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ABSTRACT 

The spatial and temporal parameters determining the strength of the jitter aftereffect (JAE) 

were comprehensively examined in a series of experiments to gain further insights into the 

mechanisms and pathways involved in this relative motion illusion. The JAE is seen when 

viewing a stimulus composed entirely of static random noise (SRN) after adaptation to a 

stimulus comprising areas of both SRN and dynamic random noise (DRN). Thirteen separate 

experiments and demonstrations were conducted and arranged into six studies. Experiment 

one showed that the JAE is a luminance-based effect with an insignificant JAE with 

chromatic contrast. This result implies that M –pathway stimulation is necessary for the JAE 

to occur. Experiment two varied the spatial and temporal parameters of the adapting stimulus 

by changing the element size of the DRN as well as the temporal frequency. The strongest 

JAE is obtained for element sizes approximately 0.084 square (equivalent to around 7 cpd) 

and for temporal frequencies above 18 Hz. Three different element sizes between adaptation 

DRN and test SRN were utilised and showed the optimal element size (0.084 square) is 

similar for each of the adaptation and test stimuli. Experiment three was a control experiment 

for temporal frequency result that showed that the JAE was dependent on the rate of change 

in the DRN during the adaptation period, and not just the number of changes of noise patterns 

during the same period. Experiment four tested the JAE for directional noise: linear, circular, 

and radial compared to completely adirectional random noise. Linear noise created a longer 

JAE than circular or radial, but not as long as random. Given this, it was then tested whether 

actual linear motion (oscillation) could also produce a JAE in lieu of temporally uncorrelated 

DRN. Accordingly, Experiment five utilised oscillation of the pattern in either the surround 

or both the centre and surround. Horizontal and vertical oscillation of various peak-to-peak 

amplitudes, frequencies and velocities were tested. The amplitude was not found to be 

important for the JAE, but the velocity was significant. Results from this study also showed 
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that the JAE is dissociable from the MAE. We also tested the minimum energy hypothesis, 

proposed by Murakami and Cavanagh (1998, 2001), which holds that the area in the image of 

least instantaneous motion becomes the new baseline for perceived zero motion. The findings 

were that a difference in motion energy between regions was necessary for a JAE to occur 

and a difference in motion directions at the same energy level was not sufficient. However, 

the JAE did not only depend on the difference in motion energy as predicted, but seemed also 

dependent on whether one of the regions was above a critical temporal frequency value 

(around 18 Hz), and the other was below it. In Experiment six, Brownian motion (‘jitterbug’) 

of a rigid field of SRN during adaptation was compared to random noise of exactly the same 

energy levels to test whether coherence was a determining feature of the JAE. The results 

showed that random noise, lacking any coherent motion signal, always produced a stronger 

JAE. Contrast was also tested, and the results showed that contrast was effective during 

adaptation, not testing of the JAE with the SRN.    

The only existing theory proposed by Murakami and Cavanagh (1998, 2001) was 

examined in light of these findings and found to be deficient. A new dynamic theory of 

relative motion where miniature eye movements facilitate relative motion perception through 

decorrelation and recurrent feedback was proposed to account for the JAE. Object motion 

sensitive cells in the retina are shown to be able to implement this scheme.  
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Chapter 1 

Overview of the Thesis and Introduction to the Jitter Aftereffect – An Illusion of 

Relative Motion 

 

1.1 Thesis Rationale and Synopsis 

The human visual system performs numerous complicated tasks. One fundamental 

task is accurate differentiation of objects from the background through relative motion cues. 

In addition, stable vision and object recognition are achieved despite eye movements and 

physical motion, and the illusions that occur when all these systems fail have continued to 

generate strong research interest for over a century (Fermüller & Malm, 2004). 

The aim of this thesis was to investigate the spatial and temporal parameters of an 

illusion of relative motion known as the jitter aftereffect (JAE), which occurs after adaptation 

to dynamic visual stimulation. It was first reported in a refereed research publication by 

Murakami and Cavanagh (1998). The JAE can be seen in a static field of randomly placed 

dots (static noise) after prolonged visual adaptation to patches of this static noise embedded 

in dynamic (white) noise. The area or areas of the static display that did not contain the 

dynamic stimulus, and presumably has not been adapted, seem to wobble and float above the 

display (see Figure 1). A series of experiments varying the spatial and temporal parameters 

affecting the JAE was conducted. The findings allow further insight into the visual pathways, 

perceptual features, and both the type of noise (vs. motion) and the pattern that best produces 

the illusion. 

1.1.1 Summary of Content in Chapters in the Thesis. 

The JAE has not received much research attention since the original publication by 

Murakami and Cavanagh (1998). This is in stark contrast to other illusions, such as the 

perceptually very similar Ōuchi illusion, and other motion aftereffects (MAEs), which have 
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generated a large body of work. However, despite the JAE being seemingly overlooked in the 

relative motion illusion literature, there are many areas of vision research that are relevant to 

the JAE. These relevant areas are reviewed in turn in the following chapters and form the 

basis for the proposal of an alternative explanation for this neglected illusion of relative 

motion. An overview of these preliminary chapters is provided below. 

The JAE is a relative motion illusion. Relative motion perception is essential for many 

tasks, such as figure/ground discrimination and navigation around obstacles. The current 

Chapter begins with the ecological importance of relative motion perception (Section 1.2). 

This is followed by a general description of the JAE in Section 1.3. As the JAE is an illusion 

of motion, Chapter 2 reviews the sources of motion signals that the visual system has to 

analyse in order to extract meaningful information. Motion can be caused by the observer – 

including eye movements (Section 2.1), and head and body movements (Section 2.2). 

Particular attention is paid to those miniature eye movements that have been presumed to 

trigger or cause the JAE (Murakami and Cavanagh, 1998, 2001; Section 2.1.2). Motion 

signals can also arise from movement of objects in the visual field (Section 2.3). After the 

sources of motion have been elucidated, Chapter 3 reviews how the visual system resolves 

the direction and speed of motion. Murakami and Cavanagh (1998, 2001) have made 

suggestions regarding the areas of the brain involved in the JAE, and so the physiology of 

motion pathways is overviewed in Chapter 4.  

With these basics of relative motion perception covered, in Chapter 5 attention is 

given to other illusions of motion, especially relative motion, of the same class of illusion as 

the JAE. Relative motion illusions that are phenomenologically or methodologically similar 

to the JAE are reviewed. As well, differences between the JAE and other relative motion 

illusions are highlighted. The Sections cover: motion assimilation and contrast (5.1), motion 

aftereffects (5.2), and illusory motion seen in a static image (5.3). The very limited research 
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published on the JAE is reviewed in Section 5.3.4. Chapter 6 summarises the general purpose 

and hypotheses of the experiments of this thesis. Chapters 7 through 12 are dedicated to the 

experiments and findings. Finally, in Chapter 13 the key findings are discussed in relation to 

the only proposed theory of the JAE, and integrated to form the basis of a proposal of a new 

theory of the JAE.   

1.2 Ecological Importance of Relative Motion Perception 

On one level, vision is a constructive process during which the properties of the world 

are inferred from a variety of physical parameters of the retinal image (Royden & Moore, 

2012; Treisman, Cavanagh, Fischer, Ramachandran, & von der Heydt, 1990). This image is 

constantly changing. This is not only because of motion in the physical world; continuous eye 

movements also produce ever-changing retinal projections (Bridgeman, Van der Hejden, & 

Velichkovsky, 1994). Amazingly, the world is virtually always perceived as stable and clear, 

and under most natural conditions humans are able to somehow accurately distinguish motion 

in the world from motion of the perceiver. This feat is accomplished because humans, along 

with all animals, are equipped with a visual system that is uniquely adapted to their 

environment.  

An observer moving through the world must detect moving objects in order to avoid 

or intercept those objects (Royden & Connors, 2010). Accordingly, the human visual system 

must facilitate grouping and separation of features into figure and background by establishing 

appropriate contours and boundaries (Sekuler, Anstis, Braddick, Brandt, Movshon, & Orban, 

1990). Accurate motion perception is essential for navigation, and motion is an effective cue 

for segmenting the visual scene into objects and background (Braddick, 1993; Lappin, 

Donnelly, & Kojima, 2001). With natural scenes involving varying levels of illumination, 

shapes, colours, textures, depths and movement, motion perception clearly requires both 

integrative and differential processes (Braddick, 1993).  
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Motion of one object relative to another (relative motion) is particularly effective for 

segmenting ambiguous or heterogeneous displays (Zanker, 1995). Motion without a 

background is rarely encountered in a natural image. Measures of spatial position and change 

in position over time – motion – by definition require a reference frame. As such, most 

natural motion is actually relative motion rather than absolute motion (the latter being the 

case in image motion due to eye movement). For example, texture similarities of figure and 

ground may camouflage an object, such as a tiger amongst vegetation. Any movement of the 

object relative to the background immediately unmasks the camouflage as faster elements 

tend to be perceived in front of slower ones.  

Despite the ingenuity of the human visual system, there are conditions under which 

relative motion is wrongly assigned. These opportunities offer invaluable information how 

the observer perceives relative motion. The JAE presents one such opportunity and is the 

focus of this thesis. For this reason; it is described in more detail below.    

1.3 General Description of the Original JAE 

Murakami and Cavanagh (1998) were the first to officially report the JAE, which had 

previously been documented by Stuart Anstis and Richard Gregory in an unpublished 

manuscript (Murakami & Cavanagh, 1998). The JAE involves visual adaptation of one or 

more patches of dynamic random noise (DRN), similar to the ‘snow’ seen in an untuned 

analogue television set, neighbouring or surrounding a region of stationary random noise 

(SRN).  The SRN can be considered to be equivalent to one ‘frame’ of the DRN. 

In Murakami and Cavanagh’s (1998) original demonstration of the illusion, the 

adapting stimulus consisted of two concentric regions with a fixation point in the centre 

throughout the trial (see Figure 1c). To generate DRN, each square element (0.13 × 0.13) 

was randomly assigned as either black or white in every frame, which was in their case 

seventy-five times a second. The participant first viewed a patch of SRN embedded within 
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DRN (the adaptation phase). After 30 seconds of such dynamic noise adaptation, the 

participant viewed a larger patch entirely of SRN (the test phase). Murakami and Cavanagh 

(1998) reported that when the static test field was presented, the participants saw a powerful 

visual illusion of relative motion. 

The illusion consists of small, smooth displacements of only those regions that had 

been static during adaptation. In the case of the simple annular pattern, the centre seems to 

pop out and float, and wobble above the background, despite the test display being a 

homogenous display of static random dots. This illusory segmentation of relative depth and 

motion, or coherent ‘jitter’ in random directions, reportedly lasted five to 12 seconds and 

faded gradually (Murakami & Cavanagh, 1998, 2001). 

 

a.    b.        c.                               

 

 

 

 

 

 

Figure 1.  The JAE (from Murakami & Cavanagh, 1998): a. During adaptation, 

dynamic random noise (DRN) (‘*’ represents ‘twinkling’) is presented in one region 

(surround) and static random noise (SRN ‘+’) is presented in the other (inset) for 30 

seconds. b. In the test phase, a display made up of SRN only (both regions) is presented 

for 20 seconds. ‘Wobbling’ illusory relative motion is perceived in the unadapted 

region. c. Screen capture of the SRN.   
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Chapter 2  

The Sources of Motion Signals 

 

Illusions of motion are due to the visual system incorrectly processing motion signals 

first detected in the retinae constituting motion across the photoreceptor array. It is important 

then, to review the sources of these motion signals, of which there are several. In general, 

sources of motion signals can be grouped into: movements of objects in the visual field 

(object motion), and/or motion of the observer (ego motion) including body, head and eye 

movements. The visual system must distinguish useful information – movement of objects in 

the visual field – from information that is not as important in recognising objects – ego 

motion. These sources of motion and how they are compensated for are reviewed next. 

2.1 Motion caused by movement of the observer – eye movements 

Eye movements belong to either one or more of the following five systems: 

vestibulo-ocular, optokinetic, saccadic, smooth-pursuit, and vergence (Glimcher, 2003). 

Saccades are conjugate movements (both eyes move together in the same direction) made 

to align the visual axes, and hence each fovea, with an object of interest. It is normally seen 

in free scan of the surrounding environment for a feature of interest (e.g. Findlay, Brown & 

Gilchrist, 2001). All the other slow-phase types of eye movements are designed to maintain 

the gaze direction on the object of interest – the target – whether the head is rotating or 

moving linearly (the vestibular ocular reflex – VOR), the target is slowly moving through 

the visual field (smooth pursuit), a large part of the visual field is moving (optokinetic 

nystagmus – slow phase), or the target is moving towards the observer in near space and 

binocular fusion needs to be maintained (vergence).   

Each of these slow-phase, gaze maintaining eye movements will produce image 

movement on the retina. Under ideal conditions though, the image of the target itself will 
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not move from the foveae, but because the target is at a particular depth plane, other parts 

of the image will move in a relative way as a consequence of motion parallax. In the case of 

the VOR, if its gain is not adjusted for the particular depth plane of the target, then 

oscillopsia will result – the target itself will be perceived at moving in the opposite 

direction to head rotation (Hine & Thorn, 1987). Similarly in smooth pursuit, if the pursuit 

target is moving over a textured background, images of this background will move across 

the retinae as the image of the target is maintained within the foveae. 

Because the JAE does not depend on these large-scale, slow phase eye movements, 

they are outside the scope of this review of eye movements and are mentioned for 

completeness. The focus will be on eye movements that may be implicated in the 

generation of this illusion and how the brain compensates for image movement due to these 

eye movements.  

2.1.1 Saccades and compensation for image movement. 

The human visual system seems to accurately distinguish the two sources of retinal 

image motion: one caused by the eye’s motion during saccades from large scale movements 

of the entire visual field. Von Holst and Mittelstaedt (1950) developed the ‘efference copy’ 

theory to describe how the human visual system achieves this task. In essence, efference copy 

theory posits that when a motor signal is sent to the muscles of the eyes, a copy of this 

outflowing (efferent) motor signal is stored in the brain (Bridgeman et al., 1994). Subtracting 

this efference copy vector (that is, the direction of the eye movement as well as its angular 

displacement with respect to a head-centred coordinate system) from the vector 

corresponding to the movement of the image on the retina due to the eye movement, provides 

information about target movement when the eye movement ends. If the efference copy 

vector is equal to the retinal motion vector, vector subtraction would lead to a value of zero, 

and motion is attributed solely to movement of the eye. However, a discrepancy leading to a 
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value other than zero after the vector subtraction (excess motion) is attributed to movement of 

the world. A simple demonstration of this theory is to close one eye and gently prod the 

eyelid of the open eye – the whole world seems to move. In this case, without an efferent 

signal actuating the motion, visual stability fails, and retinal image motion is wrongly 

assigned to motion of the world (Bridgeman et al., 1994).  

With large intentional saccades, retinal image smearing or distortions are generally 

assumed to be overcome by ‘saccadic suppression’ of motion signals (Burr, Morrone, & 

Ross, 1994; Shiori & Cavanagh, 1989). Saccadic suppression is assumed due to the fact that 

observers are generally unaware of the motion created when their gaze leaps from target to 

target during normal vision, resulting in rapid image motion (> 100/sec) across the retina. 

There are differing opinions regarding both the site and source of saccadic suppression 

(Diamond, Ross & Morrone, 2000). According to Diamond et al. (2000), some theorists have 

argued that the masking effects of successive fixations reduce the salience of image motion 

produced by saccades. Others have assumed an extraretinal origin whereby an efferent signal 

to the eye muscles causes a reduction in contrast sensitivity of the eye along the lines of the 

efference copy theory described above. In terms of the site of saccadic suppression, there is 

some evidence pointing towards somewhere early in the primary visual pathway, in particular 

the lateral geniculate nucleus (Diamond et al., 2000).  

2.1.2 Miniature eye movements.  

The eyes are never still during natural viewing. Even during maintained fixation 

(looking at a stationary target) or fixational pauses, the eyes continue to drift, flick or tremble 

across several arc minutes with amplitudes that fall off with the temporal frequency (Kowler, 

2011). Small fixational eye movements occur whilst attempting to maintain focus on a target. 

There was considerable research interest in miniature eye movements in the 60’s and early 

70’s, but interest waned. The renewed interest in miniature eye movements occurred in the 
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late 1990’s and has continued to increase (Rolfs, 2009). Today it is generally accepted that 

these small fixational eye movements are broadly categorised into three types of eye 

movements based on amplitude, frequency and velocity: microsaccades, drifts and tremor 

(Martinez-Conde, Macknik & Hubel, 2004; Steinman, Haddad, Skavenski, & Wyman, 1973; 

Wallis, 2006). Murakami and Cavanagh (1998, 2001) have suggested that the JAE reveals 

these miniature eye movements where normally the resultant image movement is invisible. 

An overview of these three types of miniature eye movements is given below. 

2.1.2.1 Tremor. Tremor is sometimes also referred to as physiological nystagmus or 

ocular microtremor (Wallis, 2006). It is generally categorised as an aperiodic, wave-like 

motion of the eyes (Martinez-Conde et al., 2004), and is both fast and continuous (Wallis, 

2006). The frequency of tremor has been recorded up to nearly 150 Hz, with two peaks: a 

small peak at 0–24 Hz, but most power around 90 Hz (Martinez-Conde et al., 2004). Tremor 

is the smallest of all the eye movements, with amplitudes down to approximately the 

diameter of a cone in the fovea (0.01°) and up to 0.06°. Consequently, tremor amplitudes and 

frequencies exist at the limits of current recording system’s resolution, and recording tremor 

accurately is difficult (Martinez-Conde et al., 2004). Tremor has often been described as 

independent between the eyes (Martinez-Conde et al., 2004); however, there is some 

evidence that tremor is in fact conjugate between the two eyes (Spauschus et al., 1999), 

suggesting that they could be driven by a central neurological source higher up in the visual 

system (Wallis, 2006). The purpose of tremor is currently not known, though Wallis (2006) 

has suggested they could serve a purpose in image-based models of compensation for 

fixational eye movements.  

2.1.2.2 Microsaccades.  Microsaccades, have also commonly been referred to also as 

‘flicks’, and are small, fast, jerk-like movements of the eyes occurring during voluntary 

fixation (Steinman, Cushman, & Martins, 1982; Steinman et al., 1973). Microsaccades have 
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received the most widespread interest of all the miniature eye movements (Kowler, 2011; 

Rolfs, 2009). The average microsaccade duration is approximately 25 msec, and can 

reportedly span across a range of several dozen to several hundred photoreceptor widths (up 

to 0.3º, Martinez-Conde et al., 2004). Martinez-Conde et al. (2004) noted that the amplitude 

of voluntary saccades can be as small as that of the largest of microsaccades, and reasoned 

that microsaccades therefore should perhaps not be defined on the basis of amplitude alone. 

They propose a functional distinction between the two could be to distinguish between 

voluntary saccades and the involuntary microsaccades that occur during fixation.   

Recently, Otero-Millan et al. (2011) and Martinez-Conde et al. (2013) have proposed 

that saccades and microsaccades share the same neural circuitry as far as their generation is 

concerned. Microsaccades and saccades show common dynamic properties: they are both 

conjugate and binocular (simultaneous movement of eyes in the same direction); they share a 

‘main-sequence’ amplitude vs. velocity relationship whereby the size of saccade is linearly 

related to the peak eye velocity. Both seem to be affected by changes in covert attention and 

the latency is longer for saccade after the occurrence of a microsaccade.  

Even though microsaccades have been documented in species other than humans, 

there is some consensus that they seem to be most important in species with foveal vision 

(Kowler, 2011; Rolfs, 2009). Microsaccades in the macaque monkey are quite similar to 

those in humans, and these monkeys have therefore been used in many anatomical and 

neurophysiological studies. Many functions of microsaccades have been proposed (Rolfs, 

2009). Some of the recently proposed functions will be covered below as they specifically 

relate to the JAE and its explanation. The first proposal was that microsaccades counteract 

visual fading that rapidly occurs with a stabilised image on the retina (see review by Rolfs, 

2009). This function has been directly demonstrated (Martinez-Conde, Macknik, Troncoso, & 

Dyar, 2006). Another of the suggested functions of microsaccades popular in the seventies 
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was to correct for the displacements caused by drifts (Steinman et al., 1973). However, the 

spatial accuracy of microsaccades is limited, and non-corrective microsaccades also occur.  

Finally, microsaccades modulate spiking rates in LGN, V1 and V2 neurons (Hass & 

Horwitz, 2011; Martinez-Conde, Macknik, & Hubel, 2000; Martinez-Conde, Macknik, & 

Hubel, 2002; Meirovithz et al., 2012). This modulation normally consists of increasing neural 

activity during microsaccades in the presence of stationary stimuli and these responses are 

similar to (but not the same as) equivalent object motion over static receptive fields. 

However, in the absence of any stimulation (e.g. uniform full-field), microsaccades often 

decrease neural activity, although the increases in firing rates are always much bigger than 

the decreases (Martinez-Conde et al., 2013). Downstream from these areas, neurons in the 

motion-processing medio-temporal cortex (MT) also respond to motion caused by fixational 

eye movements, but the effects on the firing rates, though discernible, are more subtle (Bair 

& O’Keefe, 1998). 

2.1.2.3 Drifts. Drifts are slow motions of the eye that occur during inter-saccadic 

intervals (Martinez-Conde et al., 2004) and have been described as a ‘random walk’ 

movement (Rolfs, 2009). During drifts, the image of the object being fixated can move across 

dozens of photoreceptors (0.1˚). Murakami (2004, 2004a) claims that drifts are a dominant 

component of miniature eye movements, contributing with ‘incessant random fluctuations’ 

(Murakami, 2004a, p.751) of image stability for which the visual system somehow has to 

counteract or compensate. Murakami (2003) proposed that image movements caused by such 

drifts, rather than microsaccades, are being revealed in a ‘simultaneous’ version of the JAE 

occurring with eccentric viewing (the ‘on-line jitter’ illusion, reviewed further in Section 

5.3.4, see Fig. 11). 

  Martinez-Conde et al. (2004a) and Rolfs (2009) both report the amplitudes of drifts in 

humans to be generally in the range of 1.2–15 min of arc, with speeds of around 6 min/sec. 
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Drifts are more pronounced at reading distance than optic infinity, and there is phase  

synchronisation between the eyes, but not between horizontal  and vertical movements. 

However, Murakami (2004a) claims drifts can be quite a lot larger (up to 10 min of arc); 

occurring at rapid intervals (1–30Hz) and can reach a velocity of 2 to 3˚/sec. The difference 

between these reported drift parameters could be due to the difference in training of the 

observers as well as the presence of a fixation marker as has been demonstrated by Cherici, 

Kuang, Poletti and Rucci (2012). With a fixation marker, trained observers have much 

‘tighter’ drift patterns (falling within a radius of 10 arcmin) than untrained observers (falling 

within a radius of 18 arcmin). Without a marker, drift excursions for both groups were both 

bigger and faster (trained: 24 arcmin; untrained: 32 arcmin). The great variability of 

amplitude and velocity of miniature eye movements can clearly lead to some classification 

difficulties; however, as a functional distinction it may still be useful in any case. 

Drifts were originally assumed to be random eye movements; however, later studies 

have indicated that drifts may have a compensatory role in accurate visual fixation in the 

absence or inaccuracy of microsaccades (Rolfs, 2009). Thus, microsaccades have been 

hypothesised to compensate for drifts, and vice versa. As well, Martinez-Conde, Otero-

Millan and Macknik (2013) have proposed that, whereas microsaccades restore faded vision 

due to photoreceptor fatigue and/or neuronal adaptation, drifts more maintain overall 

visibility. In summary, it is still the case that the actual function or functions of these 

miniature eye movements – the cause of the JAE – are unclear, though there are some recent 

theories that may have relevance for an explanation of the JAE. These will be discussed 

below where relevant.  
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2.1.3 The lack of compensation for image movement in miniature eye movements 

and its potential utility.  

As noted in 2.1.1, efference copy is probably used to stabilise the image during large 

intentional saccadic eye movements (Kowler, 2011). With miniature eye movements 

occurring incessantly during natural viewing, suppression would clearly not be a practical 

mechanism. There are instances where movement due to these miniature eye movements is 

wrongly assigned, causing illusory motion. One of the first and simplest examples is the well-

known ‘autokinetic effect’ reported by Duncker (1929), where a stationary spot of light 

viewed in complete darkness seems to drift and float about due to the small unconscious eye 

movements of the perceiver. This would suggest that there is no substantial suppression of 

the image during miniature eye movements (certainly microsaccades) as indicated by 

elevated contrast threshold. In fact, Krauskopf (1966) reported that there was no saccadic 

suppression during microsaccades, thus allowing any retinal image movement during 

microsaccades (and probably drifts as well) to produce retinal image movement that receives 

no compensation. More recent work examining the firing of cells in the cortex during 

microsaccades has shown that there is at least some suppression of activity (Bair & O’Keefe, 

1998; Hass & Horowitz, 2011). In line with the idea that saccades and microsaccades are 

qualitatively similar (Martinez-Conde, Otero-Millan & Macknik, 2013), Hass and Horowitz 

(2011) have found that there is no suppression of chromatic information during 

microsaccades, similar to what occurs during ‘full-scale’ saccades (Burr, Morrone, & Ross, 

1994). 

Miniature eye movements were originally thought mainly to be a necessary nuisance 

to prevent habituation and fatigue in visual receptors (Steinman et al., 1982). More recent 

work indicates that miniature eye movements are not only crucial for vision to avoid satiation 

or fatigue, but may contribute to improved visual perception (Kowler, 2011; Rolfs, 2009). In 
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optics (e.g. cameras etc.), stability of the imaging plane is vital for clear, accurate results. It 

could be reasoned that if evolution has not gotten rid of this source of ocular instability in 

human vision, these small fixational eye movements must be serving a purpose. The human 

visual system in its anatomical structure requires an image to be kept within the fovea for 

high-resolution vision to be maintained (Carlson, 1995; Snodderly, 1987). However, if the 

eye was perfectly still during fixation, the image would quickly fade from view due to fatigue 

or habituation of the neurons in the eyes and brain. Steinman et al. (1982) were amongst the 

first to argue that rather than being a limitation, a non-zero value of retinal image motion 

could perhaps serve some perceptual purpose.  

More recent assertions continue to debate the uselessness of miniature eye 

movements. For instance, Ahissar and Arieli (2001) claim that vision is neither resistant to 

nor does it not correct for miniature eye movements. In fact, Ahissar and Arieli (2001) 

propose that vision is an active sampling process in time, where miniature eye movements 

provide the basis for an optimal sampling strategy. Such theories of dynamic vision suggest 

that fixational jitter contributes to the ability to resolve patterns smaller than one or few 

retinal photoreceptors (Kagan, 2012). A number of researchers have recently argued strongly 

that fixational eye movement – both microsaccades and drifts – are in fact essential for the 

extraction of non-redundant features in the image, in particular, edges (Donner & Hemilä, 

2007; Kuang et al., 2012; Pitkow, Sompolinsky & Meister, 2007). 

It is important to point out at this juncture that Murakami and Cavanagh (1998; 2001) 

attribute the JAE to be caused by such uncompensated miniature eye movements. This theory 

has been endorsed in more recent papers (Hohl & Lisberger, 2011; Pitkow, Sompolinsky & 

Meister, 2007; Poletti, Listorti & Rucci, 2010). Certainly, the speed and amplitude of image 

motion due to microsaccades – the largest of the miniature eye movements – can be 

perceived when caused by physical motion of the entire visual field,  but is otherwise 
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invisible (Hohl & Lisberger, 2011). It cannot be that simple though, because even though 

motion is wrongly inferred in the JAE, it is relative motion (unlike the autokinetic effect) 

where a stationary region of random dots is perceived to be moving relative to another 

stationary region of dots. This issue will be revisited in the discussion of the results. 

2.2 Motion caused by movement of the observer – head and body 

Movements of the body (and head on body) also change the retinal image. The visual 

system must somehow distinguish motion of the world from motion of the observer. Several 

theories have been devised to try to explain how a moving object can be distinguished from 

stationary objects when an observer is also moving. When a visual observer moves through 

an environment, the patterns of light on the retina vary leading to changes in sensed 

brightness. These spatial shifts in 2D patterns are referred to as ‘optic flow’ fields (reviewed 

in Raudies & Neumann, 2012). Heading computations or comparative image motion 

parameters can be computed from the optic flow field (Royden & Connors, 2010). It should 

be noted that vision is not the only sense involved in registering and perceiving ego-motion 

(Palmisano, Allison & Howard, 2006b). There can also be involvement of auditory, 

vestibular, proprioceptive and somatosensory channels (Howard, 1982 cited in Palmisano et 

al., 2006b). Thus, the field of optic flow research is vast, and also takes into account 

multisensory integration, which is beyond the scope of the current review. Relative motion 

does play a part in optic flow. The presence of an optic flow field generated by simulated 

observer motion can affect the perceived trajectory or time to contact of a moving object 

within the scene (Warren & Rushton, 2009). Warren and Rushton (2007, 2009) showed that 

the perceived trajectory of a moving object can be dependent on its perceived depth relative 

to stationary objects in the scene.  
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2.2.1 Miniature head movements – lack of compensation again. 

Paralleling the phenomena of miniature eye movements, there exist involuntary 

miniature head movements when the observer, without head restraint, is trying to keep their 

gaze fixed on a target (Skavenski, Hansem, Steinman, & Winterson, 1979). The VOR does 

not compensate completely for these miniature head movements, which adds to the instability 

of gaze fixation described above in Section 2.1.2 in the form of small slow-phase drifts. 

However, unlike the condition of oscillopsia, where labyrinthine-defective patients report 

large illusory movement of the visual field due to an absent or inadequately compensating 

VOR (Brickner, 1936), there is normally no reported illusory motion during these miniature 

head movements. Why there is no compensation for these miniature head movements of 

fixation is not known, though it has been recently shown (Aytekin & Rucci, 2012) that such 

involuntary movements can provide useful motion parallax to disambiguate depth planes for 

objects in near space. These researchers found that naturally occurring, miniature head 

movements yielded velocities on the retina that can be interpreted as motion parallax 

corresponding to one centimetre depth difference at 50 cm viewing distance.  

2.3 Movement of objects in the visual field 

When an observer moves through the world or is visually tracking a target, images of 

surrounding objects in the visual scene flow across the retina. Based on this two-dimensional 

(2D) image motion information, the observer needs to determine which objects are moving 

and which are stationary, and whether the flow on the retina could be caused by movement of 

the observer, eye movement or both. This categorisation of object motion is essential 

information for guiding appropriate action (Royden & Connors, 2010).  

Let us next consider a stationary observer in visual field of moving objects. Motion 

parallax is an important monocular depth cue (Grove, Gillam & Ono, 2002). Motion parallax 

is evident when an observer is in motion with fixation maintained on a specific point. Objects 
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that are nearer or further from the fixation point move relative to each other on the observer’s 

retinae. The visual system uses this relative motion of objects on the retinae as a cue to the 

relative depths of these objects in the environment (Raudies & Neumann, 2012). However, 

without further disambiguating cues, it is impossible to tell whether the motion parallax is 

due to the target being in front of, or behind, the fixation depth plane. The depth sign 

ambiguity is evident in the kinetic depth effect, where a rotating figure may spontaneously 

reverse depth interpretations. For motion parallax, recent work indicates that the visual 

system utilises the pursuit eye movement signal to disambiguate the depth sign (Nawrot & 

Joyce, 2006).  
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Chapter 3  

How Does the Visual System Resolve the Direction and Speed of Motion? 

 

 In the previous Chapter, possible sources of motion of a target on the retinae were 

listed, either self-generated, or due to actual movement in the visual field. Given that the 

motion signal has been registered by the visual system, the focus will move to summarising 

how the visual system uses those signals so that motion is perceived in a certain direction and 

at a certain speed. How this process may go awry leading to misperception of the motion in 

the case of visual illusions is also examined. 

3.1 Local and global motion signals – The aperture problem 

In physical terms, motion is defined as spatial displacement over time (McKee & 

Watamaniuk, 1994). Various computational models in the 1980s showed that motion 

detectors could be well explained in the frequency domain. At the basic level, motion can be 

represented as an orientation in x-y-t space, and then extracted as spatio-temporal energy by 

suitable filters (Lu & Sperling, 2001). These filters are selective for spatial frequency, 

orientation, motion perpendicular to the orientation, and contrast. Motion energy is 

determined for each component by squaring and summing quadrature pairs of such filter 

responses (Adelson & Bergen, 1985).  

  Initially, the visual system’s response to one-dimensional patterns moving in a 

number of different directions is determined by the response in each direction as resolved by 

a set of filters (Bowns, 2011). Global motion perception refers to the ability to combine these 

local motion signals into a global percept to determine speed and direction information of the 

moving object (Narasimhan & Giaschi, 2012; Aaen-Stockdale, Ledgeway, McGraw, & Hess, 

2012). However, each neuron in the visual system has a limited receptive field, and only a 

small part of the visual scene can be ‘seen’ by any particular cell (Livingstone & Hubel, 
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1988). Geometrically, local motion detectors can only signal motion orthogonal to an edge, 

which may not coincide with the veridical motion of the object (Adelson & Movshon, 1982; 

Hildreth, 1984; see Figure 2). The perceptual difficulties in determining global direction of 

motion when there is an ambiguity concerning the direction of motion measured locally, is 

the well-known ‘aperture problem’ (Adelson & Movshon, 1982; Braddick, 1993; Bradley, 

2001; Murakami, 2004b; Aaen-Stockdale et al., 2012).                          

 

                     Global motion  

 

        L    Ll  

        L   

 

                          

                             a.                                                                   b.   

Figure 2. The aperture problem. The global direction of motion of the rigid rectangle in a. 

is represented by the dash arrows. In b., the magnified area circled in a. representing the 

receptive field of a local motion detector shows only orthogonal motion is signalled by 

such a simple detector (solid arrow). The visual system must somehow integrate the many 

and varied signals originating from local motion detectors into a veridical global motion. 

This is known as the aperture problem. 

 

According to Bradley (2001) ‘any seeing animal that cannot solve the aperture problem 

is liable to find it difficult to survive, so critical is the ability to detect and analyze visual 

motion’ (p.346). The aperture problem necessitates that global motion must be inferred by 

somehow pooling or averaging the local motion signals from each and every detector, 

compensating for the errors caused by noisy local motion detectors which create spurious 

+ 

Local Motion 
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motion signals. Thus, to obtain a veridical representation of movement in the visual scene, it 

is necessary to filter out the noise caused by local motion signals. To accurately process the 

scene, the visual system must group only those image motions that arise from a common 

physical motion and separate them from other extraneous components (Stoner & Albright, 

1994). Early visual processing is thus a dual task that requires local motion signals to be 

integrated into global representations, while at the same time differentiating among the 

constituents to distinguish among separate objects. Global motion perception has been 

studied using random-dot kinematograms (Nakayama, 1985). This stimulus consists of signal 

dots coherently moving in one direction embedded in noise dots that move in random 

directions. The task is to determine the overall direction of motion (Nakamura et al., 2003). 

  Motion in natural settings is often complex, and contains many local motion 

components that can be combined into a rigid whole or differentiated as constituents (Dimova 

& Denham, 2010). In the laboratory this process has been simplified and systematically 

investigated by superimposing two moving sine-wave gratings to form a ‘plaid’ (see Fig 3). 

