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Abstract 

Howard Pearse Collins 

The Role of Spatial Structure in Human Duration Processing 

Keywords: Psychophysics, Time perception, Duration, Stereopsis, Spatial form, 

Timing, Adaptation.  

This thesis presents a series of human psychophysical experiments designed to 

examine the interaction between the reliability of spatial form information and the 

neural mechanisms responsible for the processing of sub-second durations. Duration 

discrimination sensitivity was found to be lower when event durations were defined 

by stimulus characteristics that caused reductions in spatial form sensitivity. This 

form-duration sensitivity coupling persisted across stimuli defined both by crossed 

and uncrossed retinal disparity and within monocularly visible texture-defined stimuli. 

The interaction was also observed when spatial form was degraded by physical 

instability within shape borders, and when physically stable borders became 

perceptually unstable. These effects could not be attributed to artefacts of stimulus 

visibility, temporal coherence or stimulus size. Adaptation experiments generated 

aftereffects of perceived duration within stimuli whose durations were defined solely 

by retinal disparity, providing the first demonstration of duration selectivity within 

exclusively cortical duration encoding mechanisms. The selectivity of these 

aftereffects was then investigated using adapting and testing durations defined by 

matching or opposing retinal disparities. Duration aftereffects were maximal when 

adapt and test disparities were matched. However, there was partial transfer of 

duration aftereffects across large changes in retinal disparity, implicating contributions 

from higher-level extra-striate mechanisms. Collectively, these experiments provide 

support for duration processing mechanisms that are inextricably linked to the 

mechanisms underpinning spatial processing across multiple levels of the visuo-

spatial hierarchy. 

Stephen Mercer
Strikeout
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Chapter 1  

Mechanisms of Duration Perception and Stereopsis 

1.1 Introduction  
 

The processing of temporal information by humans covers a range of at least 

12 orders of magnitude (Mauk and Buonomano, 2004) (Figure 1.1). However, 

of interest in this thesis is the scale of tens to hundreds of milliseconds: the 

duration range underpinning the complex pattern recognition required for 

speech (Shannon et al., 1995; Schirmer, 2004) and fine motor coordination 

(Keele and Posner, 1968; Zelaznik, Hawkins and Kisselburgh, 1983). In many 

cases, these patterns are defined solely on the basis of their component 

durations. Importantly, these durations are too brief for relatively sluggish 

cognitive processes (e.g. counting strategies) to be effective (Wilson and 

Wilson, 2005). 

 

Figure 1.1. The scale of human temporal processing. At one extreme is the 
detection of the interaural delay (in the order of hundreds of microseconds). At the 

other extreme are diurnal changes such as the sleep-wake cycle (Mauk and 
Buonomano, 2004). 
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1.2 Models of Duration Perception 

 

How the brain extracts these durations remains unclear. Proposed models can 

be broadly classified as being either ‘dedicated’ or ‘intrinsic’ in nature. 

Dedicated models of time perception rely on specialised processes specifically 

tasked with encoding duration itself. Intrinsic models infer duration from the 

generic (i.e. not obviously temporal) properties of neural activity in non-

duration-specific neurons.  

1.2.1 Dedicated Models 

 

The predominant dedicated model of temporal processing is that of the 

‘internal clock’ or ‘pacemaker-accumulator’. In an early version of this model a 

putative neural ‘pacemaker’ was proposed to emit pulses at a constant rate. 

These pulses are collected by an ‘accumulator’ or ‘counter’ module, whilst a 

‘comparator’ allows the number of collected pulses to be compared with 

‘reference’ numbers of collected pulses stored in either short- or long-term 

memory (Treisman, 1963).  

Later versions of this model theorised that rather than the pulses being 

generated as a regular ‘beat’, they might in fact be produced in a manner 

approximating to a ‘Poisson distribution’ (Gibbon, 1977; Gibbon, 1992). In 

neural terms, this describes the probability of a given number of neural 

impulses being produced in a fixed duration, given a constant mean rate of 

generation (Krausz, 1975) (Figure 1.2).  
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Figure 1.2. Example Poisson distribution. The x axis shows the number of 
occurrences of an independent event in a given time. λ is the expected or mean 

number of occurrences in that time. The y axis shows the probability of the number 
of occurrences given λ. 

 

There is a relationship between the inherent variability in the number of 

accumulated impulses and the duration over which these impulses are 

accumulated: i.e. the longer the duration, the more variable the number of 

impulses. If pacemaker-accumulator models could utilise this relationship it 

would allow them to explain one of the fundamental features of duration 

perception observed across a wide range of species: the proportional 

relationship between the magnitude of estimated duration and the variability of 

those estimates (Gibbon, 1977; Gibbon, 1992) (Figure 1.3). This relationship 

is often described as an instance of the ‘Weber-Fechner law’, whereby the 

minimum perceptible change in a stimulus parameter forms a fixed proportion 

of said stimulus parameter (Fechner, 1860).  
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Figure 1.3. Three groups of rats were trained by reinforcement to respond to 
durations of 15, 30 or 60 seconds. The plot shows the probability of response times 
which peak at the physical stimulus duration in each case. As duration increases the 
width of these response distributions increases reflecting corresponding increases in 
response variability. This change in distribution shape has parallels with the Poisson 
distributions shown in Figure 1.2 (Gibbon, 1992), which gives weight to the idea that 

pacemaker-accumulator models are based on Poisson distributions. 

 

A related example of a centralised model of duration perception is a ‘spectral 

model’. Here, banks of pacemaker neurons are referred to as ‘oscillators’ 

(Miall, 1989), each emitting pulses at its own specific frequency. The oscillator 

model relies on the temporal relationship between the pulse times emitted by 

oscillators firing at different frequencies. Rather than having a potentially 

infinite number of oscillators – each specifically tuned for each individual 

duration - combinations of a relatively small numbers of oscillators can signal 

lower frequencies (i.e. longer durations) when they spike at the same time 

creating a ‘beat’ frequency (Figure 1.4).  
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Figure 1.4. A) activity within a single oscillating pacemaker neuron. The membrane 
potential oscillates sinusoidally and the neuron is active (‘spiking’) when this rises 

above the threshold. B) a group of 6 oscillators with different oscillation frequencies. 
Short black bars indicate when the neurons are active, the stars on the right indicate 
when oscillators 5 and 6 are active together thus creating a much lower frequency 

‘beat frequency’ than either of the individual neuron’s intrinsic oscillation frequencies 
(Miall, 1989).The period of this beat frequency (i.e., inter-pulse interval) can, if 

monitored/stored/accumulated form a useful metric for estimating duration. 
(Reprinted courtesy of the MIT Press) 
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One advantage of centralised models is their provision of a single, potentially 

robust duration metric that can be used across sensory modalities and tasks. 

Evidence for such global, non-specific duration estimation mechanisms can be 

seen in ‘perceptual learning’ experiments. For example, when observers train 

on a duration discrimination task in one modality the effects of this training 

(lower duration discrimination thresholds) can transfer to untrained sensory 

modalities and brain hemispheres (Nagarajan et al., 1998; Westheimer, 1999; 

Meegan et al., 2000). This would seem to point to a centralised temporal 

mechanism, whereby duration information derived from one sensory modality 

(or hemisphere) is stored centrally in memory from where it can be deployed 

across multiple tasks and/or stimulus characteristics. 

1.2.2  Challenges to Dedicated Models 

 

A corollary of this centralisation is that duration estimates should also be 

independent of stimulus characteristics. Otherwise, separate pacemakers/ 

oscillators/ accumulators etc. would be required for a potentially infinite 

number of these stimulus characteristics. Perhaps the most fundamental 

differences in stimulus characteristics are defined by sensory modality. Here 

arises a challenge for centralised models in the widely reproduced finding that 

visual duration estimates are shorter than their (physically identical) auditory 

counterparts (Behar and Bevan, 1961; Goldstone and Lhamon, 1974; Walker 

and Scott, 1981); termed the ‘sound longer than vision bias’. Visual duration 

estimates are also more variable than those for auditory stimuli (Wearden et 

al., 1998), and duration discrimination thresholds are also higher for inter as 

opposed to intra modality stimuli (Westheimer, 1999). 
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Attempts to explain this difference in perceived duration using the pacemaker-

accumulator model have theorised different latencies of activation of the 

accumulator to the onset and offset of the two stimulus types and differences 

in pacemaker speed (Wearden et al., 1998). Similarly, inter-modality duration 

discrimination differences have been postulated to arise from the differences 

in neural impulse firing patterns between sensory areas (Westheimer, 1999). 

From studies involving parallel duration estimates of simultaneously-

presented, multi-modal stimuli it has also been suggested that there is a single 

pacemaker with modality specific accumulators, one for auditory and one for 

visual (Rousseau and Rousseau, 1996) (Figure 1.6 B), which gather and count 

the ticks from the relevant stimulus modality.  

Another challenge to centralised models comes from the relationship between 

the temporal and spatial domains. For example, prolonged viewing of dynamic 

visual stimuli compresses the perceived duration of subsequently viewed 

stimuli (Johnston et al., 2006; Burr et al., 2007). These effects have shown 

tightly-tuned specificity for retinotopic location (Johnston et al., 2006; Ayhan et 

al., 2009). Specifically, duration distortion effects require spatial overlap 

between adapting and test stimulus locations in eye-centred coordinates. In 

addition, these effects have also been reported to show a lack of any 

interocular transfer (Bruno et al., 2010). Alternatively, other groups have 

argued for spatiotopic (Burr et al., 2007) spatial specificity (i.e. adapting and 

testing must overlap in head-centred, ‘real world’ coordinates (Figure 1.5)), 

while others have reported both retinotopic and spatiotopic effects (Latimer 

and Curran, 2016). In addition to visual spatial specificity, these duration 

distortions are also specific to the adapted sensory modality (Morrone et al., 
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2005). Relatedly, saccadic eye movements (~30° of visual angle) can lead to 

sensory-specific compressions of perceived visual duration when stimuli are 

presented during the saccade (Morrone et al., 2005).  

 

Figure 1.5. A schematic showing the retinotopic and spatiotopic stimulus locations 
deployed by Burr et al., 2007. During adaptation, the observer fixates the open circle 
to the left of the figure and the adapting stimulus is presented at location ‘A’. At the 
beginning of the test phase (after adaptation) a saccade is made to the central filled 
circle. The test stimulus is then shown at in one of three locations: (S) ‘Spatiotopic’, 

where the location in space remains the same but due to the shift in fixation the 
image now falls on a different retinal location. (R) ‘Retinotopic’, where the test 

stimulus is shown in the same retinal location at the previously occupied by the 
adapting stimulus. (C) ‘Control’, where there is neither spatiotopic or retinotopic 

correspondence between adapt-test locations. A probe stimulus is then presented at 
P and a duration discrimination judgement is made between the durations of the two 

presented stimuli (Burr et al., 2007). 

 

Further evidence for modality-specific duration perception mechanisms comes 

from duration adaptation experiments in which observers adapted to repeated 

presentations of a fixed duration stimuli (Johnston et al., 2006; Heron et al., 

2012). In one of these experiments, adaptation led to ‘repulsive after-effects’, 

i.e. adapting to relatively short/long durations (e.g. 160 or 640 ms) stimuli 

causes subsequently presented moderate duration stimuli (e.g. 320ms) to 
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have relatively long/short perceived durations. These duration after-effects 

were only manifest when the adapting and test stimuli were presented within 

the same sensory modality. 

Taken together, these effects present a challenge to centralised models of 

duration perception. If an object’s perceived duration varies with changes in 

stimulus characteristics, centralised models need to explain how this might 

arise without pooling input across these characteristics. Could multiple 

pacemakers and/or accumulators (van Rijn and Taatgen, 2008) (Figure 1.6) 

provide an answer? Perhaps, however the tight spatial tuning of some 

temporal adaptation effects (~1° of visual angle) (Ayhan et al., 2009) suggest 

that each spatially selective neuron’s receptive field might potentially require 

its own pacemaker/accumulator. Not only would this strain plausibility, but 

would also surely be hugely inefficient, given that it amounts to replicating for 

duration, that which already exists for spatial selectivity. 

 

Figure 1.6. Three different types of pacemaker/accumulator model. A: Traditional 
single pacemaker single accumulator model. B: Single pacemaker with multiple, 
modality-specific accumulators. C: Multiple modality-specific pacemakers with 

independent accumulators (van Rijn and Taatgen, 2008) 
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1.2.3 Intrinsic Models 

 

Considering these not insignificant challenges to dedicated, centralised 

models, perhaps intrinsic models can offer more compelling explanations for 

stimulus specific duration perception? Intrinsic models posit that duration is 

inferred from generic, ongoing neural activity arising via the processing of 

stimulus features that are not necessarily temporal in nature. Two examples of 

such models are ‘state dependent networks’ (SDN) (Buonomano and 

Merzenich, 1995) and ‘energy readout’ (Pariyadath and Eagleman, 2007). 

SDNs utilise time-dependent changes in the spatial pattern of neural activity to 

inform duration judgements. An analogy of how these patterns might change 

with time is provided by imagining a handful of small stones being thrown into 

a lake. The stones making their initial contact with the water’s surface are akin 

to stimulus onset. At this first point of contact, the stones will create a pattern 

on the surface of the lake. Ripples created by each subsequent stone’s contact 

will begin to spread out and interact with each other, thereby creating a 

constantly evolving spatial pattern. Elapsed time since the first contact can be 

garnered by comparing a snapshot of the surface patterns at any given time 

with the initial pattern. In much the same way, SDN models rely on the evolving 

spatial distribution of neurons activated by a stimulus. At each point in time 

since stimulus onset, the structure of this distribution will be unique, and 

therefore provides a potential metric by which elapsed stimulus duration might 

be inferred. 

Psychophysical evidence for an SDN model comes from experiments 

examining discrimination thresholds for ‘unfilled’ durations which are defined 
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by the gap between two transient stimuli (Karmarkar and Buonomano, 2007; 

Buonomano et al., 2009). When these transients are auditory tones with 

identical pitch, an initial ‘distracter’ tone presented before the two tones 

defining the interval being judged caused a rise in duration discrimination 

thresholds. This only happened when the distractor tone was presented in 

close temporal proximity to the other tones and when it had the same pitch. 

This is thought to be the equivalent of throwing more stones into the lake 

before the ripples from the first set have dissipated. Because of the ongoing 

neural activity, the network has not had the opportunity to ‘reset’. This presents 

a difficulty to interpreting the state of the network for the second tone resulting 

in increased duration discrimination thresholds (Karmarkar and Buonomano, 

2007; Buonomano et al., 2009). That the effect was absent when tones of 

different auditory frequencies were used would be expected if timing was 

inferred from local networks: tonotopic organisation within the auditory system 

is associated with bandwidth-limited selectivity for auditory pitch, ensuring that 

grossly different auditory frequencies will stimulate non-overlapping neural 

populations (Buonomano et al., 2009).  

An alternative model of distributed, local timing proposes that duration 

information is inferred from the magnitude of neural activity generated by a 

stimulus (Pariyadath and Eagleman, 2007). This concept has since been 

described as a form of ‘energy readout’ mechanism (Ivry and Schlerf, 2008). 

Numerous examples exist of changes in stimulus characteristics inducing 

changes perceived duration. For example, increasing the intensity of a visual 

(Goldstone and Goldfarb, 1964) or auditory stimulus (Goldstone and Lhamon, 

1974) has been shown to increase its perceived duration. Some internal clock 
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models attribute this phenomenon to more arousing stimuli causing an 

increased rate in the pacemaker, and therefore longer perceived duration (e.g., 

Wearden et al., 1998). Energy readout models offer an alternative premise: 

increases in perceived stimulus duration are the consequence of stimuli that 

generate increased neural activity (e.g. more intense/complex/novel) 

(Eagleman and Pariyadath, 2009).  

This model has been used in attempts to explain the so called ‘oddball effect’ 

(Tse et al., 2004), where the duration of a novel, (‘odd’) stimulus is perceived 

as longer than less novel stimuli of the same physical duration. This type of 

effect has been observed for the first stimulus in a sequence of identical stimuli 

(Rose and Summers, 1995) and for a novel stimulus presented in the middle 

of a stream of identical stimuli (Pariyadath and Eagleman, 2007) (Figure 1.7).  

 

Figure 1.7. The ‘oddball effect’. Both perceived duration and neural activity scale 
with stimulus novelty. Adapted from Eagleman and Pariyadath (2009). 
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One explanation for these observations is the effect of ‘repetition suppression’: 

a form of adaptation where neuronal response is attenuated by repeated 

presentations of similar stimuli (Miller et al., 1991) (Figure 1.8). Alternatively, 

repetition suppression may cause a decrease in the number of neurons 

required to make judgments about and/or detect a stimulus (Desimone, 1996) 

(Figure 1.9). As the neural response decreases, energy readout models 

predict that perceived duration will decrease proportionately. Conversely, the 

introduction of a novel stimulus increases neural firing rates and therefore 

increases perceived duration. 

 

Figure 1.8. Differential firing rates following novel (top) and repeated (bottom) 
stimulus presentations in non-human primate, IT neurons. Adapted from Fahy et al., 

(1993). 
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Figure 1.9. Illustration of the decreasing number of neurons in a network required to 
represent an object on repeated presentation. Neurons responding to features that 

are not essential for object recognition decrease their response until they do not 
respond at all. Object recognition is actually improved by the sparser, more selective 

network (Wiggs and Martin, 1998). 

 

Recent work suggests a more complex picture, with repetition effects being 

related not only to low-level processes like sensory adaptation, but also to 

higher level processes of expectation (Skylark and Gheorghiu, 2017). Here, 

trials in which repetition stimuli were relatively rare showed greater temporal 

expansion for novel stimuli – the opposite to that predicted from a basic energy 

readout model.  

One key feature of intrinsic models is a lack of reliance on dedicated, ‘duration-

specific’ neural hardware. This opens the possibility that duration information 

could theoretically be signalled by any neurons activated by a stimulus. These 

neurons could reside at any neural site within the nervous system. Whether 

equal weighting is given to information extracted in multiple areas across the 
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brain is another question. For example, would duration information provided 

by neurons in early levels of the visual pathway, (i.e. retina and LGN neurons) 

be more/less temporally reliable than neurons within higher level visual brain 

areas? 

1.3 Stereopsis and Temporal Processing 

 

1.3.1  Stereopsis and Disparity 

 

Objects placed in the plane of fixation give rise to images falling on 

corresponding retinal areas (see left and right ‘F’ retinal locations in Figure 

1.10). In this situation, there is no disparity between retinal locations (both 

images fall on their respective foveae). The projection of corresponding retinal 

locations into external space forms a plane known as ‘the horopter’, along 

which there is zero retinal disparity and where objects lie along a common 

depth plane (Blake and Sekuler, 2006). Objects in front of the horopter (closer 

to the observer) create what is termed ‘crossed disparity’; while those beyond 

the horopter (further from the observer) create ‘uncrossed’ retinal disparity 

(see X1 and X2, respectively in Figure 1.10). This disparity leads to the 

perception of depth which, if veridical, is closely aligned with the physical 

distance of the object from the observer. 
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Figure 1.10. Diagram demonstrating crossed and uncrossed disparity. With the 
observer fixating at point F, the point X1 represents crossed disparity, while X2 

represents uncrossed disparity. Adapted from Neill et al. (1988) 

 

Rather than using physical differences in the distance of objects from an 

observer to examine disparity detection, random dot stereograms (RDS) 

produce the sensation of depth via the perceptual integration of two slightly 

disparate images which are devoid of any monocular depth cues (Figure 1.11). 

Inducing a lateral shift of a sub-section of dots in one eye’s image relative to 

the other creates horizontal retinal disparity.  
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Figure 1.11. A random dot stereogram. Although no depth is visible in either of the 
images alone, when properly fused a central square appears in depth (Julesz, 1964) 

 

The result of this disparity is to create correspondence between dots falling on 

non-corresponding retinal locations (as per X1 or X2 pairs in Figure 1.10). 

When viewed binocularly, this disparity is incompatible with the object lying on 

the horopter and thus induces the perception of depth. However, a sensation 

of depth can also be created from an ‘uncorrelated’ section of dots with zero 

positional disparity (O’Shea and Blake, 1987) (Figure 1.12). In this situation, 

the disparity can be induced by a mismatch in the size/shape/texture of the 

image at corresponding retinal locations. Here the uncorrelated area appears 

at an indeterminate depth compared to the correlated surround (Howard and 

Rogers, 1995). 
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Figure 1.12. Random dot stereogram with a central square of uncorrelated dots. 
Again, binocular fusion of the images is required to appreciate a sense of depth. In 

this case, the depth appears indeterminate compared to the correlated surround 
(O’shea and Blake, 1987) 

 

1.3.2 Crossed vs Uncrossed Disparity 

 

Human ‘stereoacuity’ describes the smallest detectable difference in depth, 

typically between 2-6 arcseconds (Howard, 1919; Andersen and Weymouth, 

1923; Howard and Rogers, 1995). Does this acuity vary depending on whether 

the inducing retinal disparity is crossed or uncrossed? Lower stereoacuity 

thresholds for crossed, relative to uncrossed disparities have been reported 

(Woo and Sillanpaa, 1979) and this asymmetry can vary across observers, 

with some individuals showing marked differences in their ability to accurately 

judge crossed versus uncrossed depth and vice-versa (Richards, 1971). This 

phenomenon has been termed ‘stereoanomaly’ and has been suggested to 

exist in up to 30% of the population (Richards, 1970; Richards, 1971). This led 

to suggestions that crossed and uncrossed disparities are processed by two 

distinct mechanisms or ‘neural pools’ (Mustillo, 1985) one of which may be 



19 
 

compromised in the stereoanomalous observer (Richards, 1970; Richards, 

1971; Jones, 1977). 

Vergence eye movements – specifically free eye movements (i.e. those 

possible with unlimited viewing duration) - could allow observers to change 

fixation across depth planes (i.e. converge/diverge) and thereby change the 

direction of the retinal disparity. If, for example this converts crossed into 

uncrossed disparity, a ‘crossed-deficient’ stereoanomalous observer will report 

seemingly improved sensitivity when viewing ‘crossed’ disparities, thereby 

leading to underreporting of stereoanomaly (Patterson and Fox, 1984; 

Patterson et al., 1995). Vergence latency estimates range between 80ms 

(Busettini et al., 2001) and 160ms (Rashbass and Westheimer, 1961). 

Therefore, in order to prevent vergence eye movements providing a disparity 

cue, the majority of the stereoanomaly studies used very brief exposure 

durations (e.g. ~80ms (Richards, 1970; Richards, 1971)). It has been argued 

that limiting exposure duration may have contributed to the high incidence of 

reported stereoanomaly (Coutant and Westheimer, 1993). For example, in a 

simple ‘near or far’ depth discrimination task using disparity-defined stimuli and 

unlimited viewing durations, the incidence of stereoanomaly is reportedly as 

low as ~3% (Coutant and Westheimer, 1993). However, although both crossed 

and uncrossed disparities were used in this study, no distinction was made 

between the stereoacuity thresholds achieved in the two conditions.  

Other studies using unlimited viewing durations have shown a similarly low 

total incidence of stereoanomaly, with no significant difference in the number 

of subjects anomalous for either crossed or uncrossed disparities (Newhouse 

and Uttal, 1982; Patterson and Fox, 1984). When the viewing duration of a 
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disparity defined ‘Landolt C’ was reduced to 167ms, Patterson and Fox (1984) 

observed stereoanomaly in ~30% of observers. However, this 

stereoanomalous vs non-stereoanomalous distinction was based on ‘chance’ 

versus ‘non-chance’ performance levels, rather than any quantification of 

disparity-defined spatial discrimination threshold (Patterson and Fox, 1984). In 

this study, there were still a significant number of observers who performed 

above chance but did not meet the specified criterion of ‘five successive correct 

responses’, which may contribute to the apparent overestimation of 

stereoanomaly at this duration. 

Stereoscopic retinal afterimages can be used to test the hypothesis that the 

lower incidence of stereoanomaly using unlimited viewing durations is 

attributable to changes in vergence. Such afterimages provide long-duration, 

fixed-magnitude retinal disparity, irrespective of eye movements (Evans and 

Clegg, 1967; Cormack, 1982). Under these conditions, stereoanomaly was 

reduced to levels matching those found using long duration stimuli with free 

eye movements, suggesting that eye movements cannot account for the effect 

of duration on stereo performance (Patterson and Fox, 1984). These results 

suggest that there is something specific to short duration stimuli that inhibits 

discrimination performance and the authors conclude that much of the 

reported stereoanomaly (Richards, 1970; Richards, 1971) can be explained by 

the use of very brief exposure durations, rather than a specific neural deficit. 

1.3.3  Differential Sensitivity for Crossed and Uncrossed Disparity: The 

Role of Exposure Duration 

 

The visibility of disparity-defined stimuli has consistently been shown to 

decrease with shorter observation durations (Ogle and Weil, 1958; Shortess 
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and Krauskopf, 1961; Foley and Tyler, 1976). For example, a fourfold increase 

in detection threshold has been reported when exposure duration is lowered 

from 1000ms to 5ms (Ogle and Weil, 1958).  

More equivocal, is whether there is a difference in the temporal properties of 

crossed and uncrossed disparity perception. Uttal et al. (1975) showed that 

while brief exposure durations impaired the ability of observers to detect a 

stereoscopic target, both crossed and uncrossed disparities were equally 

detectable (Figure 1.13). Similarly, Patterson and Fox (1984) found no 

difference in observers’ ability to discriminate crossed and uncrossed 

disparities at exposure durations of 167ms (Figure 1.14) and the duration 

thresholds for the detection of crossed and uncrossed disparities have also 

been shown to be similar in magnitude at ~45ms (Patterson et al., 1995).  

 

Figure 1.13. Data from Uttal et al. (1975) showing apparent symmetry in the 
detectability of crossed (convergent) and uncrossed (divergent) disparities. Different 

symbols represent different exposure durations which are quoted in seconds. 
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Figure 1.14. Data from Patterson and Fox (1984), showing that the cumulative 
proportion of observers who achieved the experimental criterion of 5 successive 

correct observations for detecting disparity, was not significantly different for crossed 
or uncrossed disparities at an exposure duration of 167ms. 

 

In contrast to this, other studies have shown marked differences in the 

performance of observers detecting crossed or uncrossed disparity. Using a 

fixed exposure duration of 30ms, Grabowska (1983) used detection accuracy 

rate to show that crossed disparities are more readily detected. Similarly, 

detection duration thresholds have been shown to be significantly lower for 

crossed compared to uncrossed disparities (Figure 1.15) (Manning et al., 

1987; Finlay et al., 1989). 
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Figure 1.15. Data from Manning et al. (1987), showing the significant difference in 

detection duration for 15’ of crossed and uncrossed disparity in various parts of the 

visual field for 85 observers. 

 

Disparity discrimination experiments using stereoscopic stimuli have shown 

similar duration dependent performance differences in crossed and uncrossed 

disparity conditions, both in human (Harwerth and Rawlings, 1977; Mustillo et 

al., 1988; Patterson et al., 1995; Tam and Stelmach, 1998; Becker et al., 1999) 

and non-human primate studies (Harwerth and Boltz, 1979). These 

experiments typically employ adjacent, simultaneously presented, disparity-

defined shapes (e.g., Figure 1.16). If observers make depth discrimination 

judgements about the relative depth of test (e.g., left of fixation) versus 

standard (e.g. right of fixation) stimuli (Patterson et al., 1995; Tam and 

Stelmach, 1998; Becker et al., 1999), performance (stated as either ‘% correct’ 

or exposure duration threshold) is superior for crossed versus uncrossed 

disparities (Tam and Stelmach, 1998; Becker et al., 1999). Similarly, when 
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discriminating between depth-defined shapes (e.g. ‘bar or rectangle?’ 

(Harwerth and Rawlings, 1977)) or orientation (Mustillo et al., 1988) 

discrimination thresholds are lower when the shapes are defined by crossed 

disparities. It has also been shown that aspect ratio discrimination thresholds 

for disparity defined rectangles are lower over a wider range of crossed versus 

uncrossed disparities (Regan and Hamstra, 1994). 

 

Figure 1.16. Adapted from Tam and Stelmach (1998). A schematic representation 
of a depth discrimination judgement. The observer is asked which of the two 

simultaneously appearing, adjacent squares is perceived as being closer to the 
observer. 

It seems inconsistent then, that some studies (Manning et al., 1987; Finlay et 

al., 1989) should report lower duration detection thresholds for crossed than 

uncrossed stimuli whilst others (Uttal et al., 1975; Patterson and Fox, 1984) 

report no difference at all. This discrepancy may perhaps be due to differences 

in the experimental procedures (Patterson et al., 1995) and stimuli. Whilst all 

of these studies used RDS, not all of these were dynamic (Grabowska, 1983) 

and they varied in the manner of their presentation. For example, Manning et 

al. (1987) used a haploscope arrangement with two mirrors to project separate 

images to either eye, whereas Patterson et al. (1995) used anaglyph-type 
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stimuli with red/green goggles to separate the images. In addition, the 

presented disparity magnitudes also differed considerably: Uttal et al. (1975) 

tested disparity over a range of 30” to 5.6’ in both crossed and uncrossed 

directions, where Grabowska (1983) used disparities of 6’, 12’ and 18’. 

Patterson et al. (1995) tested at 18’ and 36’, while Manning et al. (1987) used 

15’.  

Differing disparity magnitudes, numbers of observers and methodological 

approaches may explain why Manning et al. (1987) found differential sensitivity 

to crossed vs uncrossed where Patterson et al. (1995) did not. In searching for 

an explanation or solution to this, Landers and Cormack (1997) posit that 

reaction times (which they found were typically longer for uncrossed 

disparities) may be useful in revealing asymmetries between the different 

types of disparity as they provide a more precise measure of how detectable 

the stimuli are, and should be considered alongside duration detection 

thresholds. It is possible that shorter reaction times may represent shorter 

neural processing latency for crossed disparity information. Where a percent 

correct score alone is used (e.g., Uttal et al. (1975)), asymmetries in the 

processing of crossed and uncrossed disparities, otherwise identifiable in 

reaction times, may not be observed.  

For observers viewing RDS, performance in detecting the presence of 

stereoscopic depth (either crossed or uncrossed) has been shown to be 

superior to performance in discriminating the specific spatial form of the target 

(Over and Long, 1973). In addition, the disparity threshold for form 

discrimination can be double that of depth discrimination (Harwerth and 

Rawlings, 1977). Relatedly, at disparity detection threshold, observers have 
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been able to correctly identify the presence of a stimulus defined solely by 

retinal disparity yet unable to report perceived depth (Patterson et al., 1995). 

In other words, the target appeared to be at the plane of fixation despite being 

detectable as ‘a target’. It is unclear exactly what (in the absence of perceived 

depth) the observer was able to perceive to make this assertion, although it 

has been suggested that it was perhaps a decorrelation at zero disparity, 

producing a sensation of indeterminate depth (Landers and Cormack, 1997) 

as detailed above (Figure 1.12). In this study, longer durations were needed to 

perceive ‘depth’ rather than ‘disparity alone’ and this effect was larger with 

uncrossed disparities. At the critical duration for depth detection, 46% of the 

observers also saw the uncrossed target as having crossed disparity, despite 

being presented at durations below that required to complete vergence eye 

movements. This ‘reversal’ of perceived disparity has been observed 

elsewhere particularly for uncrossed disparities at short (105ms) stimulus 

durations (Landers and Cormack, 1997), with the suggestion that the 

confusion arises under experimental conditions due to retinal disparity being 

the only cue to depth, as opposed to a real-world environment where many 

cues to depth may help disambiguate different depth planes (Landers and 

Cormack, 1997). Sensitivity differences in disparity detection duration and 

depth/form duration thresholds suggest that, whilst disparity information can 

be used to detect a stimulus at short durations, longer exposure durations are 

required before judgements about depth and form can be made.  
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1.3.4  Depth Discrimination and Spatial Form: Differences in Crossed 

vs Uncrossed Disparity 

 

Sensitivity aside, depth perception has been shown to be more veridical with 

crossed as opposed to uncrossed disparities (Patterson et al., 1992; Patterson 

et al., 1995). Specifically, the perceived depth of disparity-dfined stimuli is far 

closer to that predicted from the geometry of stereopsis (Cormack and Fox, 

1985) for crossed disparities than for uncrossed where it tends to be 

underestimated. This asymmetry suggests lower accuracy in the perception of 

depth for uncrossed disparities. 

However, it has been suggested that the method used for imbuing stimuli with 

retinal disparity may contribute to crossed/uncrossed sensitivity asymmetry 

(Becker et al., 1999). Stimuli containing large, diffuse regions of disparity or 

with low spatial frequency have greater perceptual latency (defined by either 

duration detection or time taken to perform the task) than those with high 

spatial frequency or where disparity discontinuities define spatially distinct (i.e. 

‘hard edged’) borders (Rogers and Graham, 1983; Gillam et al., 1984; Gillam 

et al., 1988; Bradshaw et al., 2002). Typically, depth discrimination 

experiments involve observers comparing the relative depth planes of two 

simultaneously presented, disparity-defined shapes (e.g. Figure 1.16. Using 

this arrangement, crossed disparity stimuli appear to have a distinct spatial 

form with clear depth-discontinuity boundaries segregating stimulus from 

background. Conversely, uncrossed disparity stimuli appear as recessed 

regions viewed through an aperture formed by the background (zero-disparity) 

surface (e.g. Becker et al., 1999). The region of uncrossed disparity therefore 

forms a recessed ‘surface’, which - unlike the (zero-disparity background) 
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aperture – does not have a defined spatial extent. Although its extent is 

uncertain, a depth plane discontinuity (relative to the background/aperture) is 

clearly visible. It has been argued that this is made possible by a process of 

‘amodal completion’ (Becker et al., 1999), whereby the whole of an object or 

shape is perceived despite partial occlusion. An example is the Kanizsa 

Square (Figure 1.17). This illusion creates the forcible impression that a white 

square is sitting on top of and partially occluding four black circles.  

 

Figure 1.17. The ‘Kanizsa Square’. Illusory contours make a white square appear to 
overlay and partially occlude four black circles. There is in fact no square, it’s 

presence is inferred by a process of modal completion (i.e. no occlusion) and the 
completion of the ‘circles’ is inferred by amodal completion (i.e. occlusion) (Kanizsa, 

1976). 

 

However, there are no ‘real’ (e.g., luminance defined) edges to the ‘square’: its 

shape is defined solely by illusory contours and inferred by the process of 

‘modal completion’, while the perception of the ‘partially-occluded circles’ is 

brought about by amodal completion. This illusion has also been investigated 

stereoscopically (Cavanagh and Ramachandran, 1985). The illusory contours 

were superimposed on a repeating ‘wallpaper pattern’ and presented with 
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crossed or uncrossed disparity (Figure 1.18). With crossed disparity ‘circles’, 

the ‘square’ appears in front of the circles and brings the pattern forwards with 

it, despite the pattern having zero disparity. However, in uncrossed disparity 

the effect is absent with many observers perceiving rivalry or diplopia, while 

others see the circles as ‘portholes’ through which they can discern the four 

corners of a square lying in depth behind an opaque background.  

 

Figure 1.18. Stereoscopic, patterned Kanizsa Squares which when cross fused 
produce a) crossed disparity and b) uncrossed disparity. In a), the square formed by 
illusory contours stands in front of the background and appears to bring the pattern 
of dots forward as though they are part of the surface despite the dots having zero 
disparity. In b) while some observers report rivalry or diplopia others perceive an 

amodally completed square viewed through four holes behind an opaque 
background (Cavanagh and Ramachandran, 1985) 

 

This goes some way towards illustrating the difference in perception of spatial 

form using crossed and uncrossed disparities: the depth-defined boundaries 

of uncrossed disparity stimuli appear not to ‘belong’ to the stimulus but to the 

zero disparity foreground creating uncertainty about the form of the uncrossed 

region within this boundary.  



30 
 

By imbuing the fixation target itself with crossed or uncrossed disparity it can 

be presented to appear as either in front of, or behind, a zero-disparity 

background. This allows targets to be presented in crossed or uncrossed 

disparity relative to fixation, rather than relative to the background (Becker et 

al., 1999) (Figure 1.19). In this study, regardless of disparity type (relative to 

fixation), observers were more accurate in their depth discrimination when the 

targets were presented in front of the background using durations of 100ms. 

