pereira, Mitchell, & Botvinick, 2009). 

On each fold, one run was designated the “testing” set, one run was designated the “validation” 

set, and the remainder were designated the “training” set. First, the classifier was trained on the 

training set and tested on the testing set. All combinations of cost = 10[-4 0 4 8] and gamma = 10[-11 

-7 -3 1] were tested. The training and testing sets were then pooled, and a new classifier was trained 

on the pooled dataset using the highest-performing hyperparameter combination. Finally, the 

fold performance was computed by testing the new classifier on the validation set. During the 
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angle discrimination task, inner-loop performance was calculated by averaging the accuracy of 

the in-phase, counter-phase, and non-motion datasets. During the condition identification task, 

inner-loop performance was defined as the overall classification accuracy. 

Significance was established using data-wide within-subject permutation tests in which 

the identity labels within each run were randomly permuted, ensuring that each run preserved the 

same number of each type of label (Etzel & Braver, 2013). Cardinal angles and paired-dot 

condition labels were independently permuted. A total of 11,963 permuted datasets were tested, 

and permuted datasets were treated exactly as the true dataset, each going through an identical 

nested cross-validation procedure. Each participant’s data was permuted identically and 

collapsed for group-label analyses (Etzel, 2015). The permuted p was calculated by finding the 

rank order of the true score relative to all scores and dividing the rank order by the total number 

of scores. 

Results – Univariate Neuroimaging 

Single-subject ROI analyses were carried out. First, single-subject and group-averaged 

BOLD time-series for each ROI were extracted (see appendix 1, figure A and figure B for single-

subject plots). Figure 2.3 shows the time-series averaged across all participants. All time-series 

were percent-normalized by the voxel intensity of the first TR at stimulus onset. 

Single-subject GLMs were created in BrainVoyager with in-phase, counter-phase, and 

non-motion regressors of interest and z-scored head motion data as nuisance regressors (see 

appendix 1, figure C and figure D for individual single-subject betas). Percent change baseline 

normalization was used. For visual clarity, boxplots illustrating the interquartile range of betas 

are presented in figure 2.4.  
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In experiment 1, nearly every in-phase beta was numerically larger than the 

corresponding counter-phase beta (see appendix 2, table 1). Similarly, experiment 1 in-phase 

betas were uniformly larger than the associated non-motion beta. Nevertheless, the magnitude of 

the difference was small, and neither single-subject contrast consistently reached significance in 

areas V1, V2, V3, V3A, and V4. However, every participant did exhibit a significantly larger in-

phase beta than a non-motion beta in area MT+, smallest significant contrast: difference score, 

0.85%; S.E., 0.37%, t = 2.313, p = 0.02. 

Apart from one outlier in area MT+, all participants exhibited a higher experiment 2 in-

phase beta relative to their counter-phase beta in areas V2, V3, V3A, and MT+, but the effect 

was consistently significant only in area MT+, smallest significant contrast: difference score, 

0.99%; S.E., 0.26%, t = 3.785, p = 0.000157. The same 4 out of 5 participants also exhibited a 

significantly larger in-phase beta relative to their counter-phase beta in area MT+, smallest 

significant contrast: difference score, 0.78%; S.E., 0.25%, t = 3.047, p = 0.002331. No other 

consistent patterns were present in the experiment 2 data (see appendix 2, table 2). 

Results – Multivariate Neuroimaging 

Figure 2.5 displays experiment 1 and experiment 2 cardinal angle discrimination 

performance, and figure 2.6 presents the group-level 3×3 confusion matrices resulting from the 

paired-dot condition identification task. 
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Figure 2.3. Average univariate BOLD time-series during in-phase, counter-phase, and non-

motion blocks in both neuroimaging experiments. All curves are percent-normalized by the 

voxel intensity at stimulus onset (TR = 0). 
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Figure 2.4. Interquartile boxplots of univariate betas for neuroimaging experiments illustrating 

the distribution of difference scores for each contrast. Outliers were identified as any difference 

score more than 1.5×IQR larger than the 75th percentile or more than 1.5×IQR smaller than the 

25th percentile, finding one outlier in area MT+. Note: The axes vary between ROIs. 
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Figure 2.5. Classifier accuracy (%) for in-phase (IP), counter-phase (CP), and non-motion (NM) 

datasets during the cardinal angle discrimination task in neuroimaging experiment 1 and 

neuroimaging experiment 2. Bars of the same shade denote the same participant, and the black 

horizontal stripe denotes the condition average. 
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Figure 2.6. Group-averaged experiment 1 and experiment 2 frequency confusion matrices 

resulting from the paired-dot condition identification task, visualized as heatmaps. The column 

position determines the true identity of any given stimulus, and the row position determines the 

classifier prediction. Darker shades signify a smaller average classification frequency in the 

corresponding cell and lighter shades signify a larger average classification frequency. 
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Neuroimaging Experiment 1 

Cardinal Reference Angle Discrimination 

One-tailed permutation tests were carried out for each ROI to determine whether cardinal 

reference angle (upward target motion verses downward target motion) classification accuracy 

was better than chance when classifying in-phase (IP), counter-phase (CP), and non-motion 

(NM) datasets. Pairwise contrasts of IP – CP, IP – NM, and CP – NM were carried out using 

two-tailed permutation tests. 

The experiment 1 MT+ dataset was unable to elicit better than chance classification when 

discriminating between cardinal reference regardless of background paired-dot condition. 

However, V1 exhibited significant angle discrimination with the IP dataset, accuracy: 59.6%, p = 

0.001; V2 elicited significant angle discrimination with IP, 63.8%, p = 0.00008, and CP, 61.7%, 

p = 0.0003, datasets; V3 exhibited significant angle discrimination with IP, 62.1%, p = 0.0002, 

CP, 63.3%, p = 0.0002, and NM, 55.4%, p = 0.024, datasets; V3A exhibited significant angle 

discrimination with IP, 60.0%, p = 0.0004, CP, 55.8%, p = 0.029, and NM, 62.1%, p = 0.00008, 

datasets; and V4 exhibited significant discrimination with only the IP dataset, 53.8%,  p = 0.032. 

Figure 2.7 plots the experiment 1 cardinal angle discrimination data. 

Examining experiment 1 group pairwise contrasts, V1 exhibited a significant IP – NM 

contrast, classification difference: 5.8%, p = 0.030. V2 exhibited a significant IP – NM contrast, 

12.5%, p = 0.002, and a significant CP – NM contrast, 10.4%, p = 0.007. V3 exhibited a 

significant CP – NM contrast, 7.9%, p = 0.029. These contrast results are illustrated in figure 2.8. 
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Figure 2.7. Group-level frequency histograms of the permutation results from the experiment 1 

cardinal angle discrimination task. The y-axis is plotted to 1
100

 scale, and the x-axis denotes 

percent correct. The black bar signifies the percent correct of the true dataset, while the light gray 

histograms plot the permuted null distributions. All future histogram plots follow this same 

format. 

In-phase

Angle Discrimination

Performance (%)

10

20

V1

Counter-phase Non-motion

Angle Discrimination

Performance (%)

10

20

V2

Angle Discrimination

Performance (%)

10

20

V3

Angle Discrimination

Performance (%)

10

20

V3A

Angle Discrimination

Performance (%)

10

20

V4

40 50 60

Angle Discrimination

Performance (%)

10

20

MT+

40 50 60 40 50 60



61 
 

 

Figure 2.8. Group-level frequency histograms of the experiment 1 angle discrimination contrasts. 