The cells in V1 have receptive fields that are narrowly tuned spatially and in 

orientation, and thus respond to the motion of oriented spatial frequency components 

(Delicato, Serrano-Pedraza, Suero, & Derrington, 2012). They do not respond to two-

dimensional (2D) motion. Most motion-sensitive neurons in this area respond best to a 

contrast border perpendicular to their preferred motion direction in a fashion similar to the 

local motion detectors described above in relation to the aperture problem. Hence, neurons in 

this area suffer from the aperture problem when a moving bar extends beyond their receptive-

field borders (Murakami, 2004a). In order to determine the direction of 2D motion patterns, 

these outputs must be combined in some way, perhaps through a vector sum or intersection of 

constraints (Adelson & Movshon, 1982). MT is often thought to be the location for such 

integration (Delicato et al., 2012). In the second stage, outputs from two or more filter pairs 
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that have the same spatial frequency tuning but different orientations are represented in a 

velocity space diagram and the overall, global motion is derived from the motion energy by 

the intersection of constraints rule (Adelson & Movshon, 1982; Fermüller & Malm, 2004) or 

sometimes the vector average (Wilson, Ferrera & Yo, 1992).    

 Research with plaids has shown that the perceived direction of motion depends upon 

the speed of the components (Welch, 1988), the perceived speed of the components 

(Derrington & Suero, 1991), the perceived direction of the components, the contrast, relative 

spatial frequency, temporal frequency and contrast of the components, and their overall 

contrast (Delicato et al., 2012).  

3.2 First-order, second-order and third-order motion  

In addition to the distinction between local and global motion processing, motion 

perception has also been classified along stimulus dimensions into variations in local 

luminance (first-order detectors) and variations in local contrast or texture (second-order 

detectors) (Badcock, Clifford & Khuu, 2005).  

It bears mentioning that first- and second-order motion are one of several 

dichotomous motion classification systems that have been employed in the past. The most 

influential two-system motion classifications were short-range versus long-range motion 

introduced by Braddick in 1980 (Burr & Thompson, 2011), and Fourier versus non-Fourier 

motion (Lu & Sperling, 2001). Further distinctions that continue to prove useful involve the 

presumed site in the visual system where the type of motion is processed, resulting in motion 

being classified as low-level or high-level (Bowns, 2011), or early or late in the visual 

system. A third-order motion system has also been postulated, based on stimuli that are not 

accounted for by first-order and second-order detectors. The third-order system is said to 

detect movement of feature ‘salience’, or areas marked as somehow important or defined as 
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(c)  

Figure 3. Plaids. In order to determine the direction of motion of the resulting 2D patterns, 

they must be combined. The two most common combination strategies are either a vector 

sum (a) or intersection of constraints, (b). (Figure taken from Delicato et al., 2012, p. 85, 

after Adelson & Movshon, 1984). The two strategies can yield different results (c). Here 

the two local motion vectors are depicted in light grey, and the resultant motion from each 

of the two strategies are represented as bold arrows. In most cases, the intersection of 

constraints solution is the perceived direction of motion. 

  

figure in a background (Lu & Sperling, 2001). While first- and second-order motion are 

distinguished on defined physical characteristics, third-order motion is defined more by 

psychological attributes of the stimuli, such as attention or salience, which are not as easily 
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defined (Burr & Thompson, 2011). Lu and Sperling (2001) gave ‘salience’ an operational 

definition as the part of a stimulus that is perceived as figure compared to a ground, and they 

have postulated that, in contrast to monocular first- and second-order systems, the third-order 

system is binocular and slower, suggesting a higher cortical site is responsible. 

For all intents and purposes of this thesis, the first-, second- and third-order 

classification provides a useful distinction that will be used in explaining the JAE results of 

this thesis (see Table 1). Despite ample research featuring the various motion systems, there 

is still some debate as to whether a single motion system would be a more parsimonious 

solution (Burr & Thompson, 2011). A number of studies have examined whether common or 

separate mechanisms are responsible for first- and second-order motion, with some results 

indicating the former and some the latter (Hock & Gilroy, 2005). For instance, Edwards and 

Nishida (2004) utilised a contrast-reversing global motion stimulus to see how first- and 

second-order pathways interact. They concluded that interaction between first- and second-

order motion signals occurs at the local-motion-pooling level (Edwards & Nishida, 2004). In 

contrast, Badcock et al. (2005) examined the contribution of luminance and contrast 

information to global form detection. The results from their studies were interpreted to show 

that global form detection in the visual system is selective for contrast polarity and texture, 

and in order to explain their data, Badcock et al. (2005) proposed a model in which three 

parallel pathways process increment, decrement and texture information independently. 

3.3 More than One Global Motion Signal: Relative motion between regions 

 It was originally assumed that the anatomy of the retina provided a reference frame 

for vision. However, consistent findings of superior acuity for relative motion (Shiori, Ito, 

Sakurai & Yaguchi, 2002; Snowden, 1992) has led some researchers to suggest that the 

reference frame for vision is more likely the neighbouring image structure (Lappin et al., 

2001). The importance of good reference features for achieving good motion acuity 
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Table 1 

Overview of First-, Second-, and Third-order motion systems. 

 Detects changes in: Temporal cut-off 

frequency 

Ocularity 

First-order motion Local luminance 10–12 Hz Monocular 

Second-order motion Local contrast/ 

texture 

10–12 Hz Monocular 

Third-order motion Local salience/ 

attention 

3–5 Hz Binocular 

 

 

has been well documented (e.g. McKee et al., 1990). There is ‘hyperacuity’, a term coined by 

Westheimer (1975) to describe the superiority of visual acuity in tasks requiring 

discriminations of relative spatial position, or relative motion. In fact, the hyperacuity for 

image motion in human vision is impressive, with thresholds well below both the eye’s point 

spread function and the optical diffraction limit (Lappin et al., 2001).   

Symons, Pearson, and Timney (1996) have suggested separate mechanisms for 

relative and absolute motion dissociated by their binocularity. Shiori, Ono and Sato (2002) 

compared the discriminability of motion direction with a relative motion stimulus after 

prolonged exposure to either relative motion or uniform motion. They found that prolonged 

exposure to relative motion provided a larger threshold elevation than exposure to uniform 

motion when the observer’s task was to discriminate the direction of the relative motion 

stimulus (Shiori et al., 2002). In contrast, for direction discrimination of the uniform motion 

stimulus, the threshold was similar after adaptation to relative and uniform motion. They also 

found that adaptation to relative motion influenced the perceived detection of relative motion 
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in the same direction. Shiori et al. (2002) interpret their results as supporting the proposed 

existence of two different motion pathways: a relative motion pathway and a uniform motion 

pathway. 

Snowden (1992) found that thresholds for shearing motion were around one half of 

those for simple motion, and suggested that relative motion, rather than absolute motion, 

governs performance for small displacements. Lappin et al. (2001) compared acuities for 

discriminating relative motion and detecting common motion. They also evaluated acuities 

for relative contrast. Lappin et al. (2001) also found that acuity was better for discriminating 

relative motion than for detecting common motion. In fact, acuity for discriminating 

differences in phases of gratings compared to detecting rigid motion averaged 8.7 and 11.0 

arcsec, respectively. Furthermore, the findings were robust over separations of 20–320 

arcmin and temporal frequencies of 1.5–6 Hz. Image motions necessarily also entail changes 

in local contrast at a very basic level. Lappin et al. (2001) stated that their results 

demonstrated hyperacuity for correlations between small contrast changes in separate 

locations. These authors conclude that such correlations between spatially separate signals 

must exist in the retina, as precise reconstruction of spatiotemporal relations in the cortical 

motion processing areas would not be possible if the information was lost by the retinal 

signals (Lappin et al., 2001). This idea will be revisited when discussing a new theory of the 

JAE in the General Discussion section. 
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Chapter 4 

Physiology of Motion Pathways 

 

In the only theory of the JAE, Murakami and Cavanagh (1998; 2001, supported by 

Hohl & Lisberger, 2011; Pitkow, Sompolinsky & Meister, 2007 and Poletti, Listorti & Rucci, 

2010) have proposed involvement of both higher and lower levels of the visual system. It is 

essential to summarise the relevant neural pathways and cortical areas involved in motion 

perception in order to properly assess and test their proposed theory. 

4.1 Retina and retinal ganglion cells (RGC)  

The visual system has as its major role to analyse and interpret the spatial and 

temporal distributions of light intensity and frequency projected onto the retina. Vision 

begins with photoisomerisation within the primary light detecting cells in the retina 

(photoreceptors), releasing the neurotransmitter glutamate in decreasing quantity with 

increasing light level (Westheimer, 2007). In other words, photoreceptors fire spontaneously 

in darkness, and decrease their firing gradually with increasing light. The bipolar cells 

comprise the next tier of cells, in which half show an increase in excitation with increasing 

glutamate concentration (OFF cells), and the other show a decrease with increasing glutamate 

(ON cells).  

The actual retinal circuitry is in reality highly complex (Werblin, 2011; Westheimer, 

2007), and the next level of ganglion cell axons become optic nerve fibres that signal to the 

brain. For simplicity, most RGCs have centre-surround receptive fields. These receptive 

fields are divided into two parts, one of which is excitatory (‘ON’), the other inhibitory 

(‘OFF’). In other words, they have a circular centre with an antagonistic doughnut-shaped 

surround (ON/OFF centre/surround) or vice versa (OFF/ON centre/surround). When an RGC 
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fires action potentials, it also inhibits the firing of nearby (lateral) ganglion cells. This lateral 

inhibition performs edge (contrast) enhancement.  

Recently, it has been discovered that a lot of motion processing takes place in the 

retina as indicated by the firing of RGCs (Vaney, Sivyer & Taylor, 2012; Gollisch & Meister, 

2010). Apart from simple lateral motion, RGCs have been shown to respond to looming and 

motion anticipation (Gollisch & Meister, 2010). Most pertinently, it could be said that 

relative motion begins in the retina (Lappin et al., 2001; Ölveczky, Baccus, & Meister, 2003). 

Such RGCs have large amacrine fields and respond to differential motion between centre and 

surround but are not directional. Consideration of motion processing in RGCs is extremely 

important in the development of a theory of the JAE as the JAE is completely uniocular – 

adaptation in one eye is not transferred at all to the other eye. This theme will be reprised in 

the General Discussion section. 

Finally, RGCs’ axons – the optic nerve - constitute the output of the retina. The brain 

solves the problem of vision by dedicating a large amount of cortex to it. The main areas are 

illustrated in Fig, 4, and are subsequently summarised in the next section. 

 4.2 Post retinal areas of motion processing 

In humans, two main functional streams process visual information (Livingstone & 

Hubel, 1988). These pathways originate from two types of RGCs obtaining their input from 

cones and rods, projecting to the parvocellular and magnocellular layers of the lateral 

geniculate nucleus (LGN). The parvocellular pathway (P-pathway) cells project to the outer 

four layers of the LGN, whereas the magnocellular pathway (M-pathway) originates from 

cells projecting to the two inner layers of the LGN. The P-pathway is involved in the 

perception of form, fine detail and colour (Livingstone & Hubel, 1988). In contrast, the M-

pathway makes brisk, transient responses to moving stimuli, such as edges moving in distinct 
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directions, but is insensitive to colour and stationary contours (Anstis, Verstraten, & Mather, 

1998). In other words, M-pathway cells fire when a stimulus is introduced, but quickly 

 

 

 

 

Figure 4. The brain showing main areas of primary visual pathway involved in motion 

perception, a lateral view of the left hemisphere. The figure is only meant for illustrative 

purposes, as many areas of motion processing are buried in the sulci. LGN: lateral 

geniculate nucleus; V1: visual area 1; V2: visual area 2; V3: visual area 3; MT/V5: middle 

temporal area; and MST: medial superior cortex.    

 

habituate (less than a second) if the stimulus does not change. In contrast, P-pathway cells 

give sustained responses whilst the stimulus continues to be present in their receptive field. 

The centre-surround structure from the retinal ganglion cells is largely preserved in 

the lateral geniculate nucleus (LGN), which is a part of the thalamus that acts as a relay 

station between the retina and the cortex (Hubel & Wiesel, 1962). However, the division of 
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M- and P-pathways does become anatomically evident in the LGN. There are six layers in the 

LGN of which the ventral two layers are M-pathway cells, and the dorsal four are P-pathway 

cells. These layers also alternate between the eye of origin: ipsilateral and contralateral 

(Rodieck, 1998). As with the neurons in the retina, the cells in LGN also show much stronger 

responses to the luminance edges than to homogenous luminance input (Cao & Schiller, 

2003). Relative motion sensitivity provides information about segmentation through motion 

discontinuity (Cao & Schiller, 2003). The explicit detection of motion discontinuity allows 

for the detection and localisation of object boundaries in the visual scene. 

The LGN projects to the primary visual cortex (V1), where the sensory computation is 

more complex (Priebe & Ferster, 2012). Motion and directional selectivity have been reliably 

found in neurons of V1. The spatial profile of the receptive field varies from cell to cell in 

V1, as does the requirement of specificity of location, with some cells requiring the stimulus 

to be in one location only (simple cells), and others in a range of locations (complex cells) 

(Westheimer, 2007). Simple cells in layer 4 of V1, unlike their LGN inputs, are sensitive to 

movement direction, contour length, size, depth and orientation (Priebe & Ferster, 2012). 

Neurons in V1 possess end-stopped characteristics, and thus have the ability to fire to a 

terminator of the same bar moving in the preferred direction (Pack, Livingstone, Duffy, & 

Born, 2003). Therefore, according to one classification system, there are three types of cells 

in V1: simple cells, complex cells, and end-stopped cells.   

With respect to relative motion, Cao and Schiller (2003) carried out single-unit 

recordings in the primary visual cortex (V1) of the rhesus monkey. They found that V1 

neurons are sensitive to the existence of a discontinuity in speed, rather than absolute speed. 

The neurons in the Cao and Schiller (2003) study showed the average tuning width of V1 

neurons to be 1.5 times the velocity, which could indicate that V1 neurons only register the 

relative motion over a small range of velocity differences. Information about relative speed is 
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essential for depth analysis utilising motion parallax. The detection of motion discontinuities 

allows for the detection and localisation of object boundaries in a scene. V1 neurons may 

therefore detect important features from the background using temporal cues (motion) (Cao 

& Schiller, 2003). Lamme, Van Dijk and Spekreijse (1993, 1998) reported that for structure-

from-motion studies, persistent elevations in response were seen in V1 neurons when they 

were stimulated by figures or edges defined by opposite moving directions. Thus, taken 

together these studies have shown consistency in the notion that V1 cells respond more 

actively when the visual stimuli are composed of contrasting elements. Relative speed can be 

alternatively construed as information about temporal contrast (Cao & Schiller, 2003). 

The neurons in V1, which are sensitive to motion direction, project either directly or 

via the prestriate cortex (V2) to the middle temporal visual area (MT/V5) in the posterior 

bank of the superior temporal sulcus (STS) where 80–90% of cells exhibit clear motion 

sensitivity (Niedeggen & Wist, 1998). MT is an anatomically distinct area defined by 

intensive staining of myelin (Ilg, 2008). Whilst movement-sensitive cells in V1 have been 

shown to have an optimal spatial and temporal frequency, cells in MT are sensitive to just 

velocity (Perrone & Thiele, 2001). These cells increase firing above spontaneous activity if a 

visual stimulus, such as an array of coherent moving dots within a stationary aperture, moves 

in the preferred direction. There is an inhibitory effect if the stimulus movement is in the non-

preferred direction, decreasing firing to below spontaneous activity.   

According to Hillenbrand and van Hemmen (2002), processing in MT cannot 

functionally be separated from processing in V1. It should never be forgotten that cortical 

areas dedicated to vision are in fact densely interconnected. Neurons in MT have receptive 

fields that are approximately 10 times larger than those found in motion-sensitive neurons in 

V1 (Gattass & Gross, 1981). This has raised the question whether MT neurons can measure 

motion over a greater spatial area than V1 neurons, or if MT neurons simply sum the outputs 
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of different receptive field localised V1 neurons that have common direction preferences 

(Pack, Conway, Born, & Livingstone, 2006). Based on their investigations, Pack et al. (2006) 

have suggested that elementary aspects of the computation of motion integration are 

performed by the simple cells of V1, with subsequent areas performing a summation over 

larger areas of visual space.  

The functional properties of area MT neurons have been studied extensively over the 

last decade, and have been found to be necessary for discrimination of motion direction 

(Niedeggen & Wist, 1998). The direction-selective cells of MT are organised into columns, 

within which cells have the same preferred direction (Snowden, 1994). Studies of area MT 

indicate a role for this area in both figure-ground discrimination and relative motion 

perception (Simoncelli & Heeger, 1998). Motion selective MT neurons respond primarily to 

the component of motion perpendicular to a contour’s orientation. However, over a period of 

60 ms, responding gradually shifts to encode the true stimulus direction, regardless of 

orientation (Pack & Born, 2001). Neurons in MT have a central receptive field with adaptive 

modulation by motion signals in the surround. For area MT, investigations have reported that 

stimuli in the receptive field surround, which do not elicit a response when presented alone, 

can modulate responses to stimuli in the receptive field centre. Huang, Albright and Stoner 

(2007) found that individual neurons in area MT neurons can exhibit either directional 

integration or directional antagonism depending upon the stimulus. Both types of surround 

modulation were delayed relative to response onset. The neurons in this area are noted for 

their high level of binocularity (Symons et al., 1996). Murakami and Shimojo (1995; 1996) 

have proposed the existence of a motion contrast detector with surround modulation, which 

they assume exists in area MT. They suggest that relative motion might be processed by area 

MT.  



32 

 

 

 

More recent studies have shown that the visual pathways do not only feed information 

forward, but that there is recurrent feedback and parallel activations throughout the visual 

pathways. Alonso-Prieto et al. (2007) investigated the timing of activation of V1/V2 and V5. 

They found an initial peak of activation whilst viewing coherent dots at V1/V2 at 100–130 

ms and a second peak was also found in V1/V2 at 200 ms (Alonso-Prieto et al., 2007). The 

results could be interpreted as evidence for complex interactions between the areas, reflecting 

the existence of both feed-forward and feed-back connections. The authors suggest that 

V1/V2 and V5+ are activated repeatedly through such bidirectional activations (Alonso-

Prieto et al., 2007). The existence of such feedback connections could be important in 

developing a new theory of the JAE. 

As mentioned previously, the motion-sensitive cells of area V1 also project to V2. 

The neurons in V2 are still mainly stimulus-dependent (Wilson, 1994), but tuning to spatial 

frequency appears to be broader than in V1 (Treisman et al., 1990). The motion-detecting 

cells in V2 project mainly to area MT. Anatomically, V2 can be categorised as consisting of 

thick, thin and pale stripes, with a higher proportion of directionally selective cells in the 

thick stripes (28%) than the pale (19%) or the thin (7%) (Hubel & Livingstone, 1987). 

Anatomical findings have consistently demonstrated projections from V2 thick stripes to 

MT/V5. Lu, Chen, Tanigawa and Roe (2010) found evidence of direction maps in V2 

thick/pale stripes. 

Less is known about the motion processing beyond MT, but area MT projects to area 

MST (medial superior temporal area), which has cells with larger receptive fields than in MT, 

and characteristically displays responsivity to complex motion patterns. MST is composed of 

a lateral aspect extending predominately to the fundus of the STS (MSTl), and the dorsal part 

localised in the anterior bank of the STS (MSTd) (Mikami, Newsome, & Wurtz, 1986). MT 

projects to the dorsal medial superior temporal cortex (MSTd) where neurons have very large 
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receptive fields and many are selective for radial motion (Tanaka & Saito, 1989). Tanaka et 

al. (1993) reported that some cells in the ventral MST specifically respond to relative 

movement. The cells responded to movements of a stimulus subtending around 10°, and were 

inhibited by movement of just the background alone. These same cells were excited again if 

there was a small stationary object in front of the larger background field, but only if the field 

was moving in the opposite direction to the direction which caused excitation for the smaller 

stimulus itself. It seems that these cells respond just to contrast in motion, whether the 

background or object is moving. The presumed human analogue to monkey MT and MST 

have traditionally been inseparable and are typically referred to as V5, the MT complex or 

V5/MT+ (Giaschi, Zwicker, Au Young, & Bjornson, 2007).  

In sum, the primate visual system is arranged hierarchically, starting from the retina 

and continuing through a series of extrastriate visual areas. Motion-selective neurons are 

found in several cortical areas, including striate cortical area V1 and extrastriate area MT. V1 

neurons sense the motion of local contours, while MT neurons integrate this local information 

to solve the aperture problem (Pack & Born, 2001; Pack et al., 2003). Of relevance to the 

current JAE work, most complex and MT cells have been shown to have strong second-order 

interactions, indicating tuning for particular displacements of an apparent motion stimulus 

(Pack, Conway, Born, & Livingstone, 2006). It is reasonably well-established that MT and 

neighbouring areas in the STS are involved in the processing of first-order motion (O’Keefe 

& Movshon, 1998). A minority of cells in MT are selective for second-order motion; 

however, none of the cells in V1 are (O’Keefe & Movshon, 1998). 

4.3 When motion is caused by involuntary eye movements: how the neural pathways 

respond 

4.3.1 LGN and higher cortical areas responding. 
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As noted above, after an adaptation period, the JAE occurs during the small fixational 

eye movements present during viewing of SRN (Murakami & Cavanagh, 2001). In an 

explanation of the JAE, it is important then to consider how the visual pathway responds to 

stimulation caused by the miniature eye movements.  

In awake monkeys, cortical neurons in V1 respond in the same way to moving 

stimuli, whether the movement is the result of stimulus or eye movement (Snodderly, Kagan, 

& Gur, 2001). Although much research has investigated the effect of large quick-phase eye 

movements (saccades) on cortical areas, little was known about the effect of microsaccades 

on cortical areas until recently (Martinez-Conde et al., 2006).  

Leopold and Logothetis (1998) found that microsaccades have a significant effect on 

responding in neurons in the striate and extrastriate cortex. They reported the effect on 

neurons in V1 was primarily suppressive. On the other hand, further down the visual pathway 

in early extrastriate areas (V2 and V4) the response was markedly excitatory. Leopold and 

Logothetis (1998) claim that regardless of the origin of microsaccade-related activity much of 

the variability in neuronal responses could be accounted for by fixational eye movements. In 

accordance with this claim they posit that perhaps a portion of what has previously been 

characterised as ‘noisy’ (inconsequential miniature eye movements) could be a signal that is 

not yet understood.  

Martinez-Conde et al. (2000) found that when an optimally oriented line was centred 

over a cell’s receptive field after a microsaccade, there was an increase in activity in all 258 

V1 cells examined. Moreover, microsaccades were more highly correlated with bursts of 

spikes than with single spikes or instantaneous firing rate (Martinez-Conde et al., 2000). The 

simplest assumption of temporal summation regulating a post-synaptic response suggests that 

bursts of spikes would be more reliable than single spikes, although there is no direct 

evidence of this in cortical synapses. Each microsaccade will produce synchronous bursts in 
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many cells which would result in a strong spatial summation of signals converging at the next 

stage. Martinez-Conde et al. (2000) suggest that in this respect ‘microsaccades thus seem to 

represent an ingenious mechanism for enforcing and refreshing information coming from 

stationary stimuli’ (p. 257). Furthermore, the authors suggest microsaccades theoretically 

could be used by the visual system to measure latency, signalled by the onset and end of a 

microsaccade. Contrast could then be encoded by the relative latencies of responses to 

stimuli. 

These results directly contradict the findings of Leopold and Logothetis (1998) where 

responses due to microsaccades are just part of the ‘noise’. This could be due to the different 

experimental procedures used. The monkeys of Leopold and Logothetis (1998) performed a 

visual discrimination task with discrete trials and circular patches of oriented gratings, 

whereas Martinez-Conde et al. (2000) used stationary bars of light, and had their monkeys 

fixating continuously with no marker of the beginning or end of trials. Thus, the complexity 

and processes involved in the two experiments differed significantly. The visual 

discrimination task of Leopold and Logothetis (1998) could involve a more active higher-

order comparison process not found in the passive fixation task used by Martinez-Conde et 

al. (2000).    

In a follow-up study, Martinez-Conde et al. (2002) compared the neural activity 

generated by microsaccades for different stimulus orientations in V1 and the LGN. During 

visual fixation, microsaccades drove LGN neurons by moving their receptive fields across a 

stationary stimulus, offering a likely explanation of how microsaccades block fading during 

normal fixation. Furthermore, bursts of spikes were associated more closely with preceding 

microsaccades in both V1 and the LGN (Martinez-Conde et al., 2002). To address the 

effectiveness of microsaccades in generating neural activity, they compared activity 

correlated with microsaccades to that generated by flashing bars. The results showed that 
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responses to flashes were about seven times larger than the responses to the same stimulus 

moved across the cells’ receptive fields by microsaccades. The authors speculate that this 

may be due to the relative abruptness of flashes (Martinez-Conde et al., 2002), making the 

response after flashes more similar to that after blinks than microsaccades (Martinez-Conde 

et al., 2000). Both the number of spikes per burst and their correlation to previous 

microsaccades were found to be greater for optimal orientations than non-optimal 

orientations, indicating that bursts may not only encode the visibility of a stimulus, but also 

the functional properties of cells along the visual pathway, i.e. orientation selectivity in V1 

but not in the LGN (Martinez-Conde et al., 2002).   

More recent studies have shown that the effect of drifts and microsaccades on cortical 

response is a little more complicated than the picture presented in Martinez-Conde et al. 

(2000, 2002). When the macaque monkey viewed a ‘white noise’ stimulus, microsaccades 

produced a suppression of spiking activity followed by an excitatory rebound in V1 (Hass & 

Horowitz, 2011). Meirovithz et al. (2012) have found that microsaccades introduce 

synchronisation of activity in both V1 and V2. Upstream in the visual pathway, image 

movement introduced by both drifts and saccades modulate activity in MT neurons, but only 

in terms of the motion direction and not its speed (Bair & O’Keefe, 1998; Hohl & Lisberger, 

2011). 

4.3.2 Compensation for motion induced by fixational eye movements. 

For large-scale saccades, Gur and Snodderly (1997) found that the receptive fields of 

V1 neurons and some V2 neurons are fixed to specific retinal locations and move in space 

when the eye moves, rather than being shifted on the retina by mechanisms controlled by 

attention or oculomotion. Thus, shifts in eye position are not compensated for by visual 

cortex neurons. If this were true with fixational eye movements, would their presence detract 
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from visual performance? A number of research papers show that, if anything, performance 

may be enhanced. 

Hamstra, Sinha, and Hallett (2001) examined the joint contributions of saccades and 

ocular drift to repeated ocular fixations using sine wave gratings of various spatial 

frequencies. They concluded that smaller microsaccades do not contribute in any obvious 

way to oculomotor performance. If eye movements add noise that degrades the sensory 

representation, then stabilised viewing should produce lower speed discrimination thresholds 

than normal viewing. This hypothesis was tested by Heidenreich and Turano (1996), who 

investigated speed discrimination under stabilised and normal viewing conditions. However, 

their results showed the opposite effect, with higher thresholds for stabilised conditions, 

specifically for slow stimulus speeds (Heidenreich & Turano, 1996). On the other hand, 

Murakami (2004, 2010) measured visual motion sensitivity as a function of individual 

participant’s fixation instability. He found a positive correlation between fixation instability 

and motion threshold, but only for absolute motion as opposed to relative motion. Relative 

motion seems to be immune to increases in motion ‘noise’ due to fixation instability. 

More recently, the line taken by researchers in the laboratory of Michele Rucci is that 

image motion due to fixational eye movements actively enhances visual performance. In a 

seminal study, Rucci et al. (2007) showed that fixational eye movements improve the 

discrimination of high spatial frequency stimuli (e.g. edges with spatial frequency power 

beyond eight cycles per degree), but not low spatial frequencies. Modulations of luminance 

introduced by fixational eye movements are important, as edges and detail are emphasised 

this way.  As well, Ko, Poletti and Rucci (2010) emphasise that microsaccades actually 

increase in frequency in a fine visuomotor task like threading the needle and are used in the 

estimation of the depth alignment between needle and thread. 
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Chapter 5 

Illusions of Motion – Especially Relative Motion 

 

 With the preliminary background in place, the next section will examine illusions of 

motion, focusing especially on relative motion, which is the defining feature of the JAE’s 

phenomenology. Having done this, illusions of motion in stationary patterns due to prior 

adaptation, including motion aftereffects will be examined. The JAE seems to rely on 

adaptation like a MAE, and even though Murakami and Cavanagh (2001) have suggested 

they share a common mechanism, results reported in this thesis indicate significant 

differences exist between the JAE and MAE. In addition, after adaptation, the effect upon 

viewing in the testing phase can be phenomenologically similar to the Ōuchi illusion (Hine, 

Cook, & Rogers, 1995; Hine, Cook & Rogers, 1997; Renneflott, 1999; Spillman, 2013), but 

as will be suggested below (Section 5.3.1.1), the origins may not be the same.   

5.1 Motion assimilation and contrast 

Segmentation involves establishing boundaries between regions of the visual scene. 

Contours defined by differences in luminance signal sharp borders between objects, a potent 

stimulus for cells in area V1. However, contours can be perceived in the absence of any real 

edges or lines, as various attributes, such as discontinuities in texture, binocular disparity and 

relative motion also signal contours, which have been termed ‘illusory’ or ‘subjective’ 

(Treisman et al., 1990). Illusory contours have a neurophysiological correlate in the responses 

of single neurons in the prestriate area V2 in the monkey visual cortex (Von der Heydt & 

Peterhans, 1992). The adaptation stimulus of the JAE provides input signalling an illusory 

contour defined by motion.  

The perceived motion of a region can be influenced by the motion in surrounding or 

flanking regions (Braddick, 1993; Murakami & Shimojo, 1995, 1996; Nawrot & Sekuler, 
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1990; Beardsley & Vaina, 2008). For example, if an outline shape is moved over a screen 

displaying dynamic random noise, the randomly moving noise dots within the outline are 

‘captured’ by its motion, and appear to move coherently along with it (Zhang, Yeh, & 

DeValois, 1993; Murakami & Shimojo, 1995, 1996). Ramachandran (1985) reported that 

motion of subjective contours can also capture static elements that are enclosed within them.   

If dots and window drift in opposite directions, the apparent movement of the window 

can be strikingly slowed (DeValois, 1977; Zhang et al., 1993). The cooperative integration of 

motion signals over an extended region was first described by MacKay, and is now known as 

‘motion assimilation’ or ‘motion capture’ (Braddick, 1993). Ramachandran and Cavanagh 

(1987) suggest that motion assimilation preserves the overall identity of the figure by 

eliminating any spurious signals that would arise from the finer image detail.  

The opposite effect, called motion contrast or segmentation, can also occur (Alais, 

van der Smagt, van den Berg, & van de Grind, 1998). A region with an ambiguous direction 

of motion can seem to be moving in the opposite direction to unambiguous motion in a 

neighbouring region (Zhang et al., 1993). Furthermore, if the two regions have the same 

spatial frequency, motion repulsion occurs (Wilson & Kim, 1994). Thus, the differences 

between the two regions are maximised to presumably preserve their separate identities. The 

classic JAE paradigm involves elements of the same spatial frequency in the two regions 

(adapted and unadapted). In the aftereffect, segmentation of a uniform, static region of 

random noise pattern occurs, and the illusory motion captures the internal random textures. 

Studies have shown that when the angle between motion vectors is less than 120˚, 

motion capture occurs (Kim & Wilson, 1993; Wilson & Kim, 1994). Outside of this range, 

motion contrast or even motion repulsion occurs. Simplified Ouchi patterns have been shown 

to give rise to strongest illusory motion when the angle between motion vectors in the 
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surround and inset is greater than 120˚ (Hine et al., 1997). Area MT has been implicated as 

the site where this computation of motion integration takes place (Wilson & Kim, 1994).   

A static or counterphase (target) grating surrounded by drifting (inducer) gratings is 

perceived to move in the direction opposite to that of the inducers (Nishida, Edwards, & Sato, 

1997). Nishida et al. (1997) compared the relative magnitudes of simultaneous motion 

contrast generated by first-order (sinusoidal luminance-modulations of a uniform field) and 

second-order (sinusoidal contrast-modulations of a random-dot field) stimuli. They found that 

unlike first-order stimuli, second-order stimuli induced little motion contrast when the target 

was a static grating. In contrast, when the target was a counterphase grating, both first- and 

second-order stimuli induced clear motion contrast (Nishida et al., 1997). Second-order 

motion stimuli are not effective in generating motion contrast with static stimuli, which could 

suggest that the second-order motion system may not provide effective input to the relative-

motion system (Nishida et al., 1997). This may explain the lack of effectiveness of second-

order stimuli in tasks that require relative motion processing, such as surface segregation and 

structure-from-motion (Hess & Ziegler, 2000). However, second-order stimuli can be 

effective in generating motion contrast when dynamic (counterphasing) stimuli are used. As 

simultaneous motion contrast has frequently been linked to relative motion processing 

(Murakami & Shimojo, 1993), this finding is inconsistent with the idea of no second-order 

input to relative motion processing (Nishida et al., 1997).  

The above findings may have similarities to the differences found with static and 

dynamic MAEs. Using a structure-from-motion stimulus, Hess and Ziegler (2000) found that 

no motion coherence over space was ever observed using second-order stimuli. When two 

sets of intermixed dots move in different directions, the perceived direction of each is 

considerably shifted. This phenomenon, known as ‘direction repulsion’, has been attributed to 

‘repulsive’ interactions between channels tuned to different motion directions. Dakin and 
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Mareschal (2000) found that in addition to the relative direction of the dots, the density and 

the speed of the sets also have an impact on the magnitude of the shift of the perceived 

direction. They have proposed a functionally motivated explanation of direction repulsion 

based on the natural occurrence of objects moving across backgrounds which may themselves 

be mobile (Dakin & Mareschal, 2000). The disentanglement of motion signals necessitates a 

computation of relative motion, and direction repulsion may thus be the result of a deliberate 

adjustment to compensate for an inferred sense of background motion (Dakin & Mareshal, 

2000). In contrast to the model of motion coherence and transparency proposed by Wilson 

and Kim (1994), the shifts in perceived direction are not ‘errors’ arising from the interaction 

of direction selective channels, but are a purposeful computation of the relative motion of the 

two sets to some inferred background motion.  

Dakin and Mareschal (2000) also investigated the role of relative motion computation 

in ‘direction repulsion’. Earlier accounts of this phenomenon originated from research with 

plaids. These explanations centred on broadly tuned direction-selective channels where the 

distribution of responses of the channels are supposedly shifted away from veridical due to 

competitive inhibition (Wilson & Kim, 1994). Their model uses the vector-sum motion to 

compute the background signal. In accordance with this, both dot density and speed alter the 

vector sum, and thus have an effect on the strength of the direction repulsion. According to 

Dakin & Mareschal (2000), cues such as depth from stereo might provide enough information 

in natural scenes to reliably determine when motion is relative and when it is not. 

5.1.1 Large-scale motion contrast illusions. 

Visual stimuli can sometimes result in a compelling experience of self-motion. This 

phenomenon is known as vection, and is commonly used in theme parks and IMAX motion 

picture experiences. An everyday example is if one is sitting in a car and the neighbouring car 

is moving slowly forward, it can be misconstrued as oneself moving backwards. In other 
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words, peripheral visual cues can create illusory relative self-motion in the opposite direction. 

This is in some ways a real-world experience of motion contrast. A slowly moving 

foreground can also capture an observer’s self-motion, thus resulting in perceived motion in 

the same direction as the inducer. This phenomenon is known as ‘inverted vection’. 