However, a residual sensitivity advantage persisted for crossed (relative to 

fixation) compared to uncrossed stimuli even when fixation was in front of the 

background (Becker et al., 1999). While this finding may offer a partial 

explanation for the asymmetry in performance between crossed and 

uncrossed disparity stimuli observed in some studies, Becker et al. (1999) 

concede that very brief stimulus exposure durations (e.g., 63ms; Manning et 

al., 1987), may have been insufficient for occlusion (amodal completion) 

effects to become manifest.  
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Figure 1.19. A top down view of: A) the traditional method of displaying crossed and 
uncrossed disparity for discrimination experiments. Fixation (F) is on the display 

screen while crossed disparities appear in front and uncrossed disparities appear 
behind. B) Fixation, crossed and uncrossed disparities presented in front of the 

display screen. C) Fixation, crossed and uncrossed disparities presented behind the 
display screen (Becker et al., 1999). 

 

1.3.5 Global vs Local Stereopsis 

 

Another consideration is the type of stereoscopic stimuli used in experiments. 

Dynamic random dot stereograms (DRDS) make use of ‘global’ stereopsis in 

which the target is defined solely by retinal disparity. In contrast, ‘local’ 

stereoscopic targets make use of stimulus features which generate retinal 

disparity via monocularly visible interocular differences. Using a local, 

luminance-defined stereoscopic target (Figure 1.20) Landers and Cormack 
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(1997) attempted to reduce potential discrepancies in detecting form which 

might arise from possible occlusion effects in RDSs (Manning et al., 1987). 

They showed that using this local stereoscopic target, observers discriminated 

crossed disparities more accurately and with faster reaction times than they 

did uncrossed disparities. This again shows that although the perceptual 

occlusion effect generated with DRDS may play a part in the differences 

between the processing of crossed and uncrossed disparities, the nature of 

these disparities (crossed vs uncrossed) may be more an important factor in 

driving perceptual asymmetries than the method of their presentation. 

 

Figure 1.20. An example of the local luminance defined stimuli used by Landers and 
Cormack (1997). The offset of the central squares produces disparity when viewed 

stereoscopically. 

 

1.3.6  Summary 

 

In summary, crossed disparities have been shown to be easier to detect, 

induce a more veridical appearance of apparent depth and can be 

discriminated more accurately than their uncrossed counterparts. However, 

occlusion effects inherent in the presentation method of some stereoscopic 

stimuli, and presentation durations, may exaggerate these differences and 
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lead to an apparent increase in spatial uncertainty for uncrossed disparity 

stimuli. 

1.4 The Selectivity of Stereoscopic Mechanisms 

1.4.1  Evidence for Depth Selective Neurons 

 

Early work on the receptive field properties of neurons in the cat primary visual 

cortex (area 17) showed that the majority (~80%) were responsive to input 

from either eye (Hubel and Wiesel, 1962). Further work on cats showed that 

some of these binocular neurons were also sensitive to retinal disparity 

(Barlow et al., 1967; Pettigrew et al., 1968), potentially providing a basis for 

stereopsis. However in monkeys, the first neurons that responded to retinal 

disparity and binocular depth were found in area 18 (approximately equivalent 

to what is now termed ‘V2’ of the extrastriate cortex) with no depth selective 

cells found in area 17 (V1 or striate cortex) (Hubel and Wiesel, 1970).  

These early studies were performed on anaesthetised animals where the eyes 

may be subject to drift and therefore subject to changes in vergence (Cumming 

and DeAngelis, 2001). Later work investigated neuronal depth selectivity in 

awake monkeys trained to maintain fixation (Poggio and Fischer, 1977; 

Fischer et al., 1979). Four different types of depth sensitive neurons were 

characterised: ‘Tuned excitatory’, ‘Tuned inhibitory’, ‘Near’ and ‘Far’. Tuned 

excitatory neurons responded maximally to their preferred disparity and, to a 

lesser extent, other similar disparities within a narrow range close to their 

preferred disparity. Across the population of excitatory neurons, the majority of 

preferred disparities were limited to those close to the horopter (Poggio and 

Fischer, 1977). If retinal disparity information is sufficiently different from a 
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tuned excitatory neuron’s preferred disparity, excitation becomes inhibition, 

whereby firing rates drop below that observed during monocular stimulation 

(Figure 1.21).  

 

Figure 1.21. Adapted from Poggio et al. (1988). Example neural response (imp/sec) 

from a binocular neuron tuned to zero disparity. Horizontal dashed lines represent 

the response to monocular stimulation of the left (L) and right (R) eyes. As the 

disparity moves away from the preferred disparity the neural response drops below 

this resting rate: neural suppression. 

 

‘Tuned inhibitory’ cells (Figure 1.22e) exhibited the opposite behaviour: 

binocular inhibition over a narrow range of disparities around fixation. ‘Near’ 

(Figure 1.22d) and ‘Far’ (Figure 1.22f) cells responded optimally to all stimuli 

in front of (crossed disparity) or behind (uncrossed disparity) the horopter 
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respectively (Poggio and Fischer, 1977; Fischer et al., 1979). These cells also 

displayed inhibition in response to disparities in the opposite direction to their 

preferred disparity type. This pattern of tuning preference is akin to the ‘low-

pass’ or ‘hi-pass’ behaviour of some spatial frequency selective neurons (De 

Valois and De Valois, 1980). In contrast to the work of Hubel and Wiesel 

(1970), these neurons were found in striate and extrastriate areas of both non-

human primates (Poggio and Fischer, 1977; Fischer et al., 1979) and cats 

(Ferster, 1981).  

The Tuned excitatory neurons as described by Fischer et al. (1979) were later 

sub-divided into ‘Tuned Near’, ‘Tuned Far’ and ‘Tuned Zero’ types (Poggio et 

al., 1988) (Figure 1.22). The response profiles of these tuned near and far cells 

are markedly different from those of the Near and Far cells described by 

Fischer et al. (1979), which have been described as ‘extended, rather than 

tuned’ (Poggio, 1995). A more detailed, quantitative assessment of the 

disparity tuning of neurons in areas 17 and 18 of the cat, showed that while 

tuned near/far and Near/Far types of cells did exist, there were many others 

with intermediate tuning preferences which suggested a selectivity continuum 

across disparity detectors (Levay and Voigt, 1988).  
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Figure 1.22. Example disparity tuning curves for neurons in monkey visual cortex. 
The Tuned Near, Tuned Zero and Tuned Far type neurons (a, b & c) show narrow 
response curves about their preferred disparity. This is in contrast to the Near and 

Far cells (d & f) which show a smooth transition from maximal excitation to inhibition 
and respond to a broader range within their preferred disparity type. Tuned Inhibitory 

cells (e) are the reciprocal of the tuned zero cells. Crossed disparities are 
represented on the x axis to the left of zero (negative values) (Poggio, 1995). 

 

Further evidence for this continuum comes from work on the middle temporal 

area (V5/MT) of macaque monkeys (DeAngelis and Newsome, 1999). Using 

microelectrodes, they probed across the surface of V5/MT and found regions 

which were strongly selective for disparity, interspersed with areas of weak 

disparity preference (Figure 1.23). The disparity-selective regions showed a 

smooth transition between near to far preferred disparities traversing the 

cortical surface. However, similar disparity preferences were recorded at 

different depths normal to the surface. This led to the suggestion of ‘disparity 
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columns’ organised vertically according to preferred disparity. This 

topographical and columnar type of architecture has also been observed in 

monkey V2 (Chen et al., 2008), and similar, albeit weaker, clustering of 

disparity preferences also appears in monkey V4 (Watanabe et al., 2002; 

Tanabe et al., 2005) and cat and monkey V1 (Levay and Voigt, 1988; Prince 

et al., 2002). 

 

Figure 1.23. A schematic representation of macaque area MT. The arrows denote 
the preferred direction of motion of the neurons in the motion columns. Preferred 
disparity is colour coded; green for near, red for far, yellow for zero disparity. Dark 

blue represents the areas of weak disparity response. The depth shows that 
preferred disparities were similar throughout when the microelectrode was inserted 

to a greater or lesser extent normal to the surface (DeAngelis and Newsome, 1999). 

 

1.4.2 The stereo correspondence problem 

 

In order to perceive depth, the visual system must first solve the ‘stereo 

correspondence problem’. Objects in front/behind of the horopter give rise to 

disparate retinal images. These images will ‘correspond’ with one another 

when their deviation from the fovea is matched in magnitude and direction 

across the two eyes. This represents a ‘correct’ match amongst multiple 
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possible ‘incorrect’ or ‘false’ matches (Marr and Poggio, 1979). In RDSs for 

example, there are many element to element ‘matches’ both ‘false’ and 

‘correct’ that may be made at a ‘local’ level. These must be correctly identified 

before the visual system can go on to discard the false matches and thereby 

establish a ‘global’ sense of depth (e.g. depth-defined shape) from the correct 

matches (Figures 1.24 & 1.25(a)) (Cumming and Parker, 1997; Parker et al., 

2016).  

 

Figure 1.24. When viewed with crossed fusion these random dot stereograms 
produce the perception of a recessed circle shape. The two small squares set 
outside the main figure are examples of an area where ‘local’ matches must be 

made between corresponding dots before a global sense of shape can be 
perceived. In the example shown within these squares, there is an exact match 

between both the positions and luminance polarity of the left and right eye’s dots. 
Within the central circular region, the luminance match is preserved but a small 

lateral positional mismatch provides uncrossed retinal disparity and subsequently 
the perception of a recessed depth plane (Verhoef et al., 2016) 
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Figure 1.25. The black and white squares represent left and right elements of a 
fused random dot stereogram. In (a) the corresponding points have the same 

contrast, i.e. ‘correlated’. Local (‘false’) matches (blue dots) are created by possible 
matches between matched luminance polarities (e.g. black square – black square), 

and spatially non-corresponding elements. The degree of spatial non-
correspondence could signal retinal disparity. However, these false matches must 
be discarded by the visual system because they do not signal consistent a depth 

plane when compared with one another. If this match-comparison process yields a 
region of matching spatial non-correspondence and matching contrast these 

matches become ‘correct’ matches which ultimately produce perception of depth. In 
(b) the corresponding elements have opposite sign contrast, i.e. anticorrelated. In 

this case no ‘correct’ matches exist, and whilst there are many local (‘false’) 
matches, no global match exists and therefore depth perception is absent (Fujita 

and Doi, 2016) 

 

1.4.3 Relative vs Absolute Disparity 

 

As well as considering disparity as either local or global, it can also be defined 

as ‘relative’ or ‘absolute’. Absolute disparity (also termed ‘retinal disparity’) is 

the measure of the disparity created by the angular difference between fixation 
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and the two non-corresponding retinal locations of a single point in space. 

Absolute disparity therefore changes in magnitude with changes in vergence 

eye movements (Figure 1.26). Shifts in vergence will create a new set of ‘true’ 

and ‘false’ disparity matches which must again be resolved by the visual 

system in order to avoid spurious depth estimates. The contributions of 

absolute and relative disparity to the perception of depth can be separated 

experimentally, as shown in Figures 1.27 and 1.28. 

 

Figure 1.26. In (a) the eyes fixate the more distal of the two points in space. This 
point’s retinal images lie on the respective foveae (F) and therefore have zero retinal 

disparity (black lines). The image of the more proximal point will fall on non-
corresponding retinal areas (blue lines) creating disparity (angular deviation 

between the blue and the black lines). This angular difference in the retinal locations 
of the two points is termed the ‘absolute disparity’, here assigned an arbitrary 

value of 1. (b) As the vergence of the eyes changes to fixate halfway between the 2 
points, the angular difference between fixation and the disparate points is also 

halved, and thus the retinal distance between these images and their respective 
fovea. The absolute disparity of the near and far points, with respect to fixation, is 

now ±1/2. However, the total angle created between the near and far points remains 
1: unchanged from (a). This is termed the ‘relative disparity’, referring to the 

disparity of the points relative to one another. Adapted from (Cumming and Parker, 
1999). 
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Figure 1.27. An example of how relative and absolute disparity (as shown in A) can 
be decoupled in the absence of vergence eye movements (B). Changing the 

disparity of the centre (C) and surround (S) regions in the same direction by the 
same amount changes their absolute disparity. Independently manipulating the 
disparity of each region changes their relative disparity. (Umeda et al., 2007) 

 

 

Psychophysically, stereoacuity thresholds are around 10 times higher when 

only absolute disparities are available to observers (e.g. serial judgments of 

isolated depth-defined visual stimuli) compared to situations where observers 

judge the relative depth planes of simultaneously presented depth-defined 

stimuli (Westheimer, 1979) (e.g. Figure 1.11 allows the observer to judge the 

square’s depth relative to its surround). The latter situation describes ‘relative 

disparity’: the angular separation between the absolute disparities of two points 

in a visual scene (Figure 1.26) (Cumming and Parker, 1999; Backus et al., 

2001; Cumming and DeAngelis, 2001).  
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Figure 1.28. In primate V4, neurons tuned to the disparity of Figure 1.27b’s centre 
region shifted the tuning preference in the direction of the disparity change 

introduced to the surround region, despite no change in the centre region’s absolute 
disparity. These shifts are consistent with V4 neurons encoding relative disparity. 

Figure 1.28A shows the response of a neuron from one primate tuned to zero 
relative disparity, Figure 1.28B shows the response of a neuron from a second 
primate tuned to a relative crossed disparity of 0.4 degrees. These shifts were 

considerably smaller in area V2 (Umeda et al., 2007). 

 

‘Stereopsis’ (i.e. accurate, three dimensional depth perception) is thought to 

be underpinned by relative, rather than absolute disparities (Westheimer, 

1979; Kumar and Glaser, 1992). Disparity sensitive neurons in macaque V1 

respond primarily to absolute disparities (Cumming and Parker, 1999), and 

therefore are unlikely to form the basis for ‘real-world’ depth judgments where 

vergence eye movements are dynamic. It therefore seems likely that the output 

of such V1 neurons must undergo further processing by downstream 

mechanisms that can use absolute disparity information to provide a measure 

of relative disparity and thence information about depth.  

Other evidence for V1 neurons signalling disparity (as opposed to 

underpinning the perception of depth per se) comes from their responses to 
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an ‘anticorrelated’ random dot stereogram (RDS). These are RDSs where 

corresponding local points that would normally be ‘matched’ by depth detecting 

neurons have opposite luminance polarities (Cogan et al., 1993); as opposed 

to correlated RDSs with retinal disparity, and matching luminance polarities 

(Figure 1.25). Whilst the global perception of depth is absent for anticorrelated 

stereograms (Julesz, 1960; Cogan et al., 1993), disparity-selective neurons in 

V1 alter their firing rates to signal the presence of disparity for the 

anticorrelated points (Figure 1.29), albeit with a reversed retinal disparity 

tuning preference (Cumming and Parker, 1997). In this set of experiments, a 

monkey trained in a psychophysical depth discrimination task on RDS was 

unable to perform the task using the anticorrelated RDS, despite the presence 

of measured changes in the neuronal firing rate of V1 cells (Cumming and 

Parker, 1997).  

 

Figure 1.29. The response of a macaque V1 cell to correlated and anticorrelated 
RDSs. The cell signals disparity for both types of stereogram with a tuning curve 

that is inverted for the anticorrelated RDS relative to the correlated version. Adapted 
from (Cumming and Parker, 1997) 

 



44 
 

Human psychophysical studies have found similarly compromised stereopsis 

using anticorrelated stimuli (Figure 1.30) which are often described as being 

discriminable from their surround via a ‘lustrous’ appearance associated with 

right and left images whose primary difference is luminance: the perception is 

akin to rivalry where imperceptible alteration between the two luminance 

polarities induces a form of inter-ocular image dynamism (Howard, 1995). 

Despite their visibility, subjects often fail to report their depth with any accuracy 

(Cogan et al., 1993; Cumming, Shapiro and Parker, 1998; Read and Eagle, 

2000). 

 

Figure 1.30. Examples of how the degree of binocular contrast or luminance 
correlation interacts with display density. A) When left and right images are cross-
fused, depth is clearly discriminable in the top panel despite the rivalrous (i.e. non-
fused) perception of the (anticorrelated) reversed luminance polarity image regions. 

The progressive increase in density of the middle and bottom panels results in a 
corresponding reduction in perceived image depth. B) Stereograms containing 

identical retinal disparity and spatial structure to (A) but with matching (correlated) 
luminance polarities which elicits robust perception of near depth, irrespective of 

display density/complexity (Cogan et al., 1993). 
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It has been suggested that these psychophysical findings reflect the fact that 

whilst binocular neurons in V1 are capable of finding binocular matches and 

inferring disparity from them, they are unable to distinguish between ‘true’ 

matches (e.g. correlated dots) and ‘false’ matches (e.g. anticorrelated dots) 

(Cumming and Parker, 1997) and therefore signal only local rather than global 

disparity (Julesz, 1963; Julesz, 1991; Cumming and Parker, 2000). However, 

it is also true that humans can use absolute disparities to make coarse 

judgments about depth (Westheimer, 1979; Neri et al., 2004), so while V1 may 

not be able to signal correct matches this does not mean that it is not playing 

a part in resolving stereo depth. It may be that higher areas in the visual cortex 

take the combination of outputs from V1, then use this combination to serve 

fine depth judgements (Cumming and Parker, 1997). If so, the neural locus of 

global disparity processing must reside in higher visual areas where the stereo 

correspondence problem has been more fully resolved.  

Unlike their V1 counterparts, disparity-selective neurons in macaque V2 

respond to relative and absolute disparity (Thomas et al., 2002), depth-defined 

illusory contours, and show ‘disparity capture’ responses: illusory contours 

containing disparity create an illusory surface with a perceived depth plane 

consistent with the inducer’s disparity (Bakin et al., 2000). Texture overlaid on 

this surface is then ‘captured’ by this depth plane shift, appearing to be at a 

depth consistent with the illusory surface (Figure 1.18), despite having no 

intrinsic retinal disparity (Cavanagh and Ramachandran, 1985). These 

features suggest that neural correlates of perception of depth (as opposed to 

basic interocular image difference processing) may begin in extrastriate areas 

like V2.  
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1.4.3.1 Ventral and Dorsal Perceptual Processing Streams 

 

It has been proposed that the visual cortex can be separated into two streams, 

'ventral' and 'dorsal'; the dorsal stream being responsible for information about 

spatial location ('where pathway') and the ventral for the perception of objects 

('what pathway') (Goodale and Milner, 1992). The dorsal stream runs through 

area V3 and V5/MT whereas the ventral stream runs through V4 and the 

inferior temporal cortex (IT) (Figure 1.31). The way that absolute and relative 

disparities are processed in the dorsal and ventral streams also appears to 

correspond to the 'where' and 'what' terminology.  

 

Figure 1.31. On the left, an inferior view of the brain with ventral areas highlighted in 
cool colours. On the right, a superior view of the brain with the dorsal areas 

highlighted in warm colours. 

 

Absolute disparity is important in the control of vergence eye movements 

(Cumming and Judge, 1986; Masson et al., 1997) which can be used to 
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provide cues to the spatial location of an object. In the dorsal (where) stream, 

neuronal responses in areas V3 and V3A in macaques show a preference for 

absolute rather than relative disparity (Neri et al., 2004; Anzai et al., 2011). 

Disparity-selective neurons in area V5/MT of macaques respond to both 

absolute and relative disparities (Krug and Parker, 2011) and, like depth-

selective V1 neurons, respond to both correlated and anticorrelated stimuli 

(Krug et al., 2004). 

In the ventral (‘what’) stream, area V4 of the visual cortex shows a further 

progression of disparity processing relating to the perception of depth. The 

firing rate of disparity-selective neurons in macaque V4 shows a significant 

attenuation for the anticorrelated (relative to correlated) RDS stimuli (Figure 

1.32) (Tanabe et al., 2004). This attenuation is much greater than that 

observed in V1 (Figure 1.29) and may be a product of the convergence of 

several V2 neurons to a single V4 neuron; akin to the convergence of lateral 

geniculate cells to V1 for orientation selectivity (Tanabe et al., 2004). V4 

neurons have also been shown to be responsive to relative disparity (see 

Figure 1.28) and perhaps therefore facilitate the fine disparity judgements 

underpinning human depth perception (Umeda et al., 2007; Shiozaki et al., 

2012). Taken together, these findings suggest V4 neurons are more likely to 

be selective for global disparity signals, having perhaps part-solved the stereo 

correspondence problem. In a further specialisation, disparity-selective 

neurons in IT have been shown to be wholly unresponsive to anticorrelated 

RDS and are therefore only signalling ‘true’ disparity matches (Janssen et al., 

2003). 
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Figure 1.32. The tuning curves of a disparity selective cell in macaque V4 to 
correlated (filled circles) and anticorrelated (open squares) RDS. The response to 
the anticorrelated RDS is greatly attenuated compared to the response of a V1 cell 

(Figure 1.29). Adapted from Tanabe et al. (2004) 

 

1.4.4 Invariance in Disparity Processing 

 

Changes in viewing angle and/or distance are an inevitable complication for 

systems charged with viewing ‘real world’ natural scenes. Neurons tuned for 

retinal disparities associated with every possible viewing angle/distance of 

every object at every location in the visual field are an obviously impractical 

solution. Alternatively, some degree of viewpoint and/or object distance 

invariance across common forms of transformation would perhaps offer a more 

plausible compromise (Field and Olmos, 2007).  

The anterior part of monkey IT contains area TE which contains neurons 

selective for three dimensional (3D) shapes such as concave and convex 

disparity gradients (Janssen et al., 1999) (Figure 1.33c). However, while these 
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neurons are selective for the spatial variation of disparity across 3D shapes, 

they are invariant to the position in depth of the shape itself. A subsequent 

study on non-human primates was able to further localise these neurons to an 

area within TE called the superior temporal sulcus (STS) (Janssen et al., 

2000).  

  

Figure 1.33. Example of different types of disparity gradient stimuli (Orban et al., 
2006). a). Flat plane. b). Linear gradients. c). Concave and convex gradients. 

 

Neurons in monkey V4 have also shown similar properties in that they are 

selective for 3D slant in relation to orientation, but this is again invariant to the 

near/far depth of the shape’s position in depth (Hinkle and Connor, 2002). This 

invariance would be useful for maintaining neural representation of an object 

across small changes in viewing distance. Similarly, human fMRI evidence 

shows neural selectivity within Lateral Occipital Complex (LO, an object 

selective mid-level visual area bordering V5/MT) for depth-defined object 

shape, which is tied to object shape itself rather than the depth plane occupied 

by the object (Kourtzi and Kanwisher, 2001)  
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Pooling across depth at a neural level may explain psychophysical reports of 

perceptual phenomena that are insensitive to changes in retinal disparity. For 

example, perceptual distortions induced by adaptation to curvature (Gheorghiu 

et al., 2009), stereo-slant (Berends et al., 2005) and disparity-defined shape 

(Domini et al., 2001; Duke and Wilcox, 2003) transfer across adapt-test 

changes in retinal disparity. Moreover, 3D object recognition can remain 

accurate despite scrambling of disparity-defined depth structure, so long as 

the object’s 2D cues are available (Bülthoff et al., 1998).  

1.4.5  Neural Representation of Crossed vs Uncrossed Disparity  

 

There is some evidence from studies in monkeys and cats to show that early 

striate cortex has an approximately equal number of neurons which respond 

to crossed and uncrossed disparities (Poggio and Fischer, 1977; Levay and 

Voigt, 1988). However, some cortical areas with disparity-selective neurons 

appear to contain an overrepresentation of crossed compared to uncrossed 

disparities. This includes V4 (Hinkle and Connor, 2001; Watanabe et al., 2002; 

Tanabe et al., 2005) and V5/MT (DeAngelis and Uka, 2003; Parker et al., 

2016), see also (Maunsell and Van Essen, 1983). The underlying cause and 

significance of this asymmetry remains unclear; however, an analysis of 

several non-human primate neurophysiology studies investigating V1 has 

shown that neurons tuned for crossed and uncrossed disparities are 

overrepresented in the inferior and superior visual fields respectively (Sprague 

et al., 2015). The authors suggest that the widely observed bias for crossed 

disparity neurons may in part be explained by sampling bias towards those 

neurons representing the inferior visual field.  
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Chapter 2   

Psychophysics 

 

2.1 Introduction 

 

Psychophysical experiments aim to measure the relationship between the 

physical world around us and our perception of that world. Recording an 

observer’s responses to systematic stimulus parameter manipulations allows 

quantification of the accuracy and sensitivity of their perception. In turn, this 

can yield knowledge of the underlying mechanisms encoding that parameter 

and the subsequent decision-making process utilising that mechanism’s 

output. From this behavioural measure, inferences can be made about the 

neural mechanisms underlying perception.  

The stimulus parameter of particular interest in this thesis is event duration. 

This chapter will outline some central psychophysical techniques and how they 

may be applied to the perception of duration.  

2.2 Psychophysical Measures 

2.2.1 Sensory Threshold 

 

The sensory threshold describes the magnitude at which a stimulus parameter 

first becomes detectable (e.g. when a stimulus becomes visible: ‘detection 

threshold’), or discriminable (the smallest amount of change in the stimulus 

parameter required for an observer to report that change: ‘discrimination 

threshold’). Lower threshold values therefore reflect greater perceptual 

sensitivity to the presence of, or changes in, the stimulus. Although both 

threshold measures are employed in this thesis, most of the experiments are 
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concerned with duration discrimination threshold: the smallest discernible 

change in stimulus duration that can reliably be reported by an observer. This 

metric can also be referred to as the ‘just noticeable difference’ (JND) in 

physical duration. 

2.2.2 Perceptual Bias 

 

Another useful measure that can be obtained from psychophysical 

experiments is that of accuracy or ‘perceptual bias’. In classic duration 

discrimination paradigms, two durations are presented successively. One of 

these forms a constant duration ‘reference’ stimulus (e.g. auditory tone) and 

the other a ‘test’ stimulus (e.g. light) whose duration varies from trial to trial 

around the reference stimulus duration. Perceptual bias can be quantified by 

ascertaining the test stimulus duration which forms a perceptual match with 

the reference stimulus duration. This is referred to as the ‘point of subjective 

equality’ (PSE). When PSE matches the reference duration, observer 

perception can be said to be veridical, i.e. perception matches reality. Any 

systematic difference between the PSE and the physical reference duration 

gives a measure of perceptual bias (non-veridical perception). An example of 

biased duration perception is the often-reported phenomena whereby 

observers presented with an auditory tone and a light of physically equal 

duration typically perceive the tone as having longer duration than the light 

(Behar and Bevan, 1961; Walker and Scott, 1981). 

Although there are several methods which can be used to measure PSE, 

throughout this thesis PSEs are extracted from psychometric functions. These 

functions describe the relative proportions of given response types (e.g. ‘test 
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duration appeared longer than reference duration’) for a given stimulus 

magnitude/value. For example, comparing a fixed reference duration with a 

variable test duration will elicit a variety of observer responses from ‘the test 

was definitely shorter than the reference’, to ‘the test was definitely longer’. 

Ideally, the type of perceptual decision made by observers made on each trial 

would be governed by sensory input alone, rather than being conflated with 

any higher-level cognitive strategies the observer may have adopted. In the 

latter scenario it can be difficult to ascertain the relative contributions of each 

factor in the observer’s response. 

2.2.3 Decision Types 

 

The type of decision made by observers on each trial can have a striking 

impact on the value of the perceptual metric being measured. In a simple 

stimulus detection experiment, an observer reports the presence/absence of a 

visual stimulus: either ‘yes, I saw the stimulus’, or ‘no, the stimulus was absent’. 

This is a form of two alternative ‘forced choice’ decision in that one of two 

binary options must be selected on every trial (a third ‘not sure’ option is not 

available). These types of ‘yes/no’ decisions are ‘criterion dependent’. 

Consciously or otherwise, observers may set themselves a ‘criterion’ for 

selecting a given response option. This criterion is related to a host of factors 

including observer confidence/motivation/anticipation and may be entirely 

independent from signal strength on any given trial (Kingdom and Prins, 2010).  

For example, an observer who sets a low criterion for a ‘yes’ response will be 

more willing to signal the presence of the stimulus. This may result in ‘false 

alarms’: reporting the presence of a stimulus when no stimulus has been 



54 
 

presented. More commonly, this will result in an observer reporting the 

presence of a stimulus which is in fact sub-threshold. This will lead to artificially 

high measures of observer sensitivity. The reverse is true for the cautious 

observer who sets their ‘yes’ criterion at a grossly suprathreshold level. The 

criterion-dependent responses observed with these types of yes/no decisions 

also apply to discrimination experiments where observers are asked ‘were the 

two presented stimuli the same or different?’. 

Criterion levels will vary between observers and the criterion level for an 

individual observer may also vary on a trial to trial basis, perhaps as they 

become more/less confident in their ability to perform the task. Criterion 

dependent measures therefore conflate two factors which both contribute to 

sensitivity measures: neural signal strength (i.e. the signal to noise ratio 

associated with the stimulus) and high-level ‘willingness to respond’. In this 

thesis, experiments aim to measure perception that is as ‘stimulus driven’ as 

possible: if the experimenter changes the stimulus, how does that change 

alone influence stimulus perception? These experiments therefore seek to 

minimise non-stimulus driven effect such as observer response criterion by 

using measures that are as ‘criterion independent’ as possible. 

A criterion independent variant of the ‘forced choice’ paradigm replaces 

‘yes/no’ decision type with decisions between options where the relative 

caution of an observer would not reasonably influence the measured 

perceptual parameter. For example, in 2AFC duration discrimination 

experiments, observers presented with two successive stimuli (e.g., ‘reference’ 

followed by ‘test’) subsequently judge ‘which had the longer duration, 

reference or test?’. When the perceptual differences between these stimuli are 
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small (i.e. close to discrimination threshold), how might criterion influence their 

response? The cautious observer cannot now ‘hedge their bets’ by only 

reporting a difference when they are sufficiently confident: long/short 

discriminatory judgments must be made on every trial, regardless of 

confidence. One potential limitation of this technique is that observers may 

exhibit a bias when not confident i.e. always select ‘test longer’ when not sure. 

Whilst this remains a possibility, it is unclear why an observer might adopt this 

criterion when the observer cannot know how this might change their 

measured performance levels. As there is no obvious benefit to the observer 

responding in a particular way, this paradigm is considered to be relatively 

‘criterion independent’. 

Whichever decision type is deployed, the presentation order of different stimuli 

is an important consideration in experimental design. The following section 

details some of these different design options.  

2.2.4 The Method of Limits  

 

The method of limits is often used to provide a detection threshold but may 

also be used to measure discrimination threshold. For example, detection 

threshold may be measured using an ascending or descending series. If 

stimulus duration is varied to find the minimum detectable duration, an 

ascending series method would begin by presenting a grossly subthreshold 

stimulus duration (i.e., too brief to reach visibility). With each subsequent 

presentation the stimulus duration is increased by a pre-determined increment 

or ‘step size’ until the observer first reports that the stimulus is visible. In a 

descending series, the stimulus is first presented at a grossly suprathreshold 
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level, then incrementally decreased until the observer first reports the absence 

of the stimulus (Figure 2.1). Detection threshold is determined by averaging a 

number of ascending and descending series. 

 

Figure 2.1. Descending method of limits. The duration of the stimulus is decreased 
until the observer reports it as absent. This is taken as the measure of detection 

threshold for this series (shown by the dashed red line). 

 

However, there are several issues with this method. First, due to the yes/no 

nature of responses, this method is criterion dependent and could be subject 

to observer bias as detailed above. Second, due to the progressive nature of 

stimulus presentation, even naïve observers will come to realise the format of 

the experiment which can lead to errors. In a descending series, having 

responded to indicate the presence of the stimulus for a number of trials an 

observer may become accustomed to making this same response and 
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continue to respond in this way even after the stimulus is not visible to them – 

an ‘error of habituation’. Conversely, after having performed a number of 

ascending series, an observer may start to make predictions about how many 

trials were needed before the stimulus became visible and pre-emptively signal 

the presence of the stimulus they have not seen – an ‘error of expectation’. 

Third, only one measure in the series is used to estimate the detection 

threshold. All responses prior to the final threshold value do not usefully 

contribute to the threshold estimation, making this procedure somewhat 

inefficient.  

2.2.5 Method of Adjustment 

 

Like the method of limits, the method of adjustment can be used to determine 

both detection and discrimination thresholds. However, in the method of 

adjustment, control of the stimulus parameter is under the observer’s control. 

In a descending method of adjustment experiment, a grossly suprathreshold 

stimulus is adjusted by the observer until the point where it first becomes 

undetectable. In an ascending experiment a subthreshold stimulus is adjusted 

until it first becomes detectable. For example, in a simple contrast detection 

experiment, a circular patch is displayed against a uniform background (Figure 

2.2a), the observer then reduces the contrast of the central patch (descending 

method) until they perceive it to have disappeared (Figure 2.2b). In this 

situation, contrast detection thresholds can then be determined by averaging 

across a number of ascending and descending trials.  
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Figure 2.2. a) A high contrast spot is presented against a uniform background. b) 

The contrast of the spot is adjusted until the patch is perceived to have disappeared. 

Method of adjustment can also be used to determine PSE and discrimination 

thresholds. Observers adjust one of two concurrently or consecutively 

displayed stimuli until the test stimulus’ parameter of interest matches that of 

the reference. This ‘null point’ also provides a discrimination threshold via the 

parameter distance either side of the reference within which the perceptual 

match persists.  

Like the method of limits, this methodology also suffers from being criterion 

dependent and thus, the same response biases. Method of adjustment has 

largely been superseded by forced choice paradigms but remains a useful 

method for finding threshold estimates in situations where forced choice is 

impractical, which can then guide stimulus parameter magnitude in other 

experimental types (Kingdom and Prins, 2010).  
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2.2.6 Staircase Method 

 

Staircase methods are a refinement of the method of limits and an example of 

adaptive psychophysical techniques. They can be used to measure detection 

and discrimination thresholds (Graham and Nachmias, 1971; Kelly and 

Savoie, 1973), and PSE (Meese, 1995). They are termed adaptive as the 

magnitude of the stimulus parameter of interest (e.g. contrast, duration) on 

each presentation is determined by the observer’s response history.  

Like the method of limits, staircase methods may be ascending or descending. 

The start of the staircase follows the same format as the method of limits: in a 

descending staircase, the observer is first presented with a suprathreshold 

stimulus and having correctly identified its presence on the first trial, is then 

presented with a stimulus whose duration has been reduced by the 

predetermined ‘step size’. However, when the observer first reports being 

unable to see the stimulus, rather than stop the series, stimulus duration is 

increased (a ‘reversal’) until the observer once again signals the presence of 

the stimulus. This continues until a predetermined number of reversals has 

been reached (Cornsweet, 1962).  

Figure 2.3 shows a descending staircase for the same representative observer 

in Figure 2.1. Threshold may then be determined as the mean of a fixed 

number of reversals (e.g. Kelly and Savoie 1973) (Figure 2.3). Conversely, 

ascending staircases begin at subthreshold stimulus magnitudes, the first 

reversal being when an observer identifies the presence of the stimulus, after 

which point the methodology is the same as a descending staircase. 
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Figure 2.3. Example of a descending staircase showing the simulated measurement 
of duration detection threshold. The duration of the stimulus decreases if the 

observer makes a correct judgement, increases for an incorrect judgement, and 
continues for a predetermined number of reversals. In this example, detection 

threshold is taken as the average of the last eight reversals and is shown by the 
dashed red line. The elevation of the data points towards the left-hand side of the 

plot show that the initial stimulus duration was too high, leading to a large number of 
wasted trials. 

 

The procedures outlined above are examples of the standard staircase 

(Cornsweet, 1962). Whilst this method has been shown to be reliable (Meese, 

1995), early trials do not contribute towards the final threshold estimate, with 

the result that an initial stimulus magnitude set too high leads to a number of 

‘wasted trials’ (Levitt, 1971) (Figure 2.3). Conversely, a step size that is too 

large will not accurately capture the threshold estimate because reversals will 

induce changes in stimulus value that remain suprathreshold. One way around 

this is to make the initial step sizes larger and, as the procedure converges on 
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the threshold estimate, reduce the step size accordingly (Levitt, 1971) (Figure 

2.4). 

 

Figure 2.4. The same staircase data from Figure 2.1 using a step size which varies 

as the staircase converges on the threshold estimate (dashed red line). Far fewer 

trials are required in this case to achieve the same result. 

 

Staircase procedures of this type have other potential problems besides 

accuracy and efficiency. They may also be susceptible to errors of habituation 

and expectation, and towards the end of the staircase, stimulus level will be 

close to threshold or subthreshold on many trials. Inexperienced observers 

may find this frustrating leading to them adopt different criteria for responding 

than that when the task was easy (Cornsweet, 1962). Errors of habituation and 

expectation can be reduced by asking the observer to identify which of two 

randomly assigned intervals contained the stimulus, and varying the staircase 
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accordingly, or interleaving two or more staircase procedures within one 

experimental run (e.g. ascending and descending (Cornsweet, 1962; Kingdom 

and Prins, 2010)) and averaging the threshold results. Observer engagement 

and confidence in their ability to perform the task can be promoted by the 

occasional presentation of stimuli several times larger than the current 

threshold estimate (Bach, 1996). On these trials, an observer’s performance 

level will be at or close to 100% correct, providing a welcome departure from 

continuous sequences of trials near threshold, where performance levels are 

at, or close to, chance. 