The x-axis denotes the difference in percent correct between different datasets. 
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Examining experiment 1 single-subject permutation tests (see appendix 2, table 3), 

single-subject statistics were markedly less robust than the group analysis. Area V2 exhibited 

greater than chance IP performance in 4 out of 5 participants. Area V3 exhibited greater than 

chance IP and CP discrimination in 3 out of 5 participants, and area V3A exhibited greater than 

chance IP performance in 3 out of 5 participants. The single-subject contrasts was similarly 

unremarkable, with V1 exhibiting a significant difference between IP and CP performances in 3 

out of 5 subjects and V2 exhibiting a significant difference between CP and NM performances in 

3 out of 5 subjects. No other systematic patterns were present in the single-subject experiment 1 

data, suggesting that the single-subject null distributions contain relatively large variance, 

leading to low power for detecting greater than chance performance in individual subjects. 

Paired-Dot Condition Identification  

Because the paired-dot condition identification task involves three condition labels, two 

possible misclassifications exist per stimulus condition. For example, a completely unbiased 

classifier will incorrectly assign CP and NM labels to IP stimuli at equal rates. Both 

misclassifications fall along a single column of a figure 2.6 confusion matrix heatmap (see 

appendix 2, tables 4 and 8 for single-subject confusion matrices). Furthermore, a completely 

unbiased classifier will incorrectly assign the IP label to CP and NM stimuli at equal rates. These 

misclassifications fall along a single row in figure 2.6. Therefore, classification bias was 

quantified using an averaged chi-squared approach. For each row (column) of any given 

confusion matrix, an unbiased model of the row (column) was created by averaging the 

misclassifications and maintaining the same number of correct classifications. The chi-squared 

value was calculated between the observed data and the unbiased model to quantify the goodness 

of fit for the unbiased model. Corresponding row and column chi-squared values were averaged 



63 
 

to obtain an overall measure of identification bias, and significance was established with a 

permutation test. In addition, the overall performance for identifying condition C was quantified 

using the F1 score,  

𝐹𝐹1𝑐𝑐 = 2 𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑐𝑐  × 𝑅𝑅𝑃𝑃𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐
𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑐𝑐 + 𝑅𝑅𝑃𝑃𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐

 , 

where the row-wise proportion 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑐𝑐 =   # 𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
# 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 , 

and the column-wise proportion 𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐 = # 𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
# 𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑡𝑡𝑠𝑠𝑝𝑝

 . 

Experiment 1 showed no significant classification bias in any ROI. Nevertheless, IP 

identification performance was better than chance in areas V2, F1IP: 0.40, p = 0.020; V3, 0.41, p 

= 0.008; V3A, 0.40, p = 0.02, and MT+, 0.46, p = 0.0009. No F1 contrast was convincingly 

significant when considering two-tailed significance (but see appendix 1, figure E for experiment 

1 F1 contrast histograms). No systematic bias or better than chance performance was found when 

examining single-subject confusion matrices. Experiment 1 identification bias is plotted in figure 

2.9, while experiment 1 identification performance is plotted in figure 2.10. 

Neuroimaging Experiment 2 

Cardinal Reference Angle Discrimination 

Experiment 2 cardinal angle discrimination (bidirectional horizontal verses bidirectional 

vertical) was markedly worse than experiment 1. Areas V1, V3, and V4 exhibited no 

classification better than chance. However, V2 exhibited significant angle discrimination with 

the IP dataset, 55.0%, p = 0.02; V3A exhibited significant discrimination with IP, 55.0%, p = 

0.02, CP, 57.5%, p = 0.009, and NM, 59.6%, p = 0.0003, datasets. Lastly, MT+ exhibited 

significant discrimination with the IP, 58.3%, p = 0.0003, and CP, 54.6%, p = 0.0003 datasets. 
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Figure 2.9. Group-level frequency histograms of bias in the experiment 1 paired-dot condition 

identification task. Bias is quantified using an averaged chi-squared approach along the relevant 

rows and columns of each confusion matrix. Note that the X-axis increases logarithmically and 

that only chi-squared values to the right of the null distribution can be statistically significant. 
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Figure 2.10. Group-level frequency histograms of performance in the experiment 1 paired-dot 

condition identification task. Performance is quantified using the F1 score. 
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Examining experiment 2 pairwise contrasts, significance was found only in area V2, 

exhibiting a significant IP – CP contrast, 10.0%, p = 0.001, and a significant CP – NM contrast, -

6.3%, p = 0.044, but note that V2 performance was never above 55%. Figure 2.11 plots 

experiment 2 angle permutation data and figure 2.12 plots experiment 2 angle contrasts.  

Paired-Dot Condition Identification 

Experiment 2 MT+ confusion matrices show significant CP identification bias favoring 

NM misclassifications over IP misclassifications, chi-squared: 7.3, p = 0.006, and NM 

identification bias favoring CP misclassifications over IP misclassifications, chi-squared: 6.8, p = 

0.003. No IP identification bias was found, but MT+ IP identification performance was very 

good, F1IP: 0.72, p = 0.00008. CP identification performance was also better than chance at MT+, 

0.51, p = 0.0002.  

The only other significant identification bias was found in area V3A, with NM 

identification bias favoring CP misclassifications over IP misclassifications, chi-squared: 7.02, p 

= 0.00008. V3A identification performance of IP stimuli was very good, F1IP: 0.70, p = 0.00008, 

and area V3A also identified CP and NM stimuli significantly better than chance, smallest F1IP: 

0.51, p = 0.00008. Areas V3A and MT+ both exhibited significantly higher IP identification 

relative to CP and NM identification, MT+: F1IP – F1CP, 0.21, p = 0.018; F1IP – F1NM, 0.29, p = 

0.0003, and V3A: F1IP – F1CP, 0.19, p = 0.008, F1IP – F1NM, 0.19, p = 0.006. Neither area 

exhibited a significant difference between CP and NM F1 scores. 

Examining single-subject confusion matrices for MT+ and V3A, no significant 

systematic bias was found. However, all 5 participants exhibited significant IP identification in 

both areas, lowest significant score: 0.50, p = 0.001 (appendix 2, table 10). Additionally, all 
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participants exhibited the same pattern of few misclassifications when the true label was IP and 

few IP misclassifications when the true label was either CP or NM (appendix 2, table 8).  

 

 

Figure 2.11. Group-level frequency histograms of the experiment 2 angle discrimination task. 
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Figure 2.12. Group-level frequency histograms of the experiment 2 angle discrimination 

contrasts. 
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No other area exhibited significant bias. However, V1, V2, and V3 all exhibited better 

than chance identification performance in at least one paired-dot condition. V1 exhibited 

significant CP identification performance, 0.43, p = 0.0002. V2 exhibited significant IP and CP 

identification performance, 0.46, p = 0.00008, and 0.46, p = 0.001, respectively. V3 exhibited 

significant IP, CP, and NM identification performance, 0.53, p = 0.00008; 0.52, p = 0.00008, and 

0.46, p = 0.004, respectively. Areas V1 and V2 both exhibited moderately better CP 

identification than NM identification, smallest contrast: 0.11, p = 0.038. Figure 2.13 plots overall 

experiment 2 identification bias, figure 2.14 plots overall experiment 2 F1 performance results, 

and figure 2.15 plots the F1 contrasts. 