Nakamura and Shimojo (2000) investigated interactions between foreground and background 

stimuli during visually induced perception of self-motion (vection) by using a stimulus 

composed of orthogonally moving random-dot patterns. They found that when the foreground 

moves slowly in front of a fast orthogonal background, a self-motion sensation with a 

component in the same direction as the foreground is induced. This illusion is indeed a 

relative motion illusion, as when there is no background, inverted vection is no longer 

perceived (Nakamura & Shimojo, 2000). They argue that motion contrast is unlikely to be a 

primary factor in explaining the phenomenon, as inverted vection is only induced by a slower 

foreground, and not a faster foreground. 

Findings indicate a stronger link between eye movements and visual information at 

slower speeds. Nakamura and Shimojo (2000) suggest that ‘the foreground motion could 

cause mis-registration of eye-movement information as if the eyes rotated in the orbit in the 

opposite direction to the foreground motion’ (p. 2922). Thus, with stable fixation ‘the 

perceived direction of self-motion originally induced by the background motion may be 

biased in the opposite direction to the mis-registered eye-movement, i.e. in the same direction 

as the foreground inducer’ (p.2922). They also suggest that this can account for the finding 

that a slowly moving foreground in the same direction as the background causes suppression 

of self-motion (Nakamura & Shimojo, 1999, 2000).    

Gurnsey, Fleet, and Potechin (1998) studied the contribution of first- and second-

order motion to vection and the motion aftereffect (MAE). The first experiment seemed to 

indicate a first-order ‘advantage’ for both phenomena. However, the second experiment 
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showed clear differences between the MAE and vection. For example, the size of the texture 

elements influenced the strength of MAE, but not vection. Gurnsey et al. (1998) concluded 

that MAEs depend primarily on the amount of first-order motion energy present in the signal, 

whilst vection appears to depend on a representation of image flow that combines first- and 

second-order motion signals. Vection aftereffects also exist, and are covered in the next 

section on aftereffects. 

5.2 Motion Aftereffects 

The classic MAE is a powerful illusion of motion in the visual image caused by 

prolonged viewing of motion in the opposite direction. The MAE is evident in natural 

situations such as after prolonged viewing of a waterfall. When the eyes are moved to the 

side of the waterfall the stationary rocks appear to be drifting in the opposite direction of the 

waterfall, upwards (Mather, Pavan, Campana, & Casco, 2008). 

Visual systems of most animals have evolved to detect contrasts – changes in light 

levels rather than maintaining an accurate representation of the absolute levels of stimuli. 

Adaptation may be one way in which the visual system achieves this goal (Wainwright, 

1999). Adaptation is often described as a form of automatic gain control, in which a unit 

attenuates its own response to continuous intense stimulation (Mather et al., 2008). 

Adaptation changes the responsiveness of cells that are sensitive to a particular property of 

the image (Wainwright, 1999). It has been suggested adaptation could serve the purpose of 

keeping the physical and phenomenological worlds in correspondence. The world must be 

perceived as stable, yet our own motion causes increased motion energy that is not adding 

information to the organisation of the visual scene and the objects within it (Bridgeman et al., 

1994). This additional motion energy caused by ego motion (such as eye and head 

movements) must be suppressed or filtered out to determine what is moving in the world, and 
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their relative movement with respect to each other. Thus, the need is for a mechanism that 

filters or selects motion signals such that relative motion is correctly interpreted.   

The classic MAE has been examined in meticulous detail (for reviews see Mather, 

1999 and Mather et al., 2008), and much of what is known about visual adaptation comes 

from this rich source of evidence. A cursory summary is provided here, as it serves as a 

counterpoint to the JAE. MAEs seem to be the result of adaptation at several stages of visual 

motion processing. The site(s) of adaptation must be stimulated in the test phase in order to 

be expressed. For instance, there are different characteristics evident with static and dynamic 

test stimuli. Symons et al. (1996) found that the enhancement of the MAE provided by a 

surround is largely dependent on its presence during adaptation. Furthermore, this 

enhancement is solely uniocular.  

MAEs can occur on a much larger scale as well. An aftereffect to vection, the vection 

aftereffect (VAE), has been demonstrated after exposure to patterns of optic flow (Kim & 

Palmisano, 2008). Recent findings show that the VAE can be enhanced or diminished in 

accordance with increased or decreased vection during adaptation, for example with 

placement of static random dot displays closer or further away from the adapting flow field 

(Seno, Palmisano & Ito, 2011). Highly relevant to the current work on the JAE, recent studies 

have revealed that adaptation to vection with randomly jittering displays produces 

substantially longer VAEs (Seno et al., 2011). In contrast, adding simulated viewpoint jitter 

reduces the duration of the MAE (Seno et al., 2011). This random jitter advantage is also 

present during the testing phase for the VAE. Interestingly, despite the benefit of adding 

simulated random viewpoint jitter to radial flow on the durations of the subsequent VAEs 

(compared to purely radial flow), adding simulated viewpoint oscillation was found to have 

little or no effect on VAEs. Seno et al. (2011) suggest the jitter/oscillation enhancement for 

vection could be generated by reduced adaptation to the local motion generated by radial 
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component of the flow. Seno et al. (2011) suggested that perhaps adding jitter resulted in 

increased sensory conflict across various self-motion senses, and therefore a sensory 

recalibration. 

In summary, MAEs might play a role in keeping the physical and phenomenological 

worlds in correspondence in the presence of noisy fluctuation of the stimulus. However, the 

brain has no metric independent of its own activity (Mather & Harris, 1998). Many sensory 

dimensions have a norm or nullpoint, for example ‘stationarity’ can be thought of as a null or 

midpoint on a continuum of motion in opposite directions (e.g. to the left or right). Visual 

neurons respond to changes in the retinal image, regardless of whether the motion is caused 

by the observer or objects in the environment. Accordingly, a nullpoint can only be inferred 

from the average or relative activity of a dimension over time, and this would need to be 

established by some region in the visual stimulus, for example the surrounding background in 

the JAE. Thus, adaptation biases the average activity on a dimension, which results in a shift 

of the null point (Anstis et al., 1998; Mather & Harris, 1998). Murakami and Cavanagh 

(2001) claim that it is precisely such a shifting of the null point of image motion, due to 

fixational eye movements, that is occurring in the JAE.  

5.2.1 Aftereffects of Relative Motion. 

Most relevant to this study on the JAE is that aftereffects from relative motion also 

occur (Anstis et al., 1998). The work of Shiori, Ono and Sato (2002) showing that prolonged 

exposure to relative vs. absolute produces different effects in subsequent relative or absolute 

motion thresholds has already been covered above (Section 3.3). In fact, the MAE is 

strongest, measured in terms of duration of aftereffect, after viewing a moving field 

embedded in a patterned stationary surround (Symons et al., 1996). Swanston and Wade 

(1992) measured the MAE with moving vertical gratings positioned above and below a 

stationary grating, and found that an MAE was consistently produced in the central grating, 
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which although stationary during adaptation, was the area that appeared to move in the 

adaptation period. Swanston and Wade (1992) concluded that the MAE is a consequence of 

adapting signals for the relative motion between the elements of a display. Symons et al. 

(1996) found that any surround induced enhancement of the MAE is largely dependent on the 

presence of the surround at the time of adaptation. Furthermore, Symons et al. (1996) also 

found this enhancement to be solely monocular in nature. They concluded that the MAE is at 

least in part the result of relative motion adaptation occurring early in the visual pathway, 

before binocular integration (Symons et al., 1996). In summary, MAEs seem to be due to 

adaptation at both lower-level and higher-level sites in the pathway corresponding to first- 

and second-order motion.  

The differences between first- and second-order motion are consistent with the 

proposal that MAEs tested by a dynamic stimulus reflect adaptation at several sites in the 

visual system, whereas the static MAE reveals low-level processing only (Nishida & Ashida, 

2000). Following adaptation to second-order motion, an aftereffect can only be induced by a 

dynamic test pattern (Nishida & Sato, 1995). In the JAE research to date, only static test 

patterns have been used. Nishida et al. (1997) suggest that the similarities between static 

motion contrast and MAEs could be parsimoniously explained by them being mediated by 

the same relative motion mechanisms that receive input solely from the first-order system.   

First-order and second-order motion differ in their ability to induce MAEs and the 

kinetic depth effect. Gurnsey et al. (1998) examined vection (see above) and the MAE using 

vection stimuli that differed in the amount of first-order and second-order motion energy. 

They found that in general MAEs depend on the amount of first-order motion energy 

contained in the stimulus. Conversely, vection seemed to be dependent on a representation of 

image flow combining both first- and second-order motion energy (Gurnsey et al., 1998).  
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Finally, it was the purpose of one of the experiments reported in this thesis to 

differentiate the JAE from the MAE – to show that they are dissociable aftereffects, pace the 

proposal of Murakami and Cavanagh (2001). In addition, the experiments reported here had 

their prime purpose of investigating exactly what is being adapted to in the JAE. Is it motion 

in a constant direction, motions in random directions or something even less coherent than 

this: uncorrelated noise?  

5.3 Illusory Motion Seen in a Static Image 

According to Spillman (2009), illusions are non-veridical representations that reveal 

the processes by which perception mediates our experience of the visual world. Illusions 

‘show the brain’s signature superimposed upon the stimulus’ (Spillman, 2009, p.1509). 

Several illusions have been created by artists and researchers where motion is seen in a 

stationary pattern, and some of the most significant examples for the purposes of this thesis 

will be reviewed next. 

5.3.1 The Ōuchi illusion. 

The ‘Ōuchi illusion’ (renamed the Ōuchi–Spillmann by Lothar Spillmann in 2013) is 

a powerful illusion of relative motion in a checkerboard pattern created by the Japanese artist 

Hajime Ōuchi (1977; see Fig. 4), and is one of the more extensively investigated relative 

motion illusions seen in a stationary pattern. When viewed at an appropriate distance, illusory 

relative motion is frequently seen, comprising small, smooth displacements of the inset in 

seemingly random directions, which may or may not be accompanied by movements of the 

surround in a different direction. This effect can be enhanced by adding physical movement 

to the pattern, for instance, jiggling the pattern. Renneflott (1999) provided some evidence 

that at some level, the Ōuchi effect and the JAE have a similar underlying mechanism. 

However, even though the illusory relative motion seen in the Ōuchi and the post-adaptation 

JAE pattern are very similar, the current author has collected data in earlier work (Renneflott, 



48 

 

 

 

1999) showing that the Ouchi cannot be simply cancelled by the JAE (see below for a 

description of these unpublished data). 

The critical properties of the Ouchi pattern have been extensively and systematically 

investigated (see review by Spillmann, 2013). Hine and his colleagues used a reduced pattern 

consisting of only stripes to determine the critical components of the effect (Hine et al., 1995, 

1997). Taking a slightly different approach, Khang and Essock (1997a) combined the spatial 

frequency components of the pattern into second-order patterns. The findings consistently 

show that the effect is highly spatial frequency dependent, being most effective at spatial 

frequencies of 6–12 cpd, and partially temporal frequency dependent (Hine et al., 1999; 

Khang & Essock, 1997b). The illusion has been found to work best with acute angles 

between gratings in the inset and surround, resulting in large angles between local motion 

vectors (Hine et al., 1995, 1997). 

 Various explanations have been offered for the Ouchi illusion, ranging from 

stroboscopic motion to invoking the response of specialised grating cells in area V1 that 

respond best to repetitive patterns with a spatial frequency component around 9 cpd (von der 

Heydt, Peterhans & Dursteler, 1992, cited in Hine et al., 1997; Spillmann, 2013). Several 

different reasons have been put forward to explain the failure to integrate local motion 

signals into a coherent, global motion vector, including models based on different motion 

vectors, hysteresis, Type II plaid motion, Fourier components, and object motion sensitive 

cells (Spillman, 2013). For instance, Nakayama and Silverman (1988) explained the ‘rubbery 

line’ illusion as difficulties in integrating weak, local motion vectors with large orientation 

differences into a rigid percept. Weiss and Adelson (1998) extended this idea within a 

Bayesian statistical framework to show that a large number of motion illusions can be 

explained. Fermüller, Pless, and Aloimonos (1999) adopted a similar computational strategy 

to specifically account for the Ōuchi illusion, stating that the illusion arises from biases in the 
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integration of local motion estimates derived from different areas of the figure (Fermüller et 

al., 1999). In the classic checkerboard pattern this theory states that the unequal ratio of the 

length to width of the stripes produces biases in integration. In the case of the simplified 

Ouchi pattern composed entirely of sine wave gratings (Hine et al., 1995), there are no 

checks so the theory predicts that it is the ratio of the areas that cause the biases.  

More recently, Ashida, Kitaoka, and Sakurai (2005) used line segments rather than 

oblong checks in the Ouchi illusion. They found that randomising the position of the 

elements from a regular array greatly reduced the strength of the illusion. Furthermore, they 

claimed these findings could not be accounted for by the motion vectors at the edges. Ashida 

et al., (2005) concluded that consideration of the Fourier fundamentals and the lower 

harmonics in the stimulus proved to be a more useful strategy in explaining the illusion.  

The Ōuchi illusion does not occur without retinal motion (Hine, 1999 demonstration; 

Spillman et al., 1993). Studies have shown that illusory motion is not seen in an afterimage 

imprinted onto the retina or when the image is stabilised with a Purkinje eye tracker 

(Spillman et al., 1993). Hine et al. (1995, 1997) therefore reasoned that the Ōuchi illusion is 

due to the pattern’s movement on the retina created by small fixational eye movements, 

which is similar to the explanation of the JAE (Murakami & Cavanagh, 2001). Unlike other 

motion illusions in static patterns reported below, there have been no studies directly 

measuring the miniature eye movements in the presence of the Ōuchi pattern. Ölveczky et al. 

(2003) suggested object motion sensitive cells (OMS) in the retina were capable of parsing a 

moving object from its moving background due to the image jitter caused by miniature eye 

movements. Even though they had used salamanders and rabbits as their preparations, 

Ölveczky et al. (2003) proposed that the existence of the Ōuchi relative motion illusion 

provides evidence that OMS cells exist in the human retina. This notion will be revisited in 

the General Discussion. Finally, Murakami and Cavanagh (2001) proposed a two-stage 
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theory of how the visual system compensates for the motion caused by miniature eye 

movements based on the JAE findings. It could be the case that this theory is also applicable 

to the Ōuchi illusion since the two effects are phenomologically so similar.      

 

 

 

Figure 5. The Ōuchi illusion first published by Hajime Ōuchi (1977). 

 

 5.3.1.1 Cancellation of the Ōuchi effect by the JAE. This work was part of an 

unpublished honours thesis of the current author (Renneflott, 1999). Renneflott (1999) 

carried out a series of experiments with the aim to provide converging evidence that the JAE 

and the Ouchi have a similar underlying mechanism. The results of the demonstration are 

reported here because they attempted to uncover an underlying causal commonality between 

the Ōuchi effect and the JAE as these two illusions of relative motion look very similar. In 
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essence, the purpose of the research was to see whether using the classic Ōuchi pattern (Fig, 

5) as an adapting stimulus in the JAE (by utilising the oblong checks as DRN elements) 

would cancel out or modify the Ōuchi illusion when viewed immediately after adaptation. 

Seven observers viewed an Ōuchi pattern (control) for 40 sec, as well as an Ōuchi pattern in 

one of three adaptation conditions. In the first ‘inner’ adaptation condition, DRN of the 

oblong checks occurred just in the inner disk of the annulus while the surround contained the 

standard Ōuchi pattern (see Fig. 5). The DRN was achieved by assigning the oblong checks 

randomly either a ‘white’ or ‘black’ value (99% contrast, either 69 cdm
-2

 or 0.27 cdm
-2

) at the 

vertical refresh rate of the monitor: 75 Hz. In the second ‘outer’ adaptation condition, such 

DRN constituted the surround with a static oblong check Ōuchi inset and in the third 

adaptation condition, there was DRN in both inset and surround regions. At the end of the 

adaptation period, the observer viewed the static, standard Ōuchi pattern for 10 sec, and rated 

the strength of the Ōuchi illusion. The mid-value rating of four was assigned as the baseline 

for illusion strength of non-adapted viewing of the Ōuchi. With four as an anchored baseline, 

value increments of integer values between 1 and 7 represented a much stronger (5, 6, 7) or 

much weaker (3, 2, 1) illusory relative motion of the inset.    

It was hypothesised that following previous JAE research (Murakami & Cavanagh, 

1998, 2001) the inner adaptation condition (which does cause illusory movement of the 

surround in the test phase in the JAE) would cancel out the inner disk movement of the 

standard Ouchi (Fig. 5). In fact, neither the inner nor outer adaptation conditions had any 

significant effect on the appearance of the Ōuchi pattern in the test phase. On the other hand, 

the condition in which adaptation consisted of the entire pattern undergoing DRN did 

produce a significant (t(6) = 8.613, p < 0.001) diminution in the strength of the illusion in the 

test phase compared to the control. In this case, some observers reported no Ōuchi effect 

whatsoever (in other words, assigning a value of 1 to the illusion strength). Thus, whereas 
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adaptation to noise in some parts of the stimulus seems to be a necessary condition for the 

JAE, only if there is adaption to noise in all parts of the image before viewing the Ōuchi 

pattern, does the effect seem to be cancelled.  

 

 

Figure 6. Pinna example illusion 1. Pinna and Spillman (2005) designed several images 

with compelling illusory relative motion based on their theory of ‘orientation polarity’ (see 

text for details). 

 

5.3.1.2 Other Ōuchi-like patterns. Pinna and Spillmann (2005) emphasised the role 

of surface segmentation in producing the Ōuchi illusion and other relative motion illusions, 

and produced several compelling patterns that produce illusory relative motion (see Figs. 6 

and 7). They explain the illusory motion through ‘orientation polarity’. 

Pinna and Spillman (2005) proposed that the elements are bonded together by the 

Gestalt principle of ‘common fate’, and thus coherent movement is perceived. However, the 

shading around the edges of each element also gives a strong depth cue, and different depth 
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planes signal different objects, occlusion and segmentation. Pinna and Spillmann (2005) also 

used images which look blurred in the central region (see Fig 7), which is again a depth cue.  

 

     

Figure 7.  Pinna example illusion 2. Another of Pinna and Spillman’s (2005) images 

based on ‘orientation polarity’. This image has what appears to be a blurred centre, which 

could aid segmentation by signalling a difference in depth between centre and surround. 

 

5.3.2 The Pinna illusion. 

Pinna and Brelstaff (2000) published a very simple-looking figure, consisting of 

squares arranged in a circle, which appears to rotate whilst fixating on a central fixation point 

when one moves one’s head closer and further from the image (see Fig. 8). Unlike the JAE 

and Ōuchi illusions, but like the ‘rotating snakes’ illusion of Kitaoka covered in the next 

section, this illusion works with peripheral viewing. Pinna and Brelstaff (2000) explain the 

illusion through ‘contrast polarity’. They claim that two cues can bestow ‘polarity’ upon the 

individual element: first, the internal organisation of luminance, such as the diagonal 

organisation of the dark and light sides of the squares and second, dominant orientations in a 

local Fourier, receptive field sense could also cause polarity (Pinna & Brelstaff, 2000).   
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The theory of ‘opposite polarities’ of the local elements as an explanation of the Pinna 

illusion has received support in the work of Beer, Heckel and Greenlee (2008). Given this, 

the Pinna illusion can be seen as occurring as a result of the incorrect solution of the aperture 

problem. Direction-selective neurons that are also orientation selective respond initially to 

movement orthogonal to their preferred orientation (Pack & Born, 2001). Blurring (by 

squinting or peripheral viewing) the Pinna squares shows that they are strongly biased in 

orientation due to the dark edging. When moving closer to the image, the interpreted motion 

of each element is strongly dominated by its local orientation bias at an angle of 45˚ to its 

expansion. Finally, although ‘orientation polarity’ offers an explanation of the direction of 

local elements, it does not explain how the global integration causing rotation or 

expansion/contraction occurs. 

Interestingly, anecdotal reports maintained that the Pinna illusion is not as strong if 

the image is expanded on a screen as when natural head movement is used, despite the retinal 

movement being identical (Gurnsey & Pagé, 2006). This could indicate that the mechanism 

for sensing body and head movement is extracted from the signal, leading to more of the 

apparent motion perceived by the brain as veridical motion, to be revealed. Gurnsey and Pagé 

(2006) compared the strength of the Pinna illusion with movement on paper (moved towards 

or away from the viewer), self-motion or on a computer screen. They reported that the Pinna 

illusion was just as strong or stronger when produced on a computer screen without self-

motion. However, there were some differences in the perceptual experience. Specifically, 

with self-motion the rings had perceived size-constancy whereas the screen images seemed to 

change size with expansion and contraction. Gurnsey and Pagé (2006) claimed that the 

conditions of ‘paper-motion’, self-motion and screen-motion could be ordered with respect to 

the smoothness of the retinal motions they produce. Thus, they claimed that ‘smoothness’ of 
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motion reconciles the findings, with the illusion being strongest when the retinal image 

motion is the smoothest. 

 

 

 

Figure 8. The Pinna illusion. With fixation on the centre point, and moving the head 

closer and further away, the inner and outer rings of oriented elements seem to move in 

opposite directions (inner moves anticlockwise and outer moves clockwise when moving 

head towards the image). Pinna and Brelstaff (2000, p. 2092). 

 

5.3.3 Kitaoka’s rotating snakes. 

 Around the same time as the Pinna illusion was published, Akiyoshji Kitaoka 

produced several images that contained illusory motion (Burr & Thompson, 2011). Perhaps 

the most well-known and visually impressive is the ‘Rotating Snakes’ illusion (see Fig. 9A). 

The illusory motion appears when the pattern is in peripheral vision (Hisakata & Murakami, 

2008) and in-between eye movements or blinks.   
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Murakami, Kitaoka and Ashida (2006) tested the correlation between the strength of the 

Rotating Snakes illusion and miniature eye movements. The results showed that for each 

subject the reported strength of the illusion was correlated with fixation instability. They 

concluded that the miniature eye movements responsible for this correlation were most likely 

drifts (Murakami et al., 2006). More recently, Martinez-Conde’s group (Otero-Millan, 

Macknik, & Martinez-Conde, 2012) have contended that whereas drift may sustain the 

illusion, it is triggered by microsaccades and/or blinks. Both of the latter precede the 

perception of the Rotating Snakes Illusion by 500 msec. They claim that this supports the 

hypothesis that ‘resetting’ or ‘refreshing’ the retinal image triggers the motion signal and the 

resultant illusory motion.   

The Rotating Snakes illusion was anticipated by the peripheral drift illusion of 

Faubert and Herbert (1999). The critical factor for the illusion to occur is that individual 

elements comprise a gradient of luminosity. Fermüller, Ji, and Kitaoka (2010) proposed that 

the fixational eye movements cause erroneous estimation of image motion due to this. 

Specifically, they posit that within a motion energy model (see Section 3.1), spatial filters are 

symmetric in space, but asymmetric in time. They claim that there are temporal differences in 

the processing of luminance of varying intensity or contrast, like the components of the 

Rotating Snakes illusion (Fig. 9B). Thus, when the eyes move there is an incorrect estimation 

of position based on the temporal disparity between the luminance gradients. In addition, the 

resolution of the eye decreases from central vision to the periphery, strengthening the 

perceived causal differences (Fermüller et al., 2010). Perceived motion in stationary patterns 

have been reliably demonstrated when there is a luminance gradient from high to low 

contrasts (forward-phi motion) or low to high contrasts (reverse-phi motion) (Hisakata & 

Murakami, 2008). Conspicuous areas of high contrast, i.e. neighbouring bright and dark 
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stripes, for instance, indicate a strong change of local intensity in opposite directions (Zanker, 

2004).   

 

A. 

 

 B. 

 

Figure 9. A. Rotating Snakes illusion. (Copyright A. Kitaoka, September 2, 2003). B. The 

individual components of the pattern produce the impression of drift from the black-blue 

to white-yellow direction (Faubert & Herbert, 1999; from Beer, Heckel and Greenlee, 

2008). 

 

Ashida, Kuriki, Murakami, Hisakata and Kitaoka (2012) provide fMRI evidence for 

two stages of processing underlying the illusory motion of the Rotating Snakes illusion. The 

results were taken to suggest that local illusory motion signals are generated in V1, which 

pass through the pathway to MT+ just as real motion is processed. The findings are consistent 
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with a widely accepted scheme of local motion detection in V1 and semi-global integration at 

the level of MT+. 

In summary, both Murakami et al. (2006) and Otero-Millan, Macknik, & Martinez-

Conde (2012) suggested that fixational eye movements are an integral part of the Rotating 

Snakes illusion due to a correlation between fixational instability and perceived illusory 

strength. Miniature eye movements have also been implicated in the JAE as a necessary 

condition for the effect to occur after adaptation. The research and theory of the JAE are 

reviewed in the next section.  

5.3.4 The JAE: A relative motion illusion due to adaptation. 

The ‘jitter aftereffect’ (JAE) reported by Murakami and Cavanagh (1998) is another 

example of illusory motion in a completely static figure. The basic experimental design has 

been described in more detail earlier in this thesis (Section 1.3; Fig 1). In summary, after 

adaptation to a patch of dynamic random noise (DRN), a larger pattern of static random noise 

(SRN) is presented. The SRN in the unadapted region then appears to ‘jitter’ coherently in 

random directions. 

Murakami and Cavanagh (1998) described several characteristics of the JAE, which 

led them to conclude that the JAE reveals the usually undetected retinal slip caused by 

miniature eye movements. Firstly, there is no JAE when the test image is retinally stabilised 

in an afterimage (Murakami & Cavanagh, 1998). Secondly, global synchronisation of the 

JAE in a number of spatially separate non-adapted static test patches occurs, indicating a 

single source of illusory motion. There is no interocular transfer of the illusion. . Leaving the 

unadapted area blank during adaptation still produced a JAE, as long as static noise was 

presented in both regions in the test phase. Leaving the testing area blank (i.e. no static noise 

presented after adaptation) does not produce a JAE, but does result in another illusion known 

as ‘the Twinkle Aftereffect (TwAE)’, which is described in further detail in Section 5.3.5. 
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Murakami and Cavanagh (1998) pointed out that efference copy (Section 2.1.1) 

cannot account for the JAE, as motion would be cancelled out in both the adapted and 

unadapted areas (Murakami & Cavanagh, 1998). Neither can saccadic suppression (Section 

2.1.1) account for the JAE as object motion can still be seen during fixational eye 

movements. Murakami and Cavanagh (1998) also reasoned that a position-based 

compensation system would be expected to overcompensate in the adapted area, leading to 

motion in the adapted area, not the unadapted area.  

In order to account for jitter being perceived in the unadapted area, Murakami and 

Cavanagh (1998) proposed a theory of retinal slip compensation whereby ‘motion signals 

triggered by small, low-velocity eye movements are compensated for solely on the basis of 

visual motion signals themselves’ (p. 800). This theory is outlined in more detail below. 

5.3.4.1 The minimum energy hypothesis. As discussed in Chapter 2, there are many 

sources of motion that change the retinal image, including ego motion (Section 2.1 and 2.2), 

and object motion (Section 2.3). As covered in Section 2.1.2, miniature eye movements cause 

retinal slip even during maintained fixation. When a viewer fixates on a scene that has 

moving and stationary components, the eye-movement velocity is added to all the velocities 

of image points on the retina. Murakami and Cavanagh (1998) propose that a baseline value 

is recovered from the component area that has the lowest instantaneous velocity. The 

assumption is that the component area of the visual field that corresponds to a physically 

stationary object would have eye movements as its only source of motion energy. A simple 

subtraction of this baseline value from the velocities of all the points on the retina should thus 

result in zero velocity for the stationary regions as well as the ‘correct’ velocities for the 

moving objects (Murakami & Cavanagh, 1998). Murakami and Cavanagh (1998) state that 

the minimum velocity is a ‘simple statistical variable’ (p.800) that could be extracted early in 

the visual pathway. 
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Applied to the JAE, the minimum energy hypothesis outlined above appears to 

answer two significant questions: why the jitter is perceived only in the unadapted region, 

and why the adapted region appears stationary. Murakami and Cavanagh (1998) claim that in 

the test phase of the JAE using a field of SRN, the adapted area has an attenuated motion 

response due to motion threshold elevation by adaptation to random dynamic noise. Thus, 

due to attenuation of the response in the adapted region in comparison to the unadapted 

region, the area with the least motion energy in this test phase is the region adapted to the 

DRN. According to the minimum energy hypothesis, a new baseline is extracted from the 

adapted region. Other velocities are then computed as deviations from this baseline (see 

Figure 10). In the unadapted region, the unattenuated motion response from the fixational eye 

movements are now above the new baseline, and it is falsely perceived as moving relative to 

the adapted region. 

Murakami and Cavanagh (2001) clarified and extended their visually-based theory by 

formally proposing two distinct stages within the visual system to correct for the motion 

caused by fixational eye movements: an adaptation stage and a compensation stage. These 

stages and their proposed neurobiological underpinnings are reviewed next. 

5.3.4.2 Two stages: Adaptation and Compensation. The first stage proposed by 

Murakami and Cavanagh (2001) is an adaptable stage that measures local retinal motion. In 

this stage it is assumed that random (white) noise adapts motion sensitive neurons at some 

level in the visual system. The second stage is a compensation stage that estimates a baseline 

motion minimum from a certain region or regions and subtracts it from motion vectors 

nearby. 

Murakami and Cavanagh (2001) carried out psychophysical experiments in order to 

locate these stages in the visual system. The paper of Murakami and Cavanagh (2001) is 

important in the context of the current work, in that it tested a number of parameters of the 
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JAE, and from the results draws conclusions about the neural site of adaptation in the JAE, as 

well as the processes in the visual pathway by which the effect occurs. The results and their 

interpretation are covered below, and are returned to when outlining the reasons for 

performing the current series of experiments (Chapter 6). 

 

 

 

Figure 10. Schematic of Murakami and Cavanagh’s (1998) theory. 1. In the left hand 

diagram, the x-axis represents position across the left and right retinae in a retinocentric 

co-ordinate system, and the y-axis represents motion energy (in any direction). b 

(‘baseline’) is the lowest energy level in a particular part of the retinae, and is assumed to 

be caused solely by fixational eye movements. In the JAE, adaptation to DRN is assumed 

to lower motion sensitivity in those regions of containing DRN, and hence this becomes 

the new b. t represents the motion energy of a moving target(s) in the visual field. 2. In the 

upper right vector diagram, b is the baseline image movement vector with respect to a 

retinocentric coordinate system, t is the target motion vector. The subtraction of these two 

vectors (t – b) represents the veridical motion of the target. 3. If this vector is above some 

threshold θ (which varies from observer to observer, Murakami, 2004), then motion is 

seen relative to those regions possessing b motion energy.   

 

5.3.4.3 Neurobiological substrates. Based on the uniocularity (Murakami & Cavanagh, 

1998), directional selectivity, and spatial frequency selectivity of the JAE, Murakami and 

Cavanagh (2001) suggest that the adaptation stage is located at an early stage of motion 
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processing (for example, V1 layer 4B). They suggest that compensation takes place at a later 

stage, with larger receptive fields and inter-hemifield transfer. They propose area MT as a 

likely candidate for the compensation phase of their two-stage model. 

5.3.4.3.1 Adaptation: V1. Murakami and Cavanagh (2001) found that visual jitter has 

storage like a MAE. This was tested by having a blank screen of up to 20 seconds duration 

between the adaptation and test stimulus and the JAE was still visible. It is also displays 

directional selectivity. In this case, the adapting stimulus was composed of horizontal and 

vertical strips. Each strip was randomly assigned to be black or white each frame during the 

adaptation phase. The JAE ‘tended’ to be seen in the direction of adapted motion implicating 

directionally selective V1 cells as the cells being adapted.   

The JAE was also found to be spatial frequency selective also like the MAE: the closer 

the relationship between the frequency components of the test and adapting stimulus, the 

larger the effect. Spatial bandpass filtered dynamic stimuli were created and the test was also 

a bandpass static image. Bandpass filtering refers to the image first being Fourier-

transformed into the spatial frequency domain. Next, a simple annular filter removes all 

spatial frequencies within a frequency range, preserving frequencies outside that range. The 

filters used in this case have a one octave width (e.g. between two and four cpd, or eight and 

16 cpd – frequencies are doubled). Filters with centres: 0.7 c/deg, 1.41 c/deg, 2.8 c/deg and 

5.625 c/deg, as well as a control unfiltered image were used. Making the stimulus bandpass 

strongly enhanced the illusion. The JAE was greatest when adapt and test bands were 

matched. Murakami and Cavanagh (2001) interpreted these results as support for the idea of 

an extrastriate contribution to retinal slip compensation.  

5.3.4.3.2 Compensation: MT. In order to explore the contribution of extrastriate areas 

to the JAE, Murakami and Cavanagh (2001) varied both stimulus size (but not the element 

size) and eccentricity in order to draw conclusions regarding receptive field size and 
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concomitant motion processing area. They concluded that the JAE is greatest when field size 

‘matches’ the average receptive field size of macaque MT cells. Even though there is no 

interocular transfer of the JAE (Murakami & Cavanagh, 1998; Murakami & Cavanagh, 

2001), they found substantial inter-hemifield transfer (Murakami & Cavanagh, 2001) when 

the test stimulus was in one hemifield and the adapting stimulus was in another. From these 

results, Murakami and Cavanagh (2001) again concluded that MT or MST cells are where 

neural response underlying the aftereffect lies. This neurological speculation was backed up 

by their research on the JAE utilising functional magnetic resonance imaging (fMRI). The 

existing evidence for and against Murakami and Cavanagh’s (1998, 2001) visually-based 

compensation theory is covered in more detail below.   

5.3.4.4 Existing evidence supporting Murakami and Cavanagh’s theory. An fMRI 

study has shown feedback from area MT to V1 during the testing phase of the JAE when the 

illusion can be seen (Sasaki, Murakami, Cavanagh, & Tootell, 2003). The results showed 

reduced activity after adaptation of early cortical areas, such as V1. In contrast, activity 

increased in higher areas, such as MT, when the visual jitter was perceived (Sasaki et al., 

2002). V1 always showed the biggest peaks and troughs in activity. This is consistent with 

motion parallax findings, which have shown that motion parallax only evokes depth 

perception when the differential motion is relatively small (Ono et al., 1986). 

More recently published papers have supported the Murakami and Cavanagh theory 

of compensation for fixational eye movements, especially with respect to the fact that the 

compensation is derived from retinal motion signals, rather than extraretinal signals like 

corollary discharge (Poletti, Listorti & Rucci, 2010; Hohl & Lisberger, 2011). Poletti et al. 

(2010) used a flexible system based on extremely precise eye-tracking for gaze-contingent 

display. By maintaining precise control over the stimulus on the retina during oculomotor 

activity, Poletti et al. (2010) were able to decouple eye movements from their retinal motion 
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consequences. In other words, the eye movements no longer had an impact on the motion of 

the retinal image. The results of their three forced-choice motion discrimination experiments 

led Poletti et al. (2010) to conclude that ‘perceptual cancellation of drift occurs via retinal 

mechanisms, rather than extraretinal ones’ (p.11149). Thus, their results seem consistent with 

Murakami and Cavanagh’s (1998, 2001) compensation for retinal slip theory. However, as 

Poletti et al. (2010) point out, the specific mechanisms for the cancellation are still unproven. 

They propose that the cancellation relies in part on the coherence of motion signals on the 

retina.   