Other staircase methods which attempt to increase accuracy and efficiency 

have been created such as ‘best PEST’ (Pentland, 1980) and QUEST (Watson 

and Pelli, 1983). QUEST uses a combination of ‘prior knowledge’ (i.e. estimate 

of threshold and appropriate stimulus range) and the data provided by 

observer responses on a trial by trial basis to continually update the estimate 

of threshold. After every trial the threshold estimate is derived using ‘maximum 

likelihood’ from the cumulative data provided by all the trials up to that point, 

the following trial is then presented at the most likely Bayesian estimate of 

threshold. This is also true for the final threshold estimate (Watson and Pelli, 

1983). 

2.2.7 Method of Constant Stimuli 

 

The method of constant stimuli (MOCS) (Fechner, 1860) measures an 

observer’s responses to a particular stimulus characteristic (e.g. contrast, 

orientation, duration) over a fixed range of values. For example, an observer 

might discriminate between a fixed duration reference stimulus and a 
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predetermined range of test stimuli durations centred on the reference 

duration.  

Ideally, this range of durations should aim to capture the full range of observer 

responses from ‘the test was definitely shorter than the reference’, to ‘the test 

was definitely longer’. As this is likely to encompass a large range of durations, 

it would not be feasible to test every millisecond value in the range. Instead, 

the proportion of ‘test stimulus longer than reference duration’ is plotted 

against the physically presented test durations in the form of a psychometric 

function (Section 2.2.9) from which perceptual parameters (e.g. JND and PSE) 

can be extracted.  

In contrast to staircase procedures, test stimulus presentation order is 

randomly interleaved: there is an equal probability of presenting any of the 

remaining stimulus values on each trial. Thus, unlike staircases procedures, 

the observer’s response on one trial has no influence on which stimulus might 

be presented in the next trial. Randomly interleaving the presentation order 

ensures that observers are presented with a trial-to-trial variation in task 

difficulty which aids observer engagement throughout a block of trials and 

eliminates errors of habituation/expectation.  

2.2.8 Method of Reproduction 

 

Estimates of perceived stimulus duration can be measured directly by duration 

reproduction tasks. Typically, observers attempt to reproduce the perceived 

duration of a recently presented stimulus via motor action(s), e.g. a button 

press. These experiments are generally performed in one of three ways (Mioni 

et al., 2014).  
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1) A single keypress to indicate the end of the test duration (e.g. (Thomas 

and Brown, 1974; Pastor et al., 1992; Jones et al., 2004). The observer 

is presented with a reference stimulus and following its offset is then 

presented with a test stimulus or empty interval. Observers indicate 

when the test duration is a perceptual match for the reference duration 

by single keypress.  

2) Following test stimulus offset, observers reproduce the test duration via 

two successive button presses, the interval between which corresponds 

to the perceived duration of the test stimulus (e.g. (Grondin, 2012; 

Woodrow, 1930).  

3) Following test stimulus offset, the observer uses a continuous keypress 

for a period matching that of the perceived test stimulus duration (e.g. 

(Schiffman and Bobko, 1974; Tse et al., 2004; Heron et al., 2011). 

Measuring perceptual estimates of duration using reproduction has a long 

history in the field of psychophysics. Some of the earliest psychophysics 

experiments of duration perception employed duration reproduction 

methodologies ((Vierordt, 1868) as referenced by Lejeune and Wearden 

(2009)) and have remained popular to the present day, e.g. Li, Chen and Fang 

(2019), Qi et al. (2019). 

Disadvantages of this methodology are that the involvement of a motor action, 

in whatever form, may itself affect duration judgements due to decreased 

attention to the duration task (Block, Hancock and Zakay, 2010), and the 

criterion dependent nature of the responses (Wearden and Lejeune, 2008). 

Related to criterion effects are ‘range effects’ where reproduced durations 
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converge around the centre of the range of presented durations (Vierordt, 

1868; Schiffman and Bobko, 1974; Bausenhart, Dyjas and Ulrich, 2014). 

However, there are perhaps three key advantages of reproduction methods. 

Firstly, it provides an absolute measure of perceived duration. This is in 

contrast with (e.g.) binary 2AFC duration discrimination judgments which can 

only speak to relative differences in perceived duration (e.g. test and reference 

stimuli). Absolute measures of duration therefore allow direct comparisons 

between perceived and physical durations, such as stimulus duration itself 

and/or the duration of corresponding neural activity. A second advantage is 

the intuitive nature of the judgment: even inexperienced observers typically 

find reproduction judgments relative straightforward, thereby increasing the 

pool of viable of observers. Finally, all reproduced durations are typically useful 

across a relatively limited range of presented duration. This can be more 

efficient that MOCS where the extremes of the test stimulus range sometimes 

contribute little to the curve fit parameter of interest.  

 

2.2.9 Psychometric Functions 

 

When the duration of the test stimulus is obviously longer than the reference, 

an observer should respond that the former is longer than the latter with a high 

probability and vice versa. When the proportion of ‘test duration longer’ 

responses is plotted against the physical test durations the points can be fitted 

with a curve (see Chapter 4, Section 4.1.2).  

The PSE corresponds to the physical duration predicted by the point on the 

curve where observer performance is at chance (50%), i.e. there is an equal 
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probability of a ‘longer’ or ‘shorter’ response: they can no longer differentiate 

between the two durations. The JND can also be extracted from the curve and 

is measured as the change in duration which takes performance from chance 

(PSE) to a level that allows observers to reliably report the change in duration. 

The exact levels chosen to represent the required change in observer 

performance may vary between researchers depending on whether a 

conservative (larger performance level increase) or liberal (smaller 

performance level increase) estimate of sensitivity is desired. Figure 2.5 shows 

observer proportion longer responses which cover a range from 0 to 97%. The 

JND is taken as half the difference of the physical duration which changes 

performance from 27% to 73%. 

 

Figure 2.5. A psychometric function (blue curve) from a representative observer. 

The PSE is extracted as the x-axis value (in this case, physical test stimulus 

duration) corresponding to 50% performance (black dashed line). The JND is 

calculated as half the duration which takes observer performance from 27% (green 

line) to 73% (blue line). These points are demarcated by the red lines. 
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As detailed above, in order to make curve fit parameter estimates as robust as 

possible the psychometric function should aim to capture the full range of 

uncertainty across observer responses. If the step size (in this example, the 

increment between test duration values) between the durations is too large, 

the sampling will not be fine enough: most of the durations that are physically 

shorter will be perceived as such and vice versa (Figure 2.6). A small number 

of data points (e.g. just two in Figure 2.6) will be the sole contributors to the 

curve fit parameters of interest, reducing their reliability.  

One way around this issue would be to use a greater number of test durations 

within the same overall range, thus allowing more points to contribute towards 

the fit of the function. However, the same effect could also be achieved more 

efficiently by using the same number of test durations but decreasing the step 

size between them.  

 

Figure 2.6. An example of a psychometric function fitted to data where the step size 
between the tested durations is too large. Only two of the seven data points (circled 

in red) provide a useful contribution to the fit, decreasing the reliability of JND 
estimates. 



68 
 

The reverse situation is also true: if the step size is too small, performance 

across the range of test durations will not differ sufficiently from chance to 

provide reliable JND and PSE estimates (Figure 2.7). In this instance, 

additional test durations could be appended at either end of the range using 

the same step size. However, a more efficient method would be to increase 

the step size between the test durations, thus ensuring a function which better 

captures observer performance.  

 

Figure 2.7. An example of a psychometric function fitted to data where the step size 
between the tested durations is too small and observer performance does not vary 
enough from chance. Only one of the seven data points (circled in red) falls outside 

the range of performance values used to extract JND (27% and 73%) meaning 
estimates will be very unreliable. 

 

The ideal psychometric function should go beyond the performance levels from 

which JND will be measured (e.g. 27% and 73%) but not reach peak 
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performance across more than one data point at either end of the function 

(Figure 2.5). In this way reliable estimates of JND and PSE can be achieved.  

In order to achieve robust estimates of JND and PSE by capturing the full 

range of the psychometric function, step size magnitude should be similar to 

the observer’s discrimination/detection threshold. As this value cannot be 

known prior to the commencement of data collection, pilot data is often 

gathered to establish rough approximations of observer sensitivity. The step 

size used in formal data collection is based on these approximations and the 

initial pilot data is typically discarded from the final data set. 

During the experiment, a number of trials will be presented at clearly 

suprathreshold levels and will therefore make little contribution to threshold 

estimates, and to reduce the influence of observer error (e.g. incorrect 

response to the stimulus) multiple responses are needed for each of the test 

durations. All of these reasons have led some to regard MOCS as inefficient 

(Watson and Fitzhugh, 1990). However, experimental trials can be gathered 

over a number of sessions, and MOCS suffers less from bias than staircase 

procedures (Simpson, 1988). 

2.2.10 Adaptation Methods 

 

Another method through which duration perception can be investigated is 

sensory adaptation. Adaptation is often related to changes in the response rate 

of sensory neurons over time given a constant stimulus (Adrian, 1928).  

Neurons selective for the stimulus (i.e. the given stimulus characteristic) show 

an initial increase in the firing rate at stimulus onset. With prolonged stimulus 
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exposure this activity is modified in some way, often a reduction in firing rate 

(a lowering of ‘response gain’ (Kohn and Movshon, 2003)) or a change in 

tuning preference (Georgeson, 2004). This adaptation is selective: neurons 

not activated by the stimulus will, post-adaptation, have relatively normal firing 

patterns. This contrast between neurons affected and unaffected by adaptation 

gives rise to ‘after-effects’: a modification of perception by recent sensory 

history.  

A well-known spatial aftereffect is the ‘tilt aftereffect’ (Gibson and Radner, 

1937) (Figure 2.8). Fixating the red spot at the centre of Figure 2.8A for 20-40 

seconds selectively stimulates only those neurons with an orientation tuning 

preference matching that of the clockwise tilted black bars. If fixation is then 

transferred to the red spot at the centre of Figure 2.8B, the physically vertical 

lines will now appear to be tilted anticlockwise.  

 

Figure 2.8. The tilt aftereffect. Fixating the red circle at the centre of (a) for 20-40 

seconds adapts the eyes to clockwise orientation. Subsequently transferring fixation 

to the red circle in (b), these physically vertical lines have the appearance of 

anticlockwise rotation. 

 

An explanation of the tilt aftereffect is given in Figure 2.9. In this example, the 

perceptual distortion is in the opposite direction to the adapting stimulus and 
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is therefore termed a ‘repulsive’ aftereffect. Aftereffects can be an effective tool 

for indirectly investigating underlying perceptual neural mechanisms. That is, 

by characterising after-effects attributable to neurons selective for a given 

stimulus feature we can draw conclusions about the properties of the neurons 

sub-serving perception. For this reason, aftereffects have been dubbed ‘the 

psychologist’s microelectrode’ (Frisby, 1979). 

 

Figure 2.9. Explanation of the tilt after-effect. (a) The vertical pre-test stimulus 

maximally stimulates cells tuned for vertical orientation but also, to a lesser degree, 

neurons tuned for similar orientations. The pooled cell activity is shown in (b): a 

symmetrical distribution centred on vertical. During adaptation to the clockwise tilted 

stimulus the cell responses adapt as shown in (c). Post adaptation, this localised 

reduction leads to a skewed distribution of responses to a vertical stimulus centred 

on an anticlockwise orientation (d) and (e). 
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In the spatial domain, aftereffects have been shown for numerous stimulus 

characteristics including spatial frequency (Blakemore and Sutton, 1969), 

retinal disparity (Mitchell and Baker, 1973), face perception (Skinner and 

Benton, 2010; Watson and Clifford, 2003) and visual motion (Wohlgemuth, 

1911; Anstis, Verstraten and Mather, 1998). 

Adaptation can also be used to generate aftereffects in the temporal domain 

as discussed in Chapter 1, Section 2.2. Repeated exposure to long/short 

duration stimuli can cause perceptual temporal contraction/expansion of a 

subsequently presented, medium duration stimulus (Heron et al., 2011).  

Adaptation paradigms can be combined with MOCS to look for duration 

induced aftereffects. As described in Section 2.2.7, an experimental trial might 

consist of an observer making a post-adaptation comparison between a 

reference stimulus and a test stimulus. The perception of the test stimulus 

might then be compared to the perception of the test stimulus after adapting to 

a different stimulus or in the absence of any adaptation. However, this 

approach assumes that only the test stimulus is affected by adaptation. If both 

stimuli were affected, then the size of any aftereffect will be artificially small. 

Figures 2.8 and 2.9 show situations where it is possible to dispense with an 

explicit reference stimulus and judge test stimuli against an implicit standard 

(perceived vertical, in this example).  

If a reference stimulus is to be used, it is therefore important to measure the 

extent to which its perception is independent of the adapting stimulus. For the 

case of duration adaptation, this can be achieved via comparing e.g. 2AFC 

visual test vs auditory reference judgments with duration reproduction methods 
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(i.e., reproducing visual test duration without any test stimulus (Heron et al 

2012)). This same study also found that duration adaptation was selective for 

the adapting modality, in keeping with other, modality-specific temporal 

distortions (Morrone, Ross and Burr, 2005; Walker and Scott, 1981), justifying 

the use of an auditory reference duration within a 2AFC audio-visual duration 

discrimination paradigm.  

Figure 2.10 is an example of a data set showing a pattern of repulsive 

aftereffects. Adapting to the ‘long’ duration causes the medium duration 

stimulus to be perceived as shorter than its physical 333ms duration. This is 

reflected by an increase in the PSE, the visual test stimulus will need to be 

presented for longer for it to feel like a perceptual match to the auditory 

reference duration. Taking the difference between the PSEs for the two 

adapting conditions gives a measure of the duration aftereffect magnitude 

(DAM). Adapting to the duration of visual stimuli with a particular spatial 

characteristic, e.g. crossed retinal disparity, allows the test duration stimulus 

to be of the same or different (e.g. uncrossed disparity) stimulus type. DAM 

measures can then be compared between the ‘adapt/test same’ and 

‘adapt/test different’ conditions. Differences in the DAM between the two 

adapt/test conditions may provide useful insights into whether duration 

information is tied to the spatial properties of a stimulus. 



74 
 

 

Figure 2.10. Example data for a single observer in a duration discrimination 

experiment. Observers adapt to either a long (666ms) or short (166ms) duration 

stimulus before making a duration discrimination judgement ‘which was longer?’ the 

duration of a 333ms auditory reference tone or a variable duration test stimulus. The 

above functions plot the proportion of ‘vision longer’ responses as a function of the 

physical test duration. Adapting to the short duration (blue curve and data) causes 

an increase in the number of ‘vision longer’ responses and a concurrent leftward 

shift of the function. The PSE was reduced to 277.48ms which indicates perceptual 

expansion of duration, the visual test stimulus duration had to be reduced for it to 

feel perceptually equivalent to the auditory reference. Adapting to the long duration 

(green curve and data) shows the opposite effect. Here the test stimulus duration 

had to be increased to 381.61ms in order to provide perceptual equivalence with the 

333ms auditory reference.  
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Chapter 3  

Calibration 

 

3.1 Introduction 

 

When measuring the relationship between physical stimulation and the 

perception of that stimulation, the experimenter’s ability to consistently and 

accurately create/present stimuli is of vital importance. This chapter will detail 

the methods used to calibrate the presentation and timing of the experimental 

stimuli used in this thesis. 

3.2 Gamma Correction 

 

Visual psychophysics experiments depend upon accurate stimulus 

presentation. Visual display units (VDUs), however, rarely produce a linear 

relationship between requested luminance and measured output luminance 

(Lu and Dosher, 2014). In fact, the default relationship is typically of power-law 

form (Figure 3.1). The impact of this non-linearity is greatest where a specific 

difference or change in luminance is required: a doubling of the luminance 

requested by the experimenter will not necessarily be matched by a doubling 

of output luminance. Consequently, this non-linearity is of particular 

importance with contrast-dependent experiments (Lu and Dosher, 2014). 
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Figure 3.1. The difference between a linear fit (red), and a curve generated by a 
power law (blue). Doubling the value of x using a power law does not double the 

value of y as it does for a linear fit. The x and y axes are arbitrary units. 

 

In order to induce a linear relationship between requested and output 

luminance, the magnitude of the non-linearity must first be quantified. This 

requires comparing the luminance values requested of the display with the 

associated output luminance, measured with a photometer. 

 A correction factor can then be computed which is applied to the requested 

luminance values. This correction establishes a linear relationship between the 

output luminance values of the display and those requested by the 

experimenter.  
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It would be computationally expensive to calculate ongoing corrected 

luminance values during an experimental session. Reading values which have 

been stored within the computer’s memory - specifically within a ‘look-up table’ 

(LUT) – is more efficient, and the same LUT can be used across all 

experiments where it is important to maintain precise control of stimulus 

luminance. 

The LUT stores the full range of luminance values and their corresponding 

corrected values which can be preloaded prior to stimulus presentation. This 

ensures that the computer can determine the corrected luminance level and 

present the stimulus at the required value. 

3.2.1 Apparatus 

 

The photometer was a Minolta Chroma Meter, model number CS-100. The 

VDUs were two Eizo Foris FG2421, 60cm LCD monitors. Resolution was set 

to 1920 x 1080 with a frame rate of 120 Hz.  

3.2.2 Method 

 

The photometer was fixed to a tripod and placed at 1.4m from the VDU in a 

dark room. The tripod was adjusted to ensure that the photometer was 

perpendicular to the VDU. The cursor was automatically placed at the centre 

of the screen and the position of the photometer adjusted such that the cursor 

was in the centre of the viewfinder. This ensured that measurements were 

taken from the centre of the screen. The cursor was removed before any 

measurements were taken. 
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Calibration was performed independently for each VDU using routines from 

the Psychtoolbox (Brainard, 1997). The luminance range of each VDU 

extended from 0 (black) to 255 (white). Nine incremental, linearly-spaced grey 

levels which sampled this range were presented by the VDU. The luminance 

of each grey level was measured with the photometer (in candelas per metre 

square; cd/m2). Two measurements of each grey level were made, and the 

mean value was used in all subsequent analysis.  

The data were fit with both a gamma function and piecewise cubic spline 

(Figure 3.2).  

 

Figure 3.2. Example plot generated by Matlab (Mathworks, USA) showing the 
Gamma model and Spline Interpolation fits from a monitor with no gamma correction 

applied. 
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Linearisation of the relationship between the specified luminance of the 

presented grey levels and their physical luminance, measured with the 

photometer, was carried out with both fitted data sets: gamma model and 

spline interpolation.  

3.2.3 Results 

 

The measured luminance of the VDU was plotted as a function of the corrected 

luminance of the nine grey levels for each type of correction. The data were 

then fit by a linear model (Figure 3.3). 

 

Figure 3.3. Plots showing the linearised photometer readings against the 
corresponding grey values for monitors 1 and 2, with gamma model or spline 

interpolation correction applied. R2 values and the equation of the line of best fit are 
shown in each case. 
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While the differences were small, the coefficient of determination was larger 

for the data fit with the gamma model (R2 = 0.9999) than spline interpolation 

(R2 = 0.9995). Comparable results were found with the second VDU (gamma 

model R2 = 0.9998; spline interpolation R2 = 0.9992). Accordingly, the 

linearized gamma model fitted data were utilised to calculate the LUT. 

Once each VDU had been calibrated independently, the linearity of the two 

VDUs was directly compared (Figures 3.4 and 3.5). Figure 3.4 illustrates that, 

following application of the gamma model correction, there is good agreement 

between the linearity of the two VDUs. 

 

Figure 3.4. Plot showing the Gamma model correction applied to each of the two 
monitors (as shown in the top two panels of Figure 3.3) superimposed on the same 

axes in order to compare linearity and peak luminance. 
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Figure 3.5. Plot showing the Spline Interpolation correction applied to each of the 
two monitors (as shown in the bottom two panels of Figure 3.3) superimposed on 

the same axes in order to compare linearity and peak luminance. 

 

The peak luminance of the two VDUs was also equated. The brightness of 

each VDU required to match the peak measured luminance was empirically 

determined (VDU 1 = 90% brightness; VDU 2 = 95% brightness).  

In sum, this process has ensured that both experimental VDUs demonstrated 

luminance linearity and were matched in terms of peak luminance. The 

resultant LUTs were utilised in all subsequent experiments.  

3.3 Oscilloscope-based Verification of Stimulus Timing 

 

To ensure that the onset/offset and duration of all stimuli were as close as 

possible to those requested, an oscilloscope was used to measure the 

relationship between the two. For example, in one of this thesis’ experiments, 

observers compare the relative durations of a retinal disparity-defined visual 
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stimulus (in this case dynamic random dot stereograms) to the duration of an 

auditory tone. While this section describes the verification of these stimuli in 

particular, the basic methodology applies to all stimuli described throughout 

this thesis.  

3.3.1 Apparatus 

 

The display screens were two Eizo FORIS FG2421, 60cm LCD monitors 

running at 1920 x 1080 resolution, a pixel size of 0.276mm and a refresh rate 

of 120Hz. Pixel size was determined using an online pixel calculator (LCD 

Tech, 2017) and verified by direct measurement of a 500 pixel sided square 

displayed on the monitor. The oscilloscope was a Picoscope 2024A (Pico 

Technology Ltd., UK) connected via USB to an HP laptop running Picoscope 

6 PC Oscilloscope version 6.11.12.1692 software. Visual signals were 

recorded via a photodiode connected to channel A of the oscilloscope, while 

channel B took input directly from the Creative Labs Sound Blaster Z computer 

soundcard. 

3.3.2 Method 

 

During the experiment, dynamic luminance noise patterns are presented 

dichoptically on separate monitors. Small spatial offsets between the relative 

lateral positions of the left and right monitor’s patterns induce retinal disparity 

and the subsequent perception of depth. As the stimulus is defined solely by 

disparity, there is no change in the average luminance across the regions 

containing the stimulus and background (Figure 3.6).  
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Figure 3.6. a) The appearance of the stimulus as viewed on a left or right monitor in 
isolation. b) Cartoon depiction of how the stimulus might appear to an observer 
under dichoptic viewing conditions. The shadow in 1b is for illustrative purposes 

only. During presentation, the stimulus is defined by retinal disparity alone without 
any luminance border. 

 

Therefore, in order to capture the presence of the stimulus via the output of 

the photodiode, the stimulus was modified to provide a consistent luminance 

change within a sub-region matching the area contributing to the photodiode’s 

output (Figure 3.7). This sub-region formed a small 30 pixels by 30 pixels 

square whose luminance polarity was inverted. The requested timing of this 

inversion was identical to the requested timing of the onset or offset of the 

instruction/removal of the retinal disparity presentation.  

 

Figure 3.7. a) The appearance of either left or right display during the interstimulus 

intervals and, b) during retinal disparity presentation. 
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For the visual signal, the photodiode was placed 2mm from the monitor’s 

screen and level with the central square. The oscilloscope was set to ±1V for 

both the audio and photodiode channels, with 1s/division on screen to display 

the traces. The two traces were separated to enable them to be visualised 

clearly. 

 

Figure 3.8. Screenshot showing the the audio (red) and visual (blue) signal traces 

with both duration signals present, for the 166ms condition. The main window is set 

to x4 magnification. 

 

The oscilloscope trace was started and a key pressed to begin the 

experimental stimulus presentation. When both the trace for the auditory and 

visual stimuli had appeared, the oscilloscope trace was paused (Figure 3.8). 

Using a suitable magnification, the cursor was held over the last peak (e.g. 

Figure 3.10) on each trace and the value recorded to the nearest millisecond. 

The cursor was then moved to the first peak on each trace and the value again 

recorded. Subtracting gives the total duration in milliseconds. Each peak of the 

visual stimulus trace represents an individual monitor refresh. With a refresh 

rate of 120Hz each refresh cycle is 8.3333ms. The number of peaks expected 
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for a particular stimulus duration can then be calculated; these were therefore 

counted from the screen and recorded. Figures 3.9 and 3.10 show the auditory 

and visual signals magnified to x20 from which it is possible to visualise the 

number of peaks per visual stimulus. 

 

Figure 3.9. Screenshot showing the audio signal at x20 magnification for the 166ms 
condition. 

 

 

Figure 3.10. The Visual signal shown at x20 magnification for the 166ms condition. 

Each of the tall peaks represents a monitor refresh. These can be counted and 

compared against the number of peaks that would be expected for a particular 

visual stimulus duration; in this case 20. 
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In total, 20 measurements were made for each of the seven different visual 

test stimulus durations deployed during the experiment. This process was 

repeated for each set of seven durations centred on three different reference 

durations: 166ms, 333ms and 666ms. The auditory tone has a fixed duration 

in each condition regardless of the duration of the visual stimulus. Initially, 20 

measurements of the 166ms auditory reference stimulus were made. 

However, as the auditory tone proved to be very consistent, the number of 

333ms and 666ms auditory reference duration measurements was reduced to 

five.  

3.3.3  Results 

 

The mean and standard deviation of these measurements were then 

compared to the duration requested by the software running the experiment. 

Plotting the measured vs requested durations allows quantification of the size 

and consistency of any errors in delivered stimulus duration. Alongside a linear 

fit to these data (Figure 3.11 a-c, red line), a line of unity (y=x) indicates perfect 

reproduction of the requested duration (Figure 3.11 a-c, blue line). Data from 

all three reference duration ranges are also shown together in Figures 3.12 

and 3.13. The linear scale axes used in Figure 3.13 indicate that the errors in 

delivered duration are more variable in absolute terms for some of the stimulus 

durations in the 166 and 333 conditions. 
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Figure 3.11. Plots showing the mean recorded durations against the requested 
durations for the visual durations in the three experimental conditions. Error bars 

show the standard deviation (SD). 



88 
 

 

Figure 3.12. Plot showing the mean recorded visual durations against the requested 
visual durations for the three experimental conditions on Log scale axes. Error bars 

show the SD. 

 

 

Figure 3.13. The mean recorded visual durations for the three experimental 

conditions on linear scale axes. Error bars show the SD and indicate that the error is 

larger in absolute terms for certain durations in the 166 and 333 conditions. 
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The mean values of the auditory tone for the three conditions are shown in 

Table 3.1. The relatively small standard deviations (SD) highlight the highly 

consistent nature of the auditory stimulus’ duration. On average, the tone has 

a shorter duration than requested and the magnitude of this error would appear 

to be inversely proportional to the requested duration. However, this may be 

due to human error in the recording. On some of the measurements, it was not 

always obvious where the stimulus’ exact start and finish points were located. 

All errors are within 5ms which was considered to be within acceptable limits.  

Table 3.1. Comparison of the requested vs measured auditory reference tone 
duration. Negative errors show the mean measured duration was shorter than the 

requested duration. 

Requested Duration (ms) Mean Measured Duration (ms) 
(SD) 

Error (ms) 

166 162.82     (0.40) -3.18 

333 331.11     (0.62) -1.89 

666 665.51     (0.63) -0.49 

 

A comparison of the requested vs mean measured visual durations is shown 

in Table 3.2. On average, measured visual duration had a consistent error, 

being shorter than requested visual duration by a value in the region of ~1 

monitor refresh cycle (~8.333ms).  
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Table 3.2. The mean measured visual durations centred on the three auditory 
reference durations: a) 166ms, b) 333ms & c) 666ms. Negative errors show that the 

mean measured visual duration was shorter than the requested duration. Also 
shown are the mean number of peaks recorded from the visual duration trace of the 
oscilloscope and the number of peaks expected for the given visual duration. The 
expected peak count is calculated by dividing the expected duration in ms by 8.33 

(the duration in ms of one monitor refresh at 120Hz). 

a) Visual test durations centred on the 166ms auditory reference duration 

Requested 
Visual 

Duration (ms) 

Mean Measured 
Visual Duration 

(ms) 
(SD) 

Error 
(ms) 

Mean number of 
peaks from 

oscilloscope (SD) 

Expected 
number of 

peaks 

100 94.45  (5.64) -5.55 12.05 (0.74) 12 
117 113.00  (10.93) -4.00 14.40 (1.36) 14 
142 135.15  (5.28) -6.85 17.10 (0.62) 17 
167 160.25  (0.70) -6.75 20.00 (0.00) 20 
200 191.55  (8.14) -8.45 23.80 (0.98) 24 
242 235.05  (8.03) -6.95 29.00 (0.95) 29 
283 274.45  (7.86) -8.55 33.70 (0.95) 34 

 Mean Error -6.73    
 

b) Visual test durations centred on the 333ms auditory reference duration 

Requested 
Visual 

Duration (ms) 

Mean Measured 
Visual Duration 

(ms) 
(SD) 

Error 
(ms) 

Mean number of 
peaks from 

oscilloscope (SD) 

Expected 
number of 

peaks 

192 185.05 (9.18) -6.95 23.10 (1.09) 23 
233 225.45 (6.19) -7.55 27.95 (0.74) 28 
275 267.65 (7.13) -7.35 33.00 (0.84) 33 
333 325.45 (0.59) -7.55 40.00 (0.00) 40 
400 392.25 (6.87) -7.75 47.95 (0.80) 48 
483 479.35 (5.09) -3.65 58.40 (0.58) 58 
575 561.55  (3.93) -13.45 68.30 (0.46) 69 

 Mean Error -7.75   

 

c) Visual test durations centred on the 666ms auditory reference duration 

Requested 
Visual 

Duration (ms) 

Mean Measured 
Visual Duration (ms) 

(SD) 

Error 
(ms) 

Mean number of 
peaks from 

oscilloscope (SD) 

Expected 
number of 

peaks 

383 376.00 (0.55) -7.00 46         (0.00) 46 
466 459.65 (0.48) -6.35 56         (0.00) 56 
558 551.55 (2.73) -6.45 67         (0.32) 67 
667 659.95 (0.50) -7.05 80         (0.00) 80 
800 793.35 (0.48) -6.65 96         (0.00) 96 
959 951.65 (0.65) -7.35 115       (0.00) 115 
1150 1143.55 (1.99) -6.45 138       (0.22) 138 

 Mean Error -6.76   
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The recordings for the visual stimuli were taken from the centre of the first and 

last peaks of the signal trace (e.g., Figure 3.10). The number of peaks that 

would be expected per stimulus trace can be calculated from the monitor 

refresh rate of 120Hz. Each monitor refresh will have a value of 1/120 seconds 

(8.33ms). If the requested duration is then divided by this value, the resultant 

value is the number of peaks that would be expected in the trace. Given that 

there is good agreement between the number of peaks expected and 

recorded, but a discrepancy in the recorded duration by the value of 

approximately one refresh cycle, it is possible that the measurements should 

perhaps have been taken from the immediate onset and final offset of the 

signal. Were these measurements to be repeated it would perhaps be prudent, 

to use a voltage trigger to record the duration as being any period where this 

threshold value was exceeded, thus removing any errors associated with 

visual inspection of the trace. 

3.3.4  Discussion 

 

Whilst there is certainly some variation in the measured visual durations this is 

unlikely to be solely attributable to variation in the visual inspection strategy 

alone. The SD of the mean delivered duration is a constant multiple of the SD 

of the counted number of peaks. The consistency of this relationship confirms 

that the variability of measured duration is explained by variability on the 

number of monitor refreshes per stimulus, rather than human error in the 

measurements. However, the measured error in the average delivered 

duration could be human recording error because the expected number of 

peaks matches, on average, the number of delivered peaks. Thus, it is likely 
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that, the average delivered duration was in fact accurate. Harder to explain is 

the aforementioned variability around this average value. This could have 

arisen from rounding errors causing ±1 variability in delivered frames per 

stimulus. However, this does not fit with the fact that (a) the variability in 

delivered duration was, for some conditions, greater than ±1, (b) this variability 

appears to be inversely proportional to requested duration, and (c) the 

variability is lowest at the centre of each duration range.  

There are well documented (Psychtoolbox, 2017a; Psychtoolbox, 2017b) 

timing issues that arise using ‘Psychtoolbox’ (PTB) Matlab routines (Brainard, 

1997) in combination with Windows operating systems to draw and present 

stimuli. However, whilst the software/hardware combination may offer a 

plausible explanation, the lack of any consistency in the error (as detailed 

above) was such that it was deemed prudent to revisit the program used for 

stimulus generation.  

During the presentation of the stimulus, or in the inter-stimulus interval, the 

stereogram is given its dynamic nature by updating pixel luminance (Figure 

3.6) at a regular interval or ‘lifetime’, set to 5 monitor refreshes (41.67ms), or 

24Hz. For example, during the presentation of a 333ms duration stimulus, pixel 

luminance will be updated 8 times (333/41.67). The central durations in the 3 

ranges (166ms, 333ms, 666ms – see Table 3.2) are each composed of a 

whole number of lifetimes; 4, 8 and 16 respectively. In the program code this 

is expressed as a vector of lifetimes, e.g. a stimulus presentation of 166ms is 

broken down into [5 5 5 5], with each value in the vector representing 5 frames 

or 1 lifetime. However, durations away from the centre of the range may not 

always be divisible by a whole number of lifetimes. For example, a stimulus of 
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275ms requires 6.6 lifetimes (275/41.76), equivalent to a presentation of 33 

frames (33*8.33, assuming a 120Hz frame rate). In such cases the maximum 

number of whole lifetimes in the required duration is calculated (in this case 6) 

giving the lifetime vector [5 5 5 5 5 5] or 30 frames. Ideally, the residual 3 

frames required to reach the total duration are then randomly assigned across 

the vector, e.g. [6 5 6 6 5 5], 33 frames. However, the sampling method used 

to assign the residual frames across the vector led to a cumulative type error. 

The effect of this was such that, with equal probability, too many or too few 

frames might be shown on any given stimulus presentation. This error 

disappears where there are no residual frames to assign (centre of the duration 

ranges) and is worse for shorter durations where the lifetime vector is smaller 

and the maximum of 4 extra frames must be allocated across lifetime (e.g. a 

stimulus duration of 117ms, Table 3.2a). The error is diminished at longer 

durations where the lifetime vector contains more values thereby reducing the 

error due to the sampling process. This predicted pattern of errors is consistent 

with the distribution of stimulus duration variability observed in Figure 3.12. 

In the context of duration discrimination judgments, the increased ‘scatter’ in 

shorter durations may have contributed to the shape of the psychometric 

functions (Figure 3.14) because perceptual uncertainty about physical stimulus 

duration is conflated with a small degree of trial-to-trial physical variation in 

stimulus duration. This horizontal jitter in the psychometric function’s x-axis 

(physical test duration), will have led to corresponding vertical scatter (variable 

perceptual uncertainty) and thus some shallowing or steepening of the 

function’s slope and subsequent JND elevation or depression respectively. 
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The point of subjective equality (PSE) however, should remain unaffected as 

this scatter was symmetrical around the centre of the test range.  

This has implications for Weber-type comparisons of sensitivity as a function 

of duration. Specifically, there may be some potential inflation of thresholds at 

shorter base durations (e.g. physical test duration was more variable when 

centred on 166ms compared to 666ms).  

 

Figure 3.14. A representative psychometric function (black curve) for the 166ms 
reference duration condition. Dashed black lines show the values used to calculate 
JND from the representative function, while the solid red line highlights PSE. The 

light-blue area illustrates the possible bounds for the function fit due to vertical 
scatter induced by the physical variation in stimulus duration. Although this variation 

leaves PSE unchanged, there is potential to affect the corresponding range from 
which JND could be calculated as illustrated by the pink areas. 

 

In order to eliminate this source of error there are several approaches that 

could be taken. Firstly, random assignment of the residual frames across the 

vector. However, in the worst-case scenario a lifetime vector may have one 
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value of 9 frames – a temporal frequency drop from 24 - 13.33Hz, which may 

be supra-threshold. Better perhaps, would be to ensure that if a value in the 

vector had already been incremented, then it cannot be raised again unless it 

is unavoidable to do so. This however does not wholly address the temporal 

frequency issue: e.g. a 117ms stimulus will be presented with a pixel 

luminance update temporal frequency of 17.14Hz compared to the 24Hz 

presentation of the 166ms stimulus, despite an even distribution of residual 

frames across lifetimes in the former. It does however, avoid relatively large 

temporal frequency ‘troughs’ and therefore less likelihood of any temporal 

frequency jitter being supra-threshold.  

An alternative solution would be to decrease the number of frames per lifetime 

(i.e. update the stimulus more frequently). If, for example, pixel luminance was 

updated on every frame, the lifetime vector would consist entirely of ones, 

preventing the ‘residual frames’ issue for any stimulus presentation duration. 