Discussion – Neuroimaging Experiments 

Univariate Analysis 

Neuroimaging experiment 1 stimuli involved a unidirectional signal moving upwards or 

downwards superimposed onto one of three paired-dot backgrounds. Neuroimaging experiment 2 

stimuli involved in-phase, counter-phase, and non-motion stimuli oriented either vertically or 

horizontally. Due to counter-phase opponent suppression, the experiment 2 in-phase stimulus 

could have been reasonably predicted a priori to elicit a larger univariate BOLD signal than 

counter-phase and non-motion stimuli at area MT+. However, the experiment 1 results were less 

certain.  
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Figure 2.13. Group-level frequency histograms of identification bias in the experiment 2 paired-

dot condition identification task. Note that the X-axis increases logarithmically and that only chi-

squared values to the right of the null distribution can be statistically significant. 
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Figure 2.14. Group-level frequency histograms of F1 performance in the experiment 2 paired-dot 

condition identification task. 
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Figure 2.15. Group-level frequency histograms of the experiment 2 F1 contrasts. 
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Interestingly, both experiments elicited larger in-phase responses and relatively smaller 

counter-phase and non-motion responses. The large MT+ response to in-phase stimuli in 

experiment 1 is consistent with psychophysical research suggesting that orthogonal global 

motions are processed independently (Edwards & Nishida, 1999; Silva & Liu, 2018). If the 

orthogonal global motions present in experiment 1 activated independent populations of neurons 

at area MT+, then a relatively large in-phase BOLD response is expected because it would reflect 

the activation of two independent populations of neurons, while the counter-phase and non-

motion conditions would only reliably activate the neural population selective for the target 

direction. 

In experiment 1, a pattern of results like those from MT+ was observed in every other 

ROI, with in-phase responses consistently larger than counter-phase and non-motion responses. 

Additionally, the experiment 2 in-phase response was consistently higher than the experiment 2 

counter-phase response in areas V2, V3, and V3A. This may corroborate previous findings of in-

phase-like stimuli globally eliciting more univariate BOLD activity than certain counter-phase 

stimuli, suggesting that opponency may be a global process not limited to one particular brain 

region (Garcia & Grossman, 2009). However, it should be noted that the magnitude of the effect 

is uniformly weaker in areas V1, V2, V3, V3A, and V4, and that the MT+ single-subject 

statistics are markedly more robust. Furthermore, MT+ is the only area where experiment 2 in-

phase stimuli systematically elicited a greater BOLD response than non-motion stimuli. 

Intuitively, this equality of in-phase and non-motion responses is odd if opponent suppression is 

indeed present in other visual areas. As a result, we believe that the difference between 

univariate in-phase and counter-phase responses in areas other than MT+ may not be meaningful 

or persuasive enough to conclude that opponency occurs across all visual areas above V1. 
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Multivariate Angle Classification 

Despite containing task-irrelevant horizontal motion signals, the classifier performance in 

experiment 1’s up-versus-down cardinal angle discrimination task was markedly better than 

performance in experiment 2’s horizontal-versus-vertical task. However, unlike all other areas, 

area MT+ did not exhibit good angle discrimination performance in experiment 1. Despite being 

considered a direction-selective area, MT+ data has historically exhibited poorer direction 

discrimination than other areas in multivariate classification analyses (Kamitani & Tong, 2006). 

This effect is believed to result from MT+ containing substantially fewer voxels. With that said, 

it should be noted that no ROI exhibited particularly good cardinal reference angle classification. 

Despite undergoing a hyperparameter optimization process, the best-performing ROIs achieved 

roughly 60% accuracy, while just-significant performances fell to roughly 55% accuracy.  

Interestingly, the experiment 1 non-motion background did not result in good angle 

classification, as may have been expected a priori based on psychophysical experiment 1 and 

previous psychophysical work (Silva & Liu, 2018). In fact, non-motion angle discrimination was 

generally worse than in-phase discrimination across most ROIs, though most contrasts were non-

significant or weakly-significant. Because the current study recruited only 5 participants, the 

differences between conditions may be unreliable, and there might not have been enough power 

to detect true differences between conditions. In addition, if the background condition only 

minimally affected classifier performance due to independent horizontal and vertical motion 

processing at these visual areas, then the stimulus properties common to all three backgrounds, 

namely the random flicker onsets/offsets and the glass pattern, may have been more influential to 

the classifier than the background properties unique to each condition. 
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Experiment 2 classification was generally worse than experiment 1 classification, and 

many significant results were weak at best. Nevertheless, V3A counter-phase and non-motion 

discrimination performance was about equal between both experiments. In addition, the MT+ in-

phase dataset elicited relatively better cardinal angle discrimination (58%) but relatively poor 

counter-phase and non-motion angle discrimination. Despite poor overall performance, the MT+ 

pattern of results is consistent with the idea that counter-phase motion processing is attenuated 

by opponency in this region. Because the experiment 2 stimulus does not contain additional, and 

potentially confounding, motion signals, this stimulus may result in a cleaner representation of 

the influence of opponency on decoding angle information from paired-dot stimuli. 

Multivariate Paired-Dot Condition Identification 

While the angle discrimination task attempted to examine the practical effect of 

opponency on the angle information content of the BOLD response, it did not directly test the in-

phase, counter-phase, and non-motion patterns of activation themselves. The paired-condition 

identification task is a more direct measure of the similarities between in-phase, counter-phase, 

and non-motion processing. 

Because experiment 1 stimuli contain additional background noise signals, it is perhaps 

not surprising that performance is low and relatively unbiased. Nevertheless, in-phase 

identification was better than chance, eliciting F1 sores of about .40 in area V2, V3, and V3A and 

eliciting a score of .45 in area MT+. In contrast, counter-phase and non-motion identification 

was consistently at chance. While a significant bias would have been more conclusive, better 

than chance in-phase identification and chance-level counter-phase and non-motion 

identification may be indicative of opponency. The in-phase global motion information may be 

salient in the BOLD data, resulting in better than chance in-phase identification. However, 
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opponency may have suppressed the motion information in the counter-phase datasets, resulting 

in poor identification of counter-phase and non-motion stimuli. 

Unlike the mostly flat experiment 1 confusion matrices, the confusion matrices resulting 

from experiment 2 stimuli were generally more robust. Areas V3A and MT+ were especially 

notable, as both achieved an in-phase F1 score of 0.7 without any systematic misclassification 

bias when identifying in-phase stimuli. Every other ROI achieved F1 scores at or below 0.5. 

Furthermore, V3A and MT+ confusion matrices exhibited a consistent pattern of results: high 

performance when identifying in-phase stimuli and high confusion between counter-phase and 

non-motion stimuli.  

These results strongly suggest that counter-phase processing is more like flicker 

processing and less like in-phase processing at area MT+. In addition, V3A confusion matrices 

resemble MT+ confusion matrices. While Garcia and Grossman (2009) suggested that 

opponency is a shared property of many visual areas, the current experiment 2 identification task 

suggests that opponency uniquely influences V3A processing. The similarity between MT+ and 

V3A confusion matrices is particularly interesting because these ROIs diverge in all other 

neuroimaging measures. While MT+ only successfully discriminated between horizontal and 

vertical in-phase motion, V3A successfully discriminated between horizontal and vertical motion 

in all paired-dot conditions. While MT+ never performed above chance when discriminating 

between the experiment 1 upward and downward target signals, V3A successfully discriminated 

the target signal regardless of the background paired-dot condition. Finally, while MT+ exhibited 

a relatively large univariate in-phase response, there was little difference between in-phase, 

counter-phase, and non-motion BOLD response in V3A.  
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Because opponency contributes a necessary noise-reduction step in motion processing, 

the suggestion that V3A participates in the brain’s implementation of motion opponency is 

consistent with previous findings that V3A participates in motion processing and cooperates with 

MT+ in motion perceptual learning (Braddick et al., 2001; Chen et al., 2015; Chen, Cai, Zhou, 

Thompson, & Fang, 2016; Tootell et al., 1997). The contrasting results between V3A and MT+ 

in the current study suggest that area V3A occupies a specific role in motion opponency distinct 

from MT+, though this role remains unclear.  