5.3.4.4.1 The on-line jitter illusion. Murakami (2003) attempted to tackle some of the 

difficulties with the JAE paradigm, especially with respect to the measurement of the 

aftereffect. Recall that the illusory motion of the unadapted region is in both random 

directions and random small magnitudes. As well, adaptation paradigms only give indirect 

evidence for a mechanism in a normally functioning system. He created an online relative 

motion illusion by presenting a static pattern on a flickering background (see Fig 11). The 

stimulus was similar to the JAE, except the borders between regions were softened by a 

cumulative-Gaussian-shaped contrast modulator and the surround flickered on and off at 9.4 

Hz. The centre can then be seen to hover above the surround.  

The static centre was blurred spatially, which, unlike the original JAE stimulus, 

provides a depth-cue. Thus, rather than motion being a cue for segmentation, depth is inferred 

by this stimulus configuration. Whether this is a new illusion is debatable as observations 

during testing suggest that illusory jitter is reliably seen during the adaptation period of the 

JAE paradigm especially with peripheral viewing. There seem to be individual differences in 

the onset of illusory motion during adaptation. This could be due to individual differences in 

the ability to eliminate small fixational eye movements for a short period at the beginning of 
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a fixation task. Unfortunately, Murakami (2003) did not report whether illusory jitter was 

perceived with a static test stimulus after viewing the online pattern. 

Murakami (2003) reported that the illusion was perceived immediately and lasted as 

long as the stimulus was viewed. The illusion was also reportedly more salient when viewed 

peripherally. The results were taken as converging evidence for the visual-motion-based 

model of common-motion cancellation postulated by Murakami and Cavanagh (1998, 2001). 

 

  

Figure 11. The ‘on-line’ jitter illusion. Stimulus used by Murakami (2003) 

measuring a version of the JAE. Fixation is eccentric to the static centre which seems 

to jiggle around when the surround is ‘flickered’ randomly at around 10 Hz.  

 

5.3.4.4.2 Instability of gaze and strength of illusory motion. After the online jitter 

illusion, Murakami moved his research interest to absolute threshold for motion detection 

(Murakami, 2006). Murakami (2004a) measured motion detection threshold as related to 

actual eye drift due to difficulty in further evaluating the visually based theory of visual 

stability’s predictions of common motion cancellation. The detection threshold for motion in 
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a dot pattern (similar in appearance to the online jitter illusion) was measured in three 

conditions: absolute motion (nothing presented in the surround), relative motion (static 

pattern in an annular surround), and flicker-surround (static pattern in the surround was 

flickered at 9.4 Hz). The fixational eye movements of the subjects were also recorded during 

viewing of the three classes of stimuli. A positive correlation was found between the 

amplitude of instability of fixation and the motion detection threshold in the absolute motion 

(no surround) and with the flicker-surround, but not in the relative motion condition. 

Murakami (2004a) argued that people with poor fixation performance could be poorer at 

detecting unreferenced motion due to increased internal velocity noise. In sum, the detection 

of unreferenced motion becomes harder with increased eye velocity fluctuation.  

Murakami (2006) refers to the proposed JAE theory as ‘the visually based theory of 

visual stability’ (p. 195). If the eye moves across a stationary field, the resultant visual field 

contains a common velocity. However, if there is a moving object against a stationary 

background, retinal motion creates a field that contains both spatially common motion and 

spatially differential motions. Murakami (2006) posits that the visual system constantly 

‘dismisses’ spatially common image motions as derived from eye movements, whilst 

spatially differential motions are attributed to external object motion. Thus, the visual system 

could be using retinal image motions to distinguish eye movements from external motion. 

Finally, Murakami (2006) claimed that the JAE was more correlated with drifts rather than 

microsaccades. 

5.3.4.5 Existing evidence contradicting Murakami and Cavanagh’s theory. Due to 

the lack of research interest in the JAE since Murakami and Cavanagh’s (1998, 2001) 

original papers, there is little evidence directly contradicting their claims. However, a central 

assumption is that dynamic random noise adapts motion detecting cells, and thus attenuates 
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the response. A paper by Chichilnisky (2001) contradicts this and is therefore briefly 

reviewed as evidence contradicting Murakami and Cavanagh’s (1998, 2001) theory.  

Chichilnisky’s (2001) paper aimed to describe a new technique for quantifying the 

spatial, temporal and spectral response properties of spiking visual system neurons. 

Regarding white noise analysis in neurons, Chichilnisky (2001) states that ‘white noise… 

avoids adaptation to strong or prolonged stimuli’ (p. 199). In detail, a Gaussian white noise 

sequence has approximately constant mean and standard deviation over short and long 

timescales. Thus, the stochastic, highly interleaved stimulus spans a wide range of visual 

inputs, is relatively robust to fluctuations in responsivity, and therefore the effects of 

adaptation are minimised. The coherence of the adapting stimulus was an important variable 

that was manipulated later in the series of experiments in this thesis.   

5.3.4.6 Extensions to Murakami and Cavanagh’s theory. The only extension of 

Murakami and Cavanagh’s (1998, 2001) theory has been by Hohl and Lisberger (2011). Hohl 

and Lisberger (2011) conducted MT neural cell recordings in rhesus monkeys during viewing 

of a fixation spot in three conditions: 1) on a blank screen, 2) during presentation of a 

stationary patch of dots, and 3) during presentation of a moving patch of dots. They found 

that slow drifts of eye position during fixation cause responses in many neurons in 

extrastriate visual motion area MT. The responses are direction selective, but depend only 

weakly on the speed preference of the neurons. MT neurons in monkeys respond to the image 

motion caused by eye drifts in the presence of a stationary stimulus. In order ‘to be consistent 

with the model proposed by Murakami and Cavanagh (1998)’, Hohl and Lisberger (2011) 

proposed Bayesian estimation with a prior value of zero velocity be used to decide what parts 

of the visual field contain image motion due to fixational eye movements. 
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5.3.5 The twinkle aftereffect: is it a pre-cursor of the JAE?   

There is one other aftereffect illusion to consider since its generation requires 

adaptation stimulation similar to the JAE. This is the ‘twinkle aftereffect’ (TwAE) first 

described by Tyler and Hardage (Hardage and Tyler, 1995; Tyler and Hardage, 1998). They 

utilised a DRN adaptation stimulus similar to the JAE, but with a blank unstimulated region 

in the centre rather than SRN. When a completely blank region was displayed, fine-grained 

scintillating ‘twinkle’ was perceived in the region that was blank during adaptation. 

Murakami and Cavanagh (1998) have claimed that the TwAE and the JAE are two separate 

aftereffects.  

However, like the JAE, there is no interocular transfer of the TwAE and there is 

binocular enhancement (Hardage & Tyler, 1995). Furthermore, the ‘twinkle’ can extend over 

broad unstimulated regions (up to 20˚) crossing the visual hemispheres, again similar to the 

JAE. Hardage and Tyler (1995) tested the TwAE with different element sizes and found that 

there was almost no effect of element size on aftereffect duration. The reported perception of 

the twinkle was always fine-grained even when the surround checks were very coarse. 

Hardage and Tyler (1995) compared the duration of the aftereffect with uniocular and 

binocular viewing, and found binocular superiority (longer aftereffect duration with binocular 

viewing), but to reiterate, there was no interocular transfer (Hardage & Tyler, 1995). Tyler 

and Hardage (1998) propose that the twinkle is an achromatic rebound effect in the 

magnocellular processing system.  

Although there are similarities, the TwAE stimuli differ from the stimuli of the JAE. 

The TwAE stimulus does not have SRN in the central annulus during adaptation. Rather than 

a static test pattern being presented as in the JAE, it has a blank test-stimulus. Renneflott 

(1999) did a hybrid experiment (twinkle adaptation stimulus with JAE test stimulus) using 

similar apparatus, stimulus, and general procedure to the current set of studies (see Section 
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8.1.1). The participants viewed the annular outer ring filled with dynamic random noise in the 

adaptation phase, and then subsequently viewed the entire test stimulus filled with static 

random noise in the test phase. The participant’s task was to record the duration of the JAE as 

a measure of JAE strength. Renneflott (1999) found that a JAE can be elicited with the 

TwAE adaptation stimulus, and there was no significant difference between the two 

adaptation paradigms. Thus, it seems reasonable to assume that the JAE and twinkle are 

adapting similar sites in the M-pathway (Renneflott, 1999; Tyler & Hardage, 1998). 

However, the JAE test stimulus activates pattern-sensitive, motion pathways (similar to those 

in area MT), and thus creates a different effect from the pattern-less twinkle test stimulus. 

This could be compared to equivalent findings in the MAE, where different MAEs are found 

depending on the test stimulus utilised (Culham et al., 1998). The adaptation of a site is not 

expressed unless the same site is stimulated in the test phase (Mather & Harris, 1998).   

Since the early work of Tyler and Hardage, more recent papers have focused on the 

origin of the TwAE: whether it is cortical or due to retinal ganglion/LGN cell responding. 

Because of the difference in the TwAE with binocular vs. uniocular adaptation demonstrated 

by Hardage and Tyler (1995), Reich, Levi and Frishman (2000) assumed that the origin of the 

TwAE was cortical, beyond the anatomical site of binocular convergence. Moreover, they 

proposed that depolarisation is induced specifically in complex cortical cells whose receptive 

fields are stimulated by the DRN background. These activated cells inhibit the neurons whose 

receptive fields lie within the ‘artificial scotoma’ (the blank area), inducing hyperpolarisation. 

After the DRN is extinguished, rebound depolarisation induces an excitatory activation in 

these cells that appears as the twinkling aftereffect. Mihaylov, Manahilov, Simpson and 

Strang (2007) concluded that in the TwAE, the DRN adaption stimulus increases the 

variability of firing in the cortical neurons corresponding to the blank region of the stimulus. 

This internal noise increased contrast sensitivity in that blank region. On the other hand, 
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Crossland and Bex (2008) claimed that the locus of the TwAE is not cortical, but is within 

monocular M retinal ganglion cells and/or LGN cells with relatively small receptive fields 

and which respond ‘preferentially’ to the DRN. Whether the locus of an aftereffect is retinal 

or cortical is an important question, not just for the TwAE but also the JAE. A number of 

experiments in this thesis where conducted to answer this question. The purpose and 

hypotheses of the series of experiments that comprise the thesis are summarised Chapter 6.  
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Chapter 6 

General Purpose and Hypotheses 

  

 The general purpose of this thesis was to examine the spatial and temporal parameters 

of the JAE in order to gain further insight into the mechanisms and pathways involved. A 

secondary purpose was to test the only existing explanation of the JAE proposed by 

Murakami and Cavanagh (1998, 2001). Their two-stage model of adaptation and 

compensation for miniature eye movements, lends itself to further examination through 

manipulation of parameters. The study consisted of six studies comprising nine experiments 

and three demonstrations. 

It was originally hypothesised that the adaptation and compensation cortical allocation 

of Murakami and Cavanagh (1998, 2001) would be supported by the spatial and temporal 

findings. The minimum energy hypothesis holds that the area of least instantaneous motion 

becomes the new baseline of null motion (see Section 5.3.4.1; Fig. 10). This was also 

examined further. The coherence of noise and directionality of the signal were also examined. 

Despite some findings showing, on the surface, support for the two-stage theory, it 

will be shown that the richness of the findings could not be entirely accounted for by 

Murakami and Cavanagh’s (1998, 2001) theory. Instead of the original theory, which holds 

that miniature eye movements are a source of noise that must be compensated for, the 

findings of this thesis are better accounted for by an ecologically based dynamic theory of 

motion perception where miniature eye movements are an essential component of meaningful 

segmentation of the visual scene. Specific aims and hypotheses for each of the studies are 

summarised in turn below. A more thorough background of each study is given in Chapters 

7–12. 
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6.1 Study one 

As discussed in Chapter 4, the cells in the visual pathways can be grouped according 

to their responsivity to various stimulus features. Following Murakami and Cavanagh’s 

(2001) suggestion that the JAE exists in the achromatic M-pathway projecting to MT motion 

cells, the aim of Study one was to further determine the pathways (see Section 4.2): M or P 

(or both) involved in JAE. A similar effect – the TwAE (Tyler & Hardage, 1998) – has been 

shown to be due to luminance (M-pathway) and not chromatic (P-pathway) noise (see 

Section 5.3.5), indicating that it exists in the M-pathway alone. Demonstration 1 tested the 

effect of an isoluminant stimulus which only possesses chromatic contrast, and compared it to 

an isochromatic stimulus which only possesses luminance contrast. It was hypothesised that 

the JAE is dependent on luminance contrast, and thus there would be a JAE with 

isochromatic stimuli, but no JAE with isoluminant stimuli. 

6.2 Study two 

Varying the spatial and temporal parameters of the stimulus could elucidate further 

where in the visual motion pathways the JAE occurs. Murakami and Cavanagh (1998) claim 

the JAE is a ‘low-level’ phenomenon. Previous findings indicate that there is involvement of 

both low-level and high-level mechanisms, and the two-stage model indicates involvement of 

both V1 and MT+ (Murakami & Cavanagh, 2001).  

Murakami and Cavanagh (2001) found that the JAE was spatial frequency dependent, 

and strongest when the adaptation spatial frequency matched the test spatial frequency. 

Murakami and Cavanagh (2001) did not get strong results using bandpass filtered stimuli, 

perhaps because this method significantly reduces the variation in contrast of the image. To 

bypass the potential contrast confound of bypass filtered stimuli, Renneflott (1999) varied the 

size of the elements in the DRN to manipulate the spatial frequency of the random noise 

stimulus. As in the current studies, duration was used as a measure of illusion strength. 
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Renneflott (1999) found the effect to be strongest with 6  6 pixels (0.063˚ a side). The 

phenomenologically similar Ōuchi effect (see Section 5.3.1) only appears when the pattern 

contains dominant spatial frequencies of between 6–12 cpd (Ashida, Kitaoka & Sakurai, 

2005; Hine et al., 1995, 1997; Khang & Essock, 1997a). Temporal frequency dependence of 

the JAE has not previously been tested.  

Experiment 2.1 measured the strength of the JAE by recording its duration while 

varying two adaptation stimulus parameters: spatial frequency, by varying the size of the 

square noise elements (element size), and temporal frequency, by varying the rate at which 

the background changes (the flicker rate) during the adaptation period of the JAE. As 

reviewed in section 4.2, V1 neurons are sensitive to specific spatial and temporal frequencies, 

whereas MT neurons in monkeys have been found to be sensitive to a particular speed rather 

than a temporal frequency (Perrone & Thiele, 2001). Based on Murakami and Cavanagh’s 

(2001) allocation of the adaptation stage to V1, the following hypotheses were derived. It was 

hypothesised that there would an optimal element size for longest JAE duration. It was 

hypothesised that temporal frequency would affect JAE duration.   

In agreement with Murakami and Cavanagh’s allocation of the adaptation and 

compensation to V1 and MT/MST respectively, Sasaki et al. (2002) found increased fMRI 

activity in higher areas, such as MT+, during the testing phase of the JAE. Due to the cortical 

magnification factor, MT+ receptive fields become larger and spatial resolution coarser in the 

periphery. Thus, to achieve similar effects in the periphery as achieved in central vision, 

stimulus size is increased. Murakami and Cavanagh (2001) varied both stimulus size and 

eccentricity in the JAE and found that the optimal stimulus size increased as a function of 

viewing eccentricity.  

With the perceptually similar Ōuchi illusion, Ashida (2002) showed that the ideal 

spatial frequency was lowered slightly, but significantly, if the overall size of the stimulus 
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was increased. Ashida (2002) proposed that the segmentation in the Ōuchi was caused by 

relative motion detecting cells in MST, and attributed the spatial frequency lowering effect to 

the receptive field sizes of these higher order MST cells. The receptive fields of overlapping 

MT cells vary in size even in central vision: the larger the receptive field, the coarser the 

spatial analysis (Ashida, 2002). 

Experiment 2.2 follows Ashida’s (2002) reasoning outlined above. As such, rather 

than increase the stimulus size as a function of the eccentricity replicating Murakami and 

Cavanagh (2001), both the element size and stimulus size (diameter of the annulus) were 

varied for a centrally viewed stimulus. Following the findings of Ashida (2002), it was 

hypothesised that with larger stimulus sizes, larger element sizes would be effective in 

increasing JAE duration.  

Murakami and Cavanagh (2001) found that utilising bandpass filtered stimulus in the 

test phase produced a JAE with a longer duration than the unfiltered random noise. Their 

findings indicated that the JAE was greatest when adapt and test bands were matched, similar 

to the MAE. They suggested that these similarities between MAE and JAE in terms of spatial 

frequency selectivity suggest two illusions share a common mechanism.  

Experiment 2.3 tested the effect on JAE duration with different element sizes between 

the adaptation and test stimulus. The experimental aim was to clarify whether the element 

size was having its effect on JAE duration in the test phase, the adaptation phase, or a 

combination of both. According to Murakami and Cavanagh’s (2001) two-stage model and 

the findings of Sasaki et al. (2002) V1 is activated in the adaptation phase, and MT is 

activated in the testing phase. Recall that V1 neurons are sensitive to specific spatial and 

temporal frequencies, whereas MT neurons in monkeys have been found to be sensitive to a 

particular speed (Perrone & Thiele, 2001), it was hypothesised that the element size (spatial 

frequency) should be most effective in influencing JAE duration during adaptation. 
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6.3 Study three 

Experiment 3 was a control experiment aimed to examine if it was the number of 

changes of background or the rate of change of background (flicker rate) that determined the 

strength of the JAE with varying temporal frequency. Temporal frequency is the rate of 

change of contrast over time. Increasing the temporal frequency whilst keeping adaptation 

duration constant also results in an increased number of changes in that time. Temporal 

frequency adaptation should be a function of the rate of change, and not the number of 

changes. Furthermore, the standard MAE builds up to a peak effect after adaptation viewing 

times of about 50 seconds (Hershenson, 1989). The strength of the JAE as a function of 

adaptation period is thus an important test to see if the JAE is similar to the standard MAE 

(see Section 5.2).  

This control experiment was designed to further investigate the effect of temporal 

frequency (the rate of change), number of changes and the adaptation duration on the strength 

(duration) of the JAE. It was hypothesised that the rate of change, not the number of changes 

would be correlated to JAE duration. It was also hypothesised that the JAE would have a 

similar peak adaptation time as the MAE. 

6.4 Study four 

Murakami and Cavanagh (2001) found that noise oriented in the horizontal or vertical 

direction during adaptation produced a JAE with illusory relative motion biased in the same 

direction. However, the overall duration of the illusion was reported as greatly reduced from 

the standard DRN adaptation stimulus. In this study adaptation noise was biased in linear, 

radial and circular directions and compared to the standard DRN. Murakami and Cavanagh 

(1998, 2001) and Sasaki et al. (2002) have speculated that the compensatory process is 

biologically implemented in relative linear motion detecting cells in MT. Furthermore, there 

are a number of different classes of cells in that area of the cortex, including those that 
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respond to radial (expansion/contraction) and circular motion (Tanaka & Saito, 1989) (more 

on this in Sections 2.2, 4.1, and 4.3). Finally, in keeping with the theory that the JAE reveals 

a compensatory mechanism for the instability of miniature eye movements of fixation 

(Murakami & Cavanagh, 1998) (see Sections 2.1.3 and 5.3.4), only linear components of 

motion should be recruited, as this coincides with possible image movement due to fixational 

error. It was hypothesised that the linear stimulus would produce a longer duration JAE than 

the rotational or circular stimulus. 

Murakami and Cavanagh (2001) found that noise oriented in the horizontal or vertical 

direction during adaptation produced directional bias in the resulting JAE. For example, 

exposure to a horizontal ‘noise’ stimulus during adaptation resulted in a still noticeable JAE 

in the horizontal direction (Murakami & Cavanagh, 2001). However, the overall strength of 

the illusion was reported as greatly reduced from the standard DRN adaptation stimulus.  

These conditions were replicated here and compared to conditions with noise in the 

radial and circular directions. There were three reasons for doing this. Firstly, Murakami and 

Cavanagh (1998, 2001) and Sasaki et al. (2002) have speculated that the compensatory 

process is biologically implemented in relative linear motion detecting cells in MT and that 

the adaptation causing the JAE may take place in directionally selective cells in V1 

(Murakami & Cavanagh, 2001). Secondly, there are a number of different classes of cells in 

the upstream areas of the cortex (MT+), including those that respond to radial 

(expansion/contraction seen in looming) and circular motion (Tanaka & Saito, 1989). It was 

of interest to ascertain whether the compensatory process also recruited these other cells. 

Neurophysiological evidence suggests that neurons in the dorsal part of the medial superior 

temporal cortex (dMST) are involved in the analysis of radial or rotational motion patterns 

(Tanaka & Saito, 1989). It should be noted that recent work on mammalian M retinal 

ganglion cells (RGCs) has also found that there are cells at this level that respond to lateral 
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motion or looming (Gollisch & Meister, 2010) so it could be the case that these retinal cells 

are being recruited during adaptation. 

Turning to psychophysical studies, results suggest that the human visual system has 

dedicated mechanisms available for the detection of optic flow patterns such as radial or 

rotational motion (Burr & Thompson, 2011; Regan & Beverley, 1978) and from other 

psychophysical results it has been speculated  that activity in MST is used to extract heading 

direction from optic flow (Aaen-Stockdale et al., 2012). Since linear (translatory), rotational 

and radial motion directions in the image plane are analysed by separate mechanisms (Burr & 

Thompson, 2011) one may reasonably expect reduced JAEs that are directionally selective 

for each of these types of motion after adaptation to the appropriate stimulus (linear, radial or 

circular). Finally, in keeping with the theory that the JAE reveals a compensatory mechanism 

for the instability of miniature eye movements of fixation (Murakami & Cavanagh, 1998), 

only linear components of motion should be recruited, as this coincides with possible image 

movement due to fixational error. It was hypothesised that the linear stimulus would produce 

a longer duration JAE than the rotational or circular stimulus. 

6.5 Study five – Oscillation experiments 

According to Murakami and Cavanagh’s (2001) two-stage model, the JAE reveals a 

compensation mechanism for the noise generated by miniature eye movements. Accordingly, 

it could be reasoned that a stimulus most congruent with miniature eye movements would 

produce the strongest JAE. Uniocularly, this would be a coherent motion signal (same 

velocity in all parts of the image) as the eye moves across the stimulus array. In Study five 

this was operationalised as oscillation of the image. In Experiment 5.1 it was hypothesised 

that oscillation would produce longer lasting JAEs than the standard DRN used for the 

original JAE. In Experiment 5.2 it was also hypothesised that increasing the oscillation 

velocity would result in longer duration JAEs. 
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Demonstration 5.3 compared the JAE to the MAE by utilising oscillation (two 

directions of motion) compared to a stimulus where motion was just in one direction – 

‘rectified motion’. It was hypothesised that only the rectified motion stimulus would result in 

a MAE, whereas for the JAE, oscillating motion yielding equal motion signals in 

diametrically opposed directions would produce the aftereffect, but by the same token not 

produce any MAE. 

The minimum energy hypothesis inherently has as a requirement that there are 

different motion energies in the two regions of the adapting stimulus. In Demonstration 5.4, 

both inner disk and outer annulus contain oscillating stimuli, with equivalent motion energies, 

but with different directions. It was hypothesised that the JAE would not occur with equal 

motion energies in the centre and surround. 

The aim of Experiment 5.5 was to further examine the minimum energy hypothesis 

(Murakami & Cavanagh, 1998, 2001), described in Section 5.3.4. A clear prediction of the 

minimum energy hypothesis is that the adapted area becomes the new functional ‘zero 

velocity’ (Murakami, 2006, p.198). Thus, with motion energy in both areas, the area of the 

JAE that has the least motion energy or velocity becomes the new baseline, so it should then 

be the differential motion between the areas that is predictive of the JAE duration. It was 

hypothesised that JAE duration would increase with increasing differential motion between 

the centre and surround. 

6.6 Study six 

In Study six the energy in the background pattern was raised by varying the contrast 

of the dynamic texture elements (see Sections 3.1 and 3.2). In addition, the coherence/ 

randomness of the noise was examined by varying the parameters of noise generation. In 

Experiment 6.1 the background was DRN (random condition) in one case and, in the other 

case, the background was moved at random small amplitudes and directions (coherent 
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condition), thus, movement was ‘Brownian’ (Pilly & Seitz, 2009). The two types of noise 

were tested, coherent and random, by seven contrast levels. It was reasoned that Brownian 

motion would be more similar to miniature eye movements, which have often been illustrated 

as ‘random walk’ movement (see Section 2.1.2 for a review of miniature eye movements). In 

accordance with Murakami and Cavanagh’s (1998, 2001) theory that the JAE reflects a 

compensation mechanism for miniature eye movements, it was hypothesised that Brownian 

motion would result in a longer JAE than random noise. 

Experiment 6.2 was designed to test if the contrast effect found above was a function 

of the adaptation contrast, the test contrast, or some interaction between the two. Based on the 

higher degree of contrast adaptation of V1 compared to MT, it was hypothesised that contrast 

would be most effective during adaptation. 
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Chapter 7 – Study 1 

Demonstration 1 - Jitter Aftereffect with Luminance vs. Chromatic Contrast 

 

Murakami and Cavanagh (2001) suggested that the JAE exists in the M-pathway 

alone and the aim of this experiment was to further determine the pathways: M or P (or both) 

involved in JAE. As well, what may be a related effect – the TwAE (Crossland & Bex, 2008; 

Hardage & Tyler, 1995; Tyler & Hardage, 1998) – has been assumed to be due to luminance 

and not chromatic noise. Since the TwAE is so similar in its adapting stimulus to the JAE, is 

the latter also dependent on luminance contrast? As such, there would be no JAE utilising 

isoluminant stimuli. The following demonstration tested the effect of an isoluminant stimulus 

with chromatic contrast, and compared it to an isochromatic stimulus with luminance 

contrast.  

7.1 Method 

7.1.1 Participants. Six naïve participants recruited from McGill University, 

including one investigator, took part in the study. One participant was discarded (subject five 

in raw data) due to inability to see the JAE in any stimulus. This left one female and four 

males, ages ranged from 24 to 43. All had normal or corrected-to-normal acuity and normal 

colour vision. In accordance with the Declaration of Helsinki, informed consent was obtained 

from each participant before testing. 

7.1.2 Materials. As this experiment was conducted at an alternate location to the 

other experiments reported in this thesis, namely the Vision Research Unit, Department of 

Ophthalmology, McGill University, the materials and equipment will be described in detail. 

The stimuli were generated by a VSG2/3 computer graphics card (Cambridge Research 

Systems, Kent, United Kingdom, ME2 4BH) and presented on a 20″ colour monitor (Sony 

F500). Vertical refresh rate was 90 Hz. Only the red and green phosphors were used to 
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produce isoluminant red–green (‘chromatic’) and isochromatic yellow–black (‘luminance’) 

stimuli. In other words, the chromatic stimulus created a pattern based on differences in 

colour, but equal levels of luminance. The luminance stimulus had differences in luminance 

(maximum yellow, minimum black), but only one colour (yellow). The display was gamma-

corrected using colour look-up tables (CLUTs) with 12-bit intensity resolution per gun: 

calibration utilised the Cambridge Research Systems photometer (model OP200-E). The CIE 

(Commission Internationale de l’Eclairage/International Commission on Illumination) 

coordinates for the red phosphor was: x = 0.610, y = 0.340 and the green: x = 0.280, y = 

0.595. When calibrated, the intensities of the red and green guns together produced equal 

steps of luminance for the luminance stimulus. For the chromatic stimulus, one of either the 

red or green LUTs was inverted (Pearson & Kingdom, 2002). The background of the display 

was a uniform olive-yellow colour and the luminance measured in the middle of the screen 

where all the stimuli were displayed was 27 cd/m
2
. Observers’ responses were gathered via a 

Cambridge Research Systems CB3 switchbox. 

7.1.3 Stimuli. The stimulus consisted of a uniformly spaced 30  30 array of oriented 

Gabor micropattern elements with each micropattern centred within a ‘cell’ 0.51˚ a side. The 

900 element array subtended 15.4˚ a side at a viewing distance of 91 cm. Each micropattern 

was generated by multiplying a cosine function by a 2–D Gaussian envelope as follows: 

 

g(x, y, θ)  = c cos[2πf (x cos θ  –  y sin θ)] × exp[–(x
2
  + y

2
)/2σ

2
]  (1) 

 

where θ is the element orientation measured from the horizontal and was a constant 45º. The 

tilting of the micropattern was of no consequence in this study, but was used in a study being 

conducted in parallel (Pearson & Kingdom, 2002). The parameters x and y are the distance in 

degrees from the element centre and c is the contrast. The carrier frequency f was 2 cpd and 
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the spatial constant of the Gaussian envelope σ was 0.25˚. Each array was comprised entirely 

of chromatic micropatterns or luminance micropatterns. The luminance (yellow-black) 

Gabors had in-phase modulation of the red (r) and green (g) phosphors: 

 

r = r mean [1 + g(x, y, θ)], g = g mean [1 + g(x, y, θ)]   (2) 

 

while the chromatic (red-green) Gabors had anti-phase modulation of the r and g phosphors: 

 

r = r mean [1 + g(x, y, θ)], g = g mean [1 – g(x, y, θ)]   (3) 

 

Low frequency Gabor micropatterns were chosen to reduce the effects of chromatic 

aberration in our isoluminant stimuli. Without caution in the procedure, such aberration could 

have produced luminance artefacts in the putative isoluminant stimuli that in turn may have 

generated a JAE. Further information on chromatic aberration in the form of a review is 

provided in Thibos, Bradley, Still, Zhang, and Howarth (1990).  

7.1.4 Procedure. To determine the isoluminant point for each observer, a minimum 

flicker technique was used, similar to the procedure utilised by Pearson and Kingdom (2002). 

The r/(r + g) ratio was adjusted so that minimum flicker was perceived in a 2 cpd grating 

when the red and green CLUTs were exchanged at a rate of 30 Hz. The mean of ten settings 

was taken to be the isoluminant point. The luminance contrast was 90% in the luminance 

micropatterns. Colour contrast in the chromatic micropatterns was set as high as the r and g 

phosphor modulation of the display system would allow. Detection thresholds for these 

chromatic Gabor micropatterns are many times lower than the equivalent luminance 

micropatterns when considered in a cone based contrast space (Chaparro, Stromeyer, Huang, 
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Kronauer, & Eskew, 1993; Cole, Hine, & McIlhagga, 1994), making the visibility of the 

chromatic stimuli functionally equivalent to the luminance stimuli. 

During the 40 second adaptation period, the observer viewed either the luminance or 

chromatic stimulus array. Each micropattern was randomly assigned (probability = 0.5) a 

‘positive’ or ‘negative’ contrast of equal amplitude. In the case of a luminance pattern, 

‘positive’ contrast corresponded to a centre yellow peak, ‘negative’ contrast corresponded to 

a centre black peak, and similarly for the red and green peaks of the ‘positive’ and ‘negative’ 

chromatic pattern. Each and every Gabor micropattern element was turned on and off 

(flickered) except for the middle 100 (10  10) patterns, which remained unchanged during 

the adaptation period. Flickering consisted of the positive contrast being exchanged for 

negative contrast and vice-versa, 30 times per second. During the 20 second test period, the 

flickering ceased – the entire 30  30 array was composed of randomly assigned positive and 

negative contrast micropatterns. In all cases, the space and time averaged contrast changes in 

the stimulus with respect to the background was zero. 

The experiment was conducted in a laboratory with low ambient light levels. Before 

the actual experiment commenced, r/(r + g) ratios corresponding to isoluminance (see above) 

were obtained for each participant. On each trial, the participant was instructed to keep their 

eye fixed on a mark at the centre of the stimulus for the 40 sec duration of the adaptation 

period. The mark disappeared at the start of the 20 sec test period, and participants were 

instructed to stop staring and view the pattern with free eye movements.     

Unlike all the other experiments conducted for this dissertation, instead of recording 

by button press the onset and offset of the JAE, a millisecond timer was started as soon as the 

test stimulus appeared on the monitor and the observers were instructed to push a switch 

when they no longer saw any visual jitter (JAE) in the test stimulus. Given that very small 

JAEs may have been possible in the chromatic stimulus along with the difficulty of the task, 
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the observers were more comfortable with this method. However, the result of this alternate 

method of measuring the duration of the JAE is that a baseline reaction time would be present 

in the response times of each participant. In other words, even if there was no JAE in the test 

phase, a reaction time to push the switch and stop the timer would be evident. More 

discussion on measuring the strength of the JAE is included below in Section 8.1.1.2. Each 

participant completed 20 trials in total whereby blocks of five trials of the chromatic stimulus 

and five trials of the luminance stimulus were presented in counterbalanced order. 

7.2 Results 

The reaction time (RT) for the cessation of a JAE was recorded for each trial and the 

results averaged across the ten trials for each of the luminance and chromatic stimulus. These 

results are presented for each observer in Fig. 12 and the raw data are presented in Appendix 

1. All participants reported that the task was difficult leading to some inter-observer 

variation. The JAE was weak, but present, in the luminance stimuli, but participants reported 

that a JAE was not apparent in the chromatic stimuli. This is evident in Fig. 12 with the small 

but not insignificant times recorded in the chromatic condition. As noted above, this could 

have been due to observers waiting before pushing the switch to make sure that there really 

was no effect present, but could also reflect the inherent delay of the method of measurement 

described above and variations in reaction time. Within this RT paradigm, average JAE for 

the chromatic stimulus was 1.75 sec, considerably less than the JAE for the luminance 

stimulus of 3.61 sec. Results from an independent sample, one-tailed t–tests performed on 

each observer’s data are also shown on Fig. 12. It should be noted, however, that all 

participants showed a greater JAE for the luminance condition with overall p < 0.03. 
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               p < .0005      p < .0005      p < .055      p < .07       p < .0005 

 

Figure 12. Demonstration 1 results. Mean duration of reaction time to the cessation of the 

JAE averaged across ten trials for each of the five observers. Data for each of the five 

observers is plotted on the x-axis. The filled bars are data for stimuli composed of 

isochromatic, luminance modulated Gabor micropatterns while the open bars are for 

isoluminant, chromatically modulated stimuli. Error bars are 1 SD. Significance of 

difference between luminance and chromatic trials is shown for each observer (see text for 

details). 

 

7.3 Discussion – Demonstration 1 

The JAE seems to be luminance-based effect, similar to ‘twinkle’ induction (Tyler & 

Hardage, 1998) as the results showed a consistently smaller JAE with chromatic contrast than 

luminance. Care was taken in this demonstration to reduce effect due to chromatic aberration 

that would have produced luminance artefacts. As such, the JAE seems to be predominantly 

an M-pathway phenomenon. For Murakami and Cavanagh (2001), this first stage of the JAE 
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is located at the early stages of motion processing in the M-pathway, and they name V1 layer 

4B as a likely candidate. They suggest that the second stage is most likely at MT or beyond 

(Sasaki, Murakami, Cavanagh & Tootell, 2002) within the dorsal stream of vision. The lack 

of chromatic input to the JAE indicates that the JAE is indeed an M-pathway phenomenon, 

but still leaves questions as to where, why and how the JAE occurs. The next experiments 

explore the spatial and temporal parameters of the adaptation stimulus in the JAE.  