For example, a stimulus duration of 117ms would form a vector consisting of 

14 ones, representing the 14 monitor refreshes of 8.33ms making up the total 

duration. The potential drawback of this method is the increase in temporal 

frequency to 120Hz. At such a high temporal frequency, the perceived contrast 

of the stimulus will be reduced which may impact on stimulus visibility.  

In summary, delivered durations were, on average, accurate and the veracity 

of the delivered stimulus timing was deemed to be within acceptable limits for 

gathering experimental data. However, to limit variation in experimental timing, 

it was decided that future experiments would distribute the residual frames 

evenly across the lifetime vectors. This will ensure accurate timing with the 

minimum variation in temporal frequency.  
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Chapter 4 

Curve fitting and Statistical Analysis 
 

4.1 Curve Fitting 

 

4.1.1 Introduction 

 

Once a data set has been plotted the experimenter will typically fit a curve of 

some kind which allows ‘interpolation’ across the range of gathered data 

and/or ‘extrapolation’ outside this range. It can also allow estimates of other 

parameters relevant to the data set. To find the relationship that best describes 

the data, a line/curve can be plotted in such a way that the vertical distance of 

the data points from this line (called the ‘error’) is minimised. In its simplest 

iteration this may take the form of a linear ‘line of best fit’ (Figure 4.1).  

 

Figure 4.1. a). A line of best fit (blue line) has been plotted such that the total 
vertical distance between the data points and the line (red arrows), called the error, 
is minimised. Points that fall below the line will have a negative error value but will 

still contribute to the total error. b). In order to keep all the error values positive, they 
are squared, and it is the sum of the total squared error which gives the method of 

‘least squared error’ (LSE) its nomenclature. 
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If we consider a duration discrimination task of the type described in Chapter 

2, Sections 2.2.3 and 2.2.7, it is neither practical nor desirable to present 

millisecond increments in test or reference duration. We therefore need to be 

able to make statements about perceptual parameters such as PSE and JND 

without presenting the physical value(s) that produce (on average) precisely 

50% performance. Making these statements requires the extraction of ‘curve 

fit parameters’ from a curve fitted to the data which is the ‘least worst’ fit 

possible, given the distribution of the data points.  

By ‘least worst’ we mean the curve which minimises the curve fit’s error. For 

traditional linear regression, this can be thought of as the smallest possible 

aggregate distance between the all data points and the curves shape/position. 

4.1.2 Maximum Likelihood Estimation (MLE) 

 

While LSE may be useful to describe the observed data, it is not generally 

seen as a way of obtaining parameter estimates as there is an alternative 

method which is superior with regard to consistency, efficiency and 

parameterisation invariance (Myung, 2003). The alternative (deployed 

throughout this thesis) is a curve fitting technique known as ‘Maximum 

Likelihood Estimation’ (MLE). Here, the metrics (i.e., curve fit parameters) 

most likely to have produced the observed (perceptual) data are identified. 

‘Likelihood’ is related to - but not interchangeable with – ‘probability’.  

Calculating probability relies on having prior knowledge of certain parameters, 

and from these making predictions about outcomes. For example, the 

parameter for whether a toss of an unbiased coin will land on heads or tails is 

0.5. Knowing this value allows predictions to be made about the outcome of 
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multiple coin tosses which can be shown in a probability density function (PDF) 

(Figure 4.2a). The PDF can be denoted as 𝑓(𝑦|𝛼), which is the probability of 

observing the data 𝑦 knowing the parameter α. This PDF will be centred on 

the parameter value (0.5, in this case). For 10 coin tosses of the unbiased coin, 

the highest probability is that there will be an even amount of trials where the 

coin lands on heads or tails. However, it is worth noting that the probability of 

half the coin tosses being heads is not 0.5 as might be expected. All possible 

combinations of heads (H) or tails (T) must be taken into account. In this case 

each coin toss can have one of two outcomes and there are 10 trials; the total 

number of possible combinations is 210 = 1024. The number of trials where H 

= 5 is given using the binomial coefficient: 
10!

5!5!
 = 252. The total probability of 

getting exactly 5 heads (out of 10 coin tosses) is then 
252

1024
 = 0.246. If the coin 

is biased, the parameter value will change and there will be a corresponding 

shift in the PDF’s lateral position so as to centre it on the new (biased) 

probability value (Figure 4.2b).  
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Figure 4.2. a) The probability density function for 10 tosses of an unbiased coin. 
The most likely outcome is for there to be an equal number of heads or tails; 

however, the probability of this occurrence is not 0.5 as might be expected but 0.246 
due to the total number of possible combinations. b) The probability density function 
for 10 tosses of a biased coin with a probability of 0.7 to land on heads. The function 

has now shifted laterally to reflect the most likely outcome. 
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When analysing experimental data, the outcome (data) is already known and 

we seek the parameter(s) most likely (i.e. the likelihood: L) to have given rise 

to the data. This is the inverse of the probability function 𝑓(𝑦|𝛼). In other words, 

what is the parameter (α) most likely to have given rise to the observed data 

(𝑦) (Myung, 2003): 

 𝐿(𝛼|𝑦) (4.1) 

The likelihood function (Equation 4.1) is related to the probability of observing 

data on each individual trial in the following way: 

 
𝐿(𝛼|𝑦) = ∏ 𝑝(𝑦𝑘|𝛼)

𝑁

𝑘=1

 (4.2) 

Here α is the parameter of interest, 𝑝(𝑦𝑘|𝛼) is the probability of observing 

outcome 𝑦 on trial 𝑘 given the parameter value 𝛼, and 𝑁 is the total number of 

trials (Kingdom and Prins, 2010). The ∏  indicates that it is the product of the 

values that is required, as to calculate the probability of multiple events 

occurring, the individual probabilities of those events are multiplied together. 

In terms of the coin toss experiment, suppose the data for 10 tosses gave 7H 

and 3T, α in this case corresponds to the probability of the coin being heads 

on any given toss. A range of candidate α values between 0 and 1 can be 

‘plugged in’ to the likelihood function. Each of these α values will produce its 

own L value, which together form a distribution (Figure 4.3). From this 

distribution the value of α which gives the largest L value can be extracted and 

is termed the ‘maximum likelihood’. In this case, perhaps unsurprisingly, the 

value of α which gives the maximum likelihood is 0.7.  
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Figure 4.3. Likelihood function for 10 coin tosses with H=7 & T=3. The maximum 

likelihood (largest value on the y axis) corresponds to a parameter value of 0.7. This 

is the value that is most likely to describe the probability of the coin showing heads 

on any individual trial based on the observed results of the 10 coin tosses. 

 

Typically, in a psychophysical data set there might be two parameters of 

greatest interest; the slope and the midpoint of the psychometric function, from 

which JND and PSE can be extracted. The likelihood function must be adapted 

to account for this (Equation 4.3): 

 𝐿(𝛼, 𝛽|𝑦) = ∏ 𝑝(𝑦𝑘|𝑥𝑘; 𝛼, 𝛽)

𝑁

𝑘=1

 (4.3) 
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Here, the likelihood of parameters α (e.g. midpoint) and β (e.g. slope) having 

a given value - given the observed data 𝑦 - is estimated via 𝑝(𝑦𝑘|𝑥𝑘; 𝛼, 𝛽), 

which is the probability of observing response 𝑦 on trial 𝑘, given stimulus 

parameter 𝑥𝑘 with assumed values for α and β. Software iteratively works 

through a large number of candidate values of α and β to find those that 

maximise the likelihood function. 

4.1.2.1 Working Example 

 

Once experimental data has been collected the data points can be fitted with 

a logistic psychometric function. MLE allows us to determine which of the 

potentially infinite number of curves is consistent with the most credible (in 

terms of likelihood) α and β values, given the observed data set. 

Consider the following experiment: a duration discrimination task (as described 

in Chapter 2, Sections 2.2.3 and 2.2.7) where each test duration is presented 

30 times. The number of times an observer judged the visual stimulus to be 

longer than the auditory one is recorded for each of the test durations and is 

subsequently plotted as a proportion. (Table 4.1 Figure 4.4).  
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Table 4.1. Example duration discrimination data. 

Test Duration (ms) 

Number of times (from 30 
repetitions) test duration 

judged longer than 
reference 

Proportion test duration 
judged longer than 

reference 

192 1 0.033 

233 4 0.133 

275 10 0.333 

333 19 0.633 

400 26 0.867 

483 28 0.933 

575 29 0.967 

 

 

Figure 4.4 The ‘proportion longer’ responses from Table 4.1 plotted as a function of 
test duration. 
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A Logistic function can be fitted to the data using Equation 4.4:  

 𝐹𝐿(𝑥; 𝛼, 𝛽) =  
1

1 +  𝑒−𝛽(𝑥−𝛼)
 (4.4) 

Where, in this example, 𝑥 is the test duration value, α represents the Point of 

Subjective Equality (PSE) (the test duration that produces 0.5 proportion 

longer/shorter responses) and β is the slope of the function, from which JND 

can be extracted. Figure 4.5 shows the effect of varying one of these values 

while keeping the other constant. 

 

Figure 4.5. a) The midpoint of the function (α) has changed while the slope (β) 
remains constant. b) The slope is altered while the midpoint remains constant. 

 

Clearly, none of the functions shown in Figure 4.5 provide a particularly good 

fit for the data, however some are worse than others. Using the likelihood 

function, we can determine which of the fits is the least worst.  

The proportion of times an observer responded ‘test longer’ (Table 4.1) can 

also be expressed as a probability of responding ‘test longer’. In Figure 4.4 

there are seven of these proportion values, one for each test duration. Were a 

curve fitted to Figure 4.4’s data, this curve would provide probability values for 

every possible test duration value. The same applies to the candidate curves 



105 
 

in Figure 4.5: we can find the corresponding probability of a ‘longer’ response 

(i.e. the curve’s y axis vertical position for a given x value) for each of the 

functions, as shown in Table 4.2.  

Table 4.2. For each of the functions in Figure 4.5, the probability of an observer 
responding that the visual stimulus appeared longer at each of the test durations is 

shown. 

 Probability of a visual stimulus longer response 

Test Duration Function i Function ii Function iii Function iv 

192 0.1200 0.0174 0.1652 0.0377 

233 0.2674 0.0453 0.2680 0.1182 

275 0.5000 0.1151 0.4073 0.3208 

333 0.8009 0.3434 0.6213 0.7291 

400 0.9526 0.7231 0.8176 0.9526 

483 0.9933 0.9504 0.9396 0.9959 

575 0.9993 0.9943 0.9841 0.9997 

 

The next step in calculating a likelihood value for each of Figure 4.5’s functions 

is to calculate the total probability of the observer’s recorded data associated 

with each candidate psychometric function. For each test duration there are 30 

responses in total. The probability of an observer responding in the way that 

was recorded experimentally for each test duration is therefore the product of 

30 probability values. For example, for the test duration of 233ms the observer 

responded 4 times that the visual stimulus had the longer duration. The 

probability of observing a longer response at this duration according to 

Function i (Figure 4.5) is 0.2674 (see Table 4.2). As there are only two possible 

responses that an observer can make on each trial, the probability of 

responding that the test stimulus is shorter for this function must be: 

p(shorter response) = 1 – (p(longer response)) = 1 – 0.2674 = 0.7326 
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For this observer there are 4 ‘longer’ responses and 26 ‘shorter’ responses. 

The total probability can therefore be expressed as:  

0.26744 x 0.732626 = 1.567x10-6 

For each of the seven test durations, the probability of the empirically observed 

responses is calculated in the same fashion. The product of all seven 

probabilities (one corresponding to each data point) then gives the likelihood 

value for the function. For function i in Figure 4.5, this value is 4.8467x10-41. 

The function that provides the highest likelihood value is considered to provide 

the best fit for the observed data.  

As shown above, the calculated probabilities provide very small values for the 

likelihood and this will become smaller as the number of repetitions of an 

experiment increases. In fact, it may be the case that even for software such 

as MATLAB (Mathworks, USA), the numbers become so small that they can 

only be expressed as 0 (Kingdom and Prins, 2010). For this reason, the 

calculations are usually performed on log transformed probabilities using the 

following (Equation 4.5): 

 𝐿𝐿(𝛼, 𝛽|𝑦) =  ∑ log𝑒

𝑁

𝑘=1

𝑝(𝑦𝑘|𝑥𝑘; 𝛼, 𝛽) (4.5) 

Where 𝐿𝐿(𝛼, 𝛽|𝑦) is the ‘log likelihood’ and the probability is defined as per the 

likelihood equation (3.3) above (Kingdom and Prins, 2010). As log transforms 

of the probability values are now used, we sum these values rather than taking 

their product.  
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Table 4.3. The Likelihood and Log Likelihood values for all of the functions shown in 
Figure 4.5. 

Function i ii iii iv 

Likelihood 4.8467x10-41 2.5434x10-41 4.9867x10-37 3.667x10-39 

Log Likelihood -92.8277 -93.4725 -83.5889 -88.4987 

 

Using this equation, the function from Figure 4.5 that has the highest log 

likelihood value, and therefore the best/least-worst fit is Function iii  

(LL = -83.5889). The likelihood and log likelihood values for the functions in 

Figure 4.5 are shown in Table 4.3. It is perhaps more easily appreciated that 

the likelihood values of functions i and ii are lower than those of functions iii 

and iv, as neither function is particularly close to any of the data points. The 

further a data point lies from the function, the lower the probability value 

associated with that point. For example, if we take the 233ms data point (for 

which the probability was calculated as per function i in the example above) 

the probability associated with function iv (Figure 4.5b, yellow curve) is 

calculated as follows: 

p(longer response) = 0.1182 p(shorter response) = 1 - 0.1182 = 0.8818 

Total probability233ms = 0.11824 x 0.881826 = 7.4147x10-6 

Although the probability of a longer response is lower, the paucity of such 

responses at this short stimulus duration means that the correspondingly 

greater value of probability for a short response increases the total probability 

(note that the ‘4’ and ‘26’ values do not change as these are derived from the 

empirical data for that (233ms) condition, only the curve-specific (i.e. 

parameter-specific) probabilities change). If this situation is also true for the 

curve’s relationship with all data points, then curve iii’s probabilities (and 
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therefore the associated overall likelihood value) will be greater than other 

candidate curves.  

In fact, all the likelihood values for all four candidate functions in Figure 4.5 are 

unacceptably low, necessitating the need to use a range of alternative 

parameter values until the optimal combination of α and β is found: in this 

example α = 318.1, β = 51.86 (Figure 4.6). 

 

Figure 4.6. The best fitting curve fitted to the data points in Figure 4.4 using the 
logistic function (Equation 4.4) and MLE. 

 

There are a number of sigmoidal functions that can be used to fit curves to 

experimental psychophysical data such as the Weibull, cumulative Gaussian 

logistic and Gumbel (Wichmann and Hill, 2001). The functions all provide a 

sigmoidal curve and, for use in psychophysics, there is very little to choose 
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between them. That is, if one of the functions provides a good fit to the data, 

they all will (Wichmann and Hill, 2001).  

4.2 Statistical Analysis via Bootstrapping and Permutation Testing 

4.2.1 Introduction 

 

Curve fit parameters of interest such as PSE and JND are estimates based on 

a limited set of observer responses. Whilst an observer’s ‘true’ PSE and JND 

remain unknowable, we seek estimates that are subject to as little error as 

possible.  

Each time the same observer repeats the same experiment, cortical noise 

produces variation in the results and therefore the error associated with the 

parameter we are attempting to measure. Bootstrapping is a method which 

attempts to quantify this error, allowing statements to be made about the 

likelihood of differences in the parameter estimates arising via experimental 

manipulations, or whether they are simply due to chance (Kingdom and Prins, 

2010). 

One way to minimise the error is to use very large numbers of observations for 

each experimental condition. This increases the probability of any one data 

point approaching its ‘true’ value, thereby increasing the accuracy of the 

associated curve fit parameters (see Chapter 4, Section 1). In practice 

however, gathering a very large number of observations is often impractical. 

In this situation, bootstrapping can be used to simulate multiple iterations of 

the experiment. Parameter estimates can be taken from each of these 

iterations and collated to provide a frequency distribution, allowing 



110 
 

visualisation of the spread of data across these simulated parameter 

estimates. 

4.2.2 Sampling with Replacement 

 

The following examples are taken from an experiment in which the observers’ 

task was to make a two alternative forced choice (2AFC) duration 

discrimination judgment between a fixed duration auditory reference stimulus 

and a variable duration visual test stimulus. In total, each visual test duration 

was presented 30 times. Table 4.4 shows the hypothetical data from a duration 

discrimination experiment identical to that described in the previous section. 

Here, one observer judges the duration of the visual test stimulus when it is 

presented with either crossed or uncrossed retinal disparity.  
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Table 4.4. Data from one observer showing the number of times the visual test 
stimulus was perceived as longer than the auditory and this value as a proportion of 

the total number of presentations (i.e., 30 ‘Repetitions’). Data are shown for 
judgments made when the test stimulus was presented with (a) crossed and (b) 

uncrossed retinal disparity. 

a) 

Visual Stimulus 
Duration (ms) 

Repetitions 
Number seen as 

longer 
Proportion seen as 

longer 

191 30 0  0.000 
233 30 0  0.000 
275 30 1  0.033 
333 30 4  0.133 
400 30 18  0.600 
483 30 29  0.967 
575 30 30  1.000 

 

b) 

Visual Stimulus 
Duration (ms) 

Repetitions 
Number seen as 

longer 
Proportion seen as 

longer 

191 30 1  0.033 
233 30 4  0.133 
275 30 10  0.300 
333 30 15  0.500 
400 30 15  0.500 
483 30 22  0.733 
575 30 26  0.867 

 

For each visual test duration, the proportion of times that an observer reported 

the visual stimulus to have a longer duration than the auditory stimulus is 

plotted against visual test duration (Figure 4.7). A curve can then be fitted to 

the data points using a logistic fit as shown in Figure 4.8. 
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Figure 4.7. Table 4.4’s data plotted as psychometric functions when the visual 
stimulus contained a) 24 minutes of crossed disparity, or b) 15 minutes of 
uncrossed disparity. 

 

 

Figure 4.8. The plotted data points from Figure 4.7 fitted with a logistic 
function. 

 

Each of the ‘proportion longer’ values in the rightmost columns of Tables 4.4a 

and 4.4b can be expressed as a trial-by-trial sequence of decisions: ‘longer’ = 

1, ‘shorter’ = 0. For example, when the visual duration is 400ms the proportion 

longer value of 0.6 (Table 4.4a) could be expressed as follows: 

[0 1 1 0 1 1 1 0 0 1 1 0 1 0 1 1 1 0 0 1 0 0 1 1 1 0 1 1 0 1]  

Summing these values then dividing by the total number of values (i.e. the 

sequence mean) gives a value of 0.6.  
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A bootstrapping technique might then use a process of sampling with 

replacement to generate a new sequence with a new mean value. Specifically, 

a random value from the original sample forms the first value in the new 

resampled data set. Crucially, this value is now replaced into the original data 

set before another value is drawn and recorded. This process continues until 

a new (resampled) set is created of the same size as the original sample 

(Moore et al., 2008). Because each value is replaced before the next is drawn, 

any of the original sample’s values may reappear multiple times within the new 

resampled data set, or not at all. This process may produce a different mean 

value to that of the original sample. 

Resampling with replacement might generate the following sequence: 

[0 0 0 1 1 0 0 0 0 1 0 1 1 1 0 1 0 1 0 1 1 1 0 1 1 0 1 0 0 1] 

The mean value of this resampled sequence is 0.5 which would now form the 

new (resampled) ‘proportion longer’ value for the 400ms visual duration 

condition.  

Repeating this resampling process for the proportion ‘visual stimulus longer’ 

values corresponding to each of the test durations (Table 4.4a) generates a 

new set of data points to which a new psychometric function can be fitted. The 

curve fit parameters (e.g. PSE and/or JND) can be taken from the new function 

and stored. This process forms the first iteration of the bootstrap procedure 

which is repeated many times.  

The aggregated curve fit parameters from each bootstrap iteration can then be 

visualised via histograms termed ‘bootstrap distributions’ (Figure 4.9). Random 

variation in each of the resampled ‘proportion vision longer’ values gives rise 
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to unique psychometric functions and their resultant curve fit parameter 

estimates. It is therefore likely that if the bootstrapping process was carried out 

a second time, slightly different shaped bootstrapped distributions would be 

obtained (Figure 4.10).  

 

Figure 4.9. Bootstrap distributions (comprising 1000 bootstrap iterations) for 
a) the bootstrapped PSE values and b) the bootstrapped JND values for the 

24’ crossed disparity condition. 
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Figure 4.10. Bootstrap distributions showing a) & c) the original PSE and JND 

histograms from Figure 4.9, and b) & d) PSE and JND histograms generated from a 

separate set of 1000 bootstrap iterations using the same original experimental data. 

While there are slight differences in the overall shape of the histograms (cf. (a) vs 

(b) and (c) vs (d)), the confidence intervals (CI) are very similar. 



116 
 

Using the data generated during bootstrapping, we can calculate the standard 

deviation (SD) of the (resampled) bootstrapped distribution, which is the 

standard error (SE). In addition, these distributions also allow us to extract 

‘confidence intervals’ (CIs) which quantify the degree of uncertainty inherent 

in our attempt to estimate the observer’s ‘true’ JND, given the sample data 

available (i.e. our experimentally observed data).  

For example, arranging our 1000 bootstrapped JND estimates in ascending 

order then extracting the 25th and 976th value allows us to state the 95% CIs 

for the JND. This allows us to make statements such as ‘we can be 95% 

confident that the true threshold value for this observer lies within the range ‘a 

± b’ where ‘a’ is the JND estimate (via the MLE curve fitting procedure 

described in the previous section) from the empirical data and ‘±b’ is the upper 

and lower limits of the bootstrapped confidence interval. CIs can then be used 

as error bars when comparing the statistical significance of differences 

between experimental conditions (e.g. Figure 4.11).  

Table 4.5. A comparison of the PSE and JND standard error, and 95% confidence 
intervals for the two sets of bootstrapping procedures (1000 iterations each) carried 

out on the 24’ data using an auditory reference duration of 333ms as per the 
histograms in Figure 4.10. Although the histograms have slightly different shapes, 
the overall values of the SE and the CIs remain similar. This implies that the error 

associated with the parameters of interest is based on a sufficient number of 
bootstrap iterations. 

24’ Crossed Disparity Figure 4.10 a & c Figure 4.10 b & d 

PSE Standard Error (ms) 8.16 8.13 

JND Standard Error (ms) 4.52 4.51 

PSE 95% Confidence Interval (ms) 370.80 – 402.34 370.67 – 401.94 

JND 95% Confidence Interval (ms) 18.57 – 36.74 19.86 – 36.06 
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Figure 4.11. Bar plot showing the experimentally estimated measures of duration 
discrimination JND for the 6’ uncrossed and 24’ crossed disparity conditions from 

Figure 4.8. The error bars represent the 95% bootstrap CIs. 

 

Despite the differences in the shape of the histograms in Figure 4.10, there is 

very little overall difference between the two sets of SEs and CIs (Table 4.5). 

This consistency is a feature of the number of bootstrap iterations that are 

performed on the data. As the amount of iterations is increased, the bootstrap 

distribution begins to converge on its ‘true‘ shape and, as is illustrated in Table 

4.6, the variability (SD) across the output of multiple bootstrap procedures of 

the distribution’s SEs and CIs decreases.  
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Comparing the SD values for the SEs across the runs of 1000 and 10000 

bootstrap iterations, there is an order of magnitude difference. However, at 

1000 bootstraps, the SD is already at a sub-millisecond level. This level of 

variability in bootstrapped measures of error is of limited concern.  

Table 4.6. The standard error (SE) of the bootstrapped PSE distributions (e.g. 
Figure 4.10a) from five different bootstrap distributions run on the same set of data 
with 10, 100, 1000 and 10000 bootstrap iterations. Looking across each row shows 
the variation in the SE and 95% CIs for the number of iterations given in column 1. 

The SD of these values is given in the final column. It should be noted that as 
calculating the CIs relies on arranging the values in ascending order and taking the 

value corresponding to the 2.5 and 97.5 percentiles, the CIs for 10 and 100 
bootstrap iterations are approximate. For example, the 2.5 percentile for 10 

bootstrap iterations would be the 0.25th value which does not exist; in this case the 
first value in the sequence is used. (Values displayed are all in ms). 

Bootstrap 
Iterations 

Bootstrap 
Distribution 

1 

Bootstrap 
Distribution 

2 

Bootstrap 
Distribution 

3 

Bootstrap 
Distribution 

4 

Bootstrap 
Distribution 

5 
SD 

10       
PSE SE 10.03 9.18 10.72 6.88 7.5 1.46 

PSE 95% CI 
367.64-
401.48 

367.25 – 
397.01 

374.35 – 
405.33 

377.33 – 
399.40 

375.55 – 
400.54 

4.55 

100       
PSE SE 8.1 7.52 8.7 8.43 9.24 0.58 

PSE 95% CI 
370.4 – 
401.83 

373.01 – 
402.9 

370.04 – 
401.77 

371.31 – 
401.94 

367.54 – 
402.69 

1.81 

1000       
PSE SE 8.45 8.24 8.63 8.05 8.25 0.2 

PSE 95% CI 
372.15 – 
402.59 

371.74 – 
402.34 

369.9 – 
403.65 

371.17 – 
402.49 

371.96 – 
403.02 

1.2 

10000       
PSE SE 8.26 8.25 8.25 8.25 8.2 0.02 

PSE 95% CI 
371.03 – 
403.34 

370.87 – 
403.39 

370.98 – 
403.87 

370.97 – 
403.02 

370.89 – 
402.97 

0.31 

 

 

4.2.3 Bootstrapping Binary Data 

 

The above discussion provides a description of typical bootstrapping methods 

used when the sampled data forms a continuous variable. However, when the 

data is binary in nature (as per many psychophysical judgments), a more 

appropriate method of generating resampled values is to employ binomial 

distributions instead of sampling with replacement. A binomial distribution is a 
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type of probability distribution which can be used for experiments with a fixed 

number of trials, the result of each trial being limited to two mutually exclusive 

outcomes (binary data) and the outcomes of each trial independent of each 

other (Howell, 2012). 

Taking the example of our duration discrimination experiment, the Matlab 

(Mathworks, USA) function binornd can be used to randomly sample from a 

binomial distribution whose parameters are determined by the total number of 

presentations per test duration and the proportion of times that test duration 

was reported to be perceived as longer than the reference duration. The 

binomial distributions for the 6’ uncrossed disparity condition (Table 4.4b, 

Figure 4.7b) are shown in Figure 4.12. Only six curves are visible since two 

different stimulus durations happened to produce the same proportion of 

‘visual stimulus longer’ responses (Table 4.4b), thus causing them to 

superimpose. 
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Figure 4.12. Binomial distributions for 6’ uncrossed disparity. The probability of a 
given response (visual test or auditory reference duration being perceived as having 

the longer duration) is plotted as function of the total number of ‘vision longer’ 
responses out of a maximum of 30 (the total number of times each visual test 

duration was presented). The lateral position of each distribution coincides with the 
observer’s actual number of ‘vision longer’ responses for a given visual test duration 

(see Table 4.4b). Only 6 distributions are visible as the number of vision longer 
responses for both the 333ms and 400ms conditions were, in this case, identical 

causing their two corresponding binomial distributions to superimpose. 

 

As binomial distributions are a form of continuous probability distribution, the 

area under the all curves must equal 1. To preserve this relationship, the 

binomial distributions therefore become wider as an observer’s decisional 

uncertainty increases towards its maxima (chance performance level, in this 

case, 15 responses out of 30) where the probability of a given response type 

approaches 0.50. Conversely, these distributions narrow towards either end of 

the x-axis where observer uncertainty is minimal and therefore, the probability 

of a given response type approaches 1.  
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It is also worth noting the effect of increasing experimental repetitions on the 

binomial distributions. As the amount of repetitions is increased the more 

certain it becomes that we are approaching an observer’s ‘true’ value for that 

condition. To look at this effect, the data from 30 repetitions was scaled up to 

simulate 300 repetitions with the proportion values kept constant (Figure 4.13). 

Two things are evident: the peaks of the distributions are much lower and 

proportionally the distributions are narrower. The peaks are lower as the area 

under the curves must remain equal to 1, despite the large magnitude values 

on the x axis.  

 

Figure 4.13. Binomial distributions based on the proportion values from the 6’ 
uncrossed disparity data (Table 4.4b) scaled up to represent 300 experimental 

repetitions. The peaks of the distributions are notably lower than those in Figure 
4.12 as the area under each of the curves must still be equal to 1. 
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A comparison of the width of the curves is shown in Figure 4.14. Here the x 

axis has been changed to represent the width of the distributions as 

proportions of the x axes on their original plots. The lower peaks (representing 

300 repetitions) show that as the repetitions are increased the width of the 

distributions decreases, reflecting an increased probability in the observer’s 

responses being representative of their true value.  

 

 

Figure 4.14. The effect on the spread of the binomial distributions with 
increasing experimental repetitions (30, higher peak height; 300, lower peak 

height). The distributions are shown for illustrative purposes only to 
differentiate between the 30 and 300 repetitions, it is the width of the 

distributions on the x axis which shows that, as the amount of repetitions 
increases, the proportional width of the binomial distributions decreases. 
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The binornd function uses the number of ‘vision longer’ responses (out of 30) 

to generate these distributions which, for the 6’ uncrossed disparity condition 

(Table 4.4b), are as follows: 

[1  4  9  15  15  22  26]  

When this data set is passed to the binornd function, it randomly selects a 

point anywhere under each of the binomial functions corresponding to each 

data point (Figure 4.12) and reads off the corresponding x axis (‘vision longer’) 

value. The narrower the binomial distribution, the smaller the range of possible 

x values that might be generated. This process generates a new (resampled) 

set of data. For example: 

[2  3  9  19  15  23  28] 

The degree to which these values will differ from one bootstrapping iteration to 

the next will be in proportion to the width of the underlying binomial 

distributions. As discussed above, this width is governed by (1) the uncertainty 

in the observer’s response (how close to chance performance) and, (2) the 

total number of repetitions per condition. A reduction in binomial distribution 

width via either route will therefore reduce the range of possible number of 

‘vision longer’ values returned by the binornd function and subsequently the 

variation in the resampled psychometric function and the corresponding curve 

fit parameters (e.g. PSE or JND). This in turn reduces the width of the 

bootstrapped distribution of these resampled curve fit parameters (e.g. Figure 

4.9) and measures of variance derived from it.  
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The bootstrap distribution for the 6’ uncrossed disparity condition shows a 

wider spread in the data than the bootstrapped distribution for the 24’ crossed 

disparity condition (Figure 4.15). Consequently, the 95% CIs are much larger 

(Table 4.7). This reflects the fact that the psychometric function corresponding 

to the 6’ uncrossed condition is relatively flat (Figure 4.8b) compared to the 24’ 

crossed disparity condition (Figure 4.8a). This flattening of the function reflects 

lower duration discrimination sensitivity (or higher JND) resulting in fewer trials 

where the observer has a high degree of confidence about which stimulus had 

the longer duration (Table 4.4b, column 4). One way to avoid this increased 

uncertainty (and ultimately, large bootstrapped CIs) is to use a more 

appropriate (i.e. larger) visual test duration range and/or step size, thus 

ensuring that there are always some trials where even less sensitive observers 

have a high degree of confidence in their decision.  

Table 4.7 Bootstrapped standard error and confidence intervals for the 6’ uncrossed 
and 24’ crossed disparity conditions. These values have been extracted from the 

bootstrap distribution shown in Figure 4.15 a & b for the uncrossed and Figure 4.15 
c & d for the crossed. There is a marked difference in the SE and spread of the 95% 

CIs between the two conditions. 

Parameter 6’ Uncrossed 24’ Crossed 

PSE SE (ms) 14.39 8.16 

JND SE (ms) 9.96 4.52 

PSE 95% CI (ms) 347.31 – 403.61 370.80 – 402.34 

JND 95% CI (ms) 58.20 – 96.43 18.57 – 36.74 
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Figure 4.15. Bootstrap distributions showing a) the PSE & b) the JND for the 6’ 
uncrossed disparity condition and c) the PSE & d) the JND for the 24’ crossed 

disparity condition as shown in Figure 4.9. The uncrossed disparity data is 
associated with a larger spread in the corresponding bootstrapped parameter 

distributions 
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4.2.4  Parametric and Non-parametric Bootstrapping 

 

Bootstrapping can also be described as either ‘parametric’ or ‘nonparametric’. 

Parametric bootstrapping assumes that the observer’s fitted psychometric 

function (here the logistic (Figure 4.8)) is their ‘true’ psychometric function. The 

bootstrap distribution is then generated using the parameters obtained from 

the curve fit. This method is robust as long as the observer’s data is well 

described by the fitted function, i.e. there is an acceptable goodness of fit 

(Figure 4.8a). When this is not the case (Figure 4.8b), nonparametric 

bootstrapping can be used as this makes no such assumptions about the fitted 

function. In this case, the bootstrap distribution is generated from the 

proportion data, which for this experiment is the proportion of times the visual 

stimulus was seen as longer (Kingdom and Prins, 2010). The proportions then 

give the probability of obtaining any particular result and it is this that, in 

conjunction with the binomial distribution as detailed above, gives the new 

‘resampled’ values. For data where the goodness of fit is not ideal, using a 

parametric bootstrapping technique can lead to significantly different results to 

those from a nonparametric method. However, when the goodness of fit is 

acceptable both bootstrapping techniques yield similar results (Kingdom and 

Prins, 2010). Due to the nature of the experiments described in this thesis, it 

cannot be guaranteed that each observer will produce data which yields an 

equivalent goodness of fit in the functions. For this reason, it was decided to 

use nonparametric bootstrapping throughout. 
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4.2.5 Working Example 

 

6’ uncrossed disparity data for a second observer (Observer 2) in the same 

experiment is shown in Table 4.8 and Figure 4.16. In comparison with 

Observer 1’s data for the same condition (Table 4.4b, Figures 4.7b and 4.8b) 

the relatively flat psychometric function produces a relatively large JND 

estimate (Figure 4.16), wide bootstrap distribution and correspondingly large 

CIs (Figures 4.17 and 4.18). 

Table 4.8. Data for Observer 2 showing the number of times the visual stimulus was 
perceived as longer than the auditory and this value as a proportion of the total 

number of presentations. 

Visual Stimulus 
Duration (ms) 

Repetitions 
Number seen as 

longer 
Proportion seen as 

longer 

191 30 5  0.167 
233 30 10  0.333 
275 30 11  0.367 
333 30 12  0.400 
400 30 17  0.567 
483 30 23  0.767 
575 30 22  0.733 

 

 

Figure 4.16. The data for Observer 2, from Table 4.8, plotted as a 
psychometric function and fitted with a logistic function. 
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Figure 4.17. a) The JND bootstrap histogram for Observer 1 in the 6’ 
uncrossed disparity condition. b) Observer 2’s JND bootstrap histogram for 

the 6’ uncrossed disparity condition. 
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Figure 4.18. A comparison between the JNDs of the two observers in the 6’ 
uncrossed disparity condition. Observer 2’s errors are larger and more asymmetric 
which reflects the relatively flatter function seen in Figure 4.16. Error bars represent 

the 95% CIs taken from the bootstrap distributions. 

 

Might this large degree of uncertainty be driven by an insufficiently large 

sample? In other words, are there enough repetitions per condition to produce 

a bootstrap distribution that closely resembles empirical data we would have 

observed given an infinite number of stimulus repetitions? To answer this 

question, Observer 2’s data for the 6’ disparity condition was scaled up to 

simulate 60, 90 and 120 stimulus repetitions per condition. This scaling up of 

the data in this way is somewhat unrealistic as, in reality, increasing the 

experimental repetitions will increase the degree to which the function 

approaches a sigmoidal shape, whereas with scaling the shape remains 
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unchanged. Nevertheless, scaling the data serves the purposes of illustrating 

the way in which more repetitions affects the CIs whilst keeping the value of 

the JND unchanged. Three runs of 1000 bootstrap iterations were obtained for 

each of the simulated number of repetitions. Examples of the resulting 

bootstrapped JND distributions are shown in Figure 4.19. From these it can be 

seen that the overall spread of the histograms, and therefore the size of the 

95% CI, decreases as the amount of repetitions (i.e. sample size) increases 

(see also Table 4.9 and Figure 4.20).  