2.4. General Discussion 

The current study used psychophysics and neuroimaging to compare the processing and 

neuronal responses elicited by in-phase, counter-phase, and non-motion stimuli. The experiment 

1 task examined the effect of irrelevant counter-phase stimuli on the processing of an embedded 

target signal. The experiment 1 psychophysics confirmed that non-motion and counter-phase 

backgrounds are both relatively ineffective at hindering target discrimination performance 

compared to in-phase backgrounds. This result is consistent with the idea that opponency 

suppresses counter-phase processing, allowing the target motion to be salient and discriminable. 

However, the multivariate classification task never elicited the same pattern of results as the 

psychophysical task, instead finding overall above-chance classification in all areas except MT+ 

in both in-phase and counter-phase datasets.  

It is currently unclear why the psychophysics and classification results differ. The 

classification results demonstrate that not only are areas V2 through V4 selective for 

unidirectional motion, but that they can also successfully segregate target motions from 

irrelevant orthogonal background signals. Perhaps these results, coupled with the univariate 

finding that in-phase BOLD responses are generally higher than counter-phase and non-motion 
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BOLD responses, point to independent processing of orthogonal motions within these visual 

areas (Edwards & Nishida, 1999). As it currently stands, experiment 1 suggests that the 

discrimination of a target motion embedded within a task-irrelevant background is a complex 

task, resisting a clean ROI-based explanation of opponency’s role in suppressing background 

noise. 

The experiment 2 stimuli were less complex, only containing paired-dots spatially 

arranged to create an oriented glass pattern. The MT+ univariate BOLD response and the 

psychophysical measures both returned results consistent with prior work: In-phase stimuli 

elicited a higher univariate BOLD response than counter-phase stimuli, and in-phase orientations 

were easier to psychophysically discriminate than counter-phase orientations. (Heeger et al., 

1999; Muckli et al., 2002; Silva & Liu, 2018; Thompson & Liu, 2006; Thompson et al., 2013). 

In the neuroimaging angle classification analysis, areas MT+ and V3A exhibited distinct 

patterns of significance. Area MT+ generally mirrored the psychophysical data, exhibiting good 

angle classification in the in-phase dataset and poorer classification in the counter-phase and 

non-motion datasets. In contrast, area V3A exhibited better than chance angle classification for 

all three condition types. Area V3A also exhibited no difference between univariate BOLD 

responses for in-phase, counter-phase, and non-motion stimuli. Perhaps most interestingly, when 

comparing the identification performance and identification bias exhibited by MT+ and V3A, 

both ROIs exhibited similar results: very good, mostly unbiased identification of in-phase 

stimuli, but significant confusion between counter-phase and non-motion stimuli. This pattern of 

results may suggest that opponency influences the motion direction processing of V3A. 

However, when considering every V3A result, it appears that the relationship between area V3A 
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and opponency is less straightforward than the relatively better-understood relationship between 

MT+ and opponency. 

While not fully convincing, the neuroimaging studies provide some hints that areas V2 

and V3 may also interact with in-phase stimuli differently than non-motion and counter-phase 

stimuli. However, the results exhibited by area V3A appear particularly robust. Area V3A is 

distinctly able to discriminate the experiment 1 and experiment 2 cardinal reference angles in all 

paired-dot conditions. Even more intriguing, area V3A exhibits the same paired-dot condition 

identification pattern as MT+, even while failing to robustly elicit the same univariate BOLD 

pattern. These results suggest that the motion-selective area V3A uniquely interfaces with the 

brain’s motion opponency system. This novel finding implies that opponency encompasses more 

than just MT+ and may include a network of at least one additional visual area. To further 

understand the way in which the brain implements opponency, possible future avenues of 

research involve clarifying the distinct role V3A plays in opponency and exploring whether area 

MT+ sends inhibitory or otherwise opponency-associated feedback to lower-level areas as part of 

an overall motion opponency network. 
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2.5 Appendix 1: Supplementary figures of single-subject analyses or null analyses 

 

 

Figure A. Single-subject BOLD time-series during in-phase, counter-phase, and non-motion 

blocks of neuroimaging experiment 1. All curves are percent-normalized by the voxel intensity at 

stimulus onset (TR = 0). 
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Figure B. Single-subject BOLD time-series during in-phase, counter-phase, and non-motion 

blocks of neuroimaging experiment 2. All curves are percent-normalized by the voxel intensity at 

stimulus onset (TR = 0). 
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Figure C. Neuroimaging experiment 1 single-subject betas. Each point denotes one condition 

plotted against a different condition. The reference line is y = x. In the leftmost column, points to 

the right of the line indicate a larger in-phase beta and smaller counter-phase beta. In the middle 

column, points to the right of the line indicate a larger in-phase beta and smaller counter-phase 

beta. In the rightmost column, points to the right of the line indicate a larger counter-phase beta 

and a smaller non-motion beta. Note: The axes vary between ROIs. 
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Figure D. Neuroimaging experiment 2 single-subject betas. Each point denotes one condition 

plotted against a different condition. The reference line is y = x. In the leftmost column, points to 

the right of the line indicate a larger in-phase beta and smaller counter-phase beta. In the middle 

column, points to the right of the line indicate a larger in-phase beta and smaller counter-phase 

beta. In the rightmost column, points to the right of the line indicate a larger counter-phase beta 

and a smaller non-motion beta. Note: The axes vary between ROIs. 
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Figure E. Group-level frequency histograms of the experiment 1 F1 contrasts. No test returned a 

sufficiently significant 2-tailed result to warrant interest. V4: IP – CP, p = 0.04. MT+: IP – NM, 

p = 0.07. V3A: IP – CP, p = 0.08. 
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2.6. Appendix 2: Single-subject statistics tables 

 

 

 

 

 

 

 

 

Table 1. Univariate single-subject statistics, neuroimaging experiment 1

Contrast Difference (%) S.E.(%) t p
IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM

V1 0.094 0.403 0.308 0.219 0.223 0.218 0.431 1.807 1.414 0.666 0.071 0.157
-0.012 0.114 0.126 0.165 0.166 0.165 -0.073 0.685 0.762 0.942 0.493 0.446
0.145 0.366 0.221 0.132 0.132 0.133 1.100 2.768 1.659 0.271 0.006 0.097
0.353 0.052 -0.300 0.142 0.141 0.142 2.489 0.371 -2.120 0.013 0.710 0.034
0.270 0.403 0.134 0.190 0.192 0.189 1.419 2.104 0.705 0.156 0.035 0.481

V2 0.136 0.394 0.258 0.207 0.210 0.206 0.656 1.870 1.253 0.512 0.062 0.210
0.073 0.178 0.105 0.153 0.153 0.152 0.476 1.162 0.691 0.634 0.245 0.490