The main methodological issue with the current demonstration was the method 

utilised to record the duration of the JAE. The remaining experiments were conducted at the 

Griffith University laboratories, and utilised a hand-held accumulative chronometer with 

microswitch that was pressed when illusory motion was perceived and released when illusory 

motion was no longer perceived. The utility of duration as a valid and reliable measure of the 

JAE are addressed in the methods of Experiment 2.1 below, and will then be considered the 

standard method of condition for the remaining studies of this thesis.  
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Chapter 8 - Study 2 

Experiments Varying Spatial and Temporal Parameters 

 

 This Chapter reports three experiments examining the strength of the JAE as a 

function of adapting stimuli of different areas, different element size within the DRN and 

SRN, as well as different temporal frequencies. Whether the element size used in the DRN is 

the ideal element size in the SRN test stimulus, was also of interest. Discussion of all three 

experiments has been reserved until the end of this Chapter. 

8.1 Experiment 2.1 – JAE with Varying Element Size and Flicker Rate 

Murakami and Cavanagh (1998) claim the JAE is a ‘low-level’ phenomenon. 

Previous findings by the author indicate that there is involvement of both low-level and high-

level mechanisms. Specifically, there is no interocular transfer (IOT); however, the JAE is 

uniocular with binocular enhancement (Renneflott, 1999, Murakami & Cavanagh, 2001). 

Where in the visual motion pathways the JAE occurs can be elucidated by varying the spatial 

and temporal parameters of the stimulus. The two-stage model indicates involvement of both 

V1 and MT+ (Murakami & Cavanagh, 2001). V1 neurons are sensitive to specific spatial and 

temporal frequencies, whereas MT neurons in monkeys have been found to be sensitive to a 

particular speed rather than a temporal frequency (Perrone & Thiele, 2001).  

The JAE has previously been shown to be spatial frequency dependent (Murakami & 

Cavanagh, 2001), however, Murakami and Cavanagh were more interested in showing that, 

like the MAE, the JAE was strongest when the adaptation spatial frequency matched the test 

spatial frequency. Renneflott (1999) varied the size (coarseness) of the elements in the DRN 

and found the effect to be strongest with 6  6 pixels (0.063˚ a side), which correspond to a 

grating spatial frequency of about 7 cpd. Murakami and Cavanagh (2001) used bandpass 

filtered stimuli, and concluded the JAE is spatial frequency dependent. However, they did not 
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get strong results, perhaps because by this method the intensity (variation in contrast) of the 

image would be significantly reduced. Temporal frequency dependence of the JAE has not 

previously been tested.  

If the adaptation producing the JAE takes place at a retinal level, that is, within the 

array of retinal ganglion M cells, then it could be the case that the spatial and temporal 

frequencies within a stimulus that generates vigorous firing in these cells also produces the 

strongest JAE. Of course, most of the data of these ‘ideal frequencies’ comes from ganglion 

cell recording in the primate (macaque) retina. As has been noted in studies of retinal 

adaptation in animals, it is important to match the element size within any random noise 

stimulation to the receptive field centre of RGCs (Hosoya, Baccus & Meister, 2005). The 

receptive field centre of M RGCs is about 0.1° (Croner & Kaplan, 1995) out to about 10° 

eccentricity. On the temporal side of the response, M RGCs respond rapidly, having peak 

responsivity to temporal modulation between 10 and 18 Hz (Kaplan & Bernadete, 2001). By 

the same token, the temporal response of these cells ‘rolls-off’ rapidly at frequencies beyond 

25 Hz (Kaplan & Bernadete, 2001). Temporal frequencies beyond this frequency are 

effectively ‘noise’ for these cell types. The current experiment would test to see if the spatial 

and temporal parameters of the ideal JAE adaptation stimulus were similar to these primate M 

RGC parameters.  

Finally, it has been found that an illusion phenomenologically similar to the JAE – the 

Ōuchi effect – possess tightly constrained spatial frequency parameters. As noted in Section 

5.3.1, this effect only appears when the pattern contains dominant spatial frequencies of 

between 6–12 cpd (Ashida, Kitaoka & Sakurai, 2005; Hine et al., 1995, 1997; Khang & 

Essock, 1997a). The question naturally follows: Does the JAE possess similar spatial 

frequency parameters? 
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 Experiment 2.1 measured the strength of the JAE by recording its duration while 

varying two adaptation stimulus parameters: coarseness/fineness of the DRN pattern (broadly 

equivalent to spatial frequency) achieved by varying the size of the square noise elements, 

and temporal frequency, by varying the rate at which the background changes (the ‘flicker 

rate’ of f) during the adaptation period of the JAE. It was hypothesised that the JAE would 

have an optimal element size (spatial frequency), which would produce longer JAE durations. 

It was also hypothesised that there would also be an optimal temporal frequency that would 

produce a stronger JAE. 

8.1.1 General Method. The procedures described for this experiment will be 

considered the standard methodology for all remaining JAE illusion experiments of this thesis 

except where detailed otherwise.  

8.1.1.1 Participants. Six naïve undergraduate students and one of the investigators 

acted as participants, yielding a total of seven participants. The three male and four female 

participants had a mean age of 30.0 years and a SD of 9.02 years, with ages ranging from 20 

to 44. All of the students received course credit for participating in the experiment, as well as 

being paid $10 for each experimental session in the laboratory. Incentives were utilised to 

ensure continued attendance, as the experimental process was lengthy and involved more 

than one session. All participants had normal or corrected-to-normal visual acuity with no 

history of visual or neurological problems. In accordance with the Code of Ethics of the 

World Medical Association (Declaration of Helsinki), all experiments were undertaken with 

the understanding and written consent of each participant. The experiments reported in the 

rest of this thesis were conducted under four approved Griffith University Human Research 

Ethics Committee protocols. The certificates for these protocols are displayed in Appendix 

1a. 
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8.1.1.2 Materials. Stimuli were generated and experiments controlled by a Pentium II 

PC with a Matrox Millenium G400 graphics card. The software platform was X-windows 

running under Linux. SciTech Display Doctor
®
 software was installed to ensure that the 

operating system did not interfere with the presentation of the stimuli at the prescribed non-

interlaced vertical refresh rate of 88 Hz. Stimuli were presented on a Sony GDM-20SE1 20-

inch monitor in a semi-dark laboratory at a viewing distance of 190 cm. The raster was 800 × 

600 pixels (37 × 28 cm), so each pixel subtended approximately 0.014 degrees of visual 

angle. Light levels were measured with a Tektronix J19 1º Luminance probe.  

The participant used a hand-held chronometer with a microswitch and cumulative 

lapsed time in milliseconds was recorded. The timer started when the switch was pressed, and 

stopped when it was released. A handheld timer was used, rather than a keyboard or switch as 

in pilot work, since participants were much more comfortable with this in rapidly responding 

to each and every occurrence of the JAE, no matter how short in duration. All the 

experiments use the onset/offset technique described above as an accepted and accurate 

measure of aftereffect duration and hence, strength. Although various other methods have 

been trialled for measuring motion aftereffect strength, duration continues to be used as a 

widespread and well-accepted measure of strength of adaptation in studying aftereffects by 

many of the main researchers in the area of aftereffects and adaptation (for example, Mather, 

Pavan, Bellacosa, & Casco, 2012; Seno et al., 2011). Duration was also employed by 

Murakami and Cavanagh (2001) to measure JAE strength. It is possible that the perceived 

strength of illusion as rated by observers could offer a possible measure, as could various 

cancellation methods (Anstis et al., 1998). However, the jitter that is perceived in the JAE 

poses difficulties in that the direction of motion is quite random, and subjective measures of 

strength could be biased on a trial-by-trial basis (Anstis et al., 1998). For this same reason, 
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more recent and sophisticated techniques that have been used to measure the motion 

aftereffect cannot be used to measure the strength of the JAE. 

8.1.1.3 Stimuli. A monitor provided a uniform grey background (22.2 cd m
-2

,) 

subtending 11.0 × 8.4˚ and comprised an annulus, 7˚ in diameter, surrounding a disk 3.5˚ in 

diameter. Fig. 13 illustrates one frame of the adaptation stimulus. During the adaptation 

period that lasted 40 seconds, the annulus contained high contrast ‘dynamic’ random noise 

(DRN). Varying the size and number of pixels a side resulted in different ‘spatial frequency’ 

conditions. Each texture element had a 50% chance (p = 0.5) of being ‘black’ (0.8 cd/m
2
) or 

‘white’ (43.6 cd/m
2
) yielding a Michelson contrast of 96%. This random texture pattern of 

black-and-white squares possessed the same space averaged luminance as the grey 

background. A video memory ‘library’ of 64 random texture patterns was created. The 

starting pattern was replaced by an entirely new random pattern selected from the ‘library’ 

after a set number of vertical refreshes of the monitor corresponding to the flicker rate f. The 

central disk contained a static random noise (SRN) pattern. SRN was random texture of the 

same spatial and luminance parameters as one frame of the DRN. The SRN was changed to 

an entirely new random texture every five seconds of the adaptation period so as to prevent 

the creation of strong negative afterimages observed in pilot studies, especially with the 

coarser pattern elements. A red fixation cross, subtending 0.112˚ for each arm, was displayed 

at the centre of the stimulus only for the duration of the adaptation period. The adaptation 

period was immediately followed by a 20 second test period. In the test period the entire 

stimulus (disk and annulus) was composed of SRN of the same spatial and luminance 

parameters as one frame of the DRN. 

8.1.1.4 Procedure Experiment 2.1.: JAE with varying element size and flicker rate. 

The purpose of this experiment was to examine if the size of the elements in the 

display and the flicker rate affect the duration of the JAE. In each experimental session, 
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observers sat for at least five minutes in the laboratory to adapt to the low light levels. They 

viewed the monitor binocularly as each 60 second trial was presented. A trial consisted of 

DRN of the following seven element sizes, s = 1, 2, 4, 6, 8, 12 and 24 pixels, corresponding 

to 0.014, 0.028, 0.056, 0.084, 0.112, 0.168, and 0.336˚. Vertical refresh rates were used to 

vary the temporal frequency: 1, 2, 3, 4, 5, 6, 7, 8, 10, 20 and 40 vertical refreshes of the same 

pattern before changing to another pattern (see above). This corresponds to flicker rates of f = 

88, 44, 29.3, 22, 17.6, 14.7, 12.6, 11, 8.8, 4.4 and 2.2 Hz. Thus, there were 77 different 

combinations of element sizes and flicker rates, each presented twice in random order to each 

observer for a total of 154 trials. 

There was a 40 second period before the start of each trial where the participant 

viewed the screen filled only with the grey background. The fixation cross appeared in the 

centre of the screen before the adaptation period commenced. The participant maintained 

fixation on the cross during the adaptation period, and was instructed to release their gaze and 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Standard stimulus configuration used throughout the experiments described in 

this thesis is shown on the left. As shown in the schematic on the right, in the adaptation 

period the outer annulus consisted of DRN, while the abutting inner disk was textured with 

unchanging SRN. During the test period, both the annulus and disk consisted of SRN. 

  

DRN 

SRN 
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freely scan the stimulus during the test period. During the test period, participants recorded 

the amount of time they perceived the JAE with the hand-held switch. The JAE duration was 

defined as how long the participant perceived a relative floating movement of the central disk 

in the test stimulus before the whole pattern appeared rigid again. Participants were instructed 

to press the button when they could see the JAE and release the switch when the JAE was no 

longer visible and the accumulated time was recorded. On most trials, participants depressed 

and released the button only once. 

 Each participant completed the full experiment in five to seven 50-minute sessions, 

each conducted on a different day. In the very first session each participant received 30 

minutes of practice to become accustomed to the methodology. Each session commenced 

with at least four warm-up trials where the data was discarded. This was to ensure that each 

participant developed a consistent internal criterion in judging the presence of the JAE across 

the different combinations of conditions. Previous research in the JAE has noted the 

importance of doing this (Murakami & Cavanagh, 2001). Within each session, a five-minute 

break was taken every ten trials to allow participants to rest their eyes. 

8.1.2 Results. The duration of the JAE was averaged across the two trials for each of the 

77 combinations of conditions for each observer. There was considerable and significant 

variation among observers in the overall reported JAE duration. However, the relative pattern 

of JAE durations across the conditions was remarkably consistent within an observer. A 

three-dimensional plot of the data with an interpolated wire-frame surface is presented in Fig 

13. A (7 × 11) repeated measures analysis of variance (ANOVA) was conducted on the 

average JAE duration data using SPSS. A Huynh-Feldt correction to the degrees-of-freedom 

was used because the assumption of sphericity in this repeated measures design was violated. 

A copy of this omnibus ANOVA table is provided in Appendix 2. There was a significant 

main effect for element size (F(2.8, 17.0) = 6.734,  p = 0.004, η
2 

= 0.529 ) and for flicker rate 
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(F(1.9, 11.4) = 12.59, p = 0.001, η
2 

= 0.677); however, the interaction was not significant. On 

the other hand, there was significant between-subject effect: F(1, 6) = 11.72, p = 0.014, η
2 

= 

0.661.  

. 

Figure 14. Experiment 2.1 results. Mean duration of elapsed time of the JAE in seconds 

(z-axis) during the 20-second test period averaged across two trials for seven observers are 

represented by black dots. The x-axis is the element size of the square texture element (in 

pixels, see text for equivalent degrees) in the DRN and SRN, and the y-axis is the ‘flicker’ 

rate of the DRN (see text for details). 

 

Post-hoc one-way ANOVAs (with Bonferroni correction) were conducted on the element 

size and flicker rate main effects. The difference in JAE duration between element sizes 4, 6 

and 8 (0.056, 0.084, and 0.112˚) versus the other elements sizes was nearly significant (F(1, 

75) = 3.65, p = 0.06). Element sizes 4, 6 and 8 (0.056, 0.084, and 0.112˚) produced 

significantly longer JAE durations than the two larger element sizes 12 and 14 (0.168˚ and 

(Hz) 
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0.336˚), (F(1, 53) = 6.41, p = 0.014). There was no significant difference among the four 

fastest flicker rates (88, 44, 29.3, 22 Hz). However, the four fastest rates did produce 

significantly greater JAE durations than the remaining slower frequencies (17.6, 14.7, 12.6, 

11, 8.8, 4.4 and 2.2 Hz; F(1, 75) = 100.33, p < 0.0001). In summary, the optimal element 

sizes was between 4 and 8 pixels (0.056˚ to 0.112˚) and the most effective flicker rates were 

above somewhere between 17.6–22 Hz. 

8.2 Experiment 2.2: Jitter Aftereffect with Varying Element Size Combined with 

Different Stimulus Diameters 

Murakami and Cavanagh (2001) suggest that the adaptation stage is located at an 

early stage of motion processing (V1 layer 4β). They also suggest that compensation takes 

place at a later stage, with larger receptive fields and inter-hemifield transfer. In apparent 

agreement with this idea, Sasaki et al. (2002) found that fMRI activity increased in higher 

areas, such as MT+, just when illusory jitter perception (the relative motion aftereffect) was 

evident. Part of Murakami and Cavanagh’s argument follows on from Murakami and 

Shimojo’s (1993, 1995) results on the strength of the MAE, motion assimilation and motion 

contrast as a function of both retinal eccentricity and stimulus size. Due to the cortical 

magnification factor, MT+ receptive fields become larger and spatial resolution coarser in the 

periphery, and to achieve similar effects in the periphery as achieved in central vision, 

stimulus size is increased. Murakami and Cavanagh (2001) used the same line of reasoning 

when they varied both stimulus size and eccentricity in the JAE. They found that the optimal 

stimulus size increased as a function of viewing eccentricity.  

  Investigations of the Ōuchi relative motion illusion by Ashida (2002) showed that 

for a checkerboard and simple grating Ōuchi, the ideal spatial frequency was lowered 

slightly, but significantly, if the overall size of the stimulus was increased. In accordance with 

Murakami and Cavanagh’s (2001) allocation of processing during the JAE, Ashida proposed 
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that the segmentation in the Ōuchi was caused by relative motion detecting cells in MST. 

Ashida (2002) also attributed the spatial frequency lowering effect to the receptive field sizes 

of these higher order MST cells, bearing in mind that the receptive fields of overlapping MT 

cells vary in size even in central vision: the larger the receptive field, the coarser the spatial 

analysis. 

This experiment follows Ashida’s (2002) proposal. As such, rather than increase the 

stimulus size as a function of the eccentricity replicating Murakami and Cavanagh (2001), 

both the element size and stimulus size were varied for a centrally viewed stimulus. It was 

hypothesised that with larger stimulus sizes, larger element sizes would be effective in 

increasing JAE duration.  

8.2.1 Methods. 

8.2.1.1 Participants. Nine participants (six female and three male) were recruited from 

students enrolled in the School of Psychology at Griffith University and were naïve to the 

purposes of the experiment, in addition to one of the investigators.All had normal or 

corrected-to-normal visual acuity with no history of visual or neurological problems. Mean 

age was 23.3 years (SD = 8.54 years, age range 18 to 45 years). Students received course 

credit, if required, as well as being paid $10 per session. In accordance with the Code of 

Ethics of the World Medical Association (Declaration of Helsinki), the experiment was 

undertaken with the understanding and written consent of each participant. 

8.2.1.2 Materials and Procedure. Three viewing distances were used: 94, 188 and 282 

cm. The image was the same physical size on the screen, with the outer border of the annulus 

target subtending 13.75º, 7º and 4.66º, respectively, and the inner disk diameter half this size. 

For each of these three sizes, five different element sizes were used: 0.028, 0.084, 0.14, 0.224 

and 0.38˚. As before, the vertical refresh rate of the monitor was 88Hz. The flicker rate of the 

DRN in the outer annulus was 29.3Hz. The adaptation and test times were the same as 
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Experiment 2.1: 40 seconds and 20 seconds, respectively. There were three repeats of each 

combination of three stimulus sizes and five element sizes, yielding 45 trials presented in a 

random order. 

8.2.2 Results. These data were initially analysed using SuperANOVA
®
 on a Macintosh, 

and the analysis was confirmed later using SPSS. The table for the omnibus ANOVA from 

SuperANOVA
® 

is presented in Appendix 3. There was a main effect for stimulus size 

F(1.173, 9.386) = 8.509, p = .014, ƞp
2
 = .515. There was also a main effect for element size 

F(1.977, 15.815) = 29.079, p < .001, ƞp
2
 = .784. The post-hocs on these main effects were not 

performed because there was a two-way interaction between stimulus size and element size 

F(2.829, 22.633) = 7.054, p = .002, ƞp
2
 = .469.   

The interaction is shown in Fig. 15. A simple effects analysis was performed on each 

stimulus size across the five element sizes. For the largest stimulus size (13.75º), the effect of 

element size was significant F(4, 32) = 4.976, p = .003, ƞp
2
 = .383. Post-hoc Tukey’s analysis 

showed no significant differences; however, there was a near significant difference between 

element size 0.084º and 0.028º; 0.224º and 0.380º. JAE duration is relatively insensitive to 

element size for this stimulus size. 

For the medium stimulus size (7.0º), the effect of element size was also significant 

F(1.762, 14.094) = 15.062, p < .001, ƞp
2
 = .653. Post-hoc Tukey’s analysis show no 

significant differences among the three smallest element sizes; however, the largest element 

size (0.38º) was significantly different from the rest: 0.028º, p = .002; 0.084º, p = .03; 0.14º, p 

= .017; 0.224º, p =. 026. Finally 0.224º also differed significantly from 0.028º, p =.016. 

For the smallest stimulus size (4.66º), element size was also significant F(4, 32) = 

42.380, p < .001, ƞp
2
 = .841. Post-hoc Tukey’s showed that the two smallest element sizes 
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did not differ significantly; however, element size 0.084º differed from 0.14º, p = .032; 

0.224º, p =.001 and 0.38º, p <.001. Element size 0.028º differed significantly from 0.224º, p 

< .001 and 0.38º, p < .001. Element size 0.14º also differs significantly from 0.224º, p = .026 

and 0.38º, p = .005. 

 

 

 

Figure 15.  Experiment 2.2 results. Mean duration of the JAE with five different element 

sizes and three different stimulus sizes. Errors bars in this and all subsequent figures are ± 

1 SEM unless otherwise indicated. 

 

8.3 Experiment 2.3: Jitter Aftereffect with Different Element Sizes between Adaptation 

and Test 

Murakami and Cavanagh (2001) found that utilising bandpass filtered stimulus in 

the test phase produced a longer JAE than the unfiltered random noise. They found that the 

JAE was greatest when adapt and test bands were matched, similar to the MAE. They 
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suggested that these similarities between MAE and JAE in terms of spatial frequency 

selectivity suggest two illusions share a common mechanism. 

According to Murakami and Cavanagh’s (2001) two-stage model and the findings of 

Sasaki et al. (2002), V1 is activated in the adaptation phase, and MT is activated in the testing 

phase. Furthermore, neurons in V1 are sensitive to spatial frequency whereas MT neurons are 

not (Perrone & Thiele, 2001). This experiment aimed to clarify whether the element size was 

having its effect on JAE duration in the test phase, the adaptation phase, or a combination of 

both. It was hypothesised that the element size should be most effective in influencing JAE 

duration during adaptation. 

8.3.1 Method. 

8.3.1.1 Participants. Four males and five females were recruited from the same source 

as the previous experiment and had a mean age of 23.22 years, age range 18–47 years (SD = 

9.244). All participants had normal or corrected-to-normal visual acuity with no history of 

visual or neurological problems. In accordance with the Code of Ethics of the World Medical 

Association (Declaration of Helsinki), the experiment was undertaken with the understanding 

and written consent of each participant. 

8.3.1.2 Equipment. This experiment was run on different equipment (the ‘VSG set-up’) 

than the previous experiments. The stimuli were presented on a 21" Sony CPD-G500 monitor 

and generated using a Pentium III PC containing a Cambridge Research Systems VSG 2/4 

graphics card with 33 MB of video buffer. The vertical refresh rate of the stimuli monitor was 

159.92 Hz. This vertical refresh rate was confirmed using a photodiode triggered by the first 

scan line of each frame and displayed on a Tektronix
®
 Model TDS2024 Digital Storage 

Oscilloscope. The ‘gamma correction’ (Bohnsack, Diller, Yeh, Jenness, & Troy, 1997; 

Brainard, 1989) of the system grey levels was also checked using a United Detector 

Technology Model 371 radiometer with a Model 260 PIN photodiode (see Appendix 4 for 
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plot) and was found to be highly linear (R
2
 = 0.994). The monitor screen was equal to 800 

pixels wide (42 cm) × 600 pixels high (30 cm). At a viewing distance of 188 cm, each pixel 

corresponded to about 0.015º of visual angle. 

8.3.1.3 Materials and Procedure. Stimulus size, instructions, duration measurement 

and experimental procedures were the same as the standard conditions described in 

Experiment 2.1 with the viewing distance at 188 cm. The DRN in the outer annulus 

(background) was fixed at 32 Hz. Three element sizes were used: 2, 6, and 18 pixels, 

corresponding to 0.028º, 0.084º, and 0.252º, for each of adaptation and test, to give nine 

combinations. There were three repeats of each of these combinations yielding 27 trials 

presented in random order. 

8.3.2 Results. A two-way repeated measures analysis ANOVA was conducted on 

adaptation (3) × test (3) element size SPSS. The table for the omnibus ANOVA from SPSS
 
is 

presented in Appendix 5, and the average data are presented in Fig. 16. There was a 

significant main effect for test element size F(1.262, 10.093) = 22.270, p < .001, ƞp
2
 = .736. 

Post-hoc Tukey’s analysis showed that the largest test element size at 18 pixels (0.252º) had 

significantly shorter JAE duration compared to both 2 and 6 pixels: 0.028º, p = .003 and 

0.084º, p = .004. There was a near significant main effect for adaptation element size F(2,16) 

= 4.084, p = .055, ƞp
2
 = .338. Post-hoc Tukey’s analysis showed a significant difference for 

adaptation element size 2 (0.028º) compared to 6 (0.084º), p = .03. 

8.4 Discussion – Experiment 2 

Before discussing the results of the Experiment Two series, the issue of measurement of 

JAE strength and inter-subject variability in the duration of the aftereffect will be considered. 

In relation to measurement, Murakami (2003) had used a matching paradigm for his ‘on-line’ 

version of the JAE. Here a central pattern could be artificially moved in random directions 
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via a random walk: 2D white noise with respect to the velocity of the pattern, where the 

amplitude spectra was 1/f presumably to follow what was considered to be similar to actual 

fixational eye movement statistics (Rolfs, 2009). This was matched in amplitude to the 

illusion which was occurring at the same time side-by-side in the peripheral visual field 

(Murakami, 2003). Such a measurement technique was not possible in this current work. Any 

actual movement of the stimulus may have interfered with the illusory movement if presented 

at the same time, and hence would have needed an unreliable memory component if 

presented after the JAE was no longer evident. Moreover, in pilot work of the experiment 

utilising two levels of DRN with different energy levels (fs) in each region (Fig. 13) of the 

stimulus (see Experiment 5.5 for further details), it was not known from condition to 

condition whether it would be the inner or outer region exhibiting the illusory floating 

motion. 

In relation to the inter-subject variability of the findings, in Experiment 2.1 the 

participants could be categorised into two groups: one group where peak duration of the JAE 

was around three seconds, another where the peak was beyond eight seconds. Such inter-

subject differences in effect duration were evident in all the experiments reported here, and 

were also noted by Murakami and Cavanagh (1998, 2001). There does not seem to be an 

explanation for these differences. It does bear repeating though that the pattern of results was 

similar in all of the observers. 
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Figure 16. Experiment 2.3 results. Average duration of the JAE as a function of element 

size during adaptation and test. 

 

The results from this study demonstrate that the JAE is broadly spatial frequency 

dependent. The optimal element size across the board is approximately 0.08˚ (Exp 2.1: 0.07–

0.112˚; Exp 2.2: 0.08˚; Exp 2.3: 0.03–0.09˚). This is congruent with previous findings on the 

JAE  (Renneflott, 1999). Furthermore, studies on other relative motion illusions, specifically 

the Ōuchi have found a similar optimal spatial frequency effect at 6–7 cpd (0.17–0.14˚), 

whether it is generated by the classic oblong checkerboard pattern (Khang & Essock, 1997) 

or the simplified version of the figure incorporating one dimensional sine wave gratings 

(Hine et al., 1995, 1997). Finally, this element size also corresponds nicely with the common 

receptive field centre of primate M RGCs (Croner & Kaplan, 1995), as noted in Section 8.1. 

 Whether the JAE has a similar optimality for temporal frequency had not previously 

been tested. In Experiment 2.1 there was a clear and large effect for temporal frequency, 
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where the JAE rapidly diminished in duration frequencies below approximately 18 Hz flicker 

rate. Again as noted in Section 8.1, primate M RGCs do not have the frequency response 

bandwidth to respond to such rapidly changing signals at frequencies beyond this (Kaplan & 

Bernadete, 2001) – it is the equivalent of ‘background noise’ to such cells. In addition, 

downstream in the visual pathway, Macknik’s (2006) single-unit recordings in primate 

primary visual cortex indicate that for two brief-duration targets presented in close 

succession, the after-discharge to the first target interferes with the onset-response to the 

second target. Furthermore, for inter-stimuli intervals of less than 30 msec, the onset-

response to the second flash is absent. This is equivalent to 17 Hz periodicity, which roughly 

coincides with the critical flicker fusion threshold in humans for 100% contrast stimuli in the 

fovea (Di Lollo & Bischof, 1995; Gorea, Wardak & Lorenzi, 2000). 

 Varying the size of the stimulus as well as the element sizes in Experiment 2.2 

showed that in accordance with Ashida (2002), the larger element sizes were more effective 

in inducing the JAE in a larger stimulus size, as the JAE duration with the larger element size 

did not decrease as much when the stimulus size was increased. According to Ashida (2002) 

this could implicate the involvement of MST relative motion detecting cells with centre-

surround modulation. Notwithstanding this, an element size around 0.1° still achieved the 

strongest JAE regardless of stimulus size.  

 In Experiment 2.3 different element size between adaptation and test were utilised to 

see whether the optimal element size is identical for both adaptation and test. There was a 

significant main effect for element size used during the test phase. Even though 0.084˚ 

element when matched in adaptation and test patterns yielded the longest JAE, there was no 

significant effect for the size of the elements in the adaptation phase across the three test 

element size. In the test phase, element sizes two pixels (0.028˚) and six (0.084˚) were 

significantly better than eighteen (0.252˚), independent of what size element was used in 
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adaptation. Based on these findings it appears that the strength of the JAE may depend more 

crucially on the element size in the test pattern than in the adaptation pattern. Murakami and 

Cavanagh (2001) using bandpass filtered stimuli also found that filtered noise was less 

effective when used as the adaptation stimulus, but more effective when used as the test 

stimulus. Since the interaction in Experiment 2.3 was not significant it appears also that it is 

not essential for the adaptation and test element sizes to be matched. However, it is 

acknowledged that an experiment with greater power may reveal co-dependency between 

adaptation element size and test element size. Nevertheless, this could be indirect support for 

the two-stage model with different sites of adaptation and expression of the relative motion 

illusion. 

With the larger element sizes in the static test stimulus, such ‘chunky’ elements 

already form strongly segmented regions. An illusory contour between regions is a less 

powerful cue to segmentation than an actual strong contrast cue. Thus, the two regions 

internal/external annulus may be less detectable over the segmentation within the chunky 

texture elements themselves, as opposed to the finer elements. 
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Chapter 9: Study 3 

Control Experiment 3 - Varying Adaptation Period versus Total Number of Changes of 

Background 

 

Experiments 2.1 and 2.2 showed a temporal frequency effect for the JAE in the 

adaptation period. Experiment 3 aimed to examine if it was the number of changes of 

background or the rate of change of background (flicker rate – the temporal frequency) that 

determined the strength of the JAE with varying temporal frequency. The strength of the JAE 

as a function of adaptation period is also an important test to see if the JAE is similar to the 

standard MAE, which builds up to a peak effect after adaptation viewing times of about 50 

seconds (Hershenson, 1989). This was also tested in this experiment. It was hypothesised that 

the rate of change, not the number of changes would better determine JAE strength. It was 

also hypothesised that the JAE would have a similar build up to a peak adaptation time like 

the MAE. 

9.1 Methods 

9.1.1 Participants. Four naïve students and one of the experimenters were recruited 

from around the School of Psychology, as well as three naïve students from outside the 

university, yielding a total of eight participants. All had normal or corrected-to-normal acuity 

with no history of visual or neurological problems. There were three males and five females 

with a mean age of 28.1 years (SD = 12.2 years, age range 15 to 44 years).  

9.1.2 Materials and Procedure. Equipment, stimuli and procedure were similar to 

Experiment 2.1 with the following variations. In both conditions described below, the size of 

each square texture element was kept constant at 6 × 6 pixels (0.084˚), since in Experiment 

2.1 this proved to be the element size that yielded the strongest JAE. In the Constant rate 

condition, the adaptation time lasted for each of the following durations: 8, 16, 24, 32, 40, 48, 
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56 or 64 seconds, with a constant flicker rate (f) of 44 Hz. In the Constant number condition, 

the adaptation time was varied as per the Constant rate condition. However, f was also 

changed from trial-to-trial and assumed each of the following values: 88, 44, 29.3, 22, 17.6, 

14.7, 12.6 and 11 Hz. In this case, for any one trial, the f changed as a function of the 

adaptation periods (t sec), such that f × t = 704 changes. So for a flicker rate of 88 Hz, the 

adaptation period was 8 sec, for flicker rate 22 Hz, the adaptation period was 32 sec, and so 

on. For both conditions, the test period lasted 20 sec where again the entire stimulus (disk and 

annulus) was composed of SRN of the same spatial and luminance parameters as one frame 

of the DRN. Each observer completed three trials of each of the eight Constant rate and eight 

Constant number adaptation periods for a total of 48 trials presented in random order. These 

were completed in two or three 50-minute sessions conducted on different days. In 

accordance with the methodology employed in Experiment 2, each participant was 

familiarised with the methodology at the start of the first session, and completed warm-up 

trials at the start of each session. 

9.2 Results 

Averaged results are plotted in Fig. 17. A 2 × 8 repeated measures ANOVA was 

conducted in SuperANOVA
® 

with the independent variables conditions (constant rate or 

constant number) and levels (frequencies or number of frames). This ANOVA table is 

presented in Appendix 6. JAE duration varied as a function of adaptation time (F(1.921, 

13.449) = 9.972,  p = .002, ƞp
2
 = .588) and there was a difference between the two 

conditions: Constant rate yielded longer JAE durations than Constant number (F(1, 7) = 

13.040,  p = .009, ƞp
2
 = .651). The interaction between these conditions and adaptation time 

was also significant (F(2.210, 15.472) = 8.949,  p = .002, ƞp
2
 = .561). Post-hoc t-tests were 

used in further analyses of the interaction. For each of the eight f levels shown in Fig. 17, a 
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paired t-test was conducted across the two conditions (Constant rate vs. Constant number). 

For adaptation times 32 sec and less, there was no significant difference between the two 

conditions. However, there was a difference between the conditions for adaptation times of 

40 sec (p = .039), 48 sec (p = .007), 56 sec (p = .015), and 64 sec (p = .001). These p values 

are just indicative as no correction to α-levels has been applied. This corresponds to 

frequencies of 18 Hz or less, as can be seen in Fig. 17. Within the Constant rate condition, 

there were no significant differences in JAE duration for adaptation times 40, 48, 56 and 64 

seconds.   

 

 

Figure 17. Experiment 3 results. Mean duration of the JAE in seconds averaged across 

three trials for eight observers. Adaptation time in seconds is given on the x-axis – upper 

label. In the Constant rate condition, the flicker rate f of the background was a constant 44 

Hz. In the Constant rate condition, f varied as a function of the adaptation time as 

indicated on the x-axis – lower labels.   
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9.3 Discussion – Experiment 3 

The results clearly show that the strength of the JAE is dependent on the rate of the 

changing adaptation field, and not the number of times the adaptation field changes, as shown 

by the constant number condition in Fig 17. For a fast f (> 44 Hz), the strength of the JAE 

increases as a function of adaptation duration, reaching an asymptote at approximately 40 to 

50 seconds similar to the MAE (Hershenson, 1989). In Experiment 5.3 below, the similarities 

and differences between the JAE and MAE are explored further.    

Finally, as per Experiment 2.1, the JAE strength diminishes quite suddenly for flicker 

rates slower than about 20 Hz. Thus, the JAE is clearly sensitive to the temporal frequency of 

the stimulus, with a lower threshold for the effect around 18 Hz (as this is where the two 

conditions diverge). In other words, whilst the rate of change has a strong effect on the JAE, 

the number of changes is ineffectual below a frequency of 18 Hz. In the adaptation stage, the 

stimulus needs to have change occurring at a rate that in other experimental paradigms would 

induce an illusion of motion (that is, at a temporal frequency needed for smooth motion to be 

perceived in a random dot stimulus, Macknik, 2006).  
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Chapter 10: Study 4  

Relative Efficacy of Circular, Radial, Linear and Uncorrelated Control Noise  

in JAE Adaptation  

Murakami and Cavanagh (2001) found that noise oriented in the horizontal or vertical 

direction during adaptation produced directional bias in the resulting JAE. For example, 

exposure to a horizontal ‘noise’ stimulus during adaptation resulted in a still noticeable JAE 

in the horizontal direction (Murakami & Cavanagh, 2001). However, the overall strength of 

the illusion was reported as greatly reduced from the standard DRN adaptation stimulus.  