It is worth noting the asymmetry in the JND histograms (Figure 4.19) and the 

associated error bars (Figure 4.20). This arises from the fact that none of the 

resampled functions can generate a JND of less than zero, but in the case of 

an entirely flat function, could generate an infinitely large JND. However, as 

this does not apply to the PSE, there is far less asymmetry in these bootstrap 

histograms (Figure 4.21).  
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Figure 4.19. Examples of the bootstrap histograms for Observer 2 in the 6’ disparity 
condition for a) 60 simulated repetitions, b) 90 simulated repetitions and c) 120 

simulated repetitions. 

 

 

Table 4.9. Comparison of the 95% CIs for Observer 2’s 6’ Disparity condition 
showing the spread of errors decreasing as the amount of simulated repetitions 

increases. 

Repetitions JND 95% CI Total Spread JND SE 

30    
Empirical data 100.9 – 219.44 118.54 30.56 

60    
Run 1 114.47 - 194.5 80.03 20.97 
Run 2 114.75 - 196.41 81.66 20.74 
Run 3 116.04 - 197.8 81.76 21.36 

90    
Run 1 120.72 - 185.89 65.17 16.66 
Run 2 120.4 - 186.16 65.76 16.24 
Run 3 120.76 - 184.03 63.27 16.36 
120    

Run 1 123.93 - 179.43 55.5 13.89 
Run 2 123.78 - 179.54 55.76 13.96 
Run 3 123.35 - 182.05 58.7 14.84 
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Figure 4.20. Bar plot showing the decrease in the overall error as the amount of 
simulated experimental repetitions increases. The error bars represent the 95% CIs 

as generated by the bootstrapping distributions. 
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Figure 4.21. Showing the difference in symmetry between a) the bootstrapped PSE 
histogram and b) the bootstrapped JND histogram. Asymmetry is far more likely in 

the JND histogram as this value could potentially be infinitely large. 

 

If this observer was to repeat the experiment again using just 30 repetitions, 

under identical conditions it is unlikely that exactly the same values for the JND 

and PSE would be obtained due to internal ‘noise’ (Kingdom and Prins, 2010). 

Bootstrapping reveals this uncertainty by allowing the bootstrapped CIs to be 

placed onto the JND estimate. By increasing the experimental repetitions (i.e. 

increasing sample size), there is a higher probability that the observer’s 

responses will approach the ‘true’ value. It is this increase in the probability 

that leads to a lower spread in the errors in the simulations. 

a) b) 
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In practice, gathering such large numbers of experimental repetitions is hugely 

inefficient. It would be far better to increase the range of durations over which 

the observations are made and thus ensure that performance is being sampled 

over the necessary range of certainty/uncertainty. 

4.3 Permutation Testing 

4.3.1 Introduction 

 

Experimental results will often be compared across conditions to ascertain if 

an apparent effect is statistically significant. There are a variety of statistical 

methods which allow significance testing, perhaps the most commonly used 

being the t-test (Cobb, 2007).  

The t-test relies on the sample data being normally distributed and the data of 

the two comparison groups having equal variance (SD2). This involves further 

statistical analysis to examine these whether these properties exist in the 

empirical data (e.g. Kolmogorov-Smirnoff test for normality) before the t-test 

can be carried out. If these conditions are not met, then another version of the 

t-test or other nonparametric alternatives may be used. 

Another method of comparing two statistics is to use a permutation test. 

Permutation tests impose no requirements on the degree of normality or 

variance within the data and work directly with the statistic of interest, thereby 

avoiding the need for statistical assumptions (Moore et al., 2008). 

4.3.2 Standard Permutation Testing 

 

To look for a significant difference in a statistic (e.g. the mean values of two 

groups of data), the ‘null hypothesis’ or ‘H0’ is the premise that there is no 
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significant difference between the means of two groups. Therefore, if the null 

hypothesis were true the data could be randomly shuffled between the two 

groups and the difference in the new mean values of the shuffled data would 

be the same as the original data sets. Permutation testing does exactly that.  

This ‘shuffling’ takes the form of collating the two data sets then randomly 

assigning values back into one of the original groups whilst ensuring that these 

‘resampled’ groups have the same number of data points as they had 

originally. In essence, this is sampling without replacement. The difference in 

the means of the resampled groups is then calculated and stored. This process 

is then repeated e.g. 10,000 times with each iteration’s output being collated 

within a frequency distribution: a ‘permutation’ or ‘permuted’ distribution 

(Figure 4.22). 

 

Figure 4.22. Example permutation distribution for 10000 permutations. The x axis 
shows the difference in means between two permuted data groups; the y axis shows 

the frequency with which that difference was observed. 
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To determine statistical significance, the proportion of values in the 

permutation distribution which are greater than or equal to the difference in the 

means of the original data is calculated. This value is the probability of finding 

the observed (i.e. empirical) difference in the means if the null hypothesis is 

true (i.e. there is no actual difference between the groups and the observed 

difference occurred by chance) and is termed a ‘P-value’ (Moore et al., 2008).  

4.3.4  Permutation Testing in Psychophysics 

 

In psychophysical experiments such as that detailed in Section 4.2.2, it may 

be the case that testing for significant differences in e.g. the PSE is carried out 

between the results of just two experimental conditions. For example, looking 

at the effect of perceptual adaptation on the proportion of ‘vision longer’ 

responses, relative to a ‘no-adapt’ baseline condition (Table 4.11). 

Psychometric functions are generated for each of the conditions, the PSEs 

extracted and the difference between them calculated. The next step is to use 

permutation tests to calculate whether such differences reach statistical 

significance. However, with only two values of the PSE, the traditional method 

of permutation testing would fail to produce a permutation distribution per se, 

showing only two bars representing the values of (Adapt PSE – No Adapt PSE) 

and (No Adapt PSE – Adapt PSE) (Figure 4.23). 
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Table 4.11. The 2AFC duration discrimination data from one observer in two 
experimental conditions: pre- and post-adaptation.  

  No Adapt Adapt 

Stimulus 
duration 

(ms) 
Repetitions 

Number 
seen 

longer 

Proportion 
seen 

longer 

Number 
seen 

longer 

Proportion 
seen 

longer 

192 30 0 0.000 0 0.000 
233 30 0 0.000 1 0.033 
275 30 7 0.233 0 0.000 
333 30 18 0.600 10 0.333 
400 30 24 0.800 20 0.667 
483 30 29 0.967 29 0.967 
575 30 30 1.000 30 1.000 

 

 

Figure 4.23. ‘Permutation distribution’ resulting from traditional method of 
permutation testing 1000 repetitions when looking at the difference between two 

PSE values. The heights of the bars are approximately equal. 

 

In order to generate a useful permutation distribution, binomial distributions 

can once again be used. Firstly, the ‘adapt’ and ‘no-adapt’ sets of ‘vision 

longer’ responses are summed which, from Table 4.11, gives the following: 

 [0  1  7  28  44  58  60] 
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The binornd function is then passed the total number of observations made 

in each of the two conditions, and the probability calculated from the combined 

number of vision longer responses divided by the combined number of 

observations. From this, two new sets of data are generated, PSEs extracted 

and the difference between them is found. Once this has been repeated the 

specified number of times, a permutation distribution is created, and the p-

value calculated (Figure 4.24). In this instance the data from Table 4.11 gives 

a p-Value of 0.005 (i.e. only 5 of the 1000 permutation results were larger than 

the observed difference in PSEs); this shows that there is a 0.5% chance that 

the null hypothesis is true and therefore there is a statistically significant 

difference in the PSEs of the two functions.  
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Figure 4.24. a) The two psychometric functions generated from the data in Table 
4.11, pre- and post-adaptation conditions are shown in black and red respectively. 
b) The permutation distribution for the PSEs difference created using the binornd 
and 1000 permutations. The dashed line shows the observed (empirical) 37.14ms 

difference between the PSEs in the two conditions. The p-Value of 0.005 shows that 
less than 0.5% of permuted values were greater than the empirical value, and 

therefore there is a statistically significant difference between the two conditions. 

 

4.3.4 Summary 

 

For most purposes 999 permutation test samples are sufficient, however if the 

p-value is near to the cut off for significance increasing the number of 

resamples will decrease the standard deviation of the estimated p-value (p) 

according to Equation 4.6:  

 𝑆𝐷(𝑝 𝑣𝑎𝑙𝑢𝑒) =  √𝑝(1 − 𝑝)/𝐵 (4.6) 

where B is the number of resamples (Moore et al., 2008). The number of 

resamples can then be increased to obtain the desired level of accuracy. 
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Bootstrapping and permutation tests are powerful tools which can provide 

useful information about a data sample particularly relating to error bars and 

statistical significance. Permutation tests make fewer assumptions about the 

data and provide a more accurate assessment of significance than a t-test 

particularly when the data are not normally distributed (Moore et al., 2008). 

4.4 Other Statistical Tests 

4.4.1 Introduction 

 

As detailed above, permutation testing for statistical significance is a valid 

method when there are two data sets that can be combined in some way 

before being redistributed. However, there will be occasions when this is not 

possible. For example, in the case of a duration discrimination experiment it 

may be desirable to calculate whether the group mean PSE for a single 

experimental condition is significantly different from veridical perception. In this 

instance, only one data set is being compared to a fixed constant which does 

not provide a second data set. Traditional permutation testing is able to make 

adjustments to the data to allow for this sort of comparison (Proschan, Glimm 

and Posch, 2014). However, as the permutation tests in this thesis are being 

performed on data drawn from psychometric functions, the same methods are 

not applicable. Similar issues also arise when making comparisons across 

experimental conditions whose group means comprise data from different 

cohorts of observers, and therefore psychometric functions are unable to be 

combined. In such cases, other statistical tests for significance will need to be 

employed such as the one sample t-test and analysis of variance (ANOVA).  
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4.4.2 The t-Test 

 

The one sample t-test is used to test the null hypothesis that the group mean 

is equal to a specific value – e.g. testing whether a group mean PSE is 

significantly different form veridical perception. The t-test calculates a statistic 

which is a ratio of the deviation of the observed group mean from the 

hypothesised mean, to the group standard error and is given by the formula: 

𝑡 =  
�̅� −  𝜇0

𝑠 √𝑛⁄
 

Where �̅� is the group mean, 𝜇0 is the hypothesised mean, 𝑠 is the group 

standard deviation and 𝑛 is the number of observers. The t-statistic (expressed 

in units of standard error) therefore measures effect size relative to the 

variability of the data and the number of observers. In the example of PSE, a 

positive t-statistic would indicate a group mean that is larger than the 

hypothesised value and vice versa for negative. The calculated t-statistic is 

then compared to the relevant ‘t-distribution’ which allows the calculation of 

significance via p values.  

The t-distributions are a set of probability distributions that change shape with 

sample size (Field, 2009). The exact shape of the distribution is determined by 

the ‘degrees of freedom’ (df) which is related to the sample size/number of 

observers, (for a t-test, df = 𝑛 − 1), and approximates to a normal distribution 

with increasing df (Field, 2009). For example, the t-distributions for samples 

sizes of n = 2 and 10 (therefore 1 and 9 df respectively) and the standard 

normal distribution curves are shown in Figure 4.25. 

(4.7) 
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Figure 4.25. Example t-distributions for df=1 (red dashed line) and df=9 (blue 

dashed line) shown with the standard normal distribution (black solid line).The 

shaded sections illustrate the relative differences in area for distributions with 

different df but the same t-statistic (1.96 in this example). The p-value is given by the 

combined shaded area of each respective colour in both tails of the distribution. 

They have been overlaid such that, for example, the total red shaded area also 

includes the blue and black areas. The x axis has been curtailed at ±5 to aid the 

clarity of the figure. In actuality, this would extend much further in either direction.  

 

As with all probability density functions, the total area under each curve is 

equal to 1, hence the lower peak of the t-distribution for df=1 leads to increased 

area in the tails of the distribution (i.e. more leptokurtic). In most cases the 

direction of an experimental effect will not be known (e.g. whether the observed 

PSE will be shorter or longer than veridical perception), and for this reason 

both tails of the distribution must be considered. Once the t-statistic has been 

determined, the p-value can be calculated from the cumulative area under the 
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portions of the curve (of the relevant t-distribution). These are the areas 

bounded by the x axis and a vertical line from the x axis at the point equal to 

the t-statistic and the equivalent area formed by the t-statistic of the opposite 

sign (Figure 4.25). In Figure 4.25 the t-statistic is 1.96, which for the normal 

distribution (black solid line) means that there is an area of 0.025 in either tail, 

cumulatively a p-value of 0.05 (therefore significant at the 95% level). 

However, for the distributions with fewer df (red and blue dashed lines), 

increased leptokurtosis means that for the same t-statistic the area (p-value) 

is larger and therefore the result does not reach significance. This result is not 

particularly surprising: if fewer samples go towards calculating the group 

mean, there is necessarily less confidence that the group mean is a truly 

representative value, and therefore less confidence that any observed 

differences are the product of e.g. an experimental manipulation rather than 

just chance. As demonstrated in Figure 4.25, small sample sizes require larger 

absolute t-statistic values to reach significance. Equation 4.7 shows that large 

t values are a product of either a large difference between group and 

hypothesised means, a small standard deviation in the samples contributing to 

the group, or both. 

This concept is illustrated by the hypothetical PSE data shown in Table 4.12, 

where 10 observers make duration discrimination judgements in three 

experimental conditions. In this example, physical stimulus duration is 333ms 

in all conditions. The null hypothesis therefore states that the observed mean 

in each condition is not significantly different from 333ms (i.e. is not 

significantly different from veridical perception). 
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Table 4.12. Example PSE data from three conditions in a duration discrimination 

experiment. 

Observer PSE 
Condition 1 

(ms) 

PSE 
Condition 2 

(ms) 

 PSE 
Condition 3 

(ms) 

 

1 330.08 333.08  332.14  

2 330.26 333.26  332.32  

3 339.78 329.79  341.84  

4 326.79 342.84  328.85  

5 345.84 350.00  347.90  

6 352.00 338.48  355.06  

7 341.48 345.23  343.54  

8 348.23 338.24  350.29  

9 335.24 331.94  337.30  

10 328.94 336.78  331.00  

Mean 337.96 337.96  340.02  

SD 9.09 6.43  9.09  

 

Using Equation 4.7, the t-statistics are calculated as 1.73 for Condition 1 and 

2.44 for Conditions 2 and 3. Positive and negative t-statistics can then be 

located on the x-axis of the relevant t-distribution (Figures 4.26 and 4.27) and 

p-values calculated from the cumulative area (shaded sections Figures 4.26 

and 4.27). The sum of these areas is the probability that the group sample 

mean comes from a population with a mean PSE of 333ms. For Condition 1, 

the group mean is 337.96ms (Table 4.12) which is obviously larger than 

333ms.  
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Figure 4.26. t-distribution for the example data in Condition 1. The total shaded area 

represents the probability of the group’s sample mean being drawn from a 

population with a mean PSE of 333ms (expressed in the results as the p-value 

0.118). In this case there is an 11.8% probability that the sample group mean is 

drawn from a population with a mean of 333ms, showing that the difference between 

the means is not significant. 



146 
 

 

Figure 4.27. t-distribution for the example data in Conditions 2 and 3. The total 

shaded area represents the probability of the group’s sample mean being drawn 

from a population with a mean PSE of 333ms (expressed in the results as the p-

value). In this case there is only a 3.7% probability that the sample group mean is 

drawn from a population with a mean of 333ms, and therefore represents a 

significant difference.  

However, as shown on Figure 4.26, the p-value is 0.118 – in other words there 

is still an 11.8% chance that the sample mean comes from a population with a 

mean of 333ms. In order to be confident that the sample group mean is 

significantly different from the hypothesised mean, most analyses require this 

figure to be 5% or less. Condition 1’s mean cannot therefore be considered as 

significantly different from the hypothesised mean of 333ms. Condition 2 has 

the same group mean as Condition 1, but the individual data is more tightly 

grouped around the mean leading to a smaller SD. This effectively reduces the 

probability that the mean in Condition 2 comes from a population that overlaps 

with the 333ms hypothesised mean (which concept is illustrated in Figure 

4.28). The larger t-statistic (2.44) generates a p-value of 0.036 (i.e. only a 3.6% 
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chance that Condition 2’s mean comes from a population with a 333ms mean, 

Figure 4.27) which indicates a significant difference. In Condition 3, the SD of 

the data is the same as that in Condition 1, but the mean is increased. Whilst 

the spread of the data is the same, it is also shifted to the right, again 

decreasing the probability of overlap with the hypothesised mean (Figure 

4.28). In this case, the change in mean for condition 3 has had the same effect 

as the decreased SD in Condition 2, giving the same t and p values (Figure 

4.27). 

 

Figure 4.28. Illustration showing the relative difference in probability of 

overlap with the hypothesised mean (black dashed line) for the three 

example conditions. These distributions are for illustrative purposes only and 

assume a normal distribution of the data in each condition, the axes are 

labelled with arbitrary units. Condition 1 (blue solid line) has a large degree of 

overlap with the hypothesised mean. Condition 2 (orange solid line) has the 

same mean as Condition 1 but a smaller SD, thus narrowing the distribution 

and decreasing overlap with the hypothesised mean. Condition 3 (yellow 

solid line) has the same SD as Condition 1 but the mean is larger (distribution 

shifted to the right), again decreasing the overlap.  
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When comparing multiple data sets which contain different sets of observers, 

it is not appropriate to carry out multiple t-tests between each of the group 

means without adjusting the α (significance) level accordingly (Kim, 2014). The 

first step when performing such comparisons is to use an ANOVA test, which 

compares the variance between the group means with the variance within 

each group, and derives the F-statistic:  

𝐹 =
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑔𝑟𝑜𝑢𝑝𝑠

𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝑔𝑟𝑜𝑢𝑝𝑠
 

In a similar fashion to the t-test, the F-statistic is used in conjunction with an F-

distribution (a specific type of probability density function) in order to look for 

significance given by the area under the curve. A significant result indicates 

that one or more of the groups’ variance is significantly different from one of 

the others and further individual ‘pair-wise’ comparisons must then be 

performed between the groups.  

Both the t-test and ANOVA are parametric and rely on the assumption that the 

data in each group is drawn from a population with a normal distribution, and 

for the ANOVA that each group is drawn from populations with equal variance 

(homogeneity of variance). If these conditions are not met, then other non-

parametric statistical tests such as the Kruskal-Wallis test may be more 

appropriate. Checking for normality can be performed with a Shapiro-Wilk test, 

and the homogeneity of variance with Levene’s test.  

  

(4.8) 
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Chapter 5   

The Perception of Depth-Defined Duration  

 

5.1 Introduction 

 

Energy readout models of duration perception propose that duration 

information can be inferred from the magnitude of neural activity generated by 

a stimulus (Pariyadath and Eagleman, 2007). Therefore, any visually 

responsive neuron - from the retinal ganglion cells through to the extrastriate 

areas - could theoretically provide a signature of event duration. If this is the 

case, might all neurons at all levels of the visual pathway contribute to duration 

encoding? Or, if perceived time is a more abstract, higher level metric, does 

the relative contribution of neurons increase in a hierarchical fashion from 

lower to higher visual areas? 

If the magnitude of neuronal activity is the critical neuronal characteristic 

underpinning duration perception, presumably monitoring accuracy increases 

with the number of neurons being monitored, as has been observed in the 

spatial domain. For example, the relative over-representation of neurons tuned 

to horizontal and vertical orientations is associated with increased orientation 

discrimination at those cardinal axes compared with the obliques (De Valois et 

al., 1982; Orban et al., 1984; Paradiso and Carney, 1988; Furmanski and 

Engel, 2000). If neurons selective for orientation are also implicated in duration 

perception, duration discrimination sensitivity might be expected to be maximal 

for horizontal and vertically orientated stimuli. However, whilst this is a 

possibility, orientation tuned cells are prevalent throughout the visual pathway 
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(DeValois and DeValois, 1990) and are therefore likely to prove of limited use 

in probing the relative contributions from specific areas of the visual hierarchy.  

One method for excluding contributions from neurons at the earliest sections 

of the visual system is to use a stimulus characteristic that is only visible via 

the binocular integration of monocular inputs. Neural signals from the two eyes 

are not combined in an excitatory fashion until the primary visual cortex (area 

V1 or striate cortex) (Hubel and Wiesel, 1968; Fischer et al., 1979). One such 

stimulus characteristic is apparent depth generated by retinal disparity, where 

stimuli with no monocular depth cues can create perceived depth when viewed 

binocularly. This process is made possible via binocular neurons that compare 

the spatial properties of the two monocular inputs. If this comparison reveals 

small spatial displacement between left and right image feature locations (i.e. 

retinal disparity - see Chapter 1, Section 3.1), crossed or uncrossed depth is 

perceived. Control over the onset and offset times of this inter-ocular spatial 

displacement therefore allows the presentation of stimulus durations defined 

solely by their retinal disparity. Judging the duration of these stimuli is therefore 

necessarily reliant on neurons that receive input from both eyes and show 

selectivity for retinal disparity. 

As discussed in Chapter 1, Section 4.5 there is some evidence that early striate 

cortex in monkeys and cats contains a similar number of neurons tuned to 

crossed and uncrossed retinal disparity (Poggio and Fischer, 1977; Levay and 

Voigt, 1988). However, this symmetry is not preserved in higher, extrastriate 

areas. For example, there are, in relative terms, a greater volume of neurons 

tuned to crossed disparities in V4 (Pasupathy and Connor, 1999; Hinkle and 

Connor, 2001) and V5 (DeAngelis and Uka, 2003; Parker et al., 2016). 
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Therefore, if disparity selective neurons in these extrastriate (as opposed to 

striate) areas make a decisive contribution to duration estimation the relative 

numerical advantage of crossed vs uncrossed disparity tuned neurons might 

be expected to produce a duration discrimination sensitivity advantage for the 

former. 

The following experiment addresses two questions: (1) what is the sensitivity 

and accuracy of sub-second duration perception in the absence of any 

monocular cues to duration? (2) Is the sensitivity and accuracy of these 

estimates dependent on the sign of the retinal disparity defining stimulus 

duration?  

5.2 Experiment 1 

 

This experiment aims to investigate sub-second duration discrimination using 

stimuli only visible to binocular neurons in the form of crossed and uncrossed 

retinal disparity. The duration discrimination task compared a variable duration 

visual test stimulus with a constant duration (333ms) auditory reference tone. 

Comparisons were made between performance with crossed (+6’) and 

uncrossed (-6’) retinal disparity generated from dynamic luminance noise.  

 

5.2.1 Observers 

 

Thirteen observers (eleven naïve) took part in the experiment. All observers 

gave their informed, written consent to participate, and had normal or corrected 

to normal vision, stereoacuity (screened via TNO stereopsis test (Walraven, 

1975)) and hearing at the time of the experiment.  
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5.2.2 Stimuli and Apparatus 

 

Visual stimuli were presented on two gamma-corrected Eizo FG2421 LCD 

monitors with a refresh rate of 120Hz and a resolution of 1920x1080. The 

monitors were connected to a 3GHz E5-1660v3 8-Core HP Z440 desktop 

computer running Windows 8.1 Pro. All stimuli were generated using Matlab 

(version 8.4.0, Mathworks, USA) running the Psychtoolbox extension version 

3.0.8 (Brainard, 1997). The auditory reference stimulus was a fixed duration 

(333ms) 500Hz tone presented through Sennheiser HD 280 headphones. The 

physical durations of all auditory and visual stimuli were verified using a dual-

channel oscilloscope.  

The experiment was conducted in a quiet, darkened room. Visual stimuli were 

viewed dichoptically through a dual-mirror stereoscope which allowed 

monocular viewing of the left and right monitors by the left and right eyes 

respectively. Observers were placed centrally between the monitors with a 

monocular viewing distance of 2.37m (Figure 5.1), allowing one monitor pixel 

to subtend 0.4’. This distance together with head position was maintained 

using a chin and forehead rest. At the start of a block of trials, observers viewed 

monocular nonius lines and adjusted the mirror’s tip and tilt until the nonius 

lines were in perceived alignment. This process accounted for any ocular 

vergence anomalies, thus allowing stable fixation during the experiment.  
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Figure 5.1. Schematic of the experimental apparatus. Dichoptic mirrors allow a 

binocular percept from monocular inputs. 

 

Visual stimuli were two circular regions (diameter 1040 pixels, 6.93° of visual 

angle) presented dichoptically to each eye. Within these regions a binary 

luminance value (black or white) was randomly assigned to each pixel which 

was updated every five frames (24Hz) creating dynamic luminance noise. 

During the zero-disparity inter-stimulus intervals (ISI), left and right stimulus 

displays were identical (see ‘Monocular view’, Figure 5.1). The duration of this 

ISI was jittered randomly between 1000 – 1500ms. During the ‘on’ phase of 

visual test stimulus presentation, a central, circular (disc-shaped) subset of 

these pixels (the 500-pixel (3.33°) diameter ‘target zone’) was shifted laterally 

on the right monitor only (Figure 5.2). Rightward/leftward lateral shifts 

generated crossed (+ve)/uncrossed (-ve) retinal disparity, respectively. The 

‘disparity on’ period’s duration matched the stimulus duration required on a 

given trial. The rest of the display was presented at zero disparity throughout. 

The luminance noise was bordered by a black and white chequered annulus 

(width 20 pixels) presented binocularly. This annulus served to aid binocular 
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fusion during the experiment (see ‘Monocular view’, Figure 5.1). The 

remainder of the display was set to mid-grey, equal to the average luminance 

of the dynamic noise. Observers were instructed to maintain fixation at the 

centre of the chequered annulus throughout. 

 

 

Figure 5.2. Schematic of the presented stimuli and trial sequence in Experiment 1. 
The auditory reference tone (red sinusoid above) was kept constant at 333ms on all 

trials whilst the duration of the visual test stimuli varied randomly around 333ms. 
Observers made two alternative forced choice duration discrimination judgments as 

to ‘which was longer, the beep (auditory tone) or central disc shape?’. The disc 
shaped stimulus was defined by periods of crossed (top panel) or uncrossed 

(bottom panel) retinal disparity. 
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5.2.3 Procedure 

 

An experimental trial comprised the following presentation sequence: auditory 

reference stimulus, zero disparity ISI, visual test stimulus (disparity-defined 

disc - Figure 5.2) presentation and observer’s response. The durations of the 

visual test stimuli were varied logarithmically in seven steps around the 333ms 

auditory reference duration. The magnitude of the difference between these 

test durations was determined following pilot testing (excluded from final 

analysis) which established the step size providing the closest match to initial 

estimates of each observer’s duration discrimination threshold. The 

presentation order of these test durations was randomly interleaved within a 

method of constant stimuli. On termination of the visual test stimulus, 

observers made two alternative forced choice (2AFC) duration discrimination 

judgments as to “which was longer, the visual test or auditory reference 

stimulus?” (Figure 5.2). Observers responded via a keypress which - following 

a jittered (1000 – 1500ms) zero-disparity ISI - triggered the presentation of the 

next reference-test stimulus pair. This cycle was repeated until each visual test 

duration had been presented five times, constituting a ‘block’ of experimental 

trials. Each block was repeated six times, giving a total of 30 observations per 

test duration, per observer.  

5.2.4 Results 

 

The proportion of ‘test stimulus longer than auditory reference stimulus’ 

responses was plotted against visual test duration. The resulting psychometric 

functions were fitted (Equation 5.1) using maximum likelihood  

 



156 
 

estimation with a logistic function of the form: 

 
𝑦 =

1

1 + exp− (x − µ)
θ

 (5.1) 

Where µ is the point of subjective equality (PSE): the physical test duration 

that is perceptually equivalent to the 333ms auditory reference duration. θ is 

an estimate of the observer’s discrimination threshold (aka ‘just noticeable 

difference’ or JND) which represents half the difference between the durations 

corresponding to 27% and 73% performance.  

A representative pair of functions is shown in Figure 5.3. Here, the slope of the 

function fitted to the uncrossed disparity data (blue curve/symbols) is flatter 

than its crossed counterpart (red curve/symbols). This reflects lower duration 

discrimination sensitivity: in relative terms, the observer requires larger 

physical differences in uncrossed stimulus duration to reliably report that 

difference. This attenuation in sensitivity equates to a larger JND for the 

uncrossed disparity condition. 
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Figure 5.3. A pair of psychometric functions for a single observer in Experiment 1. 
This observer has a larger JND and longer PSE for the uncrossed disparity 

condition. I.e. the observer was less sensitive to changes in the duration of the 
uncrossed stimulus and required longer test stimulus durations for the stimulus to 

feel perceptually equivalent to the fixed duration (333ms) auditory reference. 

 

JND measures for all observers in Experiment 1 are shown in Figure 5.4. All 

observers are less sensitive to changes in physical duration when the 

durations are defined by periods of uncrossed retinal disparity, as reflected in 

the relative heights of the blue (uncrossed) versus red (crossed) bars, and 

permutation testing shows he mean difference is highly significant (p<0.001). 

However, this trend is accompanied by large absolute sensitivity differences 

between observers. For example, the JND for observer AJL in the uncrossed 

condition (54.39ms), is almost identical to the JND for HPC in the crossed 

condition (53.76ms). Taking the group mean crossed and uncrossed JND 

values would confound relative and absolute difference in sensitivity.  

A more useful metric would therefore be a ratio of crossed/uncrossed JND 

which normalises sensitivity relative to each observer’s own individual absolute 
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sensitivity level. These values are plotted in Figure 5.5. Ratio values below 1.0 

indicate higher JND (lower sensitivity) for uncrossed disparities. The group 

mean ratio (0.53) shows that, on average, observers’ duration discrimination 

JNDs for uncrossed stimuli were approximately twofold greater than their 

crossed counterparts. The lack of overlap between the mean value’s 

confidence intervals and the horizontal red line implies that the two conditions 

generate duration discrimination sensitivity differences that are significantly 

different from each other. 

 

Figure 5.4. JNDs for each observer’s duration discrimination judgements of stimuli 
defined by crossed (red bars) and uncrossed (blue bars) retinal disparity. Error bars 

show the 95% bootstrapped confidence intervals (CIs). 
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Figure 5.5. Normalised duration discrimination data from Experiment 1 plotting the 
ratio of crossed/uncrossed JND values for individual observers (blue circles) and the 
group mean (black circle). Values <1.0 signify lower sensitivity to durations defined 

by uncrossed disparity. Error bars represent the 95% bootstrapped CIs. 

 

For most observers, uncrossed stimuli produce a slightly lower proportion of 

‘test longer than reference’ responses (e.g. Figure 5.3) which has the effect of 

increasing PSE values in this condition (Figure 5.6 – blue bars). This pattern 

reflects a trend towards shorter perceived test durations when those durations 

are defined by uncrossed disparity. However, for some observers (e.g. HPC 

and J_H) these effects are superimposed on top of a general tendency to 

underestimate the perceived duration of both disparities. A one sample t-test 

showed that the group mean PSEs for both conditions were significantly larger 

than 333ms (crossed disparity t(12) = 2.69, p = 0.02; uncrossed disparity t(12) 

= 6.4, p<0.01). This is likely to reflect an instance of the ‘sound longer than 

vision’ bias where auditory durations are typically perceived as being longer 
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than their (physically identical) visual counterparts (Behar and Bevan, 1961; 

Goldstone and Lhamon, 1974; Walker and Scott, 1981). To view the effect of 

disparity on PSE in the absence of any baseline biases, PSE data was 

normalised as a ratio of crossed/uncrossed PSE (Figure 5.7). The group mean 

ratio of 0.93 indicates that, on average, the perceived duration of uncrossed 

stimuli was ~7.5% shorter than crossed stimuli. 

 

 

Figure 5.6. Individual and group mean PSEs for crossed (red bars) and uncrossed 
(blue bars) disparity conditions. Longer PSE values represent shorter perceived 

durations. The horizontal red line represents veridical perception where a visual test 
duration of 333ms appears perceptually matched to the 333ms auditory reference 

duration. Error bars show 95% bootstrapped CIs. 
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Figure 5.7. Normalised PSE data from Experiment 1 shown as a ratio of the 

crossed/uncrossed PSE values shown in Figure 5.6. Error bars represent the 95% 

bootstrapped CIs. 

 

The PSE asymmetry could perhaps be explained by potential asymmetry in 

crossed vs uncrossed stimulus visibility (Manning et al., 1987; Finlay et al., 

1989). Stimuli with decreased visibility have been shown to inherently elicit 

perceptual stimulus duration compression (Terao et al., 2008). Energy readout 

models of duration perception (Pariyadath and Eagleman, 2007; Eagleman 

and Pariyadith, 2009) would also predict that lower stimulus visibility (which 

arguably elicits reduced neural activity) would lead to shorter perceived 

durations. Duration compression due to visibility issues might also arise due to 

uncrossed stimuli not being visible on all trials. Reporting the duration of 

subthreshold visibility (i.e. invisible) stimuli will likely result in a ‘visual stimulus 

was shorter than auditory reference’ response on that trial. An increased 
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number of such responses would push an observer’s psychometric function to 

the right (E.g. Figure 5.3 blue circles and function), increase PSE, and thus 

give the appearance of perceptual compression of the stimulus duration.  

Detection thresholds reflect an estimate of perceptual uncertainty about the 

presence/absence of a stimulus. For stimuli close to this threshold value there 

will therefore be considerable trial-to-trial variability in the likelihood of identical 

stimuli being sub- or suprathreshold. If a relatively small number of 

subthreshold trials were randomly distributed across all trials, the effect would 

be to induce vertical scatter in the psychometric function’s data points and 

therefore a flattening of its slope. If this situation arose more frequently when 

estimating the duration of (potentially lower visibility) uncrossed disparity 

stimuli - relative to crossed – this could explain the observed asymmetry in 

JNDs (Figures 5.4 & 5.5). Experiments 2 and 3 investigated the potential role 

of stimulus visibility in perceived duration.  

5.3 Experiments 2 and 3: The Role of Stimulus Visibility 

 

The visibility of disparity-defined stimuli is influenced by exposure duration and 

disparity magnitude. For example, relatively longer exposure durations are 

required for detecting uncrossed disparity stimuli (Manning et al., 1987; Finlay 

et al., 1989). Equally, it has been shown that absolute stereoscopic thresholds 

can, under some circumstances, be lower for crossed than uncrossed 

disparities (Woo and Sillanpaa, 1979). It is therefore conceivable that 

Experiment 1’s use of +/-6’ disparities did not form equal multiples of crossed 

vs uncrossed detection thresholds, thereby potentially leading to asymmetric 

stimulus visibility. Experiments 2 and 3 investigated both possibilities by 
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measuring stimulus detection thresholds under (a) conditions of varying 

exposure duration at a fixed +/-6’ disparity magnitude (Experiment 2), and (b) 

varying disparity magnitude at a fixed 333ms exposure duration (Experiment 

3). 

5.3.1 Experiment 2  

 

5.3.1.1 Observers 

 

Six of the thirteen observers from Experiment 1 took part in Experiments 2. 

5.3.1.2 Procedure 

Experiment 2 investigated the duration detection thresholds for crossed and 

uncrossed disparity, using the same disparity-defined visual stimuli as 

Experiment 1. An experimental trial consisted of the serial presentation of two 

visual intervals. One interval was identical to the zero-disparity ISI, the other 

contained a variable duration disparity-defined disc (Figure 5.8).  

 

Figure 5.8. Schematic of an experimental trial in Experiments 2 and 3. Observers 
identified which of 2 serially presented intervals contained the disparity defined disc. 

The interval containing the disc was presented with either a variable duration 
(Experiment 2) or disparity (Experiment 3). The interval containing the stimulus was 

randomised across trials. 
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Both intervals were demarcated by the presence of a red annulus (width 10 

pixels) which bordered the inside margin of the chequered annulus. For the 

interval containing the stimulus, the asynchrony between the onset of the red 

annulus and the disparity defined disc was jittered between 1000 – 1500ms 

(Figure 5.9). This asynchrony jitter made the potential onset time of the 

disparity-defined stimulus unpredictable relative to the start of the interval 

demarcation signal (i.e. the red annulus) and therefore prevented observers 

from focusing their attention solely on the start of each interval. The 

presentation order of the two intervals was randomised. Zero-disparity 

dynamic luminance noise was displayed throughout, apart from the ‘disparity 

on’ periods which defined stimulus duration. 

 

 

Figure 5.9. Schematic of an experimental trial in Experiment 2 & 3’s 2AFC detection 
tasks. Intervals 1 and 2 were demarcated by red annuli (see Methods for details). ‘a’ 

(between interval 2 onset and test stimulus onset) was jittered between 1000 – 
1500ms. ‘b’ (test stimulus duration) was varied within a QUEST staircase 

(Experiment 2) or held at a constant 333ms (Experiment 3). ‘c’ (between test 
stimulus offset and interval 2 offset) was 1000ms throughout. Interval 1 was the sum 

of a+b+c and therefore varied from trial to trial to keep the within-trial duration of 
both intervals equal. In this example, the test stimulus was presented in the second 

interval however presentation order varied randomly across trials. 