-0.009 0.405 0.414 0.143 0.143 0.144 -0.061 2.835 2.878 0.952 0.005 0.004
0.138 0.012 -0.126 0.112 0.111 0.112 1.234 0.107 -1.127 0.217 0.915 0.260
0.085 0.208 0.123 0.166 0.167 0.165 0.510 1.243 0.745 0.610 0.214 0.456

V3 0.092 0.288 0.195 0.174 0.177 0.173 0.530 1.623 1.126 0.596 0.105 0.260
0.073 0.114 0.041 0.127 0.128 0.127 0.578 0.894 0.320 0.564 0.371 0.749
0.026 0.404 0.378 0.156 0.156 0.157 0.168 2.590 2.408 0.866 0.010 0.016
0.248 0.129 -0.119 0.126 0.125 0.126 1.970 1.030 -0.944 0.049 0.303 0.345
0.234 0.299 0.064 0.152 0.153 0.152 1.539 1.947 0.425 0.124 0.052 0.671

V3A 0.164 0.444 0.280 0.187 0.191 0.186 0.874 2.327 1.503 0.382 0.020 0.133
0.183 0.228 0.044 0.143 0.143 0.142 1.286 1.593 0.312 0.199 0.111 0.755
0.126 0.338 0.212 0.164 0.164 0.165 0.767 2.060 1.286 0.443 0.040 0.199
0.245 0.128 -0.117 0.105 0.105 0.105 2.324 1.223 -1.105 0.020 0.221 0.269
0.330 0.354 0.025 0.138 0.139 0.138 2.385 2.541 0.178 0.017 0.011 0.859

V4 0.114 0.332 0.219 0.179 0.182 0.178 0.637 1.825 1.228 0.524 0.068 0.219
0.064 0.132 0.068 0.145 0.145 0.145 0.441 0.908 0.471 0.660 0.364 0.638
0.131 0.417 0.285 0.175 0.175 0.176 0.749 2.375 1.618 0.454 0.018 0.106
0.274 0.134 -0.139 0.123 0.122 0.123 2.229 1.099 -1.135 0.026 0.272 0.257
0.375 0.404 0.030 0.160 0.161 0.159 2.341 2.510 0.186 0.019 0.012 0.853

MT+ 0.229 0.877 0.648 0.345 0.351 0.344 0.664 2.500 1.884 0.507 0.012 0.060
0.377 0.848 0.471 0.366 0.367 0.365 1.031 2.313 1.292 0.303 0.021 0.196
0.357 0.771 0.414 0.254 0.255 0.256 1.404 3.026 1.615 0.160 0.002 0.106
0.869 0.593 -0.276 0.210 0.209 0.210 4.135 2.835 -1.312 0.000 0.005 0.189
0.847 0.683 -0.164 0.255 0.256 0.254 3.329 2.665 -0.647 0.001 0.008 0.518
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Table 2. Univariate single-subject statistics, neuroimaging experiment 2

Contrast Difference (%) t p
IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM

V1 0.126 0.138 0.012 0.207 0.207 0.205 0.607 0.667 0.060 0.544 0.505 0.952
0.007 -0.236 -0.243 0.172 0.171 0.170 0.044 -1.374 -1.426 0.965 0.170 0.154

-0.058 -0.136 -0.078 0.132 0.128 0.132 -0.438 -1.057 -0.589 0.661 0.291 0.556
0.155 0.219 0.063 0.163 0.162 0.161 0.954 1.353 0.393 0.340 0.176 0.694
0.001 -0.146 -0.147 0.155 0.155 0.154 0.005 -0.942 -0.952 1.000 0.346 0.341

V2 0.269 0.182 -0.087 0.173 0.173 0.171 1.549 1.049 -0.506 0.122 0.294 0.613
0.088 -0.230 -0.318 0.171 0.171 0.170 0.516 -1.346 -1.874 0.605 0.178 0.061
0.234 -0.078 -0.311 0.149 0.145 0.148 1.569 -0.536 -2.102 0.117 0.592 0.036
0.192 0.204 0.011 0.129 0.129 0.128 1.487 1.583 0.086 0.137 0.113 0.932
0.195 0.110 -0.085 0.136 0.136 0.135 1.435 0.811 -0.631 0.151 0.418 0.528

V3 0.081 0.183 0.102 0.151 0.150 0.149 0.540 1.219 0.684 0.589 0.223 0.494
0.100 -0.111 -0.211 0.135 0.135 0.134 0.739 -0.820 -1.569 0.460 0.412 0.117
0.242 -0.084 -0.326 0.153 0.149 0.153 1.576 -0.560 -2.133 0.115 0.575 0.033
0.184 0.220 0.036 0.145 0.144 0.144 1.262 1.522 0.252 0.207 0.128 0.802
0.198 0.084 -0.114 0.118 0.118 0.117 1.676 0.710 -0.975 0.094 0.478 0.330

V3A 0.152 0.170 0.018 0.155 0.154 0.153 0.985 1.101 0.115 0.324 0.271 0.908
0.511 0.238 -0.274 0.161 0.161 0.160 3.168 1.476 -1.706 0.002 0.140 0.088
0.292 -0.123 -0.415 0.169 0.165 0.168 1.725 -0.746 -2.463 0.085 0.456 0.014
0.224 0.196 -0.028 0.123 0.122 0.122 1.822 1.608 -0.228 0.068 0.108 0.820
0.287 0.063 -0.224 0.106 0.106 0.106 2.697 0.596 -2.118 0.007 0.551 0.034

V4 -0.131 -0.124 0.007 0.154 0.154 0.152 -0.850 -0.808 0.044 0.396 0.419 0.965
0.042 -0.207 -0.249 0.127 0.127 0.126 0.328 -1.627 -1.971 0.743 0.104 0.049
0.084 -0.237 -0.321 0.173 0.169 0.172 0.487 -1.403 -1.864 0.626 0.161 0.062

-0.030 0.014 0.044 0.152 0.151 0.150 -0.199 0.093 0.294 0.842 0.925 0.769
0.025 -0.210 -0.235 0.128 0.128 0.127 0.197 -1.644 -1.850 0.844 0.100 0.064

MT+ -0.446 0.403 0.849 0.333 0.333 0.329 -1.340 1.210 2.579 0.180 0.226 0.010
1.318 1.063 -0.254 0.309 0.309 0.307 4.260 3.440 -0.829 0.000 0.001 0.407
0.989 0.775 -0.214 0.261 0.254 0.260 3.785 3.047 -0.824 0.000 0.002 0.410
1.192 1.502 0.310 0.257 0.255 0.254 4.640 5.890 1.219 0.000 0.000 0.223
1.150 0.705 -0.446 0.210 0.209 0.208 5.489 3.369 -2.141 0.000 0.001 0.032

S.E.(%)
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IP CP NM IP CP NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM
V1 64.6 54.2 35.4 0.029 0.283 0.990 10.4 29.2 18.8 0.304 0.005 0.064

43.8 62.5 45.8 0.848 0.088 0.845 -18.8 -2.1 16.7 0.042 0.764 0.093
52.1 54.2 68.8 0.307 0.291 0.003 -2.1 -16.7 -14.6 0.765 0.037 0.081
79.2 50.0 45.8 0.000 0.561 0.836 29.2 33.3 4.2 0.001 0.001 0.545
58.3 47.9 60.4 0.075 0.593 0.043 10.4 -2.1 -12.5 0.176 0.855 0.107