These conditions were replicated here and compared to conditions with noise in the 

radial and circular directions. There were three reasons for doing this. Firstly, Murakami and 

Cavanagh (1998, 2001) and Sasaki et al. (2002) have speculated that the compensatory 

process is biologically implemented in relative linear motion detecting cells in MT and that 

the adaptation causing the JAE may take place in directionally selective cells in V1 

(Murakami & Cavanagh, 2001). Secondly, there are a number of different classes of cells in 

the upstream areas of the cortex (MT+), including those that respond to radial 

(expansion/contraction seen in looming) and circular motion (Tanaka & Saito, 1989). It was 

of interest to ascertain whether the compensatory process also recruited these other cells. 

Neurophysiological evidence suggests that neurons in the dorsal part of the medial superior 

temporal cortex (dMST) are involved in the analysis of radial or rotational motion patterns 

(Tanaka & Saito, 1989). It should be noted that recent work on mammalian M RGCs has also 

found that there are cells at this level that respond to lateral motion or looming (Gollisch & 

Meister, 2010) so it could be the case that these retinal cells are being recruited during 

adaptation. 

Turning to psychophysical studies, results suggest that the human visual system has 

dedicated mechanisms available for the detection of optic flow patterns such as radial or 
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rotational motion (Burr & Thompson, 2011; Regan & Beverley, 1978) and from other 

psychophysical results it has been speculated  that activity in MST is used to extract heading 

direction from optic flow (Aaen-Stockdale et al., 2012). Since linear (translatory), rotational 

and radial motion directions in the image plane are analysed by separate mechanisms (Burr & 

Thompson, 2011) one may reasonably expect reduced JAEs that are directionally selective 

for each of these types of motion after adaptation to the appropriate stimulus (linear, radial or 

circular). Finally, in keeping with the theory that the JAE reveals a compensatory mechanism 

for the instability of miniature eye movements of fixation (Murakami & Cavanagh, 1998), 

only linear components of motion should be recruited, as this coincides with possible image 

movement due to fixational error. It was hypothesised that the linear stimulus would produce 

a longer duration JAE than the rotational or circular stimulus. 

10.1 Methods 

10.1.1 Participants. Six people (four females; two males) recruited from the School 

of Psychology, naïve to the purposes of the experiments, acted as participants, including one 

of the investigators, who was the only non-naïve participant. Their mean age was 30.3 years 

(SD = 11.2), with an age range from 17 to 47 years. All had normal or corrected-to-normal 

visual acuity. 

10.1.2 Materials and stimuli. The equipment was the same as used in Experiment 2, 

as were the adaptation and test periods and the test stimulus. However, in the adaptation 

stimulus, the annular outer region consisted of dynamic noise that was directionally biased in 

linear, radial or circular directions. The control condition was the same as the DRN tested 

previously. As before, the central disk comprised square element SRN that changed every 

five seconds to prevent the build-up of an afterimage. These adaptation stimuli are illustrated 

in Fig. 18. 

a. b. 
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c.  

 

d. 

 

Figure 18. Stimuli for Experiment 4. Schematic of one ‘frame’ of the stimuli used 

during adaption. Noise element sizes have been exaggerated for illustrative purposes. (a.) 

DRN control condition similar to that in Experiment 1. (b.) Linear noise – horizontal 

strips were randomly either black or white and had same width as inner square elements. 

(c.) Radial noise – rings have same width as inner square elements. (d.) Circular noise – 

the width of the radial segments half way along their length was the same as the inner 

square elements. In all conditions, the central disk was SRN and the test stimulus was all 

SRN with square elements the same size as that used in adaptation.  

 

The random noise control condition was the same as the stimulus used in Experiment 

2. In the linear noise condition, horizontal, hard-edge strips of a certain width w filled the 
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annular region. From frame-to-frame, there was a 50% probability that any one of these strips 

was ‘black’ or ‘white’ compared to the background grey. This pattern was changed every 

couple of vertical refreshes of the monitor dependent upon the flicker rate f. The visual 

impression produced was of rapid, random vertically oriented displacements. In the radial 

noise condition, the outside annulus was filled with concentric rings each of a width w. 

Again, from frame-to-frame, there was a 50% chance of any one ring being black or white. 

The visual impression due to this dynamic stimulus was of rapidly changing, random sized 

expansions and contractions. Finally, in the circular noise condition, the outer annulus was 

filled with segments of a circle of a particular angular width w, which was measured half-way 

between the outer edge of the inner SRN disk and the outer edge of the DRN annulus. Again, 

there was a 50% chance of any segment being black or white. The resultant dynamic stimulus 

was like the spokes of a wheel, each changing size and rotating rapidly and randomly 

forwards and backwards by small amounts.  

There were three levels of spatial ‘coarseness’ for each type of noise: w assumed 

values of 3, 6 or 12 pixels (about 0.042˚, 0.084˚ and 0.168˚, respectively) in linear, radial and 

circular noise conditions, with s (square element size) in the control random noise condition 

also 3, 6 or 12 pixels (0.042˚, 0.084˚ and 0.168˚). In the circular noise condition, this 

corresponded to the segments of 1º, 2º or 4º of arc of a 360º circle. Flicker rate f was set at 

29.3, 22, 17.6, 12.6 or 8.8 Hz. The combination of levels of noise condition, spatial 

coarseness of noise elements and flicker rate yielded 60 different trial types. These were 

presented in random order, and JAE duration data was measured for each trial type on two 

different occasions, with sometimes a third measure taken to reconcile two disparate data.  

 10.1.3 Procedure. In general, the procedure was similar to Experiment 2.1. Data was 

not collected from the participants until they were familiar with the methodology and 

responding to the duration of the JAE. Most of the initial 50-minute experimental session was 
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devoted to this purpose, and data was collected in four subsequent sessions and conducted on 

different days.   

In Murakami’s (2001) linear noise condition the observers reported biases in the 

direction of the JAE produced by the directional noise in the adaptation stimulus consisting of 

horizontal and vertical stripes. On the other hand, within the paradigm of the current 

experiment, the observers simply reported the duration of the JAE as a measure of its 

strength, rather than any directional bias, as the purpose of this experiment was to compare 

the efficacy of each type of motion noise (circular, radial, linear and random control) as an 

adapting stimulus for the mechanism underlying the JAE. Any directional bias in the JAE 

after adaptation was anecdotally noted. 

10.2 Results 

Casual reports by the participants stated that the linear and radial adaptation stimuli 

appeared as ‘energetic’ as the random noise control, with the circular noise being somewhat 

less energetic. The investigators also noted that the linear noise stimulus did produce a 

somewhat directional JAE (more in the vertical direction than horizontal) as reported by 

Murakami (2001); however, the effect was somewhat weak and this bias was not always clear 

or consistent from trial to trial or observer to observer. Neither the radial nor the circular 

noise produced a strong JAE and there were no reported biases in the JAE after adaptation to 

these conditions. The JAE durations were averaged across each trial type for each observer, 

and the results averaged across the six observers are presented in Fig 19. A 4 (Noise type) × 5 

(Flicker rate) × 3 (Element size) repeated measures ANOVA was conducted on the data. The 

output table from the SuperANOVA
®
 analysis is included as Appendix 7. 
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Figure 19. Experiment 4 results. Mean JAE durations averaged across six participants for 

the four noise conditions presented at six different flicker rates at three levels of spatial 

coarseness. Error bars are  1 SEM.  

 

As can be seen in Appendix 7, most of the main effects and interactions (HF corrected) 

were significant and to make sense of this, the main effects and relevant interactions are best 

examined together. Following from Experiment 2, there was an effect for flicker rate (F(1.9, 

9.5) = 42.56,  p = 0.0001, ƞp
2
 = .895) with f below 15 Hz clearly not very effectual. As well, 

there was an effect for size of noise element (F(1.9, 9.4) = 14.886,  p = 0.0014, ƞp
2
 = .749), 

with an interaction noise type × flicker rate (F(11.0, 55.0) = 13.195,  p = 0.0001, ƞp
2
 = .725). 

Post hoc means comparison showed that noise elements with w = 3 and 6 pixels (0.042˚ and 
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0.084˚) produced significantly greater JAE durations than w = 12 pixels (0.168˚) (F(0.9, 9.4) 

= 29.77,  p = 0.0004; noise type × size interaction (F(7.5, 37.7) = 3.4,  p = 0.0112, ƞp
2
 

= .405). Finally, there was a significant effect for noise type (F(2.0, 9.9) = 13.94,  p = 0.0013, 

ƞp
2
 = .736). Control random noise consistently produced longer JAEs than the other noise 

types (F(0.7, 9.9) = 34.214,  p = 0.0004), while linear noise was significantly better than the 

radial or circular noise (F(0.7, 9.9) = 34.214,  p = 0.0004). This latter difference was 

especially apparent at the highest flicker rate (which produced the strongest JAE (F(0.9, 55.0) 

= 24.84,  p = 0.0001). It is clear that these interactions are due to the fact that at the higher 

flicker rates, especially those above 15 Hz, the differences in JAE duration due to element 

size and noise type become prominent and significant. 

10.3 Discussion – Experiment 4 

The results showed a weak JAE in the radial and circular conditions as compared to the 

linear condition, which could indicate that the cells responding to expansion/contraction and 

circular motion may not be involved to any great extent in the adaptation resulting in the 

JAE. In fact, there would be some amount of local linear motion even in these adaptation 

stimuli, which could indicate that the linear motion detecting cells are of greatest importance 

for the JAE. As such, the superior JAE in the linear condition over radial and circular could 

be seen as some support for the theory that the JAE reveals a compensation mechanism for 

image movement due to fixational error (Murakami & Cavanagh, 1998, 2001), bearing in 

mind that  microsaccades are generally ballistic, small-amplitude epochs with a largely linear 

trajectory (Engbert, Mergenthaler, Sinn, & Pikovsky, 2011).  

However, it should be noted that the control condition with the DRN was by far the best 

stimulus, giving a longer-lasting and stronger JAE than the linear condition. This may 

indicate that it is not just the motion energy or velocity of the stimulus that affects JAE 

adaptation, but the randomness of the stimulus also seems to have an impact on the JAE. This 
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apparent optimality of an uncorrelated signal was explored further in the next series of 

experiments. In these experiments, it was attempted to induce the JAE with linear motion in 

one direction (rather than uncorrelated noise), oscillation, at various velocities and oscillation 

frequencies. 
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Chapter 11 – Study 5 

JAE After Oscillation and Equating Dynamic Energies during Adaptation 

 

According to Murakami and Cavanagh’s (2001) two-stage model, the JAE reveals a 

compensation mechanism to deal with the ‘noise’ generated by miniature eye movements. In 

line with this explanation, it could be reasoned that the stimulus most congruent with 

miniature eye movements would produce the strongest JAE. This would correspond to a 

coherent motion signal as the eye moves across the stimulus array: all parts of the image 

move with the same direction at the same speed. In this series of experiments, the adaptation 

stimulus consisted of actual movement, rather than uncorrelated DRN. Following this line of 

argument, it was hypothesised that the correlated signal would produce longer-lasting JAEs 

than the standard DRN used for the original JAE. As well, it was hypothesised that increasing 

the oscillation velocity (the movement ‘energy’) would result in longer duration JAEs. On the 

other hand, if the movement was not biased: that is, movement in one direction of a certain 

velocity and amplitude was always balanced by movement in the opposite direction with the 

same velocity and amplitude, then no MAE would be generated. If Murakami and Cavanagh 

(2001) are correct when they speculate MAE and JAE share a common mechanism, this 

oscillating adaptation stimulus may not produce a JAE as well. 

11.1 Experiment 5.1 – JAE induced by adaptation to rigid vibration of a randomly 

textured field. 

11.1.1 Method. 

11.1.1.1 Participants. There were seven participants, five of whom were female and 

one was an experimenter. All other participants were naïve to the purposes of the experiment. 

Ages ranged from 17 to 44 years old, with a mean of age of 28.6 (SD = 9.7). All had 

corrected to normal vision. Students received course credit, if required, as well as being paid 

$10 per session. In accordance with the Code of Ethics of the World Medical Association 
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(Declaration of Helsinki), the experiment was undertaken with the understanding and written 

consent of each observer 

11.1.1.2 Materials and Stimuli. The materials and stimuli were similar to the standard 

condition described in the general methods for Experiment 2.1. As opposed to the previous 

experiments, for the ‘oscillation’ adaptation condition and only during the adaptation period, 

the annulus was composed of the SRN textured field rigidly vibrating (constant velocity, 

triangular profile) either horizontally or vertically. Neither the outer nor the inner boundaries 

of annulus changed location. Rather, the pattern’s movement was occluded by these 

boundaries causing either accretion or deletion of the pattern at these edges depending on the 

direction of movement. The texture elements again were high contrast black or white square 

elements, of either 6 or 12 pixels a side (about 0.09º or 0.18º, respectively), spatially 

randomly distributed with p = 0.5 of being either black or white. The entire rigidly oscillating 

pattern was altered every five seconds to prevent any kind of build-up of afterimage. Three 

velocities of vibration were tested: 1.2, 2.4 and 3.6 °/sec. This was achieved by oscillation 

frequencies of 1.84, 3.67, 5.5, 7.33, 11 and 14.7 Hz and peak-to-peak excursions of 4, 8, 9, 

12, 16, 18, 24, 36, 48 and 72 pixels (about 0.05 to 1.05º). Because of the temporal and spatial 

resolution limitations of the monitor (a vertical refresh rate of 88Hz and minimum excursion 

of two pixels), not all combinations of velocity, frequency and displacement could be tested, 

so frequency and displacements were determined by one of the three velocities tested. A 

smaller number of conditions were tested in vertical oscillation than horizontal oscillation. 

Finally, as a control condition, and the same as in Experiment 2.1, the adaptation stimulus 

annulus contained DRN, which flickered at f = 29.3 times a second. The test stimulus was the 

same in all cases: an unchanging disc 7° in diameter, composed of SRN the same size as that 

used in the adaptation period.  
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11.1.1.3 Procedure. Data were not collected from the observers until they were familiar 

with the methodology and responding to the duration of the JAE. There were 51 different 

conditions: horizontal and vertical vibration, six different frequencies of oscillation and ten 

different displacements, as well as the two control conditions. These were presented in a 

random order over five sessions in the laboratory. Each of the conditions was tested at least 

two times – more normally three times.  

 

Figure 20. Oscillation stimulus. As illustrated by the arrows, the entire pattern in the outer 

annulus was shifted in one direction, then to the same excursion from the middle in the 

opposite direction (red arrows). The arrows are not to amplitude scale, and are only for 

illustrative purposes. In Experiment 5.1 the random pattern in the outer annulus was 

oscillated coherently in the vertical or horizontal directions. 

 

11.1.2 Results of Experiment 5.1.  

Data were averaged across the two or three trials for the 51 conditions. During 

adaptation, observers reported that they had followed instructions and had kept their eyes on 

the red fixation cross and not tracked the oscillations. Given that the lowest frequency of 

oscillation of the background (1.84 Hz) is beyond the range of smooth pursuit eye 

movements (Bahill, Iandolo & Troost, 1980), it was virtually impossible for observers to 
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track individual features in the oscillating adaptation stimulus. Those conditions were 

repeated in both the horizontal and vertical oscillation.  

Because the design of this experiment was not fully crossed, an omnibus ANOVA 

was not possible. An initial repeated measures design ANOVA (see Appendix 8) on just the 

horizontal vibration revealed that, as before, the 6 × 6 element size produced a longer-lasting 

JAE than the coarser size (F(1, 6) = 11.77, p = 0.0140, ƞp
2
 = .662). As well, increasing 

velocity yielded increasing JAE durations (F(1.0, 11.9) = 15.72, p < 0.005, ƞp
2
 = .724).   

 

 

Figure 21. Experiment 5.1 results. Mean JAE durations averaged across seven observers 

for adaptation consisting of rigid horizontal oscillations of textured background for two 

element sizes (see text for details). Data from two 14 Hz conditions, velocity = 3.6 

deg/sec, were excluded from the statistical analysis and their means are shown on the 

extreme right. 

 

There were no interactions. These two effects are plotted in Fig 21. Data from the two 14 Hz 

condition, 3.6 deg/sec conditions were not included in this analysis, as all subjects reported 
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being unable to resolve the pattern as it was moving – everything was looking ‘grey’. 

Because of this, the JAE for these conditions was considerably reduced (see Fig 21, extreme 

right). A polynomial trend analysis was conducted on the significant main effect, velocity, 

and there was a significant quadratic trend: F(1.0, 11.9) = 29.1, p = 0.0002, which clearly 

suggests there may be some asymptote being reached as vibration velocity was increased.   

Another ANOVA was conducted on the horizontal vs. vertical data, just where the 

same condition was conducted in each of these two directions (see Appendix 9). Again, 

vibrational velocity had a significant effect, and there was an effect for direction that just 

reached significance: observers reported a small but consistent increase in JAE duration for 

vertical oscillation as opposed to horizontal oscillation (F(1, 6) = 6.170, p = 0.0476, ƞp
2
 

= .507). 

In the methodology of this experiment, by necessity amplitude of movement was 

confounded with vibration frequency and velocity. Another analysis of variance was 

conducted on data in horizontal vibration conditions of the following peak-to-peak 

amplitudes (pixels): 12, 18, 24, 36 and 72. There was no main effect for amplitude. Finally, in 

the control condition with the random noise, the average JAE durations were clearly longer 

than anything produced by the vibration: 6 × 6, average = 5.06 seconds, SEM = 1.106 and 12 

× 12, average = 3.07 sec, SEM = 0.654 (compare with values in Fig 21). This difference was 

directly tested in the next Experiment. 

11.2 Experiment 5.2 – Can rigid oscillation at faster speeds match DRN? 

11.2.1 Methods. 

11.2.1.1 Participants. Eight participants (four female; four male) were recruited from 

students enrolled in the School of Psychology at Griffith University and were naïve to the 

purposes of the experiment, in addition to one of the investigators. All had normal or 

corrected-to-normal visual acuity with no history of visual or neurological problems. The 
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mean age was 27.25 (SD 13.93). Students received course credit, if required, as well as being 

paid $10 per session. In accordance with the Code of Ethics of the World Medical 

Association (Declaration of Helsinki), the experiment was undertaken with the understanding 

and written consent of each participant. 

11.2.1.2 Materials, Stimulus and Procedure. The general methodology was the same 

as the previous Experiment 5.1. The oscillation speed (constant velocity, triangular profile, 

horizontal) was tested at seven different speeds up to as fast as the display parameters would 

permit: 0.3, 0.607, 1.214, 2.429, 4.858, 9.715, and 19.4 ˚/sec for two different element sizes 6 

× 6 (0.084˚) and 12 × 12 (0.112˚). A control condition for these two element sizes utilising 

the standard DRN (f = 29.3 Hz) was also conducted. Because velocity, oscillation frequency 

(Hz) and amplitude are interdependent variables, Table 2 shows velocities tested, along with 

frequency of oscillation and peak-to-peak amplitude of movement in pixels. There were three 

presentations of each of the seven velocities at each of the texture element sizes as well as the 

uncorrelated control conditions. The resulting 48 trials were presented in random order in two 

separate one-hour sessions in the laboratory. 

 

Table 2 

Parameters for adapting stimuli used in Experiment 5.2 

 

Velocity 

(deg/sec) 

Amplitude  

(pixels) 

Frequency 

(Hz) 

0.30 12 0.9 

0.61 12 1.8 

1.21 12 3.61 

2.43 24 3.61 

4.86 48 3.61 

9.72 96 3.61 

19.43 192 3.61 



123 

 

 

 

 

 

 

Figure 22. Experiment 5.2 results. Mean JAE duration for two element sizes as a function 

of oscillation (vibration) velocity. Control conditions are DRN at f = 29.3 Hz 

 

11.2.2 Results of Experiment 5.2. The two lowest velocity levels were generally 

ineffective in producing a JAE with mainly zero estimates for the illusion duration, and were 

excluded from the analysis. A repeated measures 5 × 2 ANOVA was completed on the 

remaining data. The main effect of velocity was significant F(1.7, 12.0) = 4.944, p = .031, ƞp
2
 

= .414. As can be seen in Fig 22, JAE duration increases with increased velocity. The main 

effect of element size was also significant, F(1, 7) = 11.03, p =.013, ƞp
2
 = .612 with the 

optimal element size again being 6 × 6 pixels (0.084˚). There was no interaction. Element 

size matters most when the noise is random though, as there was a significant difference 

between 6 and 12 pixels (t(7) = 6.561, p < 0.001). Finally, the fastest velocity of oscillation 
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that yielded the strongest JAE was compared with the control stimulus of uncorrelated noise. 

A 2 × 2 ANOVA revealed that the control DRN produced significantly greater JAE (F(1, 7) = 

17.435, p = 0.0042, ƞp
2
 = .714) for both texture element sizes. Again, there was a main effect 

for element size (F(1, 7) = 108.1, p < 0.001, ƞp
2
 = .939) but no interaction. Appendix 10 

contains the SPSS ANOVA tables for these analyses. 

11.3 Demonstration 5.3 – JAE versus MAE: dissociable inducing conditions 

The JAE has been assumed to be a type of MAE. The standard MAE has been well 

researched in the vision literature (see Section 5.2). Experiment 3 showed some similarity 

between the JAE and MAE, both with a cumulative saturation of the effect after 40 to 50 sec 

of adaptation. Based on the uniocularity (Murakami & Cavanagh, 1998), directional 

selectivity, and spatial frequency selectivity of the JAE, Murakami and Cavanagh (2001) 

suggested that the adaptation stage is located at an early stage of motion processing (V1 layer 

4B), certainly before any combination of each eye’s input. Murakami and Cavanagh (2001) 

also point out that these characteristics resemble those of the motion aftereffect (MAE), 

which they take as evidence suggesting some overlap in the adaptation mechanism for the 

two effects. However, the JAE is unique in that the illusory aftereffect of relative motion 

occurs in the unadapted region. In the classic motion aftereffect (MAE), motion is seen in the 

adapted region (Mather, 2008). This demonstration aimed to examine whether the JAE is 

dissociable from the MAE. In the classical theory (Mather, 2008), the MAE generally 

requires a directional ‘bias’ in responding to motion, normally occurring after the motion 

detectors have been adapted (‘fatigued’) to particular direction of motion. When the adapting 

motion is stopped, the responding of the non-adapted motion detectors dominates those of the 

adapted detectors, and motion opposite to the adapted motion is seen in a stationary image. It 

was hypothesised that only ‘rectified’ motion stimulus (that is, motion in one direction) 

would result in a MAE, whereas for the JAE, oscillating motion, yielding equal motion 
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signals in diametrically opposed directions, would produce the aftereffect, but by the same 

token not produce any MAE. 

11.3.1 Method. 

11.3.1.1 Participants. Five students (four female; one male) were recruited from the 

School of Psychology, and received course credit for their participation. The participants had 

a mean age of 27.00 (SD = 10.03). All participants had normal or corrected-to-normal acuity 

with no history of visual or neurological problems. Students received course credit, if 

required, as well as being paid $10 per session. In accordance with the Code of Ethics of the 

World Medical Association (Declaration of Helsinki), the experiment was undertaken with 

the understanding and written consent of each participant. 

11.3.1.2 Materials and Stimuli. The materials and stimuli were similar to the standard 

condition described in the general methods for Experiment 2.1. The texture elements again 

were high contrast black or white square elements, of 6 pixels a side (about 0.084º), spatially 

and randomly distributed with p = 0.5 of being either black or white. The oscillation 

frequency was 7.3 Hz with a velocity of 3.6˚/sec, and a peak-to-peak excursion of 18 pixels. 

There were two MAE conditions: the first was oscillation as in Experiment 5.1 (see Figure 

19), and the second was ‘rectified MAE’ where the background oscillation was in one 

direction only: left for horizontal and up for vertical. In this case, the position profile over 

time was a sawtooth whereby at the end of each movement vector, the same movement vector 

was repeated: the textured pattern was redisplayed from the start of that vector on the next 

refresh of the monitor. In the MAE conditions, the entire adapting stimulus including the 

central disk and not just the annulus (compare with Fig 19) was composed of this movement. 

A control oscillation JAE was also conducted with the same stimulus as for Experiment 5.1 

using the oscillation parameters given above. Movements were conducted in each of the 

horizontal or vertical directions. Subjects were asked to respond to the duration of a motion 
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aftereffect if any was seen: the JAE as before, or the MAE which was seen as drifting of the 

test stimulus in one direction. As in previous work, adaptation lasted 40 sec and the test 

stimulus was left on for 20 sec. Participants completed three trials in each condition (for a 

total of 18 trials) and the aftereffect duration was averaged. 

11.3.2 Results of Demonstration 5.3. 

It can be observed in Figure 22 that there is no MAE reported by any observer for 

oscillation. However, there was a long, persistent MAE for rectified movement. There was 

also a small JAE for oscillation. Analysis was not performed on conditions involving the 

oscillatory MAE as they produced no illusory effect at all, with mean and SEM for both 

horizontal and vertical conditions both being zero. Comparison of the remaining two vertical 

conditions, rectified MAE and oscillatory JAE, showed the former to produce a significantly 

longer duration of illusory motion, t(3) = 3.296, p = 0.046. These two conditions in the 

horizontal direction produced a marginally larger illusory motion for MAE, t(4) = 2.544, p = 

0.064. 

 As predicted, there was no MAE with oscillation; however, a JAE was produced in 

this condition. Despite there being some similarities between the MAE and the JAE, the 

results indicate these two aftereffects can be dissociated. 

11.4 Demonstration 5.4: ‘Equal Energy’ Vibration 

 The minimum energy hypothesis inherently has as a requirement that there are 

different motion energies in the two regions of the adapting stimulus (see Fig 10 and Section 

5.3.4 for further exposition). In this demonstration, both inner disk and outer annulus contain 

oscillating stimuli, with equivalent motion energies (same velocity, same frequency, same 

peak-to-peak excursion), but in different directions. The latter ensures that there is still strong 

segmentation of the adapting stimulus into two regions. It was hypothesised that the JAE 

would not occur with equal motion energies in the centre and surround. 
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Figure 23. Demonstration 5.3 results. Average duration of JAE, and MAE are displayed 

for rectified motion (Rect) and oscillation (Oscil) in vertical (ver) and horizontal (horiz) 

directions. There was no MAE for oscillation.  

 

11.4.1 Methods. 

11.4.1.1 Participants. Nine participants (6 female; 3 male) with a mean age of 23.3 

(SD = 8.54) were recruited from the School of Psychology, and participated for course credit. 

All had normal or corrected-to-normal visual acuity with no history of vision or neurological 

problems. In accordance with the Code of Ethics of the World Medical Association 

(Declaration of Helsinki), the experiment was undertaken with the understanding and written 

consent of each participant. 

11.4.1.2 Materials and Procedure. The purpose of this experiment was to determine 

whether the JAE was possible with the same motion energy in both areas. Procedures and 
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stimuli were similar to the standard conditions described in Experiment 2.1 with the viewing 

distance at 188 cm, with the following variations. Oscillation frequency was at 8 Hz, at a 

velocity of 3˚/sec, with peak-to-peak amplitude of 0.27 ˚. The element size was 6 × 6 pixels 

(0.084˚). The adaptation and test times were as in the previous experiments, 40 seconds and 

20 seconds, respectively. 

There were six conditions determined by the adaptation stimulus: one each of 

horizontal and vertical vibration with no movement in the inner disk, one each of horizontal 

and vertical vibration where contained within the inner disk was exactly the same pattern also 

undergoing horizontal vibration, but 180º out-of-phase. For example, in the case of horizontal 

oscillation, if the pattern was moving left in the annulus, it was moving right in the disk, and 

vice-versa. Finally, there were two other conditions: annulus with horizontal oscillation and 

central disk with vertical oscillation, and vice-versa. Data were collected from three repeats 

of each condition. These different conditions are schematised in Fig. 23. 

11.4.2 Results. 

As shown in Fig. 24 below, there was no JAE when motion ‘energies’ in the two 

regions were equivalent independent of the direction of motion. A one sample t-test showed 

no significant difference (from zero) for the conditions where the energies were equal in the 

inner and outer. However, these differ clearly from the two other conditions. The conditions 

with motion energy difference between inner and outer both differ from all four conditions 

where motion energy is equal between inner and outer (all effects p < .001). A paired-sample 

t-test revealed no difference in the size of the JAE for horizontal vs. vertical oscillation.   
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Figure 24. Demonstration 5.4 results. Mean duration of JAE given in bold numbers to the 

right of schematic of each condition. Arrows indicate direction of oscillation, and light 

arrows indicate if the oscillation was in-phase or out of phase. Square indicates no 

movement of the inner disk. 

 

11.5 Experiment 5.5: Different energies in centre and surround during adaptation 

The aim of this experiment was to further examine the minimum energy hypothesis, a 

central tenet of Murakami and Cavanagh’s (1998, 2001, see Fig 10 and Section 5.3.4 for 

further exposition) theory of the JAE. A clear prediction of the minimum energy hypothesis 

is that the area(s) adapted with DRN becomes the new functional ‘zero velocity’ (Murakami, 

2006, p.198) for a time after adaptation. The results of Experiment 2.1 clearly show that the 

effectiveness of DRN (as measured by JAE duration) increases with increasing f, reaching a 

Horizontal 
Oscillation

Vertical 
Oscillation

3.3 3.0

0 0

0 0

In-Phase, Different Directions

180 Out-of-Phase, Same Direction

Amplitude and frequencies of oscillation of the four 
conditions for inset and surround were the same.    
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saturation around 22 Hz. According to Murakami and Cavanagh’s theory, increasing f would 

increase ‘motion energy’. In the present experiment, DRN exists in both areas of the 

stimulus; DRN that possesses different motion energies. With motion energy in each area of 

the stimulus during adaptation, it follows that the area of the stimulus after adaptation that 

has the least motion energy becomes the new baseline. The latter would occur in the area 

with the most motion energy during adaptation causing the longest aftereffect. So a difference 

in adaptation levels between the regions would therefore determine the strength of the JAE, 

and presumably, the larger the difference, the stronger the JAE. It was hypothesised that JAE 

duration would increase with increasing differential motion energy between the centre and 

surround. 

11.5.1 Methods. 

11.5.1.1 Participants. Nine naïve undergraduate students and one of the investigators 

acted as participants. All of the students received course credit for participating in the 

experiment. All had normal or corrected-to-normal acuity with no history of vision or 

neurological problems. The four male and six female participants had a mean age of 23.30 

years and a SD of 8.92 years, with a range of 18 to 46. In accordance with the Code of Ethics 

of the World Medical Association (Declaration of Helsinki), the experiment was undertaken 

with the understanding and written consent of each participant. 

11.5.1.2 Materials and Procedure. The stimuli were generated as in the standard 

procedure described in Experiment 2.1. There were three conditions. In the control condition, 

data was gathered similar to Experiment 2.1 with element size was 0.084˚. The following 

flicker rates (f) were tested: 44, 29.3, 22, 17.6, 14.7, 12.6, 11.0, 8.0 and 5.2 Hz. In the two 

other conditions there was standard DRN in both areas of the stimulus during adaptation: the 

outside annulus and the inner disk. The flicker rate in the outer annulus was either 29 Hz or 
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44 Hz. There were six different flicker rates in the inner disk that yielded a difference in 

energies between the two flicker rates as displayed in Table 3. 

 

Table 3  

Flicker rates (f) corresponding to dynamic energies in inner and outer regions and the 

differential energies between the two areas. 

 

Outer 

region (Hz) 

Inner 

Region (Hz) 

Difference 

(Hz) 

Outer 

region (Hz) 

Inner 

Region (Hz) 

Difference 

(Hz) 

44 29.3 14.7 29.3 17.6 11.7 

44 22.0 22.0 29.3 12.6 16.7 

44 17.6 26.4 29.3 9.8 19.5 

44 14.7 29.3 29.3 8.0 21.3 

44 12.6 31.4 29.3 6.8 22.5 

44 9.8 34.2 29.3 5.0 24.3 

 

11.5.2 Results.  

To test the relationship between difference in frequency and JAE magnitude for each 

of the three frequency conditions (control, 29.3 Hz, 44Hz) a repeated measures one-way 

ANOVA was conducted for each with a follow-up analysis of the linear trend. For the control 

condition, the one-way ANOVA was significant F(1.72, 15.51) = 22.951, p <.001, ƞp
2
 = .718, 

Appendix 11a. The linear effect had the highest effect-size of ƞp
2
 = 0.79, F(1, 9) = 34.77, p 

<.001. For the 29.3 Hz condition the one-way ANOVA was significant F(5, 45) = 21.526, 

p<.001, ƞp
2
 = .705, Appendix 11b. Trend analysis showed the linear effect to be the strongest 
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with ƞp
2
 = 0.85, F(1, 9) = 52.19, p < .001. Finally, the 44 Hz condition had a significant 

overall effect F(2.42, 21.80) = 19.25, p< .001, ƞp
2
 = .680, Appendix 11c. Trend analysis 

showed the linear effect to be strongest with ƞp
2
 = 0.88, F(1, 9) = 65.10, p < .001. The 

averaged data are displayed in Fig. 25 represented as a difference in frequency between inset 

and surround. 

 

Figure 25. Experiment 5.5 results. Results plotted as a function of the difference between 

the energies in these two regions as a difference in f (see bold numbers in Table 3). If the 

minimum energy hypothesis of Murakami & Cavanagh (1998, 2991) and others (see 

Section 5.3.4) had been correct, the three curves would be on top of each other. 

 

 More important are the differences in frequencies of DRN between the two regions. If 

one region is not flickering (the central disk), then a differential frequency of at least 15 Hz in 

an adjacent region (the surround) is required to be effective in producing the JAE (cf the 

results in Experiment 2.1). Similar differences in DRN frequencies between outer and inner 

regions and their effects on JAE duration were compared across the three conditions (control, 
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29.3 Hz in outer, 44 Hz in outer). The one-way ANOVA showed a significant effect F(1.77, 

15.90) = 34.99, p <.001, ƞp
2
 = .795. Bonferroni corrected paired comparisons showed 

significant differences between all the 3 outer conditions: Control versus 29.3 Hz, p = .034; 

Control versus 44 Hz, p < .001; 29.3 Hz versus 44 Hz, p = .001. Hence, while the linear trend 

of each of the ANOVAs shows the influence of increased frequency differences on JAE 

magnitude (in each case a linear effect), this is not the complete story. For a given difference 

in frequency (e.g. approx. 22 Hz difference between inner and outer), the JAE duration was 

always shorter with the greater outer frequency. In other words, as can be seen in Figure 25, 

with similar differences between inner and outer, the JAE duration was longest with the 

control condition, shorter for the 29.3 Hz condition, and shortest in the 44 Hz condition. 

Comparing 29.3 and 44 Hz conditions at the same absolute frequency difference of around 22 

Hz (see vertical dotted line in Fig. 25) showed a significant difference using a paired t-test: 

t(9) = 3.27, p = .01. The illusion was larger for the 29.3 Hz condition. Thus, it seems that 

whilst increased differences in energy between inner and outer create longer durations, it also 

matters what the actual frequencies are in the inner and outer region.  

11.6 Discussion – Experiment 5 

There are several interesting findings that need to be discussed, and some important 

details that need to be included. Firstly, the two conditions random versus coherent should 

have element to element similar changes. A coherent signal somehow reduces the potency of 

the JAE adaptation stimulus. It is argued that the pattern change is indeed similar. For a 

10˚/sec change with an 88 Hz frame rate, the coherent pattern would move 0.11˚ per frame. 