 

The disparity of the disc was either +6’ or -6’ to match the disparity used in 

Experiment 1. Following the offset of the disc, the red annulus remained 
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present for a further 1000ms. The zero-disparity, ‘no-stimulus’ interval 

matched the duration of the interval containing the stimulus (Figure 5.9) which 

varied on a trial to trial basis as a function of stimulus duration plus the jittered 

asynchrony between red annulus and stimulus onset. The zero-disparity ISI 

between intervals 1 & 2 was 2000ms.  

Following the presentation of the two intervals, observers made 2AFC 

judgements as to “which interval contained the disc” and responded via 

keypress. The trial-to-trial duration of the disc was varied according to a 

QUEST adaptive staircase procedure (Watson and Pelli, 1983) with trials from 

the +6’ (crossed) or -6’ (uncrossed) staircases randomly interleaved. 34 trials 

were completed for each condition, which included four ‘cherry trials’. Cherry 

trials presented the disc at a duration three times that of the current detection 

threshold estimate on every seventh trial. These were included in order to 

maintain observer engagement and confidence, thus avoiding the potential for 

observers to adopt unhelpful strategies at a point where they might be 

guessing on most trials (Watson and Pelli, 1983; Bach, 1996; Kingdom and 

Prins, 2010). The duration detection threshold (the minimum exposure 

duration required for reliable stimulus detection) was determined by QUEST 

as 75% correct performance. Each observer completed two experimental runs 

from which an average duration detection threshold was calculated for both 

disparity conditions. 

5.3.2 Experiment 3 

 

5.3.2.1 Observers 

 

Six of the thirteen observers from Experiment 1 took part in Experiment 3. 



166 
 

5.3.2.2 Procedure 

 

Experiment 3’s design was identical to Experiment 2 excepting the following: 

the duration of the disc was fixed at 333ms (matching the reference stimulus 

duration from Experiment 1) and trial-to-trial stimulus disparity varied 

according to a QUEST adaptive staircase. Again, observers made 2AFC 

judgements about which interval contained the disc. Trials for crossed and 

uncrossed staircases were randomly interleaved during a block of trials, with 

34 trials completed for each condition including four cherry trials. Cherry trials 

in this instance presented the disc at three times the disparity detection 

threshold estimate. Detection threshold (here a measure of stereoacuity) was 

again set at 75% performance, with each observer completing two 

experimental runs to give an average disparity detection threshold in both 

disparity conditions. 

5.3.3 Experiments 2 and 3 – Results 

 

Figure 5.10 shows the detection duration thresholds (i.e., the minimum 

exposure duration required for 75% detection performance) from Experiment 

2. In keeping with earlier reports (Manning et al., 1987; Finlay et al., 1989), all 

observers show an asymmetry in their detection duration thresholds: stimuli 

defined by uncrossed disparities require relatively long exposure durations to 

reach threshold detection visibility. A paired samples t-test shows this 

difference to be significant t(5)=4.28, p=0.008. Might this explain asymmetric 

duration discrimination performance in Experiment 1? 



167 
 

 
Figure 5.10. Duration detection thresholds (the minimum exposure duration 

required to reach 75% correct performance) for stimuli defined by +6’ (crossed - red 
bars) and-6’ (uncrossed - blue bars) disparity in Experiment 2. Error bars represent 

the 95% CIs. 

 

To answer this question, we must consider duration detection threshold values 

relative to our 333ms test stimuli (Figure 5.3). Figure 5.11 expresses the 

333ms test stimuli as multiples of each observer’s detection duration threshold. 

Even for the least sensitive observer (HPC, uncrossed disparity, Figure 5.10) 

Experiment 1’s 333ms test duration forms 5.66 multiples of this observer’s 

duration detection threshold, implying clear suprathreshold visibility on all trials 

in Experiment 1. 
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Figure 5.11. In Experiment 1 (Figure 5.2) the centre of the visual test range was 
333ms. The above plot expresses this 333ms test duration divided by individual 
observer’s duration detection thresholds (Figure 5.10) to provide a measure of 

stimulus visibility as a function of detection duration threshold at 333ms. This ratio is 
shown for crossed (red) and uncrossed (blue) disparity stimuli. 

 

To quantify this visibility, the trial-by-trial responses from each staircase data 

set were collated across test durations and observers, thereby allowing the re-

construction of group mean psychometric functions (Figure 5.12a&b). Group 

mean duration detection thresholds for both disparity conditions are in good 

agreement with their staircase-derived counterparts (Figure 5.10). The 

reconstructed psychometric function threshold values are lower in the crossed 

disparity condition. However, they illustrate that test durations of 333ms 

produce 100% ‘correct’ responses for both crossed and uncrossed stimuli. In 

other words, test stimuli centred on 333ms stimuli were visible on all trials for 
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all observers. This is also true for the shortest test duration used in Experiment 

1 (192ms).  

 

Figure 5.12. Proportion correct plotted as a function of visual test duration. Data 
points form responses from staircase procedures (Figure 5.8 & 5.10) collated across 

test durations and across observers in Experiment 2. Psychometric functions are 
shown for conditions of (a) crossed and (b) uncrossed disparity. Thresholds 

represent the visual test duration producing 75% correct performance levels. Data 
point size varies in proportion with the number of trails presented at each test 

duration.  

 

Experiment 3’s stereoacuity threshold values show less crossed/uncrossed 

asymmetry (Figure 5.13) and a paired samples t-test showed that the 

difference was not significant: t(5)=0.71, p=0.51. However, this may be due in 
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part to the pixel size limitation of the monitors: 0.4’ (1 pixel) was the minimum 

possible retinal disparity that could be presented. This may have introduced 

an artificial ‘floor’ effect in stereoacuity threshold values. Nevertheless, there 

is no systematic trend towards consistently lower stereoacuity thresholds for 

either disparity type.  

 

Figure 5.13. Stereoacuity thresholds (arc min) for crossed (red bars) and uncrossed 
(blue bars) disparity, from Experiment 3. Stimuli were presented at a fixed duration 
of 333ms (as per Experiment 1, Figure 5.2) with variable disparity magnitude and 

type. Error bars represent the 95% CIs. 

 

When the ±6’ stimulus’ disparity magnitude (Experiment 1) is expressed as a 

function of each observer’s stereoacuity threshold (Figure 5.14), the least 

sensitive observer (HPC, crossed disparity) was viewing a disparity magnitude 

4.3 times greater than the disparity detection threshold.  
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Figure 5.14. In Experiment 1 (Figure 5.2) the stimulus was presented at ±6’ 
disparity. The above plot expresses this disparity divided by individual observer’s 
disparity detection thresholds (Figure 5.13, Experiment 3) to provide a measure of 
stimulus visibility (as a function of disparity detection threshold) at ±6’. This ratio is 

shown for crossed (red) and uncrossed (blue) disparity stimuli. 

 

Figure 5.15 shows the stereoacuity staircase data reconstructed as group 

mean psychometric functions. While there is a small difference in crossed vs 

uncrossed stereoacuity threshold, at Experiment 1’s ±6’ disparity level, all ±6’ 

stimuli were visible for all observers on all trials. This suggests that visibility as 

a function of disparity type offers an implausible explanation for asymmetric 

duration discrimination performance in Experiment 1. 
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Figure 5.15. Proportion correct plotted as a function of disparity magnitude. Data 
points form responses from staircase procedures (Figure 5.8 & 5.13) collated across 

disparity magnitudes and across observers from Experiment 3. Psychometric 
functions are shown for conditions of (a) crossed and (b) uncrossed disparity. 

Thresholds represent the visual test duration producing 75% correct performance 
levels. Data point size varies in proportion with the number of trials presented at 

each disparity.  

 

If we now consider the results of Experiments 2 and 3 in relation to Experiment 

1, Figure 5.16a shows Figure 5.5’s duration discrimination JND ratio for each 

observer plotted against the stereoacuity ratio (crossed acuity / uncrossed 
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acuity). Lower data points represent lower relative temporal sensitivity for 

uncrossed disparity stimuli. Leftwards shifted data points represent lower 

relative stereoacuity for uncrossed disparity stimuli. Similarly, in Figure 5.16b, 

lower data points again represent lower relative temporal sensitivity for 

uncrossed disparity stimuli. Leftwards shifted data points now represent lower 

relative stereoacuity for uncrossed disparity stimuli. A positive relationship 

between temporal sensitivity and stimulus visibility (as defined by either 

exposure duration or disparity magnitude) would suggest that one or both 

indicators of stimulus visibility might explain the crossed/uncrossed asymmetry 

in duration discrimination sensitivity. The lack of any such relationship confirms 

the data in Figures 5.12 and 5.15: all ±6’, 333ms stimuli were presented at 

grossly suprathreshold visibility on all trials.  
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Figure 5.16. Duration discrimination JND ratio (crossed JND/uncrossed JNDs) from 
Experiment 1 plotted against either (a) the stereoacuity ratio (crossed/uncrossed) 

from Experiment 3 or (b) the duration detection threshold (crossed/uncrossed) from 
Experiment 2. Error bars represent the 95% bootstrapped CIs. 

 

Finally, Figure 5.17 plots the same duration discrimination JND ratio 

(crossed/uncrossed) as a function of duration discrimination PSE ratio 

(crossed PSE/uncrossed PSE) from Experiment 1. If reduced visibility for 

uncrossed stimuli led to some trials where the stimulus was subthreshold, PSE 

values should increase because of the perceived absence of the test (but not 
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reference) stimulus in a 2AFC duration discrimination task. This would induce 

a leftwards shift in Figure 5.17’s data points. Although there is some 

suggestion of modest temporal compression for uncrossed stimuli (all 

observers have PSE ratio values <1), there is no correlation with the vertical 

scatter (i.e. the asymmetry in temporal sensitivity). For example, the observer 

with the second largest duration discrimination JND asymmetry has the 

smallest PSE asymmetry. This lack of correlation further undermines the 

argument that greater temporal uncertainty was accompanied by 

corresponding temporal compression, irrespective of whether that 

compression was in fact driven by sub-threshold visibility or otherwise.  

 

Figure 5.17. Experiment 1’s Duration discrimination JND ratio (crossed/uncrossed) 
plotted against Experiment 1’s duration discrimination PSE ratio 

(crossed/uncrossed) for the observers who completed Experiments 2 and 3. Error 
bars show the bootstrapped 95% CIs. 
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Taken together, the results of Experiments 2 and 3 show that the asymmetry 

in performance for the duration discrimination task in Experiment 1 cannot be 

attributed to asymmetries in crossed vs uncrossed stimulus visibility. 

5.4 Experiment 4: The Role of Disparity Magnitude 

 

The fact that stimulus visibility appears to offer an inadequate explanation for 

asymmetric duration discrimination sensitivity suggests that disparity itself may 

be driving the asymmetry. Explanations based on the volume of neurons 

available for the task (as discussed in Section 5.1) predict that duration 

discrimination performance should be similarly asymmetric across a range of 

crossed and uncrossed disparities. To investigate this possibility, Experiment 

1 was repeated across a range of crossed and uncrossed disparities.  

5.4.1  Observers 

 

Five of the thirteen observers from Experiment 1 took part in Experiment 4.  

5.4.2 Procedure 

 

Experiment 4 was identical to Experiment 1 (see section 5.2.3) with the 

following exception: test stimulus disparity was varied across ±12’ & ±24’ 

(constant within an experimental block).  

5.4.3 Results 

 

Figure 5.18 shows duration discrimination JNDs for each observer at each of 

Experiment 4’s disparity levels (±12’ & ±24’) shown alongside those from 

Experiment 1 (±6’). The general trend is for observers to have lower JNDs 

(increased duration discrimination sensitivity) as a function of increasing 
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crossed or uncrossed disparity, although this effect is more pronounced for 

uncrossed disparities. Permutation testing of the group mean JNDs (see 

Figure 5.19) showed significant differences between +6’ to +24’ and also 

between -6’ and -24’ conditions (p<0.01 in both cases). 

  

  

Figure 5.18. The JNDs for the observers in Experiment 4 shown with the ±6’ values 
from Experiment 1. Error bars show the 95% bootstrapped CIs. 
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Figure 5.19. Group mean (n=5) JNDs for each test stimulus disparity shown in 

Figure 5.18. Error bars show the 95% bootstrapped CIs. 

                                                                                                                                                                                                                                                                                   

5.5 Discussion 

 

The current study sought to investigate the sensitivity and accuracy of sub-

second duration perception in the absence of any monocular cues to duration. 

Monocular mechanisms were excluded via the presentation of stimuli whose 

presence and duration were defined solely by retinal disparity. Furthermore, 

the effect of retinal disparity sign on duration perception sensitivity and 

accuracy was quantified across a range of crossed and uncrossed disparities 

(Experiments 1 and 4). Stimuli defined by relatively small uncrossed disparities 

induced significantly lower duration discrimination sensitivity compared with 

their crossed disparity counterparts. Control experiments demonstrated that 



179 
 

this asymmetry persists despite all stimuli being of grossly suprathreshold 

stimulus visibility, as measured in terms of minimum exposure duration 

(Experiment 2) and stereoacuity (Experiment 3). Finally, duration 

discrimination JNDs were measured as a function of crossed and uncrossed 

disparity magnitude. The general trend was for the asymmetry in performance 

to be preserved when comparing opposite-sign disparities of equal magnitude 

(e.g. Figure 5.19: cf. +24’ and -24’). However, the most striking feature of the 

interaction between duration discrimination JND and disparity magnitude was 

the marked difference in performance between +6’ to -6’ and recovery between 

-6’ and -24’. 

Superior duration discrimination performance for stimuli defined by crossed 

disparity is arguably consistent with models of duration perception based on 

the magnitude of neural activity (Pariyadath and Eagleman, 2007): greater 

numbers of neurons tuned to crossed vs uncrossed retinal disparity (as 

reported within monkey extrastriate – but not striate - areas (Pasupathy and 

Connor, 1999; Hinkle and Connor, 2001; DeAngelis and Uka, 2003; Parker et 

al., 2016) predicts greater population-based neural activity levels when viewing 

crossed disparity stimuli. If this increased magnitude translates to a more 

accurate representation of stimulus duration, sensitivity to changes in those 

durations should be correspondingly greater (as per the idea of ‘more is better’ 

for orientation discrimination discussed in Section 5.1 (Orban et al., 1984; 

Paradiso and Carney, 1988; Furmanski and Engel, 2000). 

However, the number of neurons responding to disparity, whether crossed or 

uncrossed, in extrastriate areas decreases as a function of increasing disparity 

(DeAngelis and Uka, 2003; Tanabe et al., 2005). If the number of disparity 
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selective neurons in these higher areas is responsible for driving duration 

sensitivity to disparity defined stimuli, we might expect performance levels to 

decrease as disparity is increased. In fact, we observed the opposite: as 

disparity increases in both crossed and uncrossed conditions, observer 

sensitivity increases (Figures 5.18 & 5.19). In addition, despite previous 

reports of asymmetry in crossed vs. uncrossed disparity stimulus visibility 

(Manning et al., 1987; Finlay et al., 1989), the characteristics that defined the 

stimuli used in Experiments 1 & 4 were grossly suprathreshold for all observers 

on all trials. The finding of increased duration discrimination at larger 

disparities suggests that while extrastriate areas may possess a greater 

volume of crossed disparity tuned neurons, this may not provide a significant 

contribution to duration encoding and therefore other factors need to be 

considered.  

Anecdotally, observers consistently reported that the shape of the crossed-

disparity-defined disc was more spatially distinct, compared to the uncrossed 

disc. Specifically, the perceived size and edges of the uncrossed disparity disc 

were reported to be indistinct relative to the (zero-disparity) background. Does 

this apparent shape uncertainty induce duration uncertainty? One possibility is 

that neurons responsible for extracting the spatial characteristics of the 

stimulus are also responsible for extracting its duration. For example, a 

putative neuron tuned for a bandwidth-limited range of shapes (Suzuki, 2001) 

might also show bandwidth-limited tuning for stimulus duration (Duysens et al., 

1996). If uncrossed disparities provide noisy cues to a stimulus’ spatial form, 

this effectively reduces the signal-to-noise ratio for neurons tuned to that 

stimulus’ form. If this results in inconsistent stimulation of that neuron, the 
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resultant perceptual estimates would be imbued with that variability. It follows 

that this variability might also be extended to estimates of any other stimulus 

characteristics encoded by that neuron which may have led to noisier 

perception of form for uncrossed disparities.  

5.6 Experiment 5: The role of Duration Scale 

 

5.6.1 Introduction 

 

If spatial and duration sensitivity are intrinsically linked as described in the 

preceding section (See section 5.5), it should be possible to improve duration 

sensitivity for uncrossed disparity defined shapes via manipulations that 

improve sensitivity to their spatial characteristics. One such manipulation that 

has been shown to impact spatial judgements is that of stimulus exposure 

duration. Sensitivity to a range of spatial judgements has been shown to 

increase as a function of increasing exposure duration. For example, contrast 

sensitivity is positively correlated with exposure duration (Legge, 1978; 

Tulunay-Keesey and Jones, 1976). Similarly, duration-dependent 

improvements in spatial form discrimination have been measured using visual 

acuity (Baron and Westheimer, 1973; Spitzberg and Richards, 1975), vernier 

acuity (Waugh and Levi, 1993), and the discrimination of edge blur 

(Purushothaman et al., 2002), all of which become less variable with 

increasing exposure duration. This pattern of interdependency is also 

evidenced for spatial judgements of disparity-defined stimuli (Ogle and Weil, 

1958; Shortess and Krauskopf, 1961; Harwerth and Rawlings, 1977; Lee, 

Shioiri and Yaguchi, 2004), as discussed in Chapter 1, Section 1.3.3.  
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Uncertainty about spatial form may therefore potentially be reduced by 

increasing stimulus exposure duration. Post-hoc reports from observers 

participating in Experiment 1 suggest uncertainty about the uncrossed 

disparity defined disc’s perceived spatial extent. Might this effect be attenuated 

by increasing stimulus duration? To test this hypothesis, Experiment 5 

measured duration discrimination sensitivity when disparity-defined shapes 

were presented at double the stimulus duration used in Experiment 1.  

5.6.2 Observers 

 

Nine of the thirteen observers from Experiment 1 took part in Experiment 5. 

5.6.3 Procedure 

 

Experiment 5 was identical to Experiment 1 (see section 5.2.3) with the 

following exception: auditory reference stimulus duration was fixed at 666ms, 

test stimulus duration was varied in seven logarithmic steps around 666ms. 

The magnitude of the difference between these seven test durations was 

determined following pilot testing (excluded from final analysis) which 

established the step size providing the closest match to initial estimates of 

each observer’s duration discrimination threshold. 

5.6.4 Results 

 

As per Experiment 1, the proportion of ‘test stimulus longer than auditory 

reference stimulus’ responses was plotted against visual test duration and the 

resulting psychometric functions were curve fitted using identical procedure to 

that described in Section 5.2.4 which allowed the extraction of duration 

discrimination JNDs for each observer in crossed and uncrossed disparity 
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conditions. JND measures for individual observers and the group mean are 

shown in Figure 5.20.  

 

Figure 5.20. Individual and group mean JNDs for stimuli defined by crossed (red 
bars) and uncrossed (blue bars) disparity, for duration discrimination based around 

666ms. Error bars show the 95% bootstrapped confidence intervals (CIs). 

 

As predicted by Weber’s law for duration (aka the ‘Scalar property’ of duration 

perception – see Section 1.2.1) (Gibbon, 1977), JNDs for both disparity 

conditions are higher - in absolute terms - than their 333ms reference duration 

counterparts (333ms condition: mean crossed JND = 39.82ms, mean 

uncrossed JND = 74.85ms; 666ms condition: mean crossed JND = 68.27ms, 

men uncrossed JND = 87.42ms) (Figure 5.20).   
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Of particular interest in the current experiment is the extent of any interaction 

between reference duration and the asymmetry between duration 

discrimination sensitivity for crossed vs uncrossed disparity-defined shapes. 

As in Experiment 1 (Figure 5.4), all observers are more sensitive to changes 

in duration defined by crossed disparity stimuli, and permutation testing shows 

a significant difference between crossed and uncrossed group mean JNDs 

(p<0.001). Figure 5.21 shows normalised sensitivity values (the ratio of 

crossed/uncrossed disparity) for Experiment 1 (blue circles) and the current 

experiment (red circles). All observers show reduced JND asymmetry at 

666ms cf. 333ms as evidenced by normalised values closer to 1.0.  

 

Figure 5.21. Normalised duration discrimination data plotting the ratio of 

crossed/uncrossed JND values for Experiment 5 (yellow circles), shown alongside 

the same ratio data from Experiment 1 (blue circles). Values <1.0 signify lower 

sensitivity to durations defined by uncrossed disparity. Error bars represent the 95% 

bootstrapped CIs. 
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5.6.5 Discussion 

 

Reduced JND asymmetry could reflect increased sensitivity to changes in 

duration for uncrossed stimuli, decreased sensitivity for crossed disparity 

stimuli or a combination of both. Table 5.1 shows mean Weber fractions for 

both disparities at both reference durations. These values were calculated by 

dividing JNDs by the respective reference duration, for both conditions in 

Experiments 1 & 5. If reduced asymmetry was driven by degraded sensitivity 

for 666ms crossed disparity stimuli the Weber fraction would be elevated in 

this condition. Instead, the Weber fractions are lower in both crossed and 

uncrossed disparity 666ms conditions (Table 5.1). The greatest Weber fraction 

reduction is seen in the uncrossed disparity condition which strongly suggests 

that JNDs were made more symmetrical in the 666ms condition via improved 

duration sensitivity for uncrossed disparity-defined shapes.  

Table 5.1. Mean Weber fractions for each disparity condition in Experiments 1 & 5. 

Disparity type Experiment 1 (333ms) 
Weber fraction (%) 

Experiment 5 (666ms) 
Weber fraction (%) 

Crossed 12 10 
Uncrossed 22 13 

 

Although spatial sensitivity was not measured directly in this experiment, the 

observed interaction between exposure duration and duration discrimination 

sensitivity coincided with post-hoc reports from observers that differences in 

the spatial reliability of uncrossed and crossed disparity-defined shapes were 

less perceptible at durations centred on 666ms. 
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Chapter 6 

The Perception of Depth-Defined Shape 

 

6.1 Experiment 6: Shape Discrimination of Crossed and 

Uncrossed Disparity-Defined Shapes 

 

6.1.1 Introduction 

 

In Experiment 1 (Section 5.2), observers’ duration discrimination performance 

was shown to be dependent on the sign of the stimulus disparity (i.e. crossed 

or uncrossed). Specifically, small uncrossed disparities were associated with 

significantly lower duration discrimination sensitivity. Post hoc, spontaneous 

reports by observers described that the spatial extent of uncrossed disparity 

stimuli appeared relatively uncertain. Specifically, shapes defined by 

uncrossed disparities appeared less spatially coherent. If uncrossed disparity 

stimuli are genuinely more spatially uncertain, might it be this attribute that is 

driving the temporal uncertainty seen for the uncrossed disparity stimuli in 

Experiment 1? Experiment 5 looked at improving spatial certainty by 

increasing stimulus exposure duration. The resultant relative improvement in 

duration discrimination for uncrossed disparity stimuli lends weight to this 

argument.  

As discussed in Chapter 1 Section 1.3, many studies have found differences 

in performance for crossed and uncrossed disparities across a range of tasks 

including spatial judgements. Shape discrimination thresholds for disparity-

defined stimuli have been shown to be stable over a much greater range of 

crossed – relative to uncrossed – disparities, and across observers; and with 

the threshold minima always higher for uncrossed disparities (Regan and 
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Hamstra, 1994). Relatedly, perceptual interpolation across spatial disparity 

discontinuities is more effective (and thus spatial acuity is higher) for crossed, 

relative to uncrossed disparity-defined shapes (Yang and Blake, 1995), and it 

has also been shown that orientation discrimination thresholds using disparity-

defined bars are lower when presented in crossed disparity (Mustillo et al., 

1988). This same asymmetry in shape/form discrimination tasks has also been 

shown in non-human primates, where performance was relatively less variable 

for stimuli defined by crossed disparities (Harwerth and Boltz, 1979).  

These studies have used a wide diversity of stimulus characteristics and 

psychophysical task designs, none of which are directly comparable to the 

stimuli used in Experiment 1. It is therefore unclear whether observer’s post 

hoc reports of spatial asymmetry are indeed a corollary of the literature 

discussed above. Experiment 6 investigates spatial sensitivity via a shape 

discrimination task using the same stimulus type as that used to measure 

duration discrimination in Experiment 1. Specifically, observers made forced 

choice judgements about horizontal vs vertical ellipsoidal deviations from 

Experiment 1’s disc shape stimuli.  

6.1.2 Observers 

 

Eight observers (seven naïve) took part in the experiment. All observers gave 

their informed, written consent to participate, and reported normal/corrected to 

normal vision. Stereoacuity was screened via TNO stereopsis test (Walraven, 

1975) prior to data collection. 
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6.1.3 Stimuli and Apparatus 

 

The experimental conditions and the apparatus for visual stimulus presentation 

were identical to that used for Experiment 1, (Chapter 5, Section 5.2.2) with 

the exception that no auditory stimuli were used in this experiment.  

Visual stimuli were presented using the same methodology described in 

Chapter 5, Section 5.2.2 with the following exceptions: test duration was fixed 

at 333ms within a block of trials. The shape of the disparity-defined stimulus 

was varied linearly in seven steps between three horizontally and three 

vertically elongated ellipses, with a circle at the centre of the range. As in 

Experiment 1, the circular stimuli were presented with a diameter of 3.33°. 

Elliptical stimuli were elongated along one axis such that the minor axis 

remained fixed at 3.33° and the major axis was elongated horizontally or 

vertically to a degree that varied as a function of the observer’s step size. To 

aid in the production of psychometric functions and further data analysis, 

elongations of the vertical and horizontal axes were given minus and plus sign 

convention respectively (Figure 6.1). For example, the observer presented in 

Figure 6.1 viewed uncrossed disparity stimuli where the radius of the major 

axis varied between -12’ (vertical elongation) to +12’ (horizontal elongation) 

giving a total major axis length varying between -3.73° to +3.73°. Observer 

specific step sizes were determined during initial pilot data collection sessions.  

This method of stimulus generation produces a range of circular-ellipsoidal 

stimuli with a corresponding range of shape areas. However, area itself 

provided no cues to shape. 
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6.1.3 Procedure 

 

An experimental trial consisted of the following presentation sequence: ISI, 

visual test stimulus (disparity-defined shape) and observer’s response. The 

presentation order of the ellipses (horizontal, vertical or circle) was randomly 

interleaved within a method of constant stimuli. On termination of the visual 

test stimulus, observers made single interval, two alternative forced choice 

(2AFC) shape discrimination judgements: ‘was the ellipse oriented horizontally 

or vertically?’. Observers responded via a keypress which - following a jittered 

(1000 – 1500ms) ISI - triggered the presentation of the next visual stimulus. 

This cycle was repeated until each ellipse/disc had been presented ten times, 

constituting a block of trials. Observers completed a minimum of 3 blocks, 

giving a total of at least 30 observations per shape, per condition, per observer. 

6.1.4 Results 

 

The proportion of ‘ellipse oriented horizontally’ responses was plotted as a 

function of the change in major axis radius length, with +ve/–ve values 

denoting horizontal/vertical orientation, respectively. The resulting 

psychometric functions were curve fitted as per Experiment 1 (Chapter 5, 

Section 2.4 and Equation 5.1), allowing extraction of shape discrimination JND 

and PSE values. Figure 6.1 shows a representative data from a naïve 

observer’s crossed and uncrossed shape discrimination judgments. The flatter 

slope of the uncrossed disparity-defined shape (UDDS) function (blue 

curve/symbols) reflects lower shape discrimination sensitivity (larger JND) in 

this condition: relative to the crossed disparity-defined shape (CDDS), larger 
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physical changes in shape are required to induce a concurrent change in 

perceived shape. 

 

Figure 6.1. Psychometric functions comprising single interval, 2AFC shape 

discrimination judgements: ‘was the ellipse oriented vertically or horizontally?’. Data 

are shown for a single observer’s under conditions where ellipses were defined by 

crossed (red data) and uncrossed (blue) disparity, The diameter of the ellipse’s 

minor (shorter) axis was fixed at 3.33° (‘d’ in the schematics above).  

 

JND measures for all observers in the two disparity conditions are shown in 

Figure 6.2 along with the group means. All observers show lower JNDs (i.e. 

higher sensitivity to changes in shape) with CDDSs relative to UDDSs (cf. 

heights of red and blue bars in Figure 6.2).  
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Figure 6.2. JNDs for each observer and the group mean for shape discrimination 
judgements of stimuli defined by: crossed (red bars) and uncrossed (blue bars) 

retinal disparity. Error bars show the 95% bootstrapped confidence intervals (CIs). 

 

Permutation testing was performed using the method described in Chapter 4, 

Section 4.3.4. Individual observer responses were combined across the two 

disparity conditions, after which two new ‘permuted’ functions assigned to 

crossed or uncrossed disparity were fitted and curve fit parameters extracted. 

The difference in the means of the two permuted data sets was then taken and 

the process was repeated 1000 times, creating a permutation distribution. The 

observed difference in means (Figure 6.2) was then compared to the 

permutation distribution and the proportion of the permuted difference values 

larger than the observed (empirical) difference in means was calculated to give 
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a p value. This process revealed Figure 6.2’s mean JND difference to be highly 

significant (p<0.001).  

To facilitate comparisons across observers with absolute differences in overall 

shape discrimination sensitivity, a sensitivity ratio (crossed/uncrossed) was 

calculated which normalised observer’s sensitivity across conditions. These 

values are shown in Figure 6.3, where ratio values below one indicate 

increased sensitivity to changes in shapes defined by crossed disparity. The 

group mean ratio (0.58) shows that, on average, observers’ shape 

discrimination JNDs for uncrossed stimuli were approximately 1.7x greater 

than their crossed disparity counterparts. 

 

Figure 6.3. Normalised shape discrimination data from Experiment 6 for individual 

observers and the group geometric mean. Values below one signify increased 

sensitivity to changes in shape defined by crossed disparity. Error bars represent 

the 95% bootstrapped CIs.  
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For most observers, crossed disparity stimuli produce a slightly lower 

proportion of ‘ellipse oriented horizontally’ responses (e.g. Figure 6.1). The 

effect of this can be seen in Figure 6.4, which shows the PSEs for each 

observer in the two disparity conditions. A positive value for PSE indicates that 

an observer will perceive physically circular stimuli as a vertically oriented 

ellipse. On average, observers were more likely to perceive a circle presented 

in crossed disparity as vertically elongated. Conversely, uncrossed disparity 

circles were perceived as horizontally elongated. Permutation testing showed 

that the difference in PSE values across the two disparity conditions was 

significant (p<0.001). 

 

Figure 6.4. Individual and group mean PSEs for crossed (red bars) and uncrossed 

(blue bars) retinal disparity conditions. Positive PSE values signify a perceptual bias 

towards vertical elongation of physically circular stimuli. The opposite is true for 

negative values. Error bars represent the 95% bootstrapped CIs. 
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6.1.5 Discussion 

 

The aim of this experiment was to look for differences in observer performance 

of shape discrimination across depth planes using equal but opposite disparity 

magnitudes. This allowed quantification of any correlation between spatial and 

temporal uncertainty. Shape discrimination thresholds were significantly lower 

for crossed disparity stimuli (Figure 6.2) matching the pattern of superior 

duration discrimination performance using the same stimuli (Chapter 5, 

Section 5.2.4). The finding of relatively low shape discrimination sensitivity for 

UDDS echoes the finding that vernier alignment thresholds are higher when 

stimuli are defined by uncrossed – relative to crossed - disparities (Yang and 

Blake, 1995).  

The bias towards perceiving the crossed disparity stimulus as vertically 

elongated (shown as a positive PSE value; Figure 6.4) may be an example of 

the vertical-horizontal illusion (Fick, 1851, cited in Künnapas, 1955) whereby 

a vertical line is perceived as being longer than an identical horizontal 

counterpart (Figure 6.5). This illusion has also been shown for geometric 

shape, in particular circle/ellipse, where the major axis of a vertically oriented 

ellipse appears longer than that of an identical, horizontally elongated ellipse 

(Sleight and Austin, 1952). However, in the current experiment the bias only 

consistently persisted for crossed disparity conditions, with uncrossed disparity 

stimuli showing the bias in the opposite direction. This further suggests that 

there are intrinsic differences in the spatial perception of the two disparity 

polarities.  
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Figure 6.5. An example of the horizontal-vertical illusion. Although both the 

horizontal and vertical lines making up the inverted ‘T’ figure are of equal length, 

there is a tendency to perceive the vertical line as being longer. 

 

The ratio of crossed/uncrossed disparity duration discrimination thresholds in 

Experiment 1 was 0.53 (Chapter 5, Section 2.4 and Figure 5.5). In the current 

experiment, the ratio of crossed/uncrossed disparity shape discrimination 

thresholds was 0.58 (Figure 6.3). The similarity of these ratios suggests that 

not only are uncrossed disparities spatially more uncertain, but that it is the 

increased spatial uncertainty of the disc shape that is driving the duration 

uncertainty seen in Experiment 1. However, it may be that these effects are 

peculiar to durations defined by uncrossed disparity per se, with any 

corresponding spatial uncertainty being incidental. If spatial uncertainty is a 

causative factor driving duration uncertainty (rather than disparity sign itself), 

it should be possible to degrade duration discrimination performance in CDDS 

via the introduction of physical spatial noise to these stimuli. This will be tested 

in Experiment 8 using a form of spatial ‘jitter’ during stimulus presentation to 

provide uncertainty about the stimulus’ spatial extent. 
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Another possible explanation is that the uncrossed shapes were perceptually 

positionally unstable, and that it was this ‘low-level’ feature that contributed to 

the poorer shape and duration discrimination performance. Experiment 7 will 

investigate this possibility using a vernier task in conjunction with a duration 

discrimination task: does increased positional uncertainty also leads to 

increased duration uncertainty?  
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Chapter 7 

The Effect of Positional Uncertainty on Duration 

 

7.1 Experiment 7: Interactions Between Instability of Perceived 

Position and Perceived Duration 

 

7.1.1 Introduction 

 

In Experiment 1, small uncrossed disparities were associated with significantly 

lower duration discrimination sensitivity than their crossed disparity 

counterparts. Alongside this, many observers spontaneously reported more 

uncertainty in the spatial extent of the same uncrossed disparity stimuli. These 

observations motivated Experiment 6, where shape discrimination sensitivity 

was quantified for ±6’disparity-defined shapes (i.e., the two disparity conditions 

giving rise the greatest asymmetry in duration discrimination sensitivity (see 

Experiment 1)). Shape discrimination sensitivity was substantially lower for -6’ 

disparity defined stimuli.  

The correlation between spatial and temporal uncertainty suggests that the 

former may be driving the latter. However, shape discrimination performance 

could be driven by a variety of stimulus attributes all carrying spatial 

information. These include local edge information (Zanker and Quenzer, 

1999), global shape (Hess, Wang and Dakin, 1999; Wilkinson, Wilson and 

Habak, 1998), and location (Kleitman and Blier, 1928). Extraction of each of 

these attributes requires spatial processing at multiple levels of the visual 

hierarchy. In the following experiment the relationship between spatial and 

temporal uncertainty is examined using perhaps the most low-level of these 

attributes: stimulus location. 
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Vernier acuity is a measure of relative positional sensitivity, often measured by 

presenting a visual display containing multiple elements. These elements can 

be presented in vertical spatial alignment (zero inter-element spatial offset) or 

with small relative spatial misalignments. For some displays, observers can 

discriminate between positional offsets smaller than the width of a single 

photoreceptor, leading to vernier acuity being classified as a form of 

‘hyperacuity’: acuity superior to the resolution predicted by photoreceptor 

density (Westheimer and McKee, 1977). For the same reasons, this 

nomenclature has also been applied to stereoacuity (Gwiazda, Bauer and 

Held, 1989). Vernier acuity thresholds are dependent on a number of stimulus 

characteristics including the spatial separation of the elements (Westheimer 

and McKee, 1977; Sullivan, Oatley and Sutherland, 1972); stimulus contrast & 

spatial frequency (Bradley and Skottun, 1987) and the spatial spread of the 

stimulus elements (Toet et al., 1987; Krauskopf and Farell, 1991).  