V2 68.8 60.4 35.4 0.005 0.107 0.996 8.3 33.3 25.0 0.420 0.001 0.011
43.8 62.5 37.5 0.907 0.085 0.994 -18.8 6.3 25.0 0.040 0.358 0.011
68.8 62.5 70.8 0.001 0.026 0.001 6.3 -2.1 -8.3 0.429 0.883 0.347
70.8 64.6 45.8 0.003 0.004 0.763 6.3 25.0 18.8 0.516 0.005 0.009
66.7 58.3 66.7 0.005 0.062 0.008 8.3 0.0 -8.3 0.300 0.980 0.388

V3 72.9 70.8 41.7 0.001 0.002 0.909 2.1 31.3 29.2 0.771 0.002 0.003
45.8 66.7 52.1 0.742 0.033 0.372 -20.8 -6.2 14.6 0.027 0.399 0.138
62.5 56.3 62.5 0.031 0.169 0.021 6.3 0.0 -6.3 0.430 0.974 0.437
70.8 72.9 66.7 0.002 0.000 0.008 -2.1 4.2 6.3 0.644 0.628 0.292
58.3 50.0 54.2 0.088 0.532 0.234 8.3 4.2 -4.2 0.291 0.501 0.656

V3A 66.7 60.4 56.3 0.004 0.120 0.125 6.3 10.4 4.2 0.438 0.295 0.893
50.0 62.5 54.2 0.495 0.042 0.227 -12.5 -4.2 8.3 0.132 0.589 0.337
64.6 47.9 68.8 0.014 0.600 0.002 16.7 -4.2 -20.8 0.041 0.567 0.009
58.3 64.6 70.8 0.158 0.008 0.000 -6.3 -12.5 -6.3 0.316 0.082 0.439
60.4 43.8 60.4 0.045 0.898 0.162 16.7 0.0 -16.7 0.039 0.858 0.085

V4 62.5 58.3 47.9 0.055 0.166 0.634 4.2 14.6 10.4 0.670 0.111 0.298
35.4 66.7 52.1 0.999 0.038 0.346 -31.3 -16.7 14.6 0.001 0.024 0.131
56.3 45.8 54.2 0.144 0.803 0.253 10.4 2.1 -8.3 0.175 0.780 0.322
66.7 58.3 39.6 0.008 0.117 0.991 8.3 27.1 18.8 0.270 0.001 0.023
56.3 45.8 60.4 0.141 0.833 0.049 10.4 -4.2 -14.6 0.136 0.466 0.046

MT+ 58.3 58.3 41.7 0.093 0.082 0.951 0.0 16.7 16.7 1.000 0.035 0.052
58.3 54.2 41.7 0.082 0.206 0.893 4.2 16.7 12.5 0.679 0.056 0.139
60.4 50.0 60.4 0.076 0.505 0.099 10.4 0.0 -10.4 0.334 0.915 0.258
37.5 56.3 50.0 0.994 0.105 0.549 -18.8 -12.5 6.3 0.007 0.076 0.285
54.2 45.8 54.2 0.225 0.827 0.225 8.3 0.0 -8.3 0.305 0.973 0.209

Table 3: Single-subject angle classification results, neuroimaging experiment 1

Accuracy (%) Accuracy Permuted p Contrasts (%) Contrast Permuted p
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IP CP NM IP CP NM IP CP NM IP CP NM IP CP NM

IP 2 3 5 13 16 18 26 12 8 23 14 15 21 14 14
V1 CP 6 6 7 15 9 10 11 21 18 16 17 14 9 15 16

NM 40 38 36 20 22 20 11 14 22 8 17 19 18 20 17

IP 11 16 21 18 17 23 27 14 9 23 18 15 26 23 28
V2 CP 8 5 6 18 19 14 9 16 13 16 15 18 9 10 11

NM 28 28 21 13 12 11 13 18 27 9 15 15 13 15 9

IP 16 9 15 17 14 12 18 11 7 29 17 16 12 9 10
V3 CP 14 21 9 16 15 17 15 13 16 12 16 16 19 21 20

NM 18 19 23 14 19 18 15 24 25 7 16 16 17 18 18

IP 14 11 14 18 19 15 19 14 11 27 16 13 16 8 12
V3A CP 8 11 14 10 12 11 10 5 15 10 14 15 13 23 27

NM 26 26 21 20 18 22 18 28 22 11 17 20 19 18 9

IP 14 14 17 13 16 13 27 27 15 26 18 22 6 4 7
V4 CP 5 5 5 1 1 1 7 2 5 10 12 14 16 17 24

NM 29 28 25 34 31 34 15 18 27 13 19 12 25 26 16

IP 24 10 14 14 11 17 28 20 12 28 13 12 17 10 12
MT+ CP 9 24 12 10 8 12 11 10 9 9 15 20 26 31 30

NM 16 15 21 23 28 20 10 18 26 12 20 16 4 7 6

Table 4: Single-subject confusion matrices, neuroimaging experiment 1

S6

Pred.

S1 S2 S3 S4

Real Real Real Real Real
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Table 5: Single-subject condition identification bias, neuroimaging experiment 1

IP CP NM IP CP NM

V1 12.732 14.738 0.184 0.022 0.012 0.860
0.398 0.966 1.207 0.741 0.514 0.454
0.462 0.920 2.142 0.799 0.767 0.328
1.315 0.235 1.500 0.624 0.878 0.392
1.508 1.601 0.102 0.429 0.441 0.927

V2 5.842 1.851 4.171 0.180 0.458 0.173
0.862 0.643 1.104 0.551 0.621 0.479
1.002 0.625 0.839 0.645 0.799 0.544
1.116 0.195 0.886 0.639 0.909 0.569
0.609 0.942 3.777 0.657 0.563 0.188

V3 1.176 2.296 0.736 0.591 0.430 0.642
0.118 0.394 0.748 0.926 0.791 0.619
0.444 2.430 2.799 0.836 0.492 0.211
0.665 0.301 1.657 0.741 0.869 0.393
0.082 1.513 1.681 0.931 0.437 0.396

V3A 4.909 3.782 0.000 0.214 0.271 1.000
1.866 0.038 0.380 0.424 0.975 0.762
1.336 2.727 1.379 0.584 0.448 0.395
0.213 0.515 0.779 0.887 0.803 0.582
1.040 4.424 2.909 0.523 0.173 0.263

V4 8.613 2.302 3.180 0.144 0.470 0.244
15.712 2.394 5.212 0.025 0.411 0.109
3.188 0.961 2.623 0.422 0.755 0.225
0.438 0.410 1.463 0.834 0.835 0.422
1.358 8.678 4.573 0.596 0.127 0.275

MT+ 1.461 0.834 0.091 0.553 0.677 0.924
3.018 3.683 0.683 0.163 0.127 0.587
0.934 0.097 1.463 0.682 0.967 0.448
0.241 2.983 2.096 0.905 0.455 0.290
7.982 0.384 4.171 0.168 0.860 0.309

Bias, Chi-squared Permuted p
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IP CP NM IP CP NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM
V1 0.069 0.188 0.444 0.982 0.882 0.114 -0.120 -0.375 -0.255 0.292 0.031 0.138

0.273 0.227 0.363 0.694 0.862 0.391 0.046 -0.090 -0.136 0.655 0.614 0.342
0.551 0.434 0.462 0.005 0.058 0.188 0.117 0.090 -0.028 0.476 0.417 0.717
0.465 0.357 0.412 0.035 0.365 0.343 0.108 0.054 -0.055 0.386 0.496 0.943
0.433 0.333 0.337 0.050 0.501 0.534 0.100 0.096 -0.003 0.364 0.347 0.960