This is very similar to the size of a 6 × 6 pattern element size, which is 0.084˚ at the standard 

viewing distance used. What differs is the global likelihood of change, in other words, 

predictability based on neighbouring elements. If a luminous feature shifts its position 
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relative to a background pattern, the luminance will increase at the new position and decrease 

at the old position, creating a local contrast dipole (Lappin et al., 2001).  

Secondly, the experiments in this chapter permitted testing of Murakami and 

Cavanagh’s (1998, 2001) Minimum Energy Hypothesis, in which they claimed that the area 

of least instantaneous motion becomes the new baseline of null motion. It follows that with a 

new baseline established for the outer region with least motion energy, the illusion duration 

should be a direct correlate of the difference in temporal frequency between the inner and 

outer regions of the adapting stimulus. However, in direct contrast to Murakami and 

Cavanagh’s Minimum Energy Hypothesis prediction, a smaller frequency difference (11.7 

Hz) in the 29.3 Hz condition produced a JAE of longer duration than the 44 Hz condition 

with a difference of 26.4 Hz. Thus, it appears that the size of the JAE is not dependent upon 

the flicker rate in any one region (inner or outer) but in the difference in flicker rates between 

the inner and outer regions. If Murakami and Cavanagh were right, the curves in Fig. 24 

would be much closer to one another. Experiment 2.1 showed that increasing the temporal 

‘energy’ of the DRN background in the adaptation region by increasing its ‘flicker’ rate 

suddenly increased the strength of the JAE starting from approximately 18 Hz. If there is 

DRN in all regions of the stimulus, Experiment 5.5 showed that a larger difference in motion 

energy between the two regions also increased the JAE duration. However, this is only the 

case if the DRN f in each region is of certain values: one less than about 18 Hz, and the other 

above this value.   

The DRN being more effective than coherent noise was a surprising finding, as the 

coherent noise should be more similar to what one would expect with miniature eye 

movements (which create monocular coherence). Perhaps the noise in the oscillation was too 

rigid or directionally limited in order to truly represent miniature eye movements, which is 
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more like a random walk (Martinez-Conde et al., 2006). This possibility was explored in the 

next experiment.  
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Chapter 12: Study 6 

Coherent Random Motion vs. Uncorrelated Noise across Contrasts 

 

A major finding from Experiment 5 was that the most incoherent, uncorrelated 

‘white’ noise during adaptation always produced the strongest JAE. The aftereffect induced 

by such noise was always greater than that induced by vibrational/oscillating movement of 

the background. It could simply be the case that the vibrational/oscillating movement was too 

restricted in the direction of motion, its velocity, as well as the amplitude of the movement. It 

is important to consider the nature of the movement of the image due to fixational eye 

movements, bearing in mind that Murakami and Cavanagh’s (1998, 2001) theory is that the 

JAE reveals a compensation mechanism for such fixational eye movements. Apart from 

reducing fading, research from the laboratory Ralf Engbert (Engbert, Mergenthaler, Sinn & 

Pikovsky 2011; also see review of Martinez-Conde, Otero-Millan & Macknik, 2013 and 

Section 2.1 above) has led to the conclusion that fixational eye movements are ‘self-avoiding 

random walks’: ‘persistent’ movement (drifts) on a short time scale, ‘anti-persistent’ 

movements (microsaccades) on a longer time scale. The latter are triggered by critical 

activation values of the distance from actual fixation point to the intended gaze point. This 

model allows the visual axis – the centre of gaze – to preferentially visit new regions around 

the intended gaze point. 

In Experiment 6, the energy in the background pattern was increased by varying the 

contrast of the dynamic texture elements. In one case, the background is DRN, and in the 

other case, the background was moved at random amplitudes and directions, and thus 

movement was ‘Brownian’ (Pilly & Seitz, 2009) in an attempt to replicate the random walk 

of fixational eye movements. In accordance with Murakami and Cavanagh’s (1998, 2001) 
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theory, it was hypothesised that Brownian motion of the entire background would result in a 

longer JAE than equivalent uncorrelated DRN. 

12.1 Experiment 6.1   

12.1.1 Methods. 

12.1.1.1 Participants. This experiment tested 10 naïve participants (five females; five 

males) with a mean age of 24.4 (SD=10.04) recruited from the School of Psychology. All of 

the students received course credit for participating in the experiment. All had normal or 

corrected-to-normal acuity with no history of vision or neurological problems. In accordance 

with the Code of Ethics of the World Medical Association (Declaration of Helsinki), the 

experiment was undertaken with the understanding and written consent of each participant. 

12.1.1.2 Equipment. This experiment was conducted on the ‘VSG set-up’ described 

in Section 8.3.1.2 and the reader is referred there for further details. This set-up has superior 

temporal resolution (160 Hz vertical refresh). 

12.1.1.3 Materials and Procedure. The stimulus was set up as in standard condition, 

with square element size of 6 × 6 pixels (0.084˚). Adaptation duration, instructions, duration 

measurement and experimental procedures were the same as the standard conditions 

described in Experiment 2.1 with the viewing distance at 188 cm. Two types of noise were 

tested during adaptation, ‘coherent’ and ‘random’, by seven contrast levels (8, 16, 32, 48, 64, 

80, 93% of Michelson contrast, C). Each element had a 50% chance of being either low 

luminance (Lmin) or high luminance (Lmax). Michelson contrast was calculated between the 

two luminance levels of texture element in the standard way: C = (Lmax – Lmin)/ (Lmax  + Lmin). 

Finally, during the test period, the entire screen was filled with SRN displayed at full, 93% 

contrast. 

In the random condition, background changed at a flicker rate f of 32Hz, with DRN as 

per Experiment 2.1. In the coherent condition, background moved rigidly, but unlike 
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Experiment 5 it did not oscillate. It was ‘Brownian’: random size displacement (restricted in 

step size) in a random direction. This was achieved by having the entire field of random 

elements move 32 times a second similar to the f of the DRN. The size of displacement was 

randomly chosen from between 0.084 to 0.72˚: the magnitude of each of the horizontal and 

vertical displacements of this field was chosen from one of the following values: 6, 12, 18, 

24, 30, 36, 42 or 48 pixels. Each displacement was in units of the element size and this 

ensured that the location of the square elements on the screen did not vary from frame to 

frame, only their luminance level (either high or low luminance). For this reason, if the 

separate images constituting the random and coherent were examined ‘frame-by-frame’, there 

would be no telling them apart. Since the displacement in the coherent condition was less 

than dmax for this particular stimulus (Sekuler et al., 1990), the appearance of the background 

was of small, rapid movement of the entire background in random directions similar to the 

Brownian motion of a ‘jitterbug’. Finally, in this same coherent condition, the background 

pattern was changed to a new page of the video buffer every two seconds so that the pattern 

undergoing ‘jitterbug’ motion was not the same for the entire adaptation period. 

12.1.2 Results. There was a main effect of noise type F(1, 9) = 29.588, p < .001, ƞp
2
 

= .767, with the illusion duration being longer for the random noise versus the correlated 

noise. There was also a main effect of contrast F(1.30, 11.72) = 30.17, p < .001, ƞp
2
 = .770 

with higher contrast showing longer durations than lower contrasts (see Fig. 25). However, 

the two-way interaction was significant, F(2.12, 19.10) = 4.42, p = .025, ƞp
2
 = .330 

overriding interpretation of the main effects (see Appendix 12 for output table). This was 

analysed with post hoc paired comparisons at each contrast for the two noise types. 

Bonferroni corrected t-tests showed significant differences at contrast levels of 48% and 

greater. 
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Figure 26. Experiment 6.1 results. Average JAE duration for coherent (Brownian) motion 

and random noise (DRN) at different levels of contrast (%).   

 

12.2 Experiment 6.2: Coherent, ‘jitterbug’ movement versus DRN across contrasts: 

different adaptation and test contrast 

Experiment 6.2 was designed to test if the contrast effect found above was a function 

of the adaptation contrast, the test contrast, or some interaction between the two. Based on the 

higher degree of contrast adaptation of V1 compared to MT, it was hypothesised that contrast 

would be most effective during adaptation. 

12.2.1 Methods. 

12.2.1.1 Participants. Eight participants (5 females; 3 males) were recruited from the 

School of Psychology and received course credit for their participation. The participants had 

a mean age of 31.5 (SD = 9.90). All participants had normal or corrected-to-normal visual 

acuity with no history of vision or neurological impairments. In accordance with the Code of 
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Ethics of the World Medical Association (Declaration of Helsinki), the experiment was 

undertaken with the understanding and written consent of each participant. 

12.2.1.2 Materials and procedure. The stimuli and materials were the same as used in 

Experiment 6.1 (the VSG set-up); except that just two contrast levels were used: 16% and 

93% for each of random (DRN) and coherent (Brownian) motion. The contrast levels were 

crossed for the adaptation and test stimuli, yielding four adaptation/test contrast stimuli for 

each type of dynamic adaptation stimuli. 

12.2.2 Results. The results are represented in Fig. 27. Analyses of variance for this in 

2 × 2 × 2 design again revealed a main effect for coherent motion versus random noise (F(1, 

7) = 30.779,  p < .001, ƞp
2
 = .814), with random noise yielding longer durations of JAE. 

There was also a main effect for adaptation contrast (F(1, 7) = 33.95,  p < .001, ƞp
2
 = .829). 

There was no significant effect for test contrast and no significant interactions (see Appendix 

13). 

12.3 Discussion – Experiment 6  

 The effect of level of correlation/coherence was again significant, with longer 

duration of JAE with uncorrelated/random noise than the coherent Brownian stimulus. 

Contrast of the stimuli also had a clear effect on JAE duration, but only in the adaptation 

phase. This could be taken as further evidence that the adaptation stage is located in V1, 

which responds strongly and adapts to local contrast. In other words, it responds to the 

contrast between a black and a white element, not the overall brightness. The findings on 

contrast also help elucidate the differences in the findings on spatial frequency effects during 

adaptation and testing in Experiment 2.3 and that of Murakami and Cavanagh (2001). How 

the findings of the six experiments fit together and possible interpretations of the totality of 

findings is covered next in the General Discussion, Chapter 13.   
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Figure 27. Experiment 6.2 results. Average JAE duration with low (16%) or high (93%) 

contrast during adaptation and test for correlated (Brownian) and uncorrelated (DRN) 

motion Means Table is provided in Appendix 13. 
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Chapter 13 – General Discussion 

 

 The general purpose of this thesis was to examine the spatial and temporal aspects of 

the jitter aftereffect (JAE) especially with respect to what adaptation stimulus induces the 

strongest aftereffect. The aim was to gain further insights into the mechanisms and pathways 

involved in this relative motion illusion and ultimately, relative motion perception itself. As 

well, insight would be gained on how the visual system processed image movement due to 

fixational eye movements (Section 4.1.1). A number of results were obtained in support of 

this general objective and will be expanded upon in turn in this chapter. First, the results of 

the experiments are discussed in relation to previous findings. In the only published theory of 

this effect, Murakami and Cavanagh (1998, 2001) (see Section 5.3.4) suggest the JAE is an 

effect of retinal slip compensation resulting from miniature eye movements. The two initial 

sections discuss the findings that support the existing research and theory (13.1), and the 

findings that contradict previous findings and theory (13.2). Next, the findings on coherence 

and noise as the most potent adaptation stimulus are discussed, and possible explanations for 

the findings are reviewed towards the development of a dynamic theory of vision applied to 

the JAE. Finally, future research possibilities are suggested.   

13.1 Findings supporting Murakami and Cavanagh’s theory 

As has been mentioned a number of times in this thesis, there is currently only one 

published theory of the JAE: Murakami and Cavanagh’s (2001) two-stage theory of retinal 

slip compensation, more recently referred to as ‘the visually based theory of visual stability’ 

(Murakami, 2006 p.195). The reader is referred to Section 5.3.4 for a complete exposition of 

the theory. This image-based compensation model has received acknowledgement in the area 

of vision research (Hohl & Lisberger, 2011; Pitkow, Sompolinsky & Meister, 2007; Poletti, 

Listorti & Rucci, 2010; Wallis, 2006). 



143 

 

 

 

As explained earlier, there are two separate stages in Murakami and Cavanagh’s 

(2001) theory: adaptation and compensation, allocated to V1 and MT, respectively. Support 

for the two stages and their allocation was taken from the fMRI studies by Sasaki et al. 

(2002) on the JAE, demonstrating an activity decrease after adaptation in V1, and activity 

increase in MT when jitter was perceived in the testing phase.  

As a neurobiological correlate to the psychophysical approach adopted for the current 

series of experiments, movement sensitive cells in V1 have been shown to have an optimal 

spatial and temporal frequency, whereas cells in MT are sensitive to velocity (Perrone & 

Thiele, 2001). Experiment one confirmed that the JAE is most likely an M-pathway 

phenomenon. This is in line with other illusions involving motion detection and/or processing 

of rapid flashes of visual stimulation, for example, the flash-lag illusion (Chappell & Mullen, 

2010) and the sound-induced flash illusion (Cottrell, Wilson, van der Zwan & Brooks, 2008). 

Experiment two confirmed previous findings that the JAE is spatial frequency 

dependent (Murakami & Cavanagh, 2001; Renneflott, 1999), with the optimal spatial 

frequency between 0.056 and 0.084 deg (Exp 2.1: 0.056-0.112 deg; Exp 2.2: 0.028-0.084 

deg; Exp 2.3: 0.028-0.084 deg), corresponding to a spatial frequency of around seven cycles 

per degree. This magnitude is consistent with the lower range of amplitudes reported for 

microsaccades (Martinez-Conde, Macknick, Troncoso, & Dyar, 2006; Pastukhov & Braun, 

2010), and optimal for the M-pathway (Solomon, Peirce, Dhruv, & Lennie, 2004). Coarser 

element sizes may have been more effective with increasing overall stimulus size 

(Experiment 2.2), corresponding to what was found in the Ōuchi illusion (Ashida, 2002; see 

Section 5.3.1). In fact, the spatial frequency corresponding to the ideal element size is similar 

to the Ōuchi illusion (Hine et al., 1995, 1997; Khang & Essock, 1997a). It does also 

correspond to the spatial frequency at which human vision is most sensitive to relative motion 

(Shiori, Ito, Sakumi & Yaguchi, 2002). The latter is important in considering at what spatial 
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scale illusory relative motion is best seen and hence illusory relative motion is reported in the 

JAE. In support of this, in Experiment 2.3, the size of the elements in the test pattern did have 

an effect on JAE duration: if they were too large, it was difficult for illusory segmentation by 

relative motion to occur, overriding actual physical segmentation afforded by the test pattern 

elements. Finally, the ideal element size also corresponds nicely with the size of the common 

receptive field centre of primate M RGCs (Croner & Kaplan, 1995). 

Temporal frequency dependence had not previously been examined in the JAE. In 

further accordance with the suggested involvement of motion-sensitive cells in V1, the JAE 

was also found to be temporal frequency selective. There were consistent findings of duration 

enhancement for flicker rates f above 18 to 22 Hz (Exp 2.1) and 24 Hz (Exp 3). In other 

words, the JAE was relatively weak unless the flicker rate was at least 18–24 Hz. However, 

the effect seemed to have a threshold at this point, as increasing flicker rate further (up to 88 

Hz) did not further facilitate the effect. The temporal bandwidth of the monitor (due to 

phosphor decay rates etc.) may have had an effect here contributing to this ceiling; however, 

all participants did report that the changes from black to white in DRN elements were easily 

discernible considerably beyond 18 Hz. In fact, the only report of the black and white 

randomly textured background ‘fusing’ to a grey was with 14 Hz rapid oscillation of the 

background (Experiment 5.1). At much higher f, limits to the resolution of flicker are 

encountered (Di Lollo & Bischof, 1995; Gorea et al., 2000). A similar critical frequency has 

been reported in a recent study of the influence of temporal contrast adaptation on contrast 

sensitivity (Hohberger, Rössler, Jünemann, Horn & Kremers, 2011). The largest reduction in 

contrast sensitivity was at an adaptation frequency of 20 to 30 Hz, which the authors noted 

was close to the fastest frequency that can be resolved by the M-pathway (Hohberger et al., 

2011). Experiment three offered further evidence of temporal frequency dependence, by 

demonstrating that it was the flicker rate of the adaptation stimulus that was having the effect 
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on JAE duration, not the number of changes. Thus, the spatial frequency and temporal 

frequency findings in relation to the adaptation stimulus offer on-the-surface support for 

Murakami’s adaptation stage allocation to V1.  

Different areas of the M-pathway have tuning to various directions of motion. In area 

MT+, responses are seen to global motion and relative motion (see Section 4.2). Experiment 

four examined the relative efficacy of linear, radial and circular noise in producing the JAE. 

The findings added further support to Murakami and Cavanagh’s (2001) predictions as linear 

motion did produce longer JAEs than circular or radial motion. This finding is also 

interesting from an optic flow perspective, as radial motion is an integral part of self-motion 

perception. Motion in the direction of expansion and contraction when moving through the 

environment creates optic flow on the retina (Burr & Thompson, 2011). Furthermore, there is 

an illusion of different depth planes in the JAE. Optic flow is generally attributed to higher 

level areas of motion processing where motion sensitive cells respond to 

expansion/contraction, such as MT+ (Aaen-Stockdale et al., 2012). Murakami and Cavanagh 

(2001) allocated the compensation process to linear motion detecting cells in MT. Even 

though the linear adaptation stimulus resulted in a longer duration JAE than a circular or 

radial adaptation stimulus, the random pattern was still a much more potent stimulus, yielding 

twice as long JAE durations with the optimal element size of 0.084 deg above flicker fusion 

(see Fig. 17).  

The rigid vibration experiments (Experiment five series) were designed to further 

explore the preceding findings, which suggested incoherent noise provided a superior 

adaptation stimulus to coherent motion stimuli, regardless of the direction. Oscillating the 

adaptation stimulus to induce coherent motion also allowed manipulation of velocity as a 

psychometric parameter, which would be more suited for velocity-tuned motion detecting 

cells in MT. Furthermore, coherent vertical and horizontal rigid vibration could serve as 
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simulated fixational eye movements diverging from and returning to (jittering) the fixation 

point (Seno et al., 2011). Finally, oscillation versus rectified motion allowed further 

comparison between the JAE and the MAE. 

The findings for the Experiment five series also showed random noise consistently to 

be a superior adaptation stimulus, with significantly longer JAE duration in the control 

condition (random noise). Furthermore, even though velocity had a significant effect, 

amplitude was not a significant variable in determining JAE duration. Experiments 5.1 and 

5.2 showed that there was probably a ceiling to the velocity in oscillation producing the JAE 

with a minimum velocity requirement of 1°/sec. The latter is certainly beyond the velocity of 

drift fixational eye movements which even, at the fastest estimation, are somewhat slower 

than this (Cherici et al., 2012; Martinez-Conde et al., 2006; Rolfs, 2009). Thus, despite 

Murakami (2004) implicating drifts in the JAE, it seems unlikely that drifts alone are 

responsible at least during adaptation of the JAE. On the other hand, drifts may generate the 

small, weak motion vectors that lead to the appearance of the illusion in the test pattern 

(Arathorn et al. 2013). 

The oscillation stimulus resulted in a JAE, but not an MAE, which could mean that 

directional bias is not essential for a JAE, yet it is a sine qua non for the standard MAE 

requiring directional bias in stimulation during adaptation (Anstis, Verstraten & Mather, 

1998). This was confirmed by the fact that the rectified stimulus induced a strong MAE, but 

was unable to generate a JAE that ‘floated’ around in all directions as is normally reported. 

The JAE seemed to be diminished with increasing directionality discrimination. Thus, even if 

there are some shared pathways and mechanisms between the two aftereffects, the results 

from this series of experiments indicate that there are fundamental differences that separate 

the MAE and JAE.   
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The minimum energy hypothesis is a central tenet of Murakami and Cavanagh’s 

(1998, 2001) theory of the JAE (Fig.10). Experiment 5.4 offered apparent support for the 

minimum energy hypothesis, with the JAE being possible with different motion energies in 

the annulus and surround during adaptation. However, Experiment 5.5 demonstrated that it is 

not simply that the area of lowest instantaneous motion becomes anchored as the new 

baseline as Murakami and Cavanagh (1998, 2001) suggested. The findings that could not be 

explained, or contradicted the current theory are discussed further in the next section. 

13.2 Findings contrary to Murakami and Cavanagh’s Theory 

Despite there being many findings in the experiments conducted for this thesis that 

were congruent with Murakami and Cavanagh’s (1998, 2001) early findings on the JAE, 

other experiments offered interesting contradictions to the findings and predictions of 

Murakami and Cavanagh (1998, 2001). This was true of the experiments where the 

parameters were varied between adaptation and test stimuli. A simple compensation theory 

and previous findings would predict that JAE duration should be optimal if the spatial 

frequency was matched between adaptation and test (Murakami & Cavanagh, 2001). In fact, 

because of the similarity between the JAE and MAE, Murakami and Cavanagh (2001) 

predicted and found that JAE duration was optimal if the spatial frequency was matched 

between adaptation and test using bandpass filtered stimuli. However, Experiment 2.3 

indicated that the optimal spatial frequency was most effective in the adaptation phase, which 

is the opposite of Murakami and Cavanagh’s (2001) findings with bandpass filtered stimuli 

(see Murakami & Cavanagh, 2001, p. 178, their Figure 6).  

The contrast findings of Experiment 6.2 may be useful in untangling the unequal 

effects of spatial frequency during the adaptation or test phase. Higher contrast was more 

effective during the adaptation phase, but did not have a significant effect in the test phase. 

Murakami and Cavanagh (2001) used bandpass filtered stimuli which would have lowered 
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the overall contrast variation confounding their results in regard to spatial frequency. Thus, 

their bandpass filtered stimulus findings were in accordance with our findings in the contrast 

conditions in Experiment 6.2. It should be noted that there could be a difference between the 

adapted site and the site that is expressed during testing (Wainwright, 1999). According to 

Sasaki et al.’s (2002) findings, area V1 is most active during adaptation, whereas MT is more 

active when the JAE is actually being perceived. Contrast adaptation is found in V1, but MT 

is relatively insensitive to the same effects (Kohler, 2007). In summary, there was some 

evidence that the effects of spatial frequency and contrast were most efficacious during 

adaptation, not the testing phase, which offers surface support for Murakami and Cavanagh’s 

(2001) allocation of the adaptation and compensation stages to V1 and MT, respectively. In 

any case, using a bandpass filter to alter element size confounds this with contrast, which is a 

methodological point for any future experiments manipulating spatial frequency by bandpass 

filtering of the stimulus.  

 The minimum energy hypothesis predicts that the area of lowest instantaneous motion 

becomes the new baseline (Murakami & Cavanagh, 2001). This was tested in Experiment 5.5 

where DRN was utilised in both inner and outer regions of the adaptation stimulus. The 

flicker rate f in the outer and inner regions was manipulated independently in the centre and 

surround, yielding 12 different combinations. The area with the lowest flicker rate would 

have the least motion energy, and, according to the minimum energy hypothesis, would be 

the new null-point of motion. Thus, the difference in flicker rate between the two areas 

should be predictive of the JAE duration (see Table 2). The results showed that JAE duration 

did increase for larger relative energy differences for each of the two temporal frequencies in 

the surround (29.3 and 44 Hz). However, a simple baseline hypothesis did not accurately 

predict the results, as equal differences between the regions yielded different JAE durations. 

If the minimum energy hypothesis were correct, the difference in energy should predict JAE 
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duration, with larger overall differences yielding longer JAE durations. In contrast, there was 

a significant difference in duration dependent on whether 29.3 Hz or 44 Hz was used in the 

outer region. In fact, with equal differences in the two outer conditions (29.3 versus 44Hz) 

the JAE duration was always longer with 29.3 Hz in the outer region, compared to 44 Hz.  

One possible explanation could be that the outer region being set at 29.3 Hz vs. 44 Hz 

impacted the results. However, the findings in Experiment 2.1, showing no significant 

difference among the four fastest flicker rates (88, 44, 29.3, 22 Hz), do not support this as an 

explanation for the results. A more plausible explanation could perhaps be found in the 

consistent JAE enhancement over approximately 18 Hz (flicker fusion) found in the temporal 

frequency studies. With 29.3 Hz in the outer region, the central region was at a lower 

frequency than with 44 Hz in the outer region. As a consequence, several of the inner rates 

utilised in the 29.3 Hz condition were less than 18 Hz flicker fusion level that was optimal in 

the earlier experiments (see Fig. 14). Thus, the lower temporal frequency (below flicker 

fusion) in the central region could have been beneficial during adaptation. Furthermore, both 

relative temporal frequency conditions also differed significantly from the standard control 

condition with SRN (0 Hz) in the inner area and varying the temporal frequency of the 

surround. Longer JAE durations were found in these control conditions.  

  It seems a logical assumption that the most effective stimulus for adaptation should 

be one that produces motion similar to the target of compensation by the proposed 

mechanism. In other words, if the process of adaptation and compensation is tuned to filter 

out miniature eye movements of fixation (Murakami & Cavanagh, 1998, 2001), the most 

effective stimulus for achieving this should have features in common with fixational eye 

movements. The oscillation experiments were an initial attempt at such a stimulus. The 

oscillation experiments did produce a JAE, but it was weak. However, the oscillation 

stimulus may have been too rigid in directionality or amplitude compared to miniature eye 
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movements of fixation trajectory (Rolfs, 2009), which is better represented by Brownian 

motion (Kuang, Poletti, Victor, & Rucci, 2012). Thus, it was predicted that a coherent 

Brownian stimulus motion during adaptation should be as good, or better than, purely random 

motion. However, Experiment 6.1 and 6.2 found that uncorrelated random noise was still 

significantly better than Brownian motion as an adaptation stimulus. Experiment 6.2 found 

the effect of contrast was only significant in the adaptation phase. Thus, completely random 

noise with high contrast seems to be a better stimulus during adaptation than a stimulus that 

has any kind of coherence. 

In summary, testing the minimum energy hypothesis indicated the process is likely far 

more complicated than just being the area of least instantaneous motion, becoming the new 

baseline of zero motion. There were differences of effects of spatial frequency and contrast 

on adaptation and test stimuli. The differences also seemed to involve the critical flicker 

fusion frequency value. Perhaps the most puzzling result was that random noise always 

yielded the longest JAE in the experiments conducted in this thesis. The next section covers 

random noise and possible explanations for the findings consistently favouring an incoherent 

adaptation stimulus. 

13.3 Toward a new theory of the JAE – What is so special about random noise? 

The aim of this section is to move towards developing a new theory of the JAE, 

especially with respect to what is occurring during the adaptation period. The current findings 

are brought to bear on the theory’s development, without discounting the previous findings of 

Murakami and colleagues’ research. As the results of the studies have shown, noise plays a 

pivotal part in the JAE. It seems from the current set of results that the more random the 

noise, the better. The next sections review noise. This includes noise within the stimulus 

(13.3.1) and internal neural noise (13.3.2). How the visual system responds and adapts to 

noise (13.3.3) and the functional significance of noise in image segmentation (13.3.4) through 
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redundancy reduction (13.3.4.1) and decorrelation (13.3.4.2) are reviewed towards 

developing a new theory. Each of these areas is considered in turn below.  

13.3.1 External experimental noise: What is it? The classic JAE stimulus is white 

noise rather than a coherent motion signal (where there is some predictive direction of flow 

of the elements). However, the perceived relative motion illusion is one of coherent jittering 

motion. The level of coherence and type of noise in the adapting pattern was an important 

parameter that was manipulated in the series of experiments in this thesis.  

Despite Brownian motion (in this case, a textured pattern moving in random 

directions) intuitively seeming like a reasonable stimulus for creating the JAE, random noise 

was better in every condition tested in this thesis than a stimulus with coherence in the 

adaptation phase. Random dot motion algorithms are commonly used in psychophysical and 

neurophysiological research. However, there are differences in how the motion is generated 

in random dot displays (Pilly & Seitz, 2009), which leads to difficulties at times in making 

direct comparisons across paradigms. Pilly and Seitz (2009) compared pure white noise, with 

other commonly used random noise algorithms.  

Pilly and Seitz (2009) varied coherence, speed and contrast across paradigms for 

motion direction estimation comparisons, and found an interaction between contrast and 

spatiotemporal displacement. Their results showed that there were considerable differences 

between paradigms. Perhaps the most relevant finding for the current studies conducted for 

this thesis was that for motion direction estimation, subjects generally performed optimally 

with Brownian motion. In other words, performance in direction discrimination was easier for 

random walk than random position (Pilly & Seitz, 2009). Their results could be interpreted 

as, the more random the noise is in the spatiotemporal domain the harder it is to discriminate 

direction within a field. This seems congruent with the current findings. Thus, it seems that 

the JAE could be optimal when direction discrimination is at its worst. 
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In the JAE, the ability to distinguish at the very lowest level (as indicated by 

differences in JAE duration, without observers being able to determine which stimulus is 

‘most random’) between DRN and Brownian motion could indicate that the JAE is occurring 

as a result of neurons working together in a network, rather than just changes in single 

neuronal responses. What differs between the two conditions is the global likelihood of 

change: in other words, predictability based on neighbouring elements. As previously stated, 

in shifting the position of a luminous target relative to a background pattern, the luminance 

will increase at the new position and decrease at the old position, creating a local contrast 

dipole (Lappin et al., 2001). Thus, the less global correlation of spatial shifts over time, the 

less coherence there is in the pattern of change. In essence, randomising the noise leads to a 

spatiotemporal decorrelation of neighbouring elements. What is truly ‘noisy’ at the neuronal 

level is thus a function of randomness. Internal neural noise is reviewed next.  

13.3.2 Internal neural noise. According to Aihara, Kitajo, Nozaki, and Yamamoto 

(2010) noise is ubiquitous in the nervous system. Whilst environmental noise contributes as 

an external source of noise, there is also internal noise. Neurons are spontaneously active 

even in the absence of external stimuli. There is noise at the level of single neurons (for 

example as membrane noise related to the dynamics of ion channels). There is also noise at 

the network level, for instance through the convergence of multiple independent random 

synaptic inputs and feedback (Aihara et al., 2010).  

To respond to a change in the outside world, neurons must either elevate or alter their 

activity. The relative amounts of internal and external noise regulate the neuron’s response. 

Thus, the greater the noise, the bigger the change in the firing pattern must be to be 

functionally significant (Hurlbert, 2000). Hurlbert (2000) found that perceptual learning does 

not alter levels of internal noise and suggested that neurons may instead learn to extract 

signals more efficiently by diminishing their responses to irrelevant stimuli. This is an 



153 

 

 

 

example of redundancy reduction, a term coined by Barlow (1979, 2001) that has received 

renewed attention in recent times (Ahissar & Arieli, 2001; Bol, Marsat, Mejias, Maler, & 

Longtin, 2013; Falconbridge & Badcock, 2006), and is the focus of Section 13.3.4.1. First, it 

is important to address how the visual system responds to noise. 

13.3.3 Response and adaptation to noise. Spike trains in the retinal cells of the cat 

(cited in Lappin et al., 2001) and turtle (Greschner et al., 2002) have been reliably 

demonstrated after exposure to visual image motion. The nature of the Murakami and 

Cavanagh theory is to suggest neurobiological underpinnings of the psychophysical results. 

This approach has been supported by haemodynamic imaging of visual cortical areas (Sasaki 

et al., 2002). However, if the JAE does involve responding of cells downstream from these 

cortical areas, especially RGCs, then even fMRI cannot provide supporting neurological 

evidence. For this reason and by necessity, both Murakami and Cavanagh’s theory, and any 

new theory, depend on the interpretation of data from neurophysiological research using 

appropriate animal models.  

13.3.3.1 Does random noise adapt motion sensors? One of the critical assumptions 

of the Murakami and Cavanagh model is that random noise adapts motion sensitive neurons, 

whether they exist in the retina, in V1 or higher areas (see Section 5.3.4). Specifically, they 

propose that the adaptation takes place in V1 neurons. It is therefore crucial to consider what 

type of activation the noise is producing, and whether noise is ‘adapted to’ in the way 

neurons are adapted in the MAE. The research outlined below indicates that Murakami and 

Cavanagh could be misguided in their assumption that motion-sensitive neurons in fact adapt 

to white noise.   

The definitive paper of Chichilnisky (2001) mentioned in Section 5.3.4.5 on white 

noise analysis in neurons states that ‘white noise … avoids adaptation to strong or prolonged 

stimuli’ (p. 199). In detail, because a Gaussian white noise sequence has approximately 
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constant mean and standard deviation over short and long timescales, and because strong and 

weak stimuli are highly interleaved, the effects of adaptation are minimised. Even in RGCs, 

the only effect of random noise is to bring the range of random responses of the cells below 

saturation (Demb, 2008). At the MT level, exposure to random noise simply increases the 

variability of the neuronal firing, an increase in stochastic activation (Hohl & Lisberger, 

2011; Mihaylov et al., 2007), but again there is no systematic bias. There is clearly no 

‘motion adaptation’ produced by random noise. 

Even if one discounts this and assumes that noise adapts motion detectors, there are 

other data that also contradict Murakami and Cavanagh’s assumption, bearing in mind that 

fixational eye movements: microsaccades, drifts, etc., are continuing to occur during the 

adaptation and test phases of the JAE. Hass and Horwitz (2011) have recorded the responses 

of individual V1 neurons to a ‘white noise’ stimulus similar to the DRN in the JAE: a 10 × 10 

square grid of 0.1° square elements whose luminance levels were chosen randomly and 

independently at 75 Hz. Even though image movements due to microsaccades do produce 

appropriate firing in motion-sensitive V1 cells (Martinez-Conde, Macknik & Hubel, 2000), 

Hass and Horwitz (2011) found such responding suppressed in those cells whose receptive 

fields covered the white noise area. Applying this to the JAE stimulus, it follows that during 

the adaptation period, V1 cells whose receptive fields covered the DRN area were having 

their activity suppressed more than those cells whose receptive fields covered the SRN. This 

is actually the opposite of what Murakami and Cavanagh have assumed. 

A positron emission tomography (PET) study by McKeefry, Watson, Frackowiak, 

Fong, and Zeki (1997) compared the activity in human areas V1/V2, V3 and V5 (MT) during 

viewing of coherent and incoherent motion. The results showed that all the areas were 

activated by both types of motion stimuli. However, incoherent motion of each element 

proved to be a more effective stimulus for activation of V1 and V5. Motion detecting cells in 
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V5 are maximally activated for their preferred direction of motion, but have been found to be 

partially suppressed when non-preferred directions are present within the same receptive field 

(Snowden, Treue, Erickson, & Anderson, 1991). Neurons in V1 do not have the same 

suppression, and respond similarly to unidirectional and transparent motion (Snowden et al., 

1991). Thus, there is evidence that V1 and MT are maximally responsive to incoherent 

motion. However, as will be elucidated below, despite fMRI evidence implicating V1 and 

MT in the JAE (Sasaki et al., 2003), this may not be the whole story. 

 13.3.3.2 How ‘early’ is early motion detection? As pointed out in Section 5.3.4, 

Murakami and Cavanagh (2001) suggest that the adaptation stage is located at an ‘early 

stage’ of motion processing (they suggest V1 layer 4B). However, earlier in the visual motion 

system, before involvement of cortical areas, are the retinal ganglion cells (RGCs). As 

already mentioned in Section 4.1, recent discoveries indicate that a lot of motion processing 

in fact takes place in the retina (Vaney, Sivyer & Taylor, 2012; Gollisch & Meister, 2010). 

The recent discovery of the existence of cells in the mammalian retina capable of responding 

to the local motion of an object, but only if the motion trajectory differed from that in a 

surrounding region, offers a promising neural correlate for a dynamic theory being developed 

to explain the JAE. These ‘object motion sensitive’ (OMS) RGCs were reported by 

Ölveczky, Baccus, and Meister (2003), and are reviewed in more detail next. 