 

Figure 7.1. Schematic of the two visual stimulus types used in Experiment 7 with a) 
small and b) large spatial spread. A vernier-type judgement was made about the 

position of the central Gaussian relative to the top and bottom flanking Gaussians. 
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Figure 7.1 shows two sets of stimuli consisting of truncated Gaussians in a 

typical vernier task spatial arrangement. Increasing the spread of the Gaussian 

(Figure 7.1b) increases positional uncertainty (Krauskopf and Farell, 1991) and 

therefore decreases sensitivity to vernier offset (deviations from physical 

vertical alignment). Increasing the vertical separation of the stimulus elements 

will have a similar effect on vernier sensitivity. Increasing stimulus size is only 

effective when size itself is the parameter limiting sensitivity. As shown in 

Figure 7.2 (Whitaker et al., 2002), when size is fixed and stimulus separation 

is increased, the latter eventually determines positional sensitivity. Further 

increases in separation produce threshold elevation in line with Weber’s law 

(Westheimer and McKee, 1977; Whitaker et al., 2002). 

 

Figure 7.2. Results of a vernier alignment experiment (n=1) using increasing 
element separation for three stimulus sizes. For smaller element separations the 

vernier thresholds are only dependent on the size of the stimulus elements. 
However, once the separation is great enough, stimulus size is no longer an 

influence and vernier thresholds are determined by element separation according to 
Weber’s law (Whitaker et al., 2002).  
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Both local and global processes are required to extract information about the 

spatial relationship between vernier elements (Meer and Zeevi, 1986; Mussap 

and Levi, 1996). Forming a global percept relies on the pooling of information 

from more basic neurons to form increasingly complex cells (Hubel and Wiesel, 

1962; Hubel and Wiesel, 1968). Increasing/decreasing the spatial spread of 

the stimulus elements used for making vernier judgements forces the visual 

system to use increasingly larger/smaller receptive fields whose internal 

excitatory/inhibitory spatial profiles are optimised for a given stimuli size. For 

large stimuli, the correspondingly large receptive fields give the same 

response to an optimally sized stimulus anywhere within their (relatively large) 

receptive field. This is the primary driver for increasing perceptual uncertainty 

about the position of large (cf. small) visual stimuli. At more eccentric visual 

field locations, smaller receptive fields become unavailable due to the 

increased degree of spatial pooling in the periphery (Hubel and Wiesel, 1974; 

Peichl and Wässle, 1979).  

Manipulating spatial spread therefore provides a useful means of inducing 

predictable changes in observer’s positional sensitivity. If duration encoding is 

dependent on the same mechanisms responsible for positional sensitivity (as 

measured in a vernier task) then the perceived duration of larger (more 

spatially uncertain) stimuli will be more uncertain and this effect should scale 

with stimulus size. 

The following experiment aimed to investigate the effect of spatial uncertainty 

on duration perception in the absence of retinal disparity. A potential means of 

measuring both spatial and temporal sensitivity might be the serial sequencing 

of (e.g.) spatial judgment (perceived vernier alignment/offset) followed by 
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temporal judgement (perceived duration of vernier presentation). This could 

take the form of separate forced choice judgments. These judgments would be 

single interval for the vernier task (was the central (probe) element to the 

left/right of the upper/lower (reference) elements?’) and could also be single 

interval for the duration task. For example, the auditory reference duration 

used in earlier experiments could be discarded and the task judgment changed 

to ‘were the vernier elements presented for a duration longer/shorter than the 

average vernier element duration?’ Whilst this would provide a measure of 

duration discrimination sensitivity (JND), it does not provide a measure of 

perceived duration itself: PSE would necessarily be centred on the centre of 

the test duration range.  

A solution to this problem would be to make the duration judgments 2AFC 

(‘which was longer, auditory reference or visual test?’), with the visual test 

stimuli being a range of vernier element durations. This approach would yield 

a useful measure of both JND and PSE but each trial now comprises 4 phases: 

auditory reference presentation, vernier element presentation, vernier 

judgment and finally duration discrimination judgment. This approach carries 

the risk that perceptual linkage between spatial and temporal uncertainty is 

dissociated, leading to a lack of correlation between the two, despite a potential 

common underlying mechanism.  

The solution adopted here was to combine spatial and temporal information in 

a single presentation of variable probe-reference offset and vernier element 

durations. A single response captured both spatial and temporal judgments.  
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Specifically, a vernier judgment was combined with a duration reproduction 

task (Chapter 2, Section 2.2.8), and the variability of reproduced duration was 

measured as a function of positional localisation uncertainty. The latter was 

controlled via manipulating the spatial spread of the vernier elements (Figure 

7.1). Comparisons were made between the variability of duration reproduction 

errors (over/under-estimation of visual duration) under conditions of low 

(Figure 7.1a) and high (Figure 7.1b) spatial spread. 

7.1.2 Observers 

 

Four observers (two naïve) took part in the experiment. All observers gave 

their informed, written consent to participate, and had normal or corrected to 

normal vision at the time of the experiment. 

7.1.3 Stimuli and Apparatus 

 

Visual stimuli were presented on a gamma-corrected Eizo FG2421 LCD 

monitor with a refresh rate of 120Hz and a resolution of 1920x1080. The 

monitor was connected to a 3GHz E5-1660v3 8-Core HP Z440 desktop 

computer running Windows 8.1 Pro. All stimuli were generated using Matlab 

(version 8.4.0, Mathworks, USA) running the Psychtoolbox Extension version 

3.0.8 (Brainard, 1997) 

The experiment was conducted in a quiet, darkened room. Visual stimuli were 

viewed binocularly at a distance of 0.93m such that 1 pixel subtended 1 arcmin.  

Visual stimuli consisted of three vertically truncated, luminance defined 

Gaussian blobs: a central ‘probe’ stimulus flanked vertically by two reference 

stimuli in a vernier alignment arrangement (Figure 7.1). The appearance of all 
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3 vernier elements was identical but the probe-reference spatial alignment 

varied across trials. To minimise visual afterimages, the blob’s peak contrast 

was set to 25%, presented against a uniform grey background (Figure 7.1). 

The spatial luminance profile of the vernier elements was defined as follows: 

 
𝒚 = 𝝁 (𝟏 + 𝒆

−(
𝒙𝟐

𝟐𝝈𝒔𝒕𝒊𝒎
𝟐)

)  

 

(7.1)  

Where μ is the mean luminance value of the grey background and σstim is the 

horizontal standard deviation of the Gaussian. σstim was fixed at either 0.5° or 

3°. Vertical stimulus overlap was avoided by truncating the blob’s vertical 

spatial spread to 1° of visual angle (60 pixels). This truncation also allowed 

relatively small centre-centre vertical separations (constrained by monitor 

dimensions) between the three vernier elements (Figure 7.1), This separation 

was fixed at 3° for both σstim conditions. 

Prior to stimulus presentation a 6’ diameter white, circular fixation marker was 

presented against the uniform grey background  

7.1.4 Procedure 

 

An experimental trial consisted of the following presentation sequence: fixation 

marker, blank ISI, stimulus presentation and observer response. As this 

experiment involved observer reproduction of stimulus durations, it was 

important to avoid any duration adaptation aftereffects (e.g. (Heron et al., 

2012)) which may have occurred using fixed, repetitive durations for the 

presentation of the fixation marker and blank ISI. For this reason, the fixation 

marker’s duration was jittered between 250 - 750ms across trials. The blank 
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ISI was also jittered across the same range. The fixation marker coincided with 

the spatial location at the centre of the 3-blob vernier arrangement and to 

further minimise afterimages, the presentation of the fixation spot - and 

therefore the vernier stimuli - was jittered horizontally over a range of 1.25° to 

the left or right of the centre of the screen. 

The truncated Gaussians were then displayed with one of eight linear vernier 

offsets, four to the right, and four to the left of physical alignment. Values of 

σstim (0.5° or 3°) were set at the beginning of the experiment and remained 

constant throughout an experimental block of trials. The appropriate 

magnitude of the probe-reference spatial offsets (i.e. step size) was 

determined following pilot testing (excluded from final analysis), which 

established the step size providing the closest match to initial estimates of 

each observer’s vernier alignment threshold.  

The presentation order of the vernier offsets was randomly interleaved within 

a method of constant stimuli. All three vernier elements were presented 

simultaneously for the same duration. This duration varied randomly across 

trials within a log range (constrained between 354 and 706ms), with a mean 

duration of 500ms. On termination of the visual stimuli the observer was 

required to make two judgements via a single keypress. The vernier alignment 

judgement was made via a 2AFC procedure, with observers indicating the 

offset direction of the probe via L/R arrow keypress. When pressing either of 

these keys, observers did so for a duration matching the perceived duration of 

the visual stimuli on that trial. On releasing the key, there followed an ISI of 

750ms before the fixation marker reappeared on the screen to start the next 

trial. This cycle was repeated until each probe offset had been repeated 10 
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times within a block of trials. Each block was repeated three times, giving a 

total of 30 repetitions per vernier offset and 240 reproduced durations (8 probe 

offsets x 30 repetitions per offset), per observer.  

7.1.5 Results 

 

For the vernier task, the proportion of ‘probe right of references’ responses 

was plotted against the presented probe-reference offset, negative values 

indicating a leftward probe offset. The resulting psychometric functions were 

fitted with a logistic function using maximum likelihood estimation as described 

in Chapter 5, Section 2.4, and Equation 5.1 (Figure 7.3). This procedure 

allowed estimation of just noticeable difference (JND) in probe-reference offset 

and the point of subjective equality (PSE) – the physical probe-reference offset 

producing 50% ‘probe right of reference responses’.  
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Figure 7.3. A pair of psychometric functions for a single observer in the vernier 
experiment. The relative steepness of the function defind by σstim = 0.5 (blue circles 

and curve), shows that as the spatial spread of the Gaussian blobs decreases, there 
is a concurrent decrease in the probe offset that is required for Observers to reach 
threshold performance levels. PSEs and JNDs are shown in pixels, negative values 

on the x axis show a vernier offset to the left. 

 

Lower/higher σstim values were associated with lower/higher probe-reference 

offset JNDs respectively (Figure 7.4), and the magnitude of this sensitivity 

asymmetry was consistent across observers. PSE values show the degree of 

spatial bias (Figure 7.5), with most observers approximately veridical. Where 

significant spatial biases exist, they are associated with higher JNDs and the 

direction of these biases is not consistent across observers. 
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Figure 7.4. Probe-reference offset JNDs for each observer’s vernier discrimination 
judgements of stimuli with σstim = 0.5 (blue bars) and σstim = 3 (red bars). Error bars 

show the 95% bootstrapped confidence intervals (CIs). 

 

 

Figure 7.5. PSE for each observer’s vernier discrimination. A positive value 

indicates that in order to appear aligned, the central Gaussian had to be offset to the 

right and vice-versa. Unlike the JNDs, there is no systematic pattern evident across 

observers. Error bars show the 95% bootstrapped confidence intervals (CIs). 
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A trial-specific ‘reproduction error’ was defined by the arithmetic difference 

between the presented duration (true) and the observer’s reproduction 

(estimated) of that duration. Reproduction errors therefore form a measure of 

the distortion of perceived duration: negative numbers indicate reproduced 

durations shorter than the presented duration and vice-versa. In absolute 

terms the variability of duration estimation would typically increase with 

physical duration (Chapter 1, Section 1.2). To provide a metric of duration 

reproduction that was independent of trial-trial variation in physical duration 

across the 354 and 706ms test rage, reproduction errors were normalised by 

dividing the error on each trial by the presented duration on that trial, i.e.:  

(𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 − 𝒕𝒓𝒖𝒆)/𝒕𝒓𝒖𝒆 (7.2) 

 

 

Figure 7.6. The mean of the normalised duration reproduction errors for each 

observer in each of the two σstim conditions. The mean values are a measure of bias 

in observer reproductions, with positive values indicating a mean overestimation of 

the duration. Error bars show the 95% bootstrapped confidence intervals (CIs). 
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For each observer normalised error was averaged across all trials for each 

σstim value (Figure 7.6). Positive mean error values represent overestimation 

of stimulus duration (e.g., Figure 7.6, observer AGS) whilst the opposite is true 

for an observer with a negative mean error (e.g., Figure 7.6, observer J_H). 

Whilst each observer shows a difference in bias between the two σstim 

conditions, there is a general trend towards underestimation of 0.5° stimuli, 

relative to 3° stimuli. In order to analyse the reproduction errors across the 

range of all presented stimulus durations, it is perhaps more appropriate to 

compare observers’ actual reproduction values with the ‘true’ presented 

durations rather than normalised data. Figure 7.7 shows the mean reproduced 

duration, averaged across observers, for each of the presented durations.  

 

Figure 7.7. The mean reproduced duration for all observers at each presented 

stimulus duration, for the two σstim conditions. The green diagonal shows the ‘identity 

line’, i.e. where reproduced duration is equal to presented duration. Error bars 

shows the standard error of the mean.  
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Across all presented durations, there is a consistent trend for the duration of 

the σstim = 3° stimuli to be overestimated relative to those for the σstim = 0.5° 

stimuli, as evidenced by the consistently greater relative elevation of the 3° 

(red) data points in Figure 7.7. Taking the mean of all reproduced durations for 

all observers gives mean values of 512.88ms for σstim = 0.5° and 572.29ms for 

σstim = 3°. Permutation testing was carried out on these mean values by 

combining the data for each presented duration across σstim conditions. A 

permuted resampling of these combined values provided two permuted mean 

error values. This was carried out for each presented duration and a mean of 

these new (permuted) values was calculated for each σstim. This process was 

repeated 1000 times to give 1000 pairs of values. The difference between 

these pairs formed a distribution with which the observed (empirical) difference 

in means was compared and found to be highly significant (p<0.001).  

A further feature of Figure 7.7’s data can be observed by comparing the 

gradient of each slope for the two σstim conditions with the identity line (green 

diagonal). Each slope has a positive gradient, indicating a positive corelation 

between the presented and reproduced durations. However, each gradient is 

also less than 1 (σstim = 0.5, gradient = 0.36; σstim = 3, gradient = 0.50). This 

suggests a common ‘regression to the mean’ tendency: overestimation of the 

shorter durations and underestimation of the longer durations.  

To estimate the variability of duration reproduction, Figure 7.8 plots the 

standard deviation (SD) of the normalised reproduction errors. Whilst there are 

inter-observer differences in overall tendency to be more (e.g. observer AGS) 

or less (e.g., observer JH) variable in their duration reproductions, there is no 

systematic difference between σstim conditions. To establish whether there was 
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a significant difference in duration reproduction variability between the two σstim 

conditions, the arithmetic difference ((SD of normalised errorσstim = 0.5º) – (SD of 

normalised errorσstim = 3º)) was calculated for each observer then averaged 

across observers. Permutation testing combined each observer’s normalised 

SD reproduction error values from the two σstim conditions. From this combined 

data set two new permuted samples were drawn. The arithmetic difference in 

these two sample’s SDs was calculated. This was repeated for each observer 

and a new (permuted) mean SD difference was calculated. This process 

formed a single iteration of the permutation procedure. Repeating this 1000 

times generated a permutation distribution of 1000 new mean ‘SD difference’ 

values. Comparing the observed (empirical) mean difference with this 

distribution showed that duration reproduction variability was not significantly 

different across the two σstim conditions (p = 0.53).  

 

Figure 7.8. The SD of the normalised reproduction errors for each observer in two 

σstim conditions. The SD gives a measure of the total variability in the duration 

reproductions. Error bars show the 95% bootstrapped confidence intervals (CIs). 
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Having established that there is no difference in the variability of the 

reproduction errors across the two σstim values, reproduction error variability 

was analysed as a function of observer’s confidence in their spatial 

judgements. If we assume that the probe-reference step-size was optimised 

relative to JND for each σstim condition (e.g., Figure 7.3), the confidence of each 

spatial judgment should be approximately equivalent across σstim conditions. 

This degree of confidence will obviously vary across the probe-offset range as 

a function of proximity to PSE. Is there any relationship between the duration 

reproduction variability at the extremes of this probe-offset range (perhaps 

several multiples of JND difference from PSE where spatial judgment 

confidence is maximal) relative to those closer to PSE (perhaps < JND where 

spatial judgment confidence is minimal)?  

As detailed previously (Chapter 2, Section 2.7), JND is calculated as half the 

stimulus value which takes observer performance from 27% to 73%, and is 

centred on PSE. If lower confidence in spatial judgements is associated with 

increased duration reproduction variability, this should be reflected in a 

correspondingly larger duration reproduction error SDs in this condition.  

The data for individual observers for each σstim was first separated into vernier 

offsets where the judgement may be considered ‘certain’ or ‘uncertain’. For the 

purpose of this analysis, ‘uncertain’ judgements are defined as those made for 

vernier offsets within one JND value either side of PSE (i.e. at or below 

threshold), whereas all other offsets were categorised as ‘certain’. The 

duration reproduction errors associated with these vernier offsets were then 

analysed to look at the variability in the error as given by the SD (Figure 7.9 - 

σstim = 0.5°, Figure 7.10 - σstim = 3°). For both values of σstim, across observers, 
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there is no significant difference in the variability of duration reproduction errors 

between the ‘certain’ and ‘uncertain’ vernier offset values (σstim = 0.5, p = 0.4; 

σstim = 3, p = 0.53).  

 

Figure 7.9. The SD of the normalised reproduction errors for the ‘uncertain’ (red 

bars) and ‘certain’ (blue bars) probe offsets for the σstim = 0.5 condition. Error bars 

show the 95% bootstrapped confidence intervals (CIs). 
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Figure 7.10. The SD of the normalised reproduction errors for the ‘uncertain’ (red 

bars) and ‘certain’ (blue bars) probe offsets for the σstim = 3 condition. Error bars 

show the 95% bootstrapped confidence intervals (CIs). 

 

Further analysis investigated the variability of observer responses as a 

function of physical stimulus duration. The method for selecting the test 

duration presented on each trial necessarily caused differential numbers of test 

duration presentations across the range of possible test durations (350-

700ms). In order to reduce the influence of outliers (gross over/under-

reproductions) within test duration values with relatively small numbers of 

trials, the raw (non-normalised) reproduction errors for each observer were 

expressed within 33.33ms bin widths (as opposed to the 16.67ms physical test 

duration increments). The SD of each bin for each observer was calculated. 

Group mean SDs were then calculated for each bin and plotted against the 



215 
 

mean duration of each bin (Figure 7.11). There is a positive relationship 

between duration reproduction variability and physical stimulus duration, 

suggestive of Weber’s Law for duration (e.g. (Gibbon, 1977; Gibbon, 1992)) 

and the gradient of the function provides a measure of Weber fraction (Δmean 

SD/Δpresented duration) of ~7%.  

 

Figure 7.11. The mean SD of reproductions errors across all observers for the 

presented stimulus durations in both σstim conditions. The x axis values of the data 

points represent the mean of two presented durations. Data was binned in this way 

as there were relatively few presentations at some durations which meant that 

outliers would unduly skew the results.  
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7.1.6 Discussion 

 

The results of the vernier task confirm the widely reported relationship between 

positional sensitivity and stimulus size (e.g., (Toet et al., 1987)). Specifically, 

stimuli with larger spatial extents are localised with higher degrees of spatial 

uncertainty (Fig 7.4). This relationship was then utilised to examine potential 

links between spatial and temporal sensitivity, as suggested by the outcome 

of Experiments 1 and 6. 

The results of Experiments 1 and 6 suggested a link between the sensitivity of 

an observer’s spatial perception and their duration discrimination performance, 

with less spatially certain stimuli producing poorer duration discrimination 

results. It therefore seemed prudent to investigate this potential relationship 

using an experimental methodology in which duration discrimination 

judgements were made for stimuli imbued with predictable levels of spatial 

uncertainty. However, contrary to the findings in the previous experiments, the 

results of the current experiment showed no significant elevation in the 

variability of duration reproduction across an approximately eight-fold 

difference in spatial localisation thresholds (cf. Fig 7.4 and Fig 7.8). This 

invariance also persisted when analysis of duration reproduction variability 

was sub-divided into trials where observers were maximally or minimally 

uncertain in their positional judgments relative to their vernier alignment JND 

(Figures (7.9 & 7.10). There are at least two possible explanations for the lack 

of interaction between these two parameters. 

Firstly, it is possible that low-level position information does make an important 

contribution to duration encoding but the methodology employed here failed to 
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capture that contribution. For example, duration reproduction methods could 

impose an artificial floor in the minimum variability of the reproduced durations. 

If this floor was higher than the response variability level(s) where differences 

between σstim conditions might have been observed, subtle differences in 

performance would have been masked by the larger noise source. One way 

this could happen would be for the noise associated with the motor component 

of the reproduction to be of greater magnitude than any relative noise 

magnitude difference attributable to stimulus size.  

When considering whether the current study’s methodology was able to 

capture the relevant features of duration perception variability, it is worth 

examining any commonality between the data presented here and canonical 

features of the duration reproduction literature. Figure 7.7 shows a general 

tendency to overestimate shorter durations and underestimate longer 

durations. This is likely to represent a form of ‘regression toward the mean’ 

(Hollingworth, 1910), or ‘contraction bias’ (Poulton, 1989) where the response 

range of observer judgements is compressed around the perceived centre of 

the test stimulus range. This phenomenon is widely reported in the literature 

for a range of stimulus characteristics in different perceptual domains (Varey, 

Mellers and Birnbaum, 1990; Stevens and Greenbaum, 1966; Jou et al., 2004). 

For duration, the underestimation/overestimation of longer/shorter durations 

respectively is described by Vierordt’s Law (Vierordt, 1868; Lejeune and 

Wearden, 2009). This effect is of particular relevance to the current 

experiment, as it has been shown to be repeatable in studies using 

reproduction tasks across a range of durations (Bausenhart, Dyjas and Ulrich, 

2014; Schiffman and Bobko, 1974). The strength of this tendency in the current 
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experiment is reflected in the gradients of the regression lines fitted to the data 

sets shown in Figure 7.7. Their similarity would suggest that the pattern of 

duration over/underestimation is relatively invariant across stimulus size.  

A second characteristic observed throughout the duration reproduction 

literature is the scalar relationship between duration reproduction variability 

and physical stimulus duration. The data presented in Figure 7.11 shows that 

just such an effect is present within the current study’s reproduction values. 

This would appear to represent an example of Weber’s law for duration 

(Gibbon, 1977; Gibbon, 1992). The Weber fraction can be estimated via the 

gradient of the liner regression to Figure 7.11’s data: (Δmean SD/Δpresented 

duration = 0.07), which is in approximate agreement with duration 

discrimination Weber fraction estimates elsewhere in the literature (Halpern 

and Darwin, 1982; Westheimer, 1999; Grondin, 1993).  

Given that the current study’s reproduction data appears to conform to 

Vierordt’s Law and Weber’s Law, it seems unlikely that a correlation between 

positional uncertainty and temporal uncertainty evaded measurement due to 

the choice of methodology.  

There was a consistent and significant trend for the duration of larger stimuli 

to be overestimated relative to smaller stimuli (see vertical elevation between 

red (σstim = 3) and blue (σstim = 0.5) data sets in Figure 7.7). This has the effect 

of changing each σstim condition’s ‘indifference point’, i.e., the physical stimulus 

presentation duration where observers have veridical duration reproduction. 

For each σstim this value is represented by the intersection of each condition’s 

linear regression with the identity line in Figure 7.7: 506.18ms for σstim = 0.5° 
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and 620.47ms for σstim = 3°. The finding that the σstim = 3 stimulus has a 

perceptually longer duration might be explained by the previously documented 

finding that larger (Xuan et al., 2007; Rammsayer and Verner, 2014), or 

brighter (Goldstone and Goldfarb, 1964) stimuli appear to have longer 

durations. For the σstim = 3 condition, the stimulus’ increased spatial spread 

effectively increases the total stimulus luminance, which may contribute to this 

efect. Similarly, the findings could be explained by an energy readout model of 

duration perception (Pariyadath and Eagleman, 2007) (Chapter 1, Section 

1.2.3) whereby a stimulus eliciting a greater neural magnitude (as is perhaps 

credible for a stimulus that is both larger and with greater total luminance) is 

proposed to have longer perceived duration. 

Whilst there is a consistent bias for the larger stimulus to appear longer, the 

relatively similar gradients of the functions fitted to the two data sets in Figure 

7.7 suggest sensitivity to changes in duration is similar for the two experimental 

conditions. However, it is possible that the difference in total luminance 

between the stimulus types may also have influenced duration discrimination 

perception. If the increased total luminance of the σstim = 3 stimulus provided a 

greater neural signal, this may have also increased the perceptual sensitivity 

of duration judgments in this condition. If this was the case, any effect of 

increased spatial uncertainty from the larger stimulus on duration 

discrimination could potentially have been masked. This potential confound 

could be removed from the current experimental paradigm by changing the 

stimuli so that their size and total luminance could be independently 

manipulated.  
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Issues of total stimulus luminance aside, the current study suggests that the 

manipulation of spatial positional uncertainty is not an important modulator of 

temporal judgements. However, it remains possible that some forms of spatial 

information are important in this regard. Vernier alignment tasks measure 

positional judgments subserved by neural mechanisms that include retinal 

ganglion cells and neurons within LGN and striate cortical sites (Lee et al., 

1995; Hou, Kim and Verghese, 2017; Victor and Conte, 2000; Shapley and 

Victor, 1986) - some of the earliest stages of the visual processing hierarchy. 

Whilst stimulus size offers a reliable, relatively straightforward method for 

manipulating positional sensitivity, it is possible that sensitivity to positional 

information does not make a sufficiently important contribution to the shape 

discrimination performance documented in Experiment 6. Thus, the correlation 

between shape discrimination and duration discrimination performance may 

be driven by less low-level forms of spatial information. This possibility is 

perhaps made more credible when we recall that the correlation was observed 

using depth-defined stimuli not visible to the earliest stages of the visual 

system.  

In conclusion, changes in stimulus size induced gross changes in spatial 

uncertainty, which were not associated with changes in duration uncertainty; 

however, the potential confound of total stimulus luminance perhaps warrants 

further investigation. 
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Chapter 8 

The Effect of Spatial Uncertainty on Depth-Defined Shape and 

Duration 

 

8.1 Experiment 8A: The Effect of 2D Physical Spatial Noise on 

Depth-Defined Shape Perception 

 

8.1.1  Introduction 

 

Experiment 7 provides evidence that increases in spatial positional uncertainty 

are not associated with increases in duration uncertainty.  

Experiment 6 investigated shape discrimination sensitivity across the two 

retinal disparity conditions used for duration discrimination in Experiment 1 (+6’ 

& -6’). The results of Experiment 6 show that, in line with previous disparity-

based spatial vision experiments (Mustillo et al., 1988; Regan and Hamstra, 

1994; Yang and Blake, 1995), global shape discrimination is less sensitive for 

uncrossed disparity stimuli. As discussed in Chapter 6, Section 6.1.5, whilst 

the results of Experiments 1 & 6 suggest a link between global shape 

discrimination and duration discrimination, poorer duration discrimination 

performance for uncrossed disparity stimuli may be a property of the disparity 

sign itself. For example, there are well known sensitivity asymmetries in the 

detection of and discrimination between stimuli defined by crossed vs 

uncrossed disparity (Woo and Sillanpaa, 1979; Grabowska, 1983; Manning et 

al., 1987; Mustillo et al., 1988). Alternatively, if spatial uncertainty per se is the 

determining factor, the introduction of physical spatial noise to crossed 

disparity stimuli should induce a concurrent degradation in duration 

discrimination performance.  
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The current study introduces physical spatial noise to crossed disparity-

defined stimuli by dynamically jittering the stimulus’ spatial extent. Specifically, 

interleaving a random selection of stimulus diameters at high temporal 

frequency degrades the disc shape’s ‘hard edged’ disparity discontinuity, 

replacing it with a spatially blurred edge (Figure 8.1), thus producing a spatially 

unstable percept of global shape. Disruption of edge discontinuity has been 

shown to compromise spatial judgements about depth-defined surfaces 

(Gillam, Flagg and Finlay, 1984; Stevens and Brookes, 1988). The following 

experiment measures the impact of this stimulus manipulation on shape 

discrimination performance. If such a manipulation degrades shape 

discrimination performance, the effect of this same manipulation on duration 

discrimination performance would then reveal the role of spatial uncertainty vs 

the role of disparity sign.  

8.1.2 Observers 

 

Six observers (five naïve) took part in Experiment 8A. All observers gave their 

informed, written consent to participate, and reported normal/corrected to 

normal vision. Stereoacuity was screened via TNO stereopsis test (Walraven, 

1975)) prior to data collection.  

8.1.3 Stimuli and apparatus 

 

The experimental conditions and the apparatus for visual stimulus presentation 

were identical to that used for Experiment 1, (Chapter 5, Section 5.2.2) with 

the exception that no auditory stimuli were used in this experiment. 
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Visual stimuli were presented using the same methodology described in 

Chapter 5, Section 5.2.2 with the following exceptions: test duration was fixed 

at 333ms within a block of trials. The dynamic luminance noise texture fields 

were randomly updated with a temporal frequency of 120Hz and the disparity 

defined shape was always presented with 6’ crossed disparity. Visual stimuli 

consisted of either a disparity defined circle or horizontally or vertically 

elongated ellipses, for which ‘baseline’ sizes were determined with the same 

methodology as that described in Experiment 6, (Chapter 6, Section 6.1.3). 

Stimulus shape was varied linearly in seven steps between three horizontally 

and three vertically elongated ellipses, with a circle at the centre of the range. 

Elongation was along one axis such that the minor axis remained fixed at 3.33° 

(the diameter of the circle) and the degree of elongation was determined by 

observer specific step size gathered from initial pilot sessions.  

 

Figure 8.1. Schematic representation of the range of potential diameters shown for 

a single presentation of the stimulus in Experiment 8A for A) a circle and B) an 

ellipse. The red shapes in A &B show the centre of the range.  

 

During presentation of the disparity defined shapes, the diameter of the circle 

or the major and minor axes of an ellipse were randomly jittered at the same 
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temporal frequency as pixel luminance (120Hz). The jitter comprised a range 

of diameters/aspect ratios drawn from a normal distribution centred at the 

baseline shape size (e.g. 3.33° visual angle for the disparity defined disc) with 

a standard deviation of 0.67° (Figure 8.1). The distribution was constrained 

such that all presented diameters/axes fell within a range of 0° - 6.83°. The 

aspect ratio of each ellipse shown during a single presentation was matched 

to that of the baseline ellipse for that presentation. The time averaged 

perception of this stimulus was one of a region which approximated either a 

circle or ellipse, with a flat surface, at a constant near depth plane but 

spatiotemporally unstable borders (see Figures 8.2 & 8.3).  

 

Figure 8.2. A) Schematic representation of the disparity defined stimulus used in 

Experiment 8, for the presentation of a circle. The first four panels represent 

examples of the diameter changes over time which were updated with a temporal 

frequency of 120Hz. The final panel shows the time averaged percept of the 

stimulus and is explained in Figure 8.3. In the above example, diameter is jittered 

around a circular baseline shape but in the experiment that baseline could be one of 

seven ellipsoidal shapes as shown along the x-axis of Figure 8.4. For comparison, B 

shows the stimulus as it was presented in Experiment 1. The radius is held constant 

and the final panel shows the time averaged percept of a spatially stable disc. 
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Figure 8.3. Schematic representation of the disparity-defined stimulus used in 

Experiment 8. To construct this figure radius values presented during a single test 

duration period (333ms) were converted to a semi-transparent red. For a 333ms 

stimulus this would have comprised 40 individual red discs (one per 8.33ms frame). 

These discs were then overlaid one on top of the other to represent the time-

averaged percept of across a single test stimulus presentation. The degree of red 

saturation therefore represents the degree to which retinal disparity was spatially 

consistent over time. 

 

8.1.4 Procedure 

 

An experimental trial was identical to that described in Experiment 6: observers 

made single interval, two alternative forced choice (2AFC) shape 

discrimination judgements as to ‘was the ellipse oriented horizontally or 

vertically?’. The presentation order of the shapes was randomly interleaved 

within a method of constant stimuli. Each ellipse/circle was presented ten 

times, constituting a block of trials. Observers completed a minimum of 3 

blocks, giving a total of at least 30 observations per shape, per observer. 

 

 



226 
 

8.1.5 Results 

 

The proportion of ‘ellipse oriented horizontally’ responses was plotted as a 

function of the change in major axis radius length, with +ve/–ve values 

denoting horizontal/vertical orientation, respectively. The resulting 

psychometric functions were curve fitted as per Experiment 1 (Chapter 5, 

Section 5.2.4 and Equation 5.1), allowing extraction of shape discrimination 

JND and PSE values. Figure 8.4 shows a representative psychometric function 

for a naïve observer (blue function) alongside the same observer’s function for 

the non-jittered crossed disparity shape discrimination data (red function) from 

Experiment 6. The flatter slope of the function in the jittered condition reflects 

lower shape discrimination sensitivity, relative to the non-jittered stimulus 

imbued with the same disparity magnitude and polarity. Larger physical 

changes in shape are required to induce a perceived change in shape for the 

jittered stimulus.  
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Figure 8.4. Psychometric functions comprising single interval, 2AFC shape 

discrimination judgements: ‘was the ellipse oriented vertically or horizontally?’. Data 

are shown for a single observer in Experiment 8A under conditions where 

circles/ellipses were defined by crossed disparity but with jitter applied to the 

diameter/axes throughout stimulus presentation (blue data). Also shown are data 

from Experiment 6 for the same observer using crossed disparity stimuli with no jitter 

applied (red data). The diameter of the ellipse’s minor (shorter) axis was fixed at 

3.33° (‘d’ in the schematics above) to generate the baseline shapes in Experiment 8 

and throughout Experiment 6. 

 

JND measures for all observers in the jittered stimulus condition are shown in 

Figure 8.5 (blue bars), along with their non-jittered, crossed disparity 

counterparts from Experiment 6 (red bars). All observers show grossly higher 

JNDs (i.e. lower shape discrimination sensitivity) when the diameter/axes of 

the shapes are jittered during stimulus presentation. Permutation testing 
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showed that the difference in mean JNDs for the two conditions was highly 

significant (p<0.001).  

  

Figure 8.5. JNDs for each observer and the group mean for shape discrimination 
judgements of stimuli defined by crossed disparity, non-jittered stimuli (red bars, see 

Experiment 6) and crossed disparity, jittered diameter/axes stimuli (blue bars, 
Experiment 8A). Error bars show the 95% bootstrapped confidence intervals (CIs). 

 

To facilitate comparisons between the JNDs for jittered and non-jittered 

conditions, the data was normalised by taking a JND sensitivity ratio (non-

jittered/jittered). These values are shown in Figure 8.6, where ratio values 

below one indicate increased sensitivity to changes in non-jittered shapes 

defined by crossed disparity. The group mean ratio (0.26) shows that, on 

average, observers’ shape discrimination JNDs for jittered shape stimuli were 

approximately 3.8x greater than their non-jittered counterparts.  
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Figure 8.6. Normalised shape discrimination data plotted as a ratio of Experiment 

6’s non-jittered, crossed disparity shape discrimination thresholds / jittered shape 

discrimination thresholds from Experiment 8A. Values below one signify increased 

sensitivity to changes in shape defined by the non-jittered stimulus. Data is shown 

for individual observers and the group geometric mean. Error bars represent the 

95% bootstrapped CIs.  

 

The PSE values for the jittered condition shown in Figure 8.7 indicate that most 

observers show modest perceptual bias: physically circular stimuli are 

perceived as vertically elongated. This effect was more exaggerated for the 

jittered diameter condition than the non-jittered crossed disparity condition, 

and permutation testing showed this to be a significant difference (p=0.02).  
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Figure 8.7. Individual and group mean PSEs for crossed, non-jittered (red bars, 

reproduced from Experiment 6) and crossed, jittered (blue bars – current 

experiment) retinal disparity conditions. Positive PSE values signify a perceptual 

bias towards vertical elongation of physically circular stimuli. Error bars represent 

the 95% bootstrapped CIs. 

 

8.1.6 Discussion 

 

The introduction of physical noise to disrupt the spatial certainty/stability of 

disparity-defined stimuli caused decreased sensitivity to changes in stimulus 

shape. The jittered:non-jittered shape discrimination asymmetry seen in this 

experiment was greater than the non-jittered crossed: non-jittered uncrossed 

asymmetry in Experiment 6 (Figure 8.8). This is perhaps best visualised by 

comparing the mean ratio values: jittered/non-jittered=0.26 in the current 

experiment, and non-jittered crossed/non-jittered uncrossed=0.58 in 
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Experiment 6 (Figures 8.6 and 6.3); where a ratio of 1 signifies no difference 

in performance between the two conditions.  