V2 0.236 0.139 0.336 0.738 0.935 0.641 0.097 -0.100 -0.197 0.470 0.787 0.340
0.334 0.385 0.263 0.451 0.213 0.854 -0.051 0.071 0.122 0.724 0.436 0.258
0.548 0.375 0.506 0.002 0.185 0.028 0.173 0.042 -0.131 0.237 0.451 0.786
0.442 0.309 0.345 0.074 0.469 0.661 0.133 0.097 -0.036 0.302 0.339 0.805
0.416 0.256 0.212 0.096 0.780 0.908 0.160 0.204 0.045 0.209 0.105 0.693

V3 0.364 0.449 0.432 0.298 0.023 0.190 -0.086 -0.068 0.017 0.497 0.948 0.591
0.378 0.310 0.368 0.244 0.501 0.493 0.068 0.010 -0.058 0.569 0.670 0.983
0.429 0.283 0.446 0.127 0.574 0.275 0.146 -0.018 -0.164 0.303 0.644 0.653
0.529 0.342 0.369 0.002 0.337 0.546 0.187 0.160 -0.027 0.162 0.204 0.745
0.304 0.389 0.356 0.578 0.251 0.419 -0.085 -0.053 0.032 0.584 0.803 0.794

V3A 0.323 0.273 0.343 0.446 0.613 0.624 0.050 -0.019 -0.070 0.727 0.801 0.978
0.361 0.289 0.409 0.364 0.589 0.267 0.072 -0.047 -0.119 0.580 0.974 0.659
0.417 0.136 0.377 0.170 0.905 0.631 0.282 0.040 -0.242 0.055 0.432 0.343
0.518 0.328 0.415 0.006 0.382 0.303 0.189 0.102 -0.087 0.159 0.351 0.961
0.382 0.410 0.192 0.232 0.226 0.947 -0.027 0.190 0.217 0.979 0.114 0.143

V4 0.299 0.168 0.388 0.514 0.841 0.441 0.131 -0.089 -0.220 0.374 0.925 0.366
0.289 0.039 0.463 0.569 0.990 0.072 0.250 -0.174 -0.423 0.068 0.521 0.018
0.455 0.075 0.505 0.111 0.958 0.037 0.380 -0.050 -0.430 0.021 0.821 0.032
0.453 0.280 0.263 0.056 0.554 0.893 0.173 0.190 0.017 0.201 0.133 0.563
0.192 0.327 0.282 0.856 0.470 0.754 -0.135 -0.090 0.045 0.393 0.741 0.678

MT+ 0.495 0.511 0.428 0.003 0.001 0.226 -0.016 0.067 0.083 0.906 0.368 0.310
0.317 0.213 0.330 0.629 0.899 0.600 0.105 -0.012 -0.117 0.453 0.913 0.402
0.512 0.256 0.516 0.059 0.730 0.061 0.256 -0.004 -0.260 0.142 0.774 0.184
0.550 0.327 0.334 0.005 0.409 0.720 0.222 0.215 -0.007 0.137 0.204 0.690
0.397 0.458 0.184 0.230 0.104 0.909 -0.061 0.213 0.274 0.675 0.156 0.126

Table 6: Single-subject condition identification performance (F1), neuroimaging experiment 1

F1 Score F1 Permuted p Contrasts Contrast Permuted p
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IP CP NM IP CP NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM
V1 0.625 0.521 0.542 0.058 0.360 0.344 0.104 0.083 -0.021 0.251 0.357 0.946

0.458 0.417 0.396 0.808 0.941 0.967 0.042 0.062 0.021 0.542 0.357 0.752
0.458 0.417 0.438 0.754 0.967 0.937 0.042 0.021 -0.021 0.545 0.624 0.860
0.583 0.521 0.583 0.071 0.393 0.054 0.063 0.000 -0.063 0.362 0.976 0.303
0.500 0.583 0.396 0.578 0.132 0.984 -0.083 0.104 0.188 0.313 0.140 0.029

V2 0.542 0.438 0.521 0.257 0.913 0.372 0.104 0.021 -0.083 0.208 0.819 0.368
0.583 0.396 0.521 0.071 0.986 0.340 0.188 0.063 -0.125 0.006 0.429 0.092
0.604 0.458 0.479 0.023 0.895 0.651 0.146 0.125 -0.021 0.023 0.066 0.781
0.500 0.479 0.583 0.524 0.763 0.072 0.021 -0.083 -0.104 0.815 0.284 0.115
0.521 0.479 0.458 0.375 0.671 0.881 0.042 0.062 0.021 0.516 0.386 0.789

V3 0.646 0.479 0.542 0.010 0.710 0.355 0.167 0.104 -0.063 0.047 0.177 0.604
0.438 0.479 0.417 0.888 0.691 0.968 -0.042 0.021 0.063 0.642 0.819 0.448
0.563 0.542 0.604 0.146 0.134 0.087 0.021 -0.042 -0.062 0.858 0.655 0.528
0.479 0.500 0.479 0.646 0.531 0.673 -0.021 0.000 0.021 0.700 0.974 0.680
0.563 0.521 0.521 0.118 0.430 0.377 0.042 0.042 0.000 0.485 0.537 0.977

V3A 0.688 0.542 0.625 0.001 0.267 0.045 0.146 0.063 -0.083 0.068 0.454 0.418
0.500 0.542 0.625 0.478 0.191 0.008 -0.042 -0.125 -0.083 0.579 0.077 0.242
0.625 0.542 0.625 0.020 0.204 0.066 0.083 0.000 -0.083 0.211 0.866 0.352
0.521 0.583 0.521 0.384 0.063 0.288 -0.063 0.000 0.062 0.421 1.000 0.337
0.417 0.667 0.583 0.980 0.083 0.129 -0.250 -0.167 0.083 0.023 0.038 0.543

V4 0.479 0.458 0.521 0.739 0.812 0.327 0.021 -0.042 -0.063 0.836 0.576 0.416
0.375 0.479 0.521 0.988 0.639 0.271 -0.104 -0.146 -0.042 0.272 0.045 0.522
0.500 0.438 0.521 0.562 0.946 0.421 0.063 -0.021 -0.083 0.361 0.856 0.252
0.583 0.625 0.542 0.105 0.022 0.265 -0.042 0.042 0.083 0.481 0.613 0.187
0.417 0.667 0.542 0.963 0.007 0.270 -0.250 -0.125 0.125 0.003 0.117 0.076

MT+ 0.583 0.417 0.625 0.069 0.939 0.110 0.167 -0.042 -0.208 0.055 0.831 0.038
0.521 0.542 0.458 0.291 0.351 0.748 -0.021 0.063 0.083 0.992 0.377 0.473
0.667 0.688 0.500 0.003 0.000 0.637 -0.021 0.167 0.188 0.718 0.022 0.006
0.625 0.542 0.604 0.042 0.200 0.022 0.083 0.021 -0.063 0.238 0.796 0.301
0.521 0.542 0.500 0.339 0.260 0.579 -0.021 0.021 0.042 0.877 0.698 0.654

Table 7: Single-subject angle classification results, neuroimaging experiment 2

Accuracy (%) Accuracy Permuted p Contrasts (%) Contrast Permuted p
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IP CP NM IP CP NM IP CP NM IP CP NM IP CP NM