  13.3.3.3 Relative motion in a network of OMS M RGCs. Ölveczky et al. (2003) 

claim that OMS cells have properties that solve the fundamental problem of discriminating 

local motion in an image from the global motion caused by fixational eye movements. The 

properties of these cells also fit in with some of the current JAE findings. First, OMS cells 

have perfectly bland-looking centre-surround receptive fields when studied with white-noise 

flicker (Gollisch & Meister, 2010). Of course, the particular stimulus that reveals their 

function—differential motion of an image patch and its background—never occurs during 
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white-noise flicker, whereas it represents a common occurrence on the retina in real life. 

Being M-cells (cf our Demonstration 1), their optimum spatial stimulus (centre vs. surround) 

is around the size found optimum for JAE adaptation and test (0.1°, Section 13.1, Ölveczky, 

Baccus, & Meister, 2003).  

Second, the OMS cell networks can respond to a visual scene composed of several 

objects moving on a background, or spatially extended region. This shows that OMS cells 

covering these objects fired in synchrony, producing a ‘binding’ of motion (Ölveczky, 

Baccus, & Meister, 2003). This can occur in areas up to 10° and across visual hemifields. 

Along the same lines, the JAE can be seen as synchronised motion in a number of unadapted 

regions (Murakami & Cavanagh, 1998) and the aftereffect can cross hemifields (Murakami & 

Cavanagh, 2001).  

Third, OMS cells are not directionally selective (Ölveczky, Baccus & Meister, 2003), 

and similarly the JAE works best with adirectional motion stimulation (Section 13.1). In our 

Demonstration 5.4 (Section 11.4, Fig. 23), the JAE could not be elicited with vibrational 

stimulation of equal energies in the centre and surround, but out-of-phase. The authors go on 

to say that the OMS cells sense differential motion without explicitly computing and 

comparing the motion vectors in the two regions, contrary to what has been found for 

differential motion cells in area MT+ (Tanaka et al., 1993; see Section 4.2). They model the 

behaviour of these cells as dependent only on the speed, not the direction of motion. In our 

Experiment 5.1 and 5.2 (Section 11.1 and 11.2), the strength of the adaptation of the JAE 

using oscillating stimuli is dependent just on the velocity of movement, and not the 

oscillation frequency, nor peak-to-peak amplitude. 

In line with current dynamic retinal theories and the OMS cells described above, 

Hosoya, Baccus and Meister (2005) found that there is adaptation to complex patterns of 

correlations – both spatial and temporal – in RGCs. The stimuli they used were checkerboard 
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patterns; some patterns shifted in time, some in space. All of these patterns showed some type 

of correlation such that, for any given image point, neural circuits in the retina could predict 

the local intensity from values at nearby points in space and preceding points in time, and 

subtract this predicted value from the actual intensity. Such adaptation did not occur when 

there was no correlation at all and ‘pure’ DRN would provide such a stimulus. Unlike 

adaptation to a change in illumination, which can take less than half a second, this adaptation 

to correlations in spatiotemporal patterns took much longer: at least five seconds. Simpler, 

more ‘predictable’ spatiotemporal correlations yielded stronger adaptation than more 

complicated patterns. Hosoya, Baccus and Meister (2005) concluded that such pattern 

adaptation in RGC is not merely a scheme for efficient recoding of the image, but served to 

strip a predictable and less ‘newsworthy’ signal from visual information flowing upstream to 

higher cortical areas. Thus, it follows the principle of redundancy reduction, which will be 

reviewed in more detail in Section 13.3.4.1.  

Ölveczky, Baccus and Meister (2007) found that like the adaption to correlations in 

patterns that Hosoya, Baccus and Meister (2005) had found, OMS cells also adapted to 

differential motion where the background was ‘jittered’ around with a random walk trajectory 

similar to fixational eye movements. As far as the time course of adaptation to this 

differential motion, they found that firing rate drops to 58% after 7.2 seconds. Recovery from 

this adapted state takes much longer – around 50 seconds. Such values are similar to 

adaptation rates and saturation which were found with the JAE (see Experiment 3, Chapter 9 

as well as Murakami & Cavanagh’s (1998, 2001) measurement of the storage capacity for the 

JAE of around 50 seconds). Ölveczky et al. (2007) note that the onset of differential motion 

produces no overt change in stimulation of the receptive field centre of the OMS. In fact, all 

local statistics of the stimulus (mean, contrast, power spectrum) are identical everywhere on 

the retina. The only change is in the correlation of image motion between centre and 
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periphery. The authors conclude that, while a burst of OMS cell activity serves to rapidly 

indicate where an object starts to move with respect to the background, subsequent adaptation 

may make the process of discerning object identity based on synchronous firing more reliable 

and robust. 

Of course, these differential motion signals – spurious or otherwise – originating in 

retinal OMS cells will affect firing downstream of both motion sensitive V1 cells and relative 

motion MT+ cells as has been haemodynamically imaged in participants undergoing the JAE 

(Sasaki, Murakami, Cavanagh, & Tootell, 2003).    

13.3.4 Segmentation and grouping – functional enhancement through noise. 

Following an ecological perspective, the response and adaptation to noise in the visual system 

reviewed above must have a functional purpose. At the very basis of the JAE is a powerful 

figure-ground segmentation. The next section reviews segmentation and grouping, 

emphasising the functional and dynamic enhancement of perceptual grouping through noise. 

13.3.4.1 Redundancy reduction and fixational eye movements. The previous section 

reviewed how the visual system responds to noise in the image. In this section, this is 

compared to how the visual system uses this response in contrast to a response to a 

predictable, and hence redundant, input – image motion due to fixational eye movement. It 

will be shown how this can be used to enhance the resolution of fine detail, edges and 

especially the segmentation of an image due to movement of an object over a background. 

Indication will be made to where the exposition is important to the development of a new 

theory of the JAE. To reiterate, filtering of predictable input is an example of redundancy 

reduction, thought to be a guiding principle in biological systems (Barlow, 2001). In fact, 

many neural systems can respond to novel stimuli while filtering out redundant inputs (Bol et 

al., 2013). The questions that remain concern how the brain manages to do this.  
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As touched upon in Section 2.1.3 in the Introduction, it is now clear that redundancies 

are exploited within the retinal array via the constant random movement over that array of 

images due to fixational eye movements. This is the ‘dynamic retina’ or ‘active seeing 

theory’. It bears repeating that it is particularly important in edge enhancement and 

segmentation due to object motion – the latter at the core of the JAE. The idea that fixational 

eye movements could be a useful component in spatial redundancy reduction has received 

support in recent papers.  

Research by Rucci, Iovin, Poletti and Santini (2002) showed that for small eye 

movements the power spectrum of the stimulus is one that enhances high spatial frequencies 

and attenuates low frequencies. Kuang, Poletti, Victor and Rucci (2012) further demonstrated 

that small movements induced to a natural image by miniature eye movements removed 

predictable correlations by equalising the spatial power of the image on the retina within the 

frequency range of the peak sensitivity of ganglion cells. Whilst earlier research attributed 

this transformative step in information processing to centre-surround receptive field 

organisation, Kuang et al. (2012) attribute this to matching between the statistics of natural 

images and those of miniature eye movements. In essence, Kuang et al. (2012) found that 

miniature eye movements attenuated the low spatial frequencies, resulting in a retinal 

stimulus with ‘whitened’ spatial distributions in the temporal domain. In other words, the 

fixational eye movements or ‘jitter’ match the statistic of natural images, dampening the less 

informative lower spatial frequencies, and enhancing high spatial frequency details to aid 

edge detection (Kagan, 2012). The authors also claim that such ‘whitening’ of retinal input 

could offer an explanation why there is no perceived blurring with miniature eye movements, 

as the low spatial frequencies are attenuated. There is increasing research that supports that 

‘jitter’ in fact enhances visual perception in several domains.  
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Badcock and Wong (1990) pioneered the area of image jitter on visual perception. 

They found that humans could distinguish clearly, tiny changes in relative separation between 

two lines (in the order of seconds of arc), even with a very rapidly moving image (33 Hz) in 

small steps (0.1 deg) around the retina. At that time, they concluded that the visual system 

was able to somehow discount the noise induced by oculomotor instability (Badcock & 

Wong, 1990). Research in the last decade has shown that oculomotor ‘noise’ may in fact be 

beneficial to perception. 

As mentioned briefly in Section 5.2, Seno et al. (2011) added simulated viewpoint 

jitter and oscillation to radial optic flow displays, and recorded the effects on vection, the 

vection aftereffect (VAE), and the MAE. It should be noted that Seno et al.’s (2011) jitter 

was described as similar to ‘camera-shake’ and therefore varied in amplitude and frequency, 

whereas the oscillation was at a set amplitude and frequency. Both were in the vertical 

direction. They found that display jitter increased vection in the adaptation phase and 

increased VAE duration in the test phase. Oscillation also increased vection during 

adaptation. Both oscillation and jitter reduced the duration of MAE. Similar to the JAE 

findings in this thesis, the random jitter advantage was larger than the oscillation advantage 

(Seno et al., 2011). Seno et al. (2011) suggest that the findings could be evidence for a 

sensory recalibration mechanism based on VAE when the visual system has conflicting 

signals of self-motion.  

Hongler, Meneses, Beyeler and Jacot (2003) present an information-theoretic signal-

processing approach that is capable of handling the shaking noise. They showed that rather 

than being a disadvantage, the ubiquitous presence of random vibrations in vision systems 

operating from mobile devices can be used as a fundamental tool for edge detection. The 

Resonant Retina described and analysed in the Hongler et al. (2003) paper is an algorithm for 

edge detection in a visual system subject to vibration noise. In their view, noise plays the role 
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of a ‘catalyst’ in the information-gathering process. The resulting information is pertinent 

enough for the tasks that follow: edge detection and object segmentation. Vibrating noise is 

present in the human visual system in the form of miniature eye movements. The Resonant 

Retina indicates that information about where and how the eye is moving is not essential for 

edge detection. Hongler et al. (2003) claim that the Resonant Retina functions with a purely 

stochastic input, and this is reviewed next.   

In the field of engineering, the optimal signal-to-noise ratio is considered paramount 

to any interpretive source. Stochastic resonance (SR) is a process by which an optimal 

amount of noise actually serves to enhance the signal’s strength rather than degrade it. There 

is some evidence from recent studies that the human brain also follows a principle of SR in 

its various perceptual modalities (Moss et al., 2004; Snyder & Raichle, 2012). SR is a 

nonlinear phenomenon, as addition of random noise to linear systems only degrades the 

signal. SR can be seen as an elevation of threshold, or as it was originally intended (to 

explain periodic recurrences in the Ice Ages), as a dynamic system (Moss et al., 2004). The 

visual system processes in parallel with recurrent feedback (Supèr & Romeo, 2011). Several 

aspects of the functional organisation of neuronal architecture are highly congruent with a SR 

perspective (Snyder & Raichle, 2012). At the basis of SR is the increased detectability of a 

coherent signal with an accompanying optimal increase in uncorrelated noise. The concept of 

SR is not incongruent with a dynamic theory of motion perception. In fact, the two concepts 

could be quite complementary.    

Hennig et al. (2002) have suggested that fixational eye movements could improve 

visual acuity by contributing with neural noise as an optimal input for a SR process. Noise 

would thus serve as an important input to maximise signals. Applied to Seno et al.’s (2011) 

vection findings, stochastic resonance could offer a parsimonious explanation of the 
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increased vection signal strength with added random noise, as compared to the more coherent 

oscillation, during the adaptation phase. 

Around the same time, Ahissar and Arieli (2001) proposed a dynamic theory of 

biological vision, suggesting that a temporal-encoding scheme is utilised for processing fine 

spatial details in relative coordinates. They suggested that fixational eye movements served 

the purpose of inducing the transformation from a spatial to a temporal code. The idea that 

fixational eye movements could be a useful component in spatial redundancy reduction and 

edge enhancement through correlated versus uncorrelated temporal coding has received 

support in many recent papers (Burak,  Rokni, Meister & Sompolinsky, 2010;  Donner & 

Hemilä, 2007; Hennig et al., 2002; Pitkow, Sompolinsky & Meister, 2007).    

 In an applied context, retinal image jitter has been found to improve recognition of 

text and emotion recognition in patients with central visual impairment (Watson, Strang, 

Scobie, Love, Seidel, & Manahilov, 2012). The effect was strongest in the patients with the 

most severe visual impairment. These patients primarily perceive low spatial frequencies, and 

jitter in this context could lead to enhancement of fine spatial detail (Watson et al., 2012). 

 In summary, image jitter induced by miniature eye movements may contribute to 

spatiotemporal whitening (Kuang et al., 2012), and in turn enhanced perception of fine spatial 

features through redundancy reduction. This contrasts with Murakami and Cavanagh’s (1998, 

2001) two-stage theory with compensation for miniature eye movements, as the concept of 

compensation seems to infer that the miniature eye movements are somehow a nuisance or 

artefact that has largely negative effects on perception, which must in some way be filtered 

out. Furthermore, why random noise rather than image oscillation or randomised oscillation 

(Brownian motion) is more beneficial in the adaptation stimulus of the JAE requires further 

exploration. The role of level of relative coherence or correlation in an image is covered next. 



163 

 

 

 

13.3.4.2 Coherence and decorrelation in a dynamic theory of relative motion 

perception. In these theories of a dynamic retina or active vision, of particular relevance to 

the JAE is how relative motion is processed. The brain not only has to distinguish spikes due 

to activity from fixational eye movements from spontaneous spiking (Pitkow, Somplinsky & 

Meister, 2007),  but also use the correlated, coherent motion signals as a background to better 

detect the uncorrelated signals arising from an object physically moving in the world.   

Lappin et al. (2001) investigated the coherence of early motion signals and found that 

vision may have higher sensitivity to relative motion and relative contrast than to local 

motion or local contrast change. They suggest that early spatial signals are based on image 

structure rather than retinal coordinates. Their results indicated ‘hyperacuity for relationships 

among small contrast changes in separate locations’ (Lappin et al., 2001). Thus, the visual 

motion system is sensitive to small changes that occur simultaneously within the entire visual 

display. The JAE can be perceived simultaneously in several ‘patches’ (Murakami & 

Cavanagh, 1998, 2001), as can the Ouchi and several other illusions that have implicated 

miniature eye movements.    

Lappin et al.’s (2001) findings of coherent motion phase relations among spatially 

separate signals predict a temporally synchronised response to coherently moving edges, each 

decorrelated in the local sense to the background in the visual frame. In other words, motion 

around the edges is locally incoherent/decorrelated. They postulate that ‘motion phase 

relations among barely detectable oscillations must be coherent (synchronous, correlated) 

over spatially separate image regions’ (Lappin et al., 2001 pp. 1639).  

Similarity of visual features along a single cue dimension can indicate that they are 

parts of the same or related objects, even if the features are disparately placed in a complex 

scene (Croner & Albright, 1997). Alais, Blake, and Lee (1998) found that visual features that 

vary together over time group together over space. Additional evidence for perceptual 
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sensitivity to spatial relations among separate moving features can be deduced from 

experiments on perceptual grouping of moving features. Simultaneous computation of visual 

motion at multiple locations is crucial for tasks such as motion parallax, kinetic depth effects, 

structure from motion, and control of locomotion (Lu, Liu, and Dosher, 2000).  

Temporal synchrony of responses has been suggested to be at the basis of perceptual 

binding (Singer & Gray, 1995). Spike trains in the retinal cells of the cat (cited in Lappin et 

al., 2001) and turtle (Greschner et al., 2002) have been reliably demonstrated after exposure 

to visual image motion. Rucci et al. (2007) found that the temporal spreading of the spatial 

power of the stimulus by small eye movements was not uniform throughout the spatial 

frequencies, but increased with spatial frequency. This is because the average change in 

luminance produced by a small displacement of a grating increases with the spatial frequency 

of the grating (Rucci et al., 2007). Temporal synchronisation is meaningful both in the 

external stimulus and in the pattern of neuronal synchronisation of spike trains (Lappin et al., 

2002).  

There is evidence that V1 and MT are maximally responsive to incoherent local 

motion. A positron emission tomography (PET) study by McKeefry, Watson, Frackowiak, 

Fong, and Zeki (1997) compared the activity in human areas V1/V2, V3 and V5 (MT) during 

viewing of coherent and incoherent motion. The results showed that all the areas were 

activated by both types of motion stimuli. However, incoherent motion proved to be a more 

effective stimulus for activation of V1 and V5. Motion detecting cells in V5 are maximally 

activated for their preferred direction of motion, but have been found to be partially 

suppressed when non-preferred directions are present within the same receptive field 

(Snowden, Treue, Erickson, & Anderson, 1991). Neurons in V1 do not have the same 

suppression, and respond similarly to unidirectional and transparent motion (Snowden et al., 

1991). 
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Thus, it could be that the visual relative motion system is most sensitive to 

uncorrelated or incoherent noise at the local receptor level, and globally tuned to maximal 

temporal and spatial synchrony of heightened neural responses. These heightened neural 

responses would be at the edges of objects, where local differences are maximally incoherent. 

The ever-changing retinal projections provide maximal information about relative change at 

the most informative spatial frequencies in a system that is dynamic and naturally tuned to 

detecting small informative changes.   

13.4 Putting it all together: Ecological importance revisited   

In terms of a dynamic theory of vision, as stated in section 1.2 at the very start of the 

Introduction, the human visual system has evolved to be maximally efficient in a natural 

environment. Thus, it makes intuitive sense that the spatial and temporal characteristics of 

fixational eye movements would match the spatiotemporal characteristics of the natural 

images that it has evolved to view. Much like the camouflage of many species match the 

environment they reside in, so do their perceptual processes. Human vision cannot be 

understood unless the natural viewing context is considered. Furthermore, in an environment 

where humans are constantly moving and have to detect moving threats, such as camouflaged 

predators or traffic, moving objects relative to stationary backgrounds must be extracted 

efficiently and economically. Relative correlations seem a reliable and economical solution. 

According to a dynamic perspective, miniature eye movements could serve an integral and 

dynamic function in human relative motion perception. The natural environment is indeed 

dynamic, with constantly changing visual scenery (Kagan, 2012). It makes both intuitive and 

statistical sense that the visual system would reflect this in its functioning. A dynamic theory 

of vision, utilising small eye movements seems economical and parsimonious.    

In the case of a camouflaged object consisting of patterns of varying contrast (such as 

a tiger amongst vegetation, see Fig. 28), the system must signal temporal coherence whilst 
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highlighting areas of maximal decorrelation (or relative motion signals as temporal contrast) 

to distinguish figure from ground. As such, decorrelated signals are maximally informative 

for segmentation of the visual scene. Once the scene has been meaningfully segmented, 

adaptation, recurrent feedback and enhanced low-level responding through continued jittering 

image motion continue to maintain and propagate the meaningful segmentation.  

 

 

Figure 28. A tiger is camouflaged against the vegetation. Maximal incoherence/ 

decorrelation is found along the edges of the tiger when it moves.  

 

The temporal shift causes relative luminance changes or temporal contrast, causing a 

heightened signal in the retinal cells, synchronised in the visual frame. Miniature eye 

movements aid this process by enhancing the high temporal frequencies and attenuating the 

low spatial frequencies.  

With respect to the findings and theories of the JAE, rather than attribute the 

mechanism to a complex sensory recalibration and compensation process, perhaps this 
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decorrelation approach could be plausible and parsimonious. How this dynamic theory can be 

applied to the JAE is the focus of the next section. 

13.5 A dynamic theory of vision applied to the JAE 

Unlike the example above, the JAE is not a stimulus that is likely to be encountered in 

a natural environment. However, the findings of when this illusion is maximal seem to fit 

well with a dynamic approach, where miniature eye movements serve a functional purpose in 

segmenting the visual scene. This is in direct contrast to Murakami and Cavanagh’s (1998, 

2001) theory of the JAE, which holds that miniature eye movements create unwanted noise, 

which in some way must be compensated for during natural viewing. It is during this 

‘compensation’ stage, allegedly allocated to area MT, that the JAE is perceived (Sasaki et al., 

2002). A dynamic theory of vision whereby miniature eye movements enhance the most 

informative properties of the visual image (Kuang et al., 2012) seems at odds with such a 

compensation mechanism.  

Murakami (2006) proposes that adaptation to noise ‘somehow confuses our biological 

mechanism of noise reduction’ (p. 197). The natural environment has been found to be 

broadband both in terms of spatial frequency and orientation (Hansen, Haun, & Essock, 

2008). White noise has a constant contrast energy across all orientations and spatial 

frequencies, a property that is in no way typical of the distribution of spatial frequency in a 

natural image (Hansen & Hess, 2012). The visual system processes structural changes 

between objects when the luminance changes are similar to what would be observed in a 

natural environment (Hansen & Hess, 2012). A dynamic approach that maximises signal 

detection by enhancing the most informative spatiotemporal range, through eye movements 

and stochastic resonance seems a more functional system. The JAE findings of this thesis 

may offer some insight into spatial and temporal constraints involved in this type of dynamic 

mechanism.  
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Two aspects of the JAE that remain particularly interesting are the consistent finding 

that the JAE is optimal with a maximally incoherent adaptation stimulus, and the fact that the 

illusory motion occurs in the ‘unadapted’ region. Temporally, the DRN and SRN are 

uncorrelated. A decorrelation approach would predict maximal segmentation in the temporal 

domain between the static pattern in the centre and the dynamically changing surround. The 

difference between SRN and DRN in the perception of depth has been documented 

(Palmisano, Allison & Howard, 2006a), which would also serve as a strong segmentation 

cue. 

Based on the characteristics of retinal OMS cells and the way the cells adapt 

(reviewed Section 13.3.3.3), it could be reasoned that uncorrelated DRN in the JAE does not 

allow these cells to adapt. As noted earlier, any predictable signal (and the more correlated in 

time and space, the better) would lead to adaptation in these cells (see earlier section on OMS 

cells). In the classic JAE stimulus (see Fig. 1), the regions of DRN do not produce adaptation 

because the correlated signal that normally exists due to fixational eye movements is being 

completely masked by the DRN. On the other hand, in regions of SRN, there is a correlated 

signal corresponding to fixational eye movements. This difference in signal between the two 

regions constitutes a differential motion signal for OMS cells (that actually does not exist), 

and that spurious signal is being adapted to. When the DRN stops, the JAE results as a 

rebound consequence of that spurious adaptation leading to false object motion signals in 

OMS cells (see Ölveczky, Baccus & Meister, p. 692 and their Fig. 2).  

Downstream of the retina, the maximally incoherent signal in the surround during 

adaptation also leads to strong responses in V1 (especially when at an optimal spatial and 

temporal frequency). This in turn leads to maximum sensitivity to the small, but coherent 

signal of miniature eye movements in the centre during adaptation. These signals are 

propagated to MT, which responds with maximum segmentation and inhibitory feedback in 
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the testing phase. In a natural image, this type of decorrelation in V1 with optimal spatial 

frequencies would only normally occur in a natural image after whitening due to miniature 

eye movements (Kuang et al., 2012). 

In summary, the only coherent signal during adaptation in the JAE paradigm is that of 

small eye movements. These miniature eye movements are also revealed in the on-line jitter 

illusion where a flickering surround and depth cues from blurring create jitter perception 

(Murakami, 2003). Whether a JAE is seen after adaptation to on-line jitter remains an 

interesting question for future research. Jitter being perceived during adaptation to the JAE is 

similar to vection occurring during adaptation in the VAE (Seno et al., 2011); however, it is 

not clear whether conscious perception of relative illusory motion in the adaptation phase is a 

necessary requirement for the JAE to be seen in the testing phase. With the relative MAE, the 

perceived illusory motion is congruent with the area that motion had been perceived in during 

adaptation (Swanston & Wade, 1992; Symons et al., 1996). Accordingly, in direct contrast to 

Murakami and Cavanagh’s theory, it seems a reasonable hypothesis that the adaptation in the 

JAE is to the jitter perceived during adaptation, rather than to the noise in the adaptation 

stimulus. This would explain why the JAE is seen in the region that did not contain DRN 

during adaptation.  

Finally, there has been debate about which miniature eye movements are responsible 

for the JAE. Microsaccades have received much attention in the field of vision research 

(Kowler, 2011), and postsaccadic bursts of neuronal activity in V1 have been demonstrated 

after microsaccades (Martinez-Conde et al., 2000, 2002, 2006). However, Murakami (2006) 

emphasised drifts rather than microsaccades as a correlate to the perceptual manifestation of 

the JAE. In contrast, Wallis (2006) emphasised oculomotor tremor (OMT) as having 

facilatory characteristics for visual perception.  
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It should be noted that even though fixational eye movements are characterised into 

three main types, together they cover the entire spectrum between 1 to more than 100 Hz 

(Ahissar & Arieli, 2001). In addition, the amplitude of fixational eye movements varies 

between subjects and between tasks (Murakami et al. 2006). Rather than pinpoint only one 

type of fixational eye movement as being useful in a dynamic theory of vision, perhaps all 

three types of movement serve different purposes. For instance, tremor adds natural jitter to 

the image (Greschner et al., 2001; Wallis, 2006), microsaccades increase neural spiking rates 

(Martinez-Conde et al., 2002), and the slower speed of drifts could enhance edge detection 

and segmentation (Heidenreich & Turano, 1998). There are many interesting questions that 

come with the JAE, and more possible future directions are summarised below.      

13.6 Future Directions 

Dynamic theories of vision are receiving increasing support in the research literature 

(Ahissar & Arieli, 2001; Kagan, 2012; Kuang et al., 2012). Dynamic theories make intuitive 

sense; however, at this stage there are more questions than answers that come with this 

naturalistic approach. Future research directions with the JAE include varying the adaptation 

and testing stimuli further. Considering the former first, in the Brownian motion paradigm, all 

dots move with the same random motion vector possessing a length normally less than some 

displacement limit. If the displacement exceeds dmax (Sekuler et al., 1990), then the noise 

seems more ‘random’. In the Movshon/Newsome paradigm (Pilly & Seitz, 2009) three 

uncorrelated random dot sequences are generated and frames from each are interleaved to 

create the local random motion – ‘buzzing bees’. Given the importance of correlation and 

predictability in our new theory of the JAE (Section 13.3.5), it would be informative as to 

which of these methods of generating random dynamic stimulation yield the strongest JAE. 

As far as test stimuli variation is concerned, a dynamic test stimulus has been used with the 

MAE, but whether a JAE exists with dynamic test stimulation has not been tested.  
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 Further research into the nature and properties of miniature eye movements and their 

impact on viewing of images with varying spatiotemporal properties will no doubt continue 

to be a field of great interest, especially with more advanced eye tracking and network 

modelling becoming increasingly available in research laboratories. Elucidating further the 

complexities and interactions of miniature eye movements on perception will further the 

development of dynamic models and theories.  
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Appendix 1 

 Raw Data from Demonstration 1 – Jitter Aftereffect with Luminance vs. Chromatic 

Contrast 

 
 

 
 

  

 

The numbers in the tables are reaction times in each of the 20 trials: subjects pushed a switch 

when they could not see the JAE (see text for details). Iso = isoluminant condition, Lum = 

isochromatic, luminance condition. Cells marked in yellow are those on which subjects 

reported no aftereffect. Subject 4’s data were discarded because they did not report seeing 

any JAE in any conditions. 
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Appendix 1a: Approved Griffith University Human Research Ethics Committee 

Protocols for Research Conducted at Griffith University 
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Appendix 2 

Omnibus Repeated-measures ANOVA for Experiment 2.1. 

 

              Tests of Between-Subjects Effects 

 

 

 

 

 Tests of Between-Subjects Effects 

 
 

Source 
Type III Sum 
of Squares df Mean Square F Sig. Eta Squared 

Noncent. 
Parameter 

Observed 
Power(a) 

Intercept 3766.055 1 3766.055 11.715 .014 .661 11.715 .812 

Error 1928.908 6 321.485           

 
a  Computed using alpha = .05 
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Appendix 3 

 Omnibus Repeated-measures ANOVA for Experiment 2.2. 
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Appendix 4 

Light power (microwatts) in achromatic 8-bit grey levels after gamma-correction for 

the ‘VSG setup’ 
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Appendix 5 

Omnibus Repeated-measures ANOVA for Experiment 2.3. 
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Appendix 6 

Repeated-measures ANOVA for Experiment 3 
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Appendix 7 

Repeated-measures ANOVA for Experiment 4 
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Appendix 8 

Repeated-measures ANOVA for Experiment 5.1 – Horizontal Oscillation 
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Appendix 9 

Repeated-measures ANOVA for Experiment 5.1 – Horizontal vs. Vertical Oscillation 

where conditions were matched 
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Appendix 10 

Repeated-measures ANOVAs for Experiment 5.2 – Oscillation at Various Speeds 

Tests of Within-Subjects Effects 

Measure:   JAE   

       

Source Type III Sum of 

Squares 

df Mean Square F Sig. Partial Eta 

Squared 

Veloc 

Sphericity Assumed 33.380 4 8.345 4.944 .004 .414 

Greenhouse-Geisser 33.380 1.438 23.215 4.944 .040 .414 

Huynh-Feldt 33.380 1.709 19.538 4.944 .031 .414 

Lower-bound 33.380 1.000 33.380 4.944 .062 .414 

Error(Veloc) 

Sphericity Assumed 47.257 28 1.688    

Greenhouse-Geisser 47.257 10.065 4.695    

Huynh-Feldt 47.257 11.960 3.951    

Lower-bound 47.257 7.000 6.751    

Size 

Sphericity Assumed 10.210 1 10.210 11.029 .013 .612 

Greenhouse-Geisser 10.210 1.000 10.210 11.029 .013 .612 

Huynh-Feldt 10.210 1.000 10.210 11.029 .013 .612 

Lower-bound 10.210 1.000 10.210 11.029 .013 .612 

Error(Size) 

Sphericity Assumed 6.480 7 .926    

Greenhouse-Geisser 6.480 7.000 .926    

Huynh-Feldt 6.480 7.000 .926    

Lower-bound 6.480 7.000 .926    

Veloc * Size 

Sphericity Assumed 2.764 4 .691 1.644 .191 .190 

Greenhouse-Geisser 2.764 2.714 1.018 1.644 .215 .190 

Huynh-Feldt 2.764 4.000 .691 1.644 .191 .190 

Lower-bound 2.764 1.000 2.764 1.644 .241 .190 

Error(Veloc*Size) 

Sphericity Assumed 11.771 28 .420    

Greenhouse-Geisser 11.771 19.001 .619    

Huynh-Feldt 11.771 28.000 .420    

Lower-bound 11.771 7.000 1.682    

 

Tests of Between-Subjects Effects 

Measure:   JAE   

Transformed Variable:   Average   

Source Type III Sum of 

Squares 

Df Mean Square F Sig. Partial Eta 

Squared 

Intercept 54.497 1 54.497 17.559 .004 .715 

Error 21.725 7 3.104    
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Appendix 11 

Repeated-measures ANOVAs for Experiment 5.2 – Fastest Oscillation versus DRN. 

Tests of Within-Subjects Effects 

Measure:   MEASURE_1   

Source Type III Sum of 

Squares 

Df Mean Square F Sig. Partial Eta 

Squared 

Type 

Sphericity Assumed 28.766 1 28.766 17.435 .004 .714 

Greenhouse-Geisser 28.766 1.000 28.766 17.435 .004 .714 

Huynh-Feldt 28.766 1.000 28.766 17.435 .004 .714 

Lower-bound 28.766 1.000 28.766 17.435 .004 .714 

Error(type) 

Sphericity Assumed 11.549 7 1.650    

Greenhouse-Geisser 11.549 7.000 1.650    

Huynh-Feldt 11.549 7.000 1.650    

Lower-bound 11.549 7.000 1.650    

Size 

Sphericity Assumed 18.332 1 18.332 108.106 .000 .939 

Greenhouse-Geisser 18.332 1.000 18.332 108.106 .000 .939 

Huynh-Feldt 18.332 1.000 18.332 108.106 .000 .939 

Lower-bound 18.332 1.000 18.332 108.106 .000 .939 

Error(size) 

Sphericity Assumed 1.187 7 .170    

Greenhouse-Geisser 1.187 7.000 .170    

Huynh-Feldt 1.187 7.000 .170    

Lower-bound 1.187 7.000 .170    

type * size 

Sphericity Assumed 2.101 1 2.101 2.882 .133 .292 

Greenhouse-Geisser 2.101 1.000 2.101 2.882 .133 .292 

Huynh-Feldt 2.101 1.000 2.101 2.882 .133 .292 

Lower-bound 2.101 1.000 2.101 2.882 .133 .292 

Error(type*size) 

Sphericity Assumed 5.104 7 .729    

Greenhouse-Geisser 5.104 7.000 .729    

Huynh-Feldt 5.104 7.000 .729    

Lower-bound 5.104 7.000 .729    

 

Tests of Between-Subjects Effects 

Measure:   MEASURE_1   

Transformed Variable:   Average   

Source Type III Sum of 

Squares 

df Mean Square F Sig. Partial Eta 

Squared 

Intercept 680.805 1 680.805 60.784 .000 .897 

Error 78.402 7 11.200    
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Appendix 12 

Repeated-measures one-way ANOVAs for Experiment 5.5. See Text for details 

a.

b

c.  

 

Appendix 13 
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Repeated-measures one-way ANOVAs for Experiment 6.1 

 

Tests of Within-Subjects Effects 

Measure:MEASURE_1 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

noisetype Sphericity Assumed 38.562 1 38.562 29.588 .000 

Greenhouse-Geisser 38.562 1.000 38.562 29.588 .000 

Huynh-Feldt 38.562 1.000 38.562 29.588 .000 

Lower-bound 38.562 1.000 38.562 29.588 .000 

Error(noisetype) Sphericity Assumed 11.730 9 1.303   

Greenhouse-Geisser 11.730 9.000 1.303   

Huynh-Feldt 11.730 9.000 1.303   

Lower-bound 11.730 9.000 1.303   

contrast Sphericity Assumed 349.181 6 58.197 30.169 .000 

Greenhouse-Geisser 349.181 1.302 268.207 30.169 .000 

Huynh-Feldt 349.181 1.431 243.943 30.169 .000 

Lower-bound 349.181 1.000 349.181 30.169 .000 

Error(contrast) Sphericity Assumed 104.166 54 1.929   

Greenhouse-Geisser 104.166 11.717 8.890   

Huynh-Feldt 104.166 12.883 8.086   

Lower-bound 104.166 9.000 11.574   

noisetype * contrast Sphericity Assumed 7.255 6 1.209 4.423 .001 

Greenhouse-Geisser 7.255 2.122 3.420 4.423 .025 

Huynh-Feldt 7.255 2.794 2.597 4.423 .014 

Lower-bound 7.255 1.000 7.255 4.423 .065 

Error(noisetype*contrast) Sphericity Assumed 14.762 54 .273   

Greenhouse-Geisser 14.762 19.095 .773   

Huynh-Feldt 14.762 25.145 .587   

Lower-bound 14.762 9.000 1.640   

 

Tests of Between-Subjects Effects 

Measure:MEASURE_1 

Transformed Variable:Average 

Source 

Type III Sum of 

Squares Df Mean Square F Sig. 

Intercept 1081.776 1 1081.776 113.607 .000 

Error 85.698 9 9.522   
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Repeated-measures one-way ANOVAs for Experiment 6.2, as well as a Means Table 

 

 

 