 

Figure 8.8. Individual and group mean data (for those observers who completed all 

three conditions) comparing the crossed and uncrossed disparity(red/blue bars 

respectively) shape discrimination JNDs from Experiment 6, with the duration 

discrimination JNDs from the jittered diameter stimulus in Experiment 8A (yellow 

bars). Error bars show the 95% bootstrapped confidence intervals (CIs). 

 

If global spatial reliability is linked to duration discrimination sensitivity, it 

should be possible to degrade duration sensitivity within crossed disparity 

defined shapes by applying the same spatial manipulation employed in the 

current study. However, if Experiment 1’s crossed vs uncrossed asymmetry is 

attributable to some inherent property of uncrossed disparity-selective 

mechanisms, precise duration perception should remain possible with spatially 
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unreliable crossed-disparity stimuli. The following sub-experiment seeks to 

address this question but measuring duration sensitivity in the presence of 

physical spatial noise.  

8.2 Experiment 8B: The Effect of 2D Physical Spatial Noise on 

Depth-Defined Duration Perception 

 

8.2.1 Observers 

 

Nine observers (seven naïve) took part in Experiment 8B. All observers gave 

their informed, written consent to participate, and had normal/corrected to 

normal vision and reported normal hearing at the time of the experiment. 

Stereoacuity was screened via TNO stereopsis test (Walraven, 1975), to 

ensure a minimum stereoacuity of 60”. 

8.2.2 Stimuli and apparatus 

 

The experimental conditions and the apparatus for visual and auditory stimulus 

presentation were identical to that used for Experiment 1, (Chapter 5, Section 

5.2.2). Visual stimuli were presented using the same methodology described 

in Experiment 8A with the following exceptions. During stimulus presentation 

only the disc-shaped stimulus was shown, its diameter being dynamically 

jittered as described previously in Experiment 8A (Figures 8.1A, 8.2 & 8.3).  

8.2.3 Procedure 

 

An experimental trial was identical to that described in Experiment 1: observers 

made 2AFC duration discrimination judgements as to ‘which was longer, the 

duration of the auditory reference tone (fixed at 333ms) or the duration of the 

disparity-defined, jittered diameter disc’. The durations of the visual test stimuli 
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were varied logarithmically in seven steps around the 333ms auditory 

reference duration. The magnitude of the difference between these test 

durations was determined following pilot testing (excluded from final analysis) 

which established the step size providing the closest match to initial estimates 

of each observer’s duration discrimination threshold. The presentation order of 

these test durations was randomly interleaved within a MOCS. Each 

auditory/visual stimulus pair was presented five times, constituting a block of 

experimental trials. Each block was repeated at least six times, giving a total 

of at least 30 observations per test duration, per observer.  

8.2.4 Results 

 

The proportion of ‘visual test stimulus longer than auditory reference stimulus’ 

responses was plotted against visual test duration. The resulting psychometric 

functions were curve fitted as per Experiment 1 (Chapter 5, Section 5.2.4 and 

Equation 5.1), allowing extraction of duration discrimination JND and PSE 

values. A representative psychometric function for a single observer is shown 

in Figure 8.9 (blue curve/symbols). This ‘jittered diameter’ data is shown 

alongside the same observer’s non-jittered +6’ crossed disparity data from 

Experiment 1 (red curve/symbols). The relatively shallow slope of the jittered 

diameter condition’s function reflects relatively low duration discrimination 

sensitivity.  
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Figure 8.9. The blue data show a representative psychometric function for a single 

observer in Experiment 8B (+6’ crossed disparity, jittered diameter). Red data show 

the same observer’s psychometric function for +6’ crossed disparity, non-jittered 

stimulus from Experiment 1.  

 

JND measures for all observers in Experiment 8B are shown in Figure 8.10 

alongside each observer’s corresponding JND from Experiment 1’s crossed 

disparity condition, together with group means. JNDs for all observers are 

higher (i.e. lower duration discrimination sensitivity) when the jittering of disc 

diameter induced spatially unstable disc margins (Figures 8.2 & 8.3). 

Permutation testing showed the group mean jittered vs non-jittered differences 

to be highly significant (p<0.001).  
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Figure 8.10. Individual and group mean JNDs for duration discrimination 
judgements of stimuli defined by: Experiment 1’s non-jittered, +6 crossed disparity 
(red bars) and Experiment 8B’s jittered diameter, +6 crossed disparity stimuli (blue 

bars). Error bars show the 95% bootstrapped CIs. 

 

In order to facilitate comparisons across observers with large absolute 

differences in duration discrimination sensitivity, the data were normalised by 

taking a sensitivity ratio (non-jittered/jittered) for each observer. These ratios 

are shown in Figure 8.11 (blue circles), where a value below one indicates 

greater sensitivity to changes in duration defined by non-jittered stimuli. The 

group mean ratio (filled blue circle) of 0.48 signifies duration discrimination 

sensitivity 2.1x greater for the non-jittered version of the stimulus. Also shown 

on Figure 8.11 are the normalised non-jittered duration discrimination JND 

values from Experiment 1 (+6’/-6’ disparity red circles, and see Figure 5.5).  
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Figure 8.11. Normalised duration discrimination JND data from the ratio of JND in 

Experiment 1’s crossed (+6’) disparity condition/JND in Experiment 8B (blue circles). 

These values are shown alongside their normalised counterparts from Experiment 

1’s (crossed disparity/uncrossed (+6’/-6’) disparity ratios - red circles). Values below 

one signify superior sensitivity to changes in duration defined by spatially stable 

(non-jittered) crossed disparity stimuli. Error bars represent the 95% bootstrapped 

CIs. 

 

The similarity of group mean ratios (filled red vs filled blue circles) shows that, 

on average, manipulating the spatial stability of the crossed disparity stimulus 

induces a comparable loss of duration discrimination performance to that 

observed with physically stable - but perceptually unstable - uncrossed 

disparity defined stimuli. 

For most observers, the jittered diameter stimulus produces a slightly lower 

proportion of ‘test longer than reference’ responses (e.g. Figure 8.9) which has 
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the effect of increasing PSE in this condition (Figure 8.12 – blue bars) and 

reflects shorter perceived duration within this condition. 

 

Figure 8.12. Individual and group mean PSEs for Experiment 1’s non-jittered, +6 

crossed disparity (red bars) and Experiment 8B’s jittered, +6 crossed disparity (blue 

bars) stimuli. Longer PSE values represent shorter perceived durations. The 

horizontal red line represents veridical perception where a visual test duration of 

333ms appears perceptually matched to the 333ms auditory reference duration. 

Error bars represent the 95% bootstrapped CIs. 

 

Again, this data was normalised to take into account large absolute differences 

and the results are shown in Figure 8.13. The group mean ratio of 0.94 

indicates that, on average, the jittered diameter stimuli were perceived to be 

6% shorter than their non-jittered counterparts. Permutation testing showed 

the difference in mean PSE values between the two conditions to be significant 

(p<0.001). 
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Figure 8.13. Normalised duration discrimination data from the ratio of PSE in 

Experiment 1’s crossed disparity condition/PSE in Experiment 8B, for individual 

observers and the group geometric mean. Values below one signify shorter 

perceived duration for the spatially unstable (jittered) stimuli. Error bars represent 

the 95% bootstrapped CIs. 

 

8.2.5 Discussion 

 

Taken together, the results of Experiments 8A&B show that the introduction of 

physical spatial noise disrupts shape and duration sensitivity. This finding 

suggests that Experiment 1’s effects (asymmetric sensitivity across ± disparity 

types) are unlikely to reflect idiosyncratic features of uncrossed disparity 

selective mechanisms. Instead, the perceived duration of crossed disparity 

shapes is only encoded with superior precision when its spatial properties are 

optimised.  



239 
 

 

Figure 8.14. Individual and group mean data comparing the crossed (+6’) and 

uncrossed (-6’) (red/blue bars respectively) duration discrimination JNDs from 

Experiment 1 alongside duration discrimination JNDs from the jittered diameter 

stimulus in Experiment 8B (yellow bars). Error bars show the 95% bootstrapped 

confidence intervals (CIs). 

 

Figure 8.14 shows a comparison of each observer’s duration discrimination 

JND for the crossed disparity, jittered diameter stimulus (yellow bars) 

alongside their duration discrimination JNDs for both conditions in Experiment 

1 (crossed – red bars, uncrossed – blue bars). For all observers, JND is smaller 

for the non-jittered, crossed disparity stimulus. And whilst there is inter-

observer JND variation for the other two conditions, permutation testing shows 

that, on average, there is no significant difference between the JNDs for the 

non-jittered uncrossed disparity (blue bars) and jittered crossed disparity 

(yellow bars) conditions (p = 0.19). This invariance is in marked contrast to the 
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elevation in shape discrimination threshold. Specifically, the group mean 

crossed/uncrossed shape discrimination sensitivity ratio is 0.58 (see Figure 

6.3) whereas the crossed non-jittered/ jittered ratio is 0.26 (Figure 8.6). Thus, 

physical spatial noise was a more effective means of disrupting spatial 

sensitivity than switching disparity types. However, the degree of this spatial 

sensitivity loss was not mirrored in the duration discrimination data: although 

reductions in spatial sensitivity were accompanied by reductions in duration 

sensitivity (for both conditions), there was no proportional relationship between 

the two. One possible explanation for this discrepancy may lie in the choice of 

shape discrimination as an index of global form sensitivity. The spatial 

uncertainty within uncrossed disparity-defined shapes may be well captured 

by a single perceptual metric such as shape discrimination. Conversely, 

diameter jitter may have acted as something of a ‘blunt instrument’, delivering 

non-specific ‘broadband’ effects across multiple (thus far unmeasured) spatial 

metrics. If these effects do not concurrently influence duration processing it 

may explain the lack of proportionality between the two spatially uncertain 

conditions.  

Figure 8.15 compares the individual and group mean PSEs for the same three 

conditions.  
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Figure 8.15. Individual and group mean data comparing the crossed and uncrossed 

(red/blue bars respectively) duration discrimination PSEs from Experiment 1, with 

the duration discrimination PSEs from the jittered diameter stimulus in Experiment 

8B. Longer PSEs represent shorter perceived duration. Error bars show the 95% 

bootstrapped confidence intervals (CIs). 

 

Whilst there is no consistent trend between observers, the durations of crossed 

disparity, jittered diameter stimuli (Figure 8.15 - yellow bars) are, on average, 

perceived as significantly shorter than their non-jittered counterparts (red bars) 

(p<0.001), and significantly longer than non-jittered, uncrossed disparity 

stimuli (blue bars) (p=0.03). This result is pertinent when considering concerns 

about stimulus visibility. As discussed in Chapter 5, Section 5.2.4, shorter 

perceived duration could reflect lower stimulus visibility (Terao et al., 2008; 

Pariyadath and Eagleman, 2007; Eagleman and Pariyadith, 2009), and 

asymmetric visibility may contribute to duration discrimination sensitivity 
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asymmetry. However, this explanation is not consistent with perceived 

duration being significantly shorter in the uncrossed condition (Figure 8.15 - 

blue bars) compared to the jittered crossed condition (yellow bars), despite no 

significant difference in the duration discrimination elevation for these two 

conditions (cf. red and blue filled circles in Figure 8.11). Therefore, if stimulus 

visibility is a contributory factor in perceived temporal extent (Figure 8.15) this 

cannot explain the lack of concomitant effects on duration discrimination 

sensitivity.  

8.3 Experiment 9: The Effect of 3D Physical Spatial Noise on 

Depth-Defined Duration Perception 

 

8.3.1 Introduction 

 

Experiment 8 introduced two-dimensional physical noise to disparity-defined, 

dynamic luminance noise (DLN) stimuli via rapid jittering of stimulus diameter. 

Across observers, this produced decreased duration and shape discrimination 

sensitivity. Whilst these target stimuli were presented at a fixed (near) depth 

plane, spatial jitter was constrained to the x-y plane, with the disparity 

magnitude of all interleaved disc diameters being identical (Figure 8.2). The 

spatial certainty of a shape could also be disrupted via manipulations of 

disparity in the z plane whilst dimensions within the x-y plane (i.e. the diameter 

of the target stimulus) are held constant. One approach would be to apply a 

random disparity magnitude to each pixel across the shape’s surface. 

However, this is not practical with maximally dense textures displays (e.g. the 

DLN textures employed in preceding experiments) due to the potential loss of 
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correspondence between neighbouring texture elements (i.e. individual pixels 

in DLN textures) laterally shifted by random amounts.  

An alternative approach is to utilise disparity embedded within relatively sparse 

texture displays such as dynamic random dot stereograms (DRDS) (Julesz, 

1971) (see Chapter 1, Section 1.3) where texture elements have sufficient 

inter-element spacing to maintain correspondence despite random variations 

in disparity across neighbouring elements (Figure 8.16). By allowing each dot 

pair to be assigned a random disparity value between the maxima and minima 

of a fixed range, any disparity-defined shape can be imbued with spatial 

uncertainty in its average perceived global depth plane (z dimension jitter) and, 

indirectly, uncertainty about its 2D spatial extent. The latter occurs is situations 

where, by chance, a sub-set of shape region’s dots has a disparity similar to 

that of the background causing removal/degradation of the edge-discontinuity 

(Gillam et al., 1984, Stevens and Brookes, 1988). 

 

Figure 8.16. Schematic of the random dot stereogram (RDS) stimuli used in 

Experiment 9. Dot position and luminance polarity was updated with a temporal 

frequency of 60Hz.  



244 
 

8.3.2 Observers 

 

Ten observers (eight naïve) took part in the experiment. All observers gave 

their informed, written consent to participate, and had normal or corrected to 

normal vision, stereoacuity (screened via TNO stereopsis test (Walraven, 

1975) to ensure a minimum stereoacuity of 60”) and reported normal hearing 

at the time of the experiment.  

8.3.3 Stimuli and apparatus 

 

The experimental conditions and the apparatus for visual stimulus presentation 

were identical to that used for Experiment 1, (Chapter 5, Section 2.2).  

Visual stimuli comprised two circular regions (diameter 6.93°), each presented 

dichoptically on separate monitor. Within these regions, dynamic random dot 

stereograms (RDS) were presented comprising contrast-matched dots. Each 

dot was randomly assigned a binary luminance value (black or white) and 

presented against a mid-grey background whose luminance was equal to the 

average luminance of the dots. Dot diameter was fixed at 3.2’ and each dot’s 

position was randomly assigned within the stimulus display region such that 

the display density of the dots was 20% of the total stimulus presentation area. 

Within this pseudorandom spatial arrangement, dot locations were constrained 

to avoid overlap between any of the presented dots. In addition to positional 

randomisation, each dot’s luminance polarity was randomly assigned black or 

white.  

Dot positions and luminance polarities were updated at 60Hz, providing 

individual ‘dot lifetimes’ of 16.67ms (2 monitor frame refreshes). This 
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arrangement created the appearance of a high density, dynamic, dot-based 

texture field akin to standard dynamic RDS stimulus used elsewhere in the 

literature (Julesz, 1971).  

The RDS region (see Figure 8.16) was bordered by a black and white 

chequered annulus (width 0.13°) presented binocularly which served to aid 

binocular fusion during the experiment. The remainder of the display was set 

to the same mid-grey specified above. Observers were instructed to maintain 

fixation at the centre of the chequered annulus throughout.  

During the zero-disparity ISI, left and right stimulus displays were identical, and 

the duration of the ISI was jittered randomly between 1000 – 1500ms. During 

the test stimulus presentation periods, retinal disparity was induced by a 

lateral, rightward shift of a sub-set of dots located within in a 3.33° disc-shaped 

‘target zone’ at the centre of the right monitor (Figure 8.17). This positional shift 

could have induced monocular cues to stimulus onset via dot density 

increases/decreases at the target zone’s right/left margins, respectively. This 

potential artefact was circumvented via (a) very brief dot lifetimes making 

positional tracking of individual dots difficult and, (b) the removal/addition of 

background dots to the target zone’s right/left margins respectively, thereby 

preserving uniform monocular and binocular texture density through stimulus 

presentation and ISI periods.  
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Figure 8.17. Cross fusing the two images above causes a central section of the dots 

to be perceived in near depth. In this example, the lack of dynamism causes and an 

irregular ‘polygon’-like disparity-defined shape. Had dot density been sufficiently 

high (either via time averaged dot density increase or physical dot density 

increases) this shape would appear circular.  

 

Experiment 9 consisted of two stimulus presentation conditions: 

Constant depth RDS  

During the ‘on’ phase of the stimulus presentation, dots located within the 

target zone on the right-hand monitor were all shifted laterally rightwards to 

create 6’ of crossed retinal disparity. The degree of this lateral shift was 

constant to all dots throughout the visual test duration period. This consistency 

created a stable disc-shaped region with smooth surface at a fixed (near) depth 

plane (Figure 8.17 and 8.18A).  

Variable depth RDS  

During test stimulus presentation periods, all dots located within the target-

zone were individually assigned a random crossed disparity value between the 

minimum presentable disparity (i.e., a shift of 1 pixel or 0.4’) and the maximum 

specified disparity (6’), drawn from a uniform distribution. The disparity and 



247 
 

position of the dots was updated at 60 Hz. This gave a time-averaged 

perception of a disc shape whose surface undulated dynamically in near depth 

(Figure 8.18B). As discussed in the introduction, the circularity of the disc-

shape was perturbed via stochastic variation in edge-discontinuity (Gillam et 

al., 1984, Stevens and Brookes, 1988). 

 

Figure 8.18. Schematic representation of the stimuli used in Experiment 9. In both A 

and B, the first four panels represent the changing position of the dots over time at 

each 60Hz update, whilst the final panel shows the time averaged (TA) perception of 

the whole disparity stimulus presentation. During the experiment dots were 

displayed as either black or white. Here they have been colour coded to represent 

the level of disparity assigned to each dot. In both A and B, dark blue dots represent 

zero disparity. In A (constant depth condition), all dots were displayed with +6’ 

disparity and hence are the same yellow colour. In B (variable depth condition), a 

random disparity between 0.4’ and 6’ was assigned to each dot, represented here 

by the different dot colours. 

 

8.3.4 Procedure 

 

An experimental trial comprised the following presentation sequence: auditory 

reference stimulus, ISI, visual test stimulus (disparity-defined disc shape) and 

observer’s response. The durations of the visual test stimuli were varied 



248 
 

logarithmically in seven steps around the 333ms auditory reference duration. 

The magnitude of the difference between these test durations was determined 

following pilot testing (excluded from final analysis) which established the step 

size providing the closest match to initial estimates of each observer’s duration 

discrimination threshold. The presentation order of these test durations was 

randomly interleaved within a method of constant stimuli. On termination of the 

visual test stimulus, observers made two alternative forced choice (2AFC) 

duration discrimination judgments as to “which was longer, the visual stimulus 

(disparity-defined disc-shaped region) or auditory reference stimulus?” 

Observers responded via a keypress which - following a jittered (1000 – 

1500ms) ISI - triggered the presentation of the next reference-test stimulus 

pair. This cycle was repeated until each visual test duration had been 

presented 5 times, constituting a ‘block’ of experimental trials. Each block was 

repeated at least six times, giving a total of at least 30 observations per test 

duration, per condition (constant or variable), per observer.  

8.3.5 Results  

 

The proportion of ‘test stimulus longer than auditory reference stimulus’ 

responses was plotted against visual test duration. The resulting psychometric 

functions were curve fitted as per Experiment 1 (Chapter 5, Section 2.4 and 

Equation 5.1), allowing extraction of duration discrimination JND and PSE 

values. A representative pair of psychometric functions for a single observer 

are shown in Figure 8.19.  
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Figure 8.19. A pair of psychometric functions for a single representative observer in 

Experiment 9. The steeper slope of the red curve (constant disparity) compared to 

that in blue (variable disparity) shows that the observer was more sensitive to 

changes in stimulus duration when disparity remained constant throughout stimulus 

presentation.  

 

JND measures for all observers in both experimental conditions are shown in 

Figure 8.20. All observers are less sensitive to changes in duration when the 

disparity assigned to each of the dots during stimulus presentation is randomly 

updated over time. Permutation testing showed the difference in group mean 

data between the two conditions to be highly significant (p<0.001). 
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Figure 8.20. Individual and group mean JNDs for duration discrimination 

judgements of stimuli defined by constant +6’ (red bars) and variable – +0.4’- +6’ 

(blue bars) disparities. Error bars show the 95% bootstrapped confidence intervals 

(CIs). 

 

In order to again facilitate comparisons across observers where large absolute 

differences in duration discrimination JND exist, the data were normalised by 

taking a sensitivity ratio (constant/variable) for each observer. These ratios are 

shown in Figure 8.21, where a value below one indicates greater sensitivity to 

changes in duration when stimulus dots are all assigned the same level of 

disparity. The group mean ratio (0.66) corresponds to a duration discrimination 

sensitivity 1.52x greater for the constant disparity stimulus condition. 
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Figure 8.21. Normalised duration discrimination data from Experiment 9 plotting the 

ratio of constant disparity/variable disparity JND values for individual observers and 

the group geometric mean. Values <1.0 signify lower sensitivity to durations defined 

by stimuli with randomly assigned dot disparities. Error bars represent the 95% 

bootstrapped CIs.  

 

For most observers, the proportion of ‘test longer than reference’ responses is 

slightly lower for the variable disparity condition (E.g. Figure 8.19). This has 

the effect of increasing PSE for this stimulus type (Figure 8.22, blue bars). 

Normalising this data (Figure 8.23) provides a group mean ratio of 0.90, which 

indicates that, on average, observers perceived the variable dot disparity 

stimulus to be 10% shorter than its constant dot disparity counterpart. 

Permutation testing showed the difference in mean PSEs to be significant 

(p<0.001). 
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Figure 8.22. Individual observer and group mean PSEs for constant (red bars) and 

variable (blue bars) dot disparities in Experiment 9. Longer PSEs represent shorter 

perceived duration. The horizontal red line represents veridical perception where a 

visual test duration of 333ms appears perceptually matched to the 333ms auditory 

reference duration. Error bars show 95% bootstrapped CIs. 
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Figure 8.23. Normalised duration discrimination PSE data for constant/variable dot 

disparities in Experiment 9 for individual observers and the group geometric mean. 

Values below one signify shorter perceived duration of the stimuli defined by 

variable dot disparities. Error bars represent the 95% bootstrapped CIs. 

 

8.3.6 Discussion 

 

The disparity-defined dots in Experiment 9 were all presented within the same 

circular stimulus region. However, the introduction of physical disparity noise 

in the z plane caused decreased sensitivity to changes in stimulus duration 

compared to those stimuli whose perceived depth was held constant (Figure 

8.20). This finding shows that the influence of spatial form on duration 

processing is not limited to manipulations of two-dimensional spatial 

information (dynamic jittering of shape diameter – Experiment 8B): 

perturbations in the retinal-disparity coherence alone are sufficient to degrade 

duration discrimination sensitivity.  
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The group mean PSEs show a similar pattern to that observed in Experiments 

1 and 8B: spatially unstable stimuli are perceived, on average, as 10% shorter 

than their spatially stable counterparts. As discussed in Chapter 5, Sections 

5.2.4 & 5.3, this perceived temporal compression could reflect lower stimulus 

visibility, However, the striking similarity of the data between the current 

experiment and that in Experiments 1 and 8B would seem to suggest that the 

same mechanisms for temporal compression are responsible in all three cases 

and are unlikely to be related to stimulus visibility. 

The constant/variable disparity duration sensitivity ratio (Figure 8.21), which 

shows the relative effect of spatial stability on duration discrimination, is on 

average 0.66. The corresponding duration sensitivity ratio in Experiment 8B 

(non-jittered/jittered diameter) is 0.48 (Figure 8.11). In both cases, disruptions 

to spatial stability show duration discrimination sensitivity loss (ratio values <1). 

However, the diameter jitter induces the greater sensitivity loss. This 

discrepancy may be due to asymmetric effects on spatial stability of the two 

noise types: i.e., the maximally dense texture of dynamic luminance noise 

(Experiment 8) cf. the relatively sparse RDS stimuli in the current experiment.  

One explanation for the difference in the duration discrimination thresholds 

between the constant and variable disparity conditions in the current 

experiment (Figure 8.20) is unmatched temporal coherence arising from 

temporally intermittent activation of the relevant underlying encoding 

mechanisms. For example, in the variable disparity condition, the constancy 

with which a crossed disparity-selective receptive field (RF) will receive 

information matching its tuning preferences is less than in the constant 

disparity condition. This is illustrated by comparing Figures 8.24A & B, where 



255 
 

the time averaged signal arising from a RF (black circle) in the variable 

disparity condition (Figure 8.24B) is relatively weak compared to the same RF 

in the constant disparity condition (Figure 8.24A). This weaker signal will 

arguably reduce the signal-to noise-ratio within putative duration encoding 

mechanisms that are influenced by the output of spatially relevant RFs. This 

in turn could increase the variability within the said duration encoding 

mechanism(s).  

 

Figure 8.24. The upper panel shows schematic representations of the physical time-

averaged representations of (A) a crossed, constant disparity random dot 

stereogram (RDS) and (B) crossed, variable disparity RDS from Experiment 9. 

Receptive field (RF) dimensions and locations are shown for RFs centred at 

paracentral locations (black circles). Lower panels denote schematic 

representations of hypothetical signal strength at the RF location throughout the 

period corresponding to test stimulus presentation. 

 

A concurrent issue that arises from the stimuli in Experiment 9 is that of the 

average disparity. Across the variable disparity stimulus, disparity varies 

between +0.4’ and +6’. This produces a time-averaged disparity of +3.2’ 

compared to +6’ in the constant disparity condition. This average disparity level 
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is grossly suprathreshold (see Chapter 5, Section 5.3.3). However, that level 

reflects an average across space (the entirety of the disc-shaped target zone) 

and time (the entirety of test stimulus duration), within which there will be 

localised regions where average disparity is potentially subthreshold. If these 

regions are centred on circumferential locations near the disc-background 

border it is likely that the two-dimensional shape of the stimulus underwent 

some dynamic perturbation. Thus, whilst the intention was to limit spatial noise 

to the z dimension, some x and y noise will have been unavoidable. As such, 

it is possible that differences between variable vs constant effects could be at 

least partially attributable to differences in stimulus’ temporal coherence, 2D 

shape uncertainty and average disparity magnitude. 

8.4 Experiment 10A: The Role of Temporal Coherence 

 

8.4.1 Introduction 

 

As discussed in the preceding experiment, the local temporal coherence of the 

disparity signal and the global average disparity magnitude of the stimuli were 

unmatched between the ‘variable’ and ‘constant’ experimental conditions (see 

Section 8.3 and Figure 8.24).  

In order to try address these issues and to provide a more meaningful 

comparison between spatially stable and unstable stimuli, the current 

experiment manipulates spatial coherence whilst maintaining careful control of 

temporal coherence and average disparity magnitude. Using random dot 

stereograms (RDS) (Julesz, 1971) similar to those in Experiment 9, two 

conditions were created:  
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(1) ‘Spatially unstable’: all target zone dots were assigned equal (crossed) 

disparity, but the diameter of the target zone was dynamically jittered 

throughout test stimulus presentation (as per Experiment 8B), creating 

the time-averaged perception of a disc-shaped region with a blurred 

spatial extent (Figure 8.25A) 

(2)  ‘Spatially stable’: the diameter of the target zone is fixed but the 

number of crossed disparity dots within this zone was jittered across 

frames, thereby jittering disparity density. Because target zone 

diameter is constant, the time-averaged perception is of a spatially 

stable disc-shaped region (Figure 8.25B).  

 

Figure 8.25. Schematic representation of the stimuli used in Experiment 10A. 

During the experiment dots were displayed as either black or white. Here they have 

been colour coded to represent the level of disparity assigned to each dot. Dark blue 

dots represent zero disparity, while yellow dots represent +6’ disparity. In both A and 

B, each of the first four panels represents one 60Hz update of the dots, whilst the 

final panel shows the time averaged (TA) perception of the whole disparity stimulus 

presentation. 
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The results of Experiment 8B predict relatively low duration discrimination 

sensitivity when spatial extent is uncertain. The current experiment allows 

duration sensitivity to be compared across conditions or relatively low (Figure 

8.25A) vs high (Figure 8.25B) spatial certainty under conditions where time-

averaged disparity magnitude and time-averaged temporal coherence are 

matched (Figure 8.26).  

 

Figure 8.26. The upper panel shows schematic representations of the physical time-

averaged representations of (A) crossed, jittered target zone diameter RDS and (B) 

crossed jittered disparity density RDS. Receptive field (RF) dimensions and 

locations are shown for RFs centred at paracentral locations (black circles). Lower 

panels denote schematic representations of hypothetical signal strength at each RF 

location throughout the period corresponding to test stimulus presentation. 

 

8.4.2 Observers 

 

Nine observers (seven naïve) took part in the experiment. All observers gave 

their informed, written consent to participate, and had normal or corrected to 

normal vision, stereoacuity (screened via TNO stereopsis test (Walraven, 
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1975) to ensure a minimum stereoacuity of 60”) and reported normal hearing 

at the time of the experiment.  

8.4.3 Stimuli and apparatus 

 

The experimental conditions and the apparatus for visual stimulus presentation 

were identical to that used for Experiment 1, (Chapter 5, Section 5.2.2).  

Visual stimuli were identical to those used in Experiment 9 (Chapter 8, Section 

8.3) with the following differences in stimulus presentation: 

(a) Spatially unstable (jittered target zone diameter) 

The target zone was identical to the ‘constant depth RDS’ condition with 

the exception that its diameter was drawn from a uniform distribution 

constrained between 0.67° - 4.0° and randomly updated at 60Hz (Figure 

8.25A). The number of dots which were presented in disparity therefore 

varied over time as a function of the presented stimulus diameter. The 

time-averaged perception was of a disc-shaped region at a constant 

near depth plane with dynamic edges that were spatially blurred across 

the 0.67° - 4.0° jitter zone (Figure 8.25A).  

(b) Spatially stable (jittered disparity density) 

Target zone diameter was held constant at 4° throughout test duration 

(equivalent to the maximum target-zone diameter in the ‘Jittered target 

zone diameter’ condition. This region contained 85 ‘target’ dots, each of 

which was assigned a disparity value of zero or 6’ crossed disparity. 

The probability of any given dot being assigned either disparity value 

varied randomly throughout test duration. On any given dot lifetime, the 

total number of 6’ crossed disparity dots was calculated by randomly 
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drawing a value from the same uniform distribution of possible diameter 

values (and therefore corresponding total number of +6’ disparity dots) 

used in the ‘Jittered target zone diameter’ experiment described above. 

For example, in the jittered diameter experiment all dots within the 0.67° 

to 4.0° diameter target zones were displayed in disparity (2 and 85 

disparity dots, respectively), whereas in the ‘jittered disparity density’ 

condition, the same number of +6’ disparity dots were then randomly 

distributed across the 4° target zone. The remainder of the target zone’s 

dots were presented with zero disparity. This process was repeated at 

temporal frequency of 60Hz, giving a time averaged percept of a depth-

defined disc shape with a relatively stable diameter of ~ 4º and a 

dynamically undulating surface (Figure 8.25B) 

 

This arrangement ensured that, when averaged across the target zone’s 

spatial and temporal extent, the temporal coherence of the disparity signal was 

matched between the spatially stable and spatially unstable versions of the 

stimulus (Figure 8.26). However, the spatial coherence was greater in the 

former, compared to the latter. 

8.4.4 Procedure 

 

An experimental trial comprised the following presentation sequence: auditory 

reference stimulus, ISI, visual test stimulus (disparity-defined shape) and 

observer response. The durations of the visual test stimuli were varied 

logarithmically in seven steps around the 333ms auditory reference duration. 

The magnitude of the difference between these test durations was determined 
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following pilot testing (excluded from final analysis) which established the step 

size providing the closest match to initial estimates of each observer’s duration 

discrimination threshold. The presentation order of these test durations was 

randomly interleaved within a method of constant stimuli. On termination of the 

visual test stimulus, observers made two alternative forced choice (2AFC) 

duration discrimination judgments as to “which was longer, the visual stimulus 

(disparity-defined disc-shaped region) or auditory reference stimulus?” 

Observers responded via a keypress which - following a jittered (1000 – 

1500ms) ISI - triggered the presentation of the next reference-test stimulus 

pair. This cycle was repeated until each visual test duration had been 

presented 5 times, constituting a ‘block’ of experimental trials. Each block was 

repeated at least six times, giving a total of at least 30 observations per test 

duration, per condition (constant or variable), per observer.  

8.4.5 Results 

 

The proportion of ‘test stimulus longer than auditory reference stimulus’ 

responses was plotted against visual test duration. The resulting psychometric 

functions were curve fitted as per Experiment 1 (Chapter 5, Section 2.4 and 

Equation 5.1), allowing extraction of duration discrimination JND and PSE 

values. A representative pair of psychometric functions for a single observer 

are shown in Figure 8.27. 
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Figure 8.27. A pair of psychometric functions for a single representative observer in 

Experiment 10A. The flatter slope - and therefore larger JND - of the blue curve 

(jittered diameter) compared to that in red (jittered density) show that the observer 

was less sensitive to changes in stimulus duration when the diameter - rather than 

the density - of the disparity-defined stimulus area was jittered. 

 

JND measures for all observers are shown in Figure 8.28. All observers are 

less sensitive to changes in stimulus duration when these periods are defined 

by jittered diameter shapes as opposed to shapes with a fixed diameter but 

variable disparity-density. Permutation testing showed the difference in group 

mean data between the two conditions to be highly significant (p<0.001). 
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Figure 8.28. Individual and group mean JNDs for duration discrimination 

judgements of stimuli defined by +6’ jittered disparity density (red bars) and +6’ 

jittered diameter (blue bars) disparities. Error bars show the 95% bootstrapped 

confidence intervals (CIs). 

 

The normalised JND sensitivity ratios (jittered density/jittered diameter) for all 

observers are shown in Figure 8.29. Ratios below one indicate greater 

sensitivity to changes in duration for the spatially stable condition. The group 

mean ratio (0.62) corresponds to a duration discrimination sensitivity 1.6x 

greater for stimuli where density rather than diameter was jittered. 
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Figure 8.29. Normalised duration discrimination data from Experiment 10A plotting 

the ratio of jittered density/jittered diameter JND values for individual observers and 

the group geometric mean. Values <1.0 signify lower sensitivity to durations defined 

by stimuli defined by jittered diameters. Error bars represent the 95% bootstrapped 

CIs. 

 

For all observers in Experiment 10A, the proportion of ‘test longer than 

reference’ responses is slightly lower for the jittered diameter condition (E.g. 

Figure 8.27). This has the effect of increasing PSE for this stimulus type 

(Figure 8.30, blue bars), thereby causing temporal compression and making 

the stimulus perceptually shorter than its physical duration.  
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Figure 8.30. Individual observer and group mean PSEs for jittered density (red bars) 

and jittered diameter (blue bars) stimuli in Experiment 11. Longer PSEs represent 

shorter perceived duration. The horizontal red line represents veridical perception 

where a visual test duration of 333ms appears perceptually matched to the 333ms 

auditory reference duration. Error bars show 95% bootstrapped CIs. 

 

Normalising the PSE data (Figure 8.31) provides a group mean ratio of 0.88, 

which indicates that, on average, observers perceived the stimulus with the 

jittered diameter to be 12% shorter than that where disparity density was 

jittered. Permutation testing showed the difference in mean PSE to be 

significant (p<0.001). 
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Figure 8.31. Normalised duration discrimination PSE data for jittered density/jittered 

diameter dot stimuli in Experiment 11 for individual observers and the group 

geometric mean. Values below one signify shorter perceived duration of the stimuli 

defined by jittered stimulus diameter. Error bars represent the 95% bootstrapped 

CIs. 

 

8.4.6 Discussion 

 

The aim of this experiment was to investigate the effect of spatial stability on 

duration discrimination performance, without the confounding factors of 

differing temporal coherence and average disparity. The spatially stable 

‘density jitter’ condition confined spatial spread within a fixed region during 

stimulus presentation periods. Although the surface of this stimulus appeared 

to undulate over time, it was imbued with a relatively high degree of global 

spatial coherence. As with other studies in this thesis, stimuli with reduced 

spatial stability also showed significantly reduced sensitivity to changes in 

duration (Figure 8.28). 
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Due to the high update rate of dot luminance and position, individual texture 

elements within the RDS could not inform judgements of stimulus duration for 

jittered density or jittered diameter stimulus types. However, for jittered 

diameter stimuli, all dots within the central 0.67° diameter were presented with 

+6’ crossed disparity during ‘stimulus on’ periods. It is therefore notable that 

duration encoding precision was compromised in the jittered diameter 

condition despite the central 0.67° region forming a spatially stable, temporally 

coherent region. When considering the global percept of the stimulus shapes, 

both stimulus types contained surfaces imbued with a degree