IP 22 6 13 4 2 6 25 17 26 10 8 12 24 15 17
V1 CP 13 30 15 27 27 27 5 15 10 21 21 21 16 20 16

NM 13 11 19 17 19 15 18 16 11 16 18 14 7 12 15

IP 36 6 10 10 3 8 21 13 18 14 9 12 24 8 19
V2 CP 4 27 12 18 23 20 14 21 17 22 22 22 15 26 19

NM 8 15 25 20 21 19 14 13 13 12 18 13 9 13 9

IP 30 3 3 16 8 8 23 9 12 15 7 7 30 7 13
V3 CP 8 37 10 17 26 23 12 27 15 17 21 22 14 29 20

NM 10 8 35 16 14 16 14 11 22 16 20 19 4 11 16

IP 39 4 3 35 3 2 22 6 8 26 7 6 36 8 4
V3A CP 7 27 13 9 30 19 14 17 16 17 30 26 8 30 23

NM 2 17 31 3 15 27 12 25 23 6 12 17 4 9 21

IP 23 13 10 11 7 11 15 10 8 14 17 17 21 22 22
V4 CP 15 24 16 14 22 17 17 16 17 12 8 9 17 15 12

NM 9 10 23 23 18 20 17 22 24 22 23 21 11 11 13

IP 36 3 5 28 7 7 34 2 5 28 2 0 37 6 13
MT+ CP 4 30 21 13 24 19 10 22 20 8 25 27 5 31 25

NM 9 16 22 6 16 22 3 23 23 12 20 21 6 10 10

S3 S4 S5

Real Real Real

Pred.

Real Real

S1 S2

Table 8: Single-subject confusion matrices, neuroimaging experiment 2
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Table 9: Single-subject condition identification bias, neuroimaging experiment 2

IP CP NM IP CP NM

1.246 0.804 0.127 0.555 0.680 0.913
2.136 6.881 6.737 0.392 0.111 0.033
4.679 0.943 3.550 0.129 0.555 0.159
0.719 1.875 1.261 0.628 0.377 0.493
1.754 0.164 0.651 0.445 0.906 0.688

1.241 4.054 1.153 0.593 0.293 0.533
1.124 6.639 2.533 0.596 0.145 0.217
0.348 0.181 0.016 0.815 0.860 0.989
1.791 1.539 1.984 0.393 0.449 0.366
2.937 0.850 0.420 0.339 0.662 0.794

0.111 1.247 1.996 0.947 0.625 0.388
0.019 1.374 3.599 0.990 0.516 0.150
0.209 0.268 0.280 0.912 0.852 0.797
0.015 3.450 4.102 0.991 0.223 0.176
3.489 0.905 2.511 0.339 0.681 0.385

1.419 5.010 8.921 0.557 0.252 0.044
1.521 5.649 10.593 0.571 0.270 0.015
0.267 5.912 3.581 0.900 0.242 0.184
2.749 1.639 7.421 0.282 0.439 0.060
1.428 3.657 7.752 0.549 0.285 0.055

1.022 0.192 0.736 0.682 0.926 0.628
1.461 2.502 0.906 0.499 0.354 0.523
0.154 2.250 2.032 0.923 0.474 0.356
1.472 0.617 1.211 0.537 0.739 0.579
0.660 2.157 1.445 0.776 0.521 0.527

1.369 10.699 5.930 0.620 0.025 0.035
1.250 2.208 4.975 0.434 0.317 0.136
2.278 10.131 12.000 0.516 0.163 0.024
1.567 12.304 14.574 0.547 0.073 0.060
1.195 7.147 2.470 0.661 0.234 0.504

Bias, Chi-squared Permuted p
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IP CP NM IP CP NM IP-CP IP-NM CP-NM IP-CP IP-NM CP-NM
V1 0.491 0.569 0.422 0.008 0.000 0.185 -0.078 0.069 0.147 0.551 0.503 0.193

0.133 0.419 0.303 0.945 0.098 0.782 -0.285 -0.170 0.116 0.018 0.413 0.249
0.430 0.383 0.243 0.084 0.192 0.874 0.047 0.187 0.140 0.764 0.141 0.185
0.262 0.381 0.296 0.740 0.263 0.687 -0.119 -0.034 0.085 0.403 0.885 0.505
0.465 0.404 0.363 0.041 0.169 0.363 0.061 0.102 0.041 0.751 0.454 0.704

V2 0.718 0.591 0.526 0.000 0.000 0.000 0.126 0.192 0.065 0.394 0.169 0.425
0.287 0.426 0.356 0.580 0.097 0.608 -0.138 -0.069 0.070 0.244 0.990 0.366
0.413 0.427 0.295 0.097 0.148 0.714 -0.013 0.118 0.131 0.960 0.269 0.334
0.337 0.380 0.293 0.433 0.264 0.684 -0.043 0.044 0.087 0.774 0.681 0.506
0.482 0.485 0.234 0.007 0.024 0.844 -0.003 0.247 0.250 0.973 0.077 0.113

V3 0.714 0.718 0.693 0.000 0.000 0.000 -0.004 0.021 0.025 0.939 0.673 0.599
0.392 0.456 0.348 0.165 0.031 0.629 -0.064 0.044 0.109 0.586 0.470 0.264
0.495 0.538 0.458 0.001 0.001 0.071 -0.043 0.037 0.080 0.812 0.498 0.452
0.390 0.389 0.369 0.189 0.240 0.339 0.001 0.021 0.020 0.929 0.783 0.859
0.612 0.529 0.397 0.000 0.002 0.292 0.084 0.216 0.132 0.667 0.120 0.383

V3A 0.827 0.566 0.637 0.000 0.000 0.000 0.260 0.190 -0.071 0.095 0.168 0.985
0.800 0.564 0.579 0.000 0.000 0.000 0.236 0.221 -0.014 0.104 0.187 0.796
0.522 0.357 0.431 0.001 0.426 0.241 0.165 0.091 -0.074 0.228 0.330 0.922
0.597 0.494 0.407 0.000 0.006 0.172 0.102 0.190 0.088 0.356 0.111 0.525
0.747 0.555 0.510 0.000 0.001 0.002 0.193 0.237 0.045 0.241 0.067 0.676

V4 0.495 0.471 0.502 0.022 0.021 0.016 0.024 -0.007 -0.031 0.917 0.738 0.755
0.284 0.441 0.366 0.595 0.033 0.532 -0.156 -0.081 0.075 0.176 0.901 0.319
0.365 0.329 0.429 0.296 0.419 0.185 0.036 -0.064 -0.100 0.837 0.978 0.836
0.291 0.207 0.373 0.592 0.807 0.399 0.084 -0.083 -0.166 0.589 0.757 0.413
0.366 0.326 0.321 0.331 0.453 0.655 0.040 0.044 0.005 0.854 0.607 0.766

MT+ 0.781 0.580 0.466 0.000 0.000 0.129 0.201 0.315 0.113 0.120 0.007 0.150
0.625 0.465 0.475 0.001 0.096 0.008 0.160 0.150 -0.010 0.329 0.533 0.780
0.766 0.444 0.471 0.000 0.145 0.103 0.322 0.295 -0.027 0.043 0.052 0.898
0.715 0.468 0.414 0.000 0.069 0.314 0.247 0.300 0.053 0.177 0.064 0.687
0.709 0.573 0.269 0.000 0.001 0.775 0.136 0.440 0.304 0.460 0.001 0.129

Table 10: Single-subject condition identification performance (F1), neuroimaging experiment 2

F1 Score F1 Permuted p Contrasts Contrast Permuted p
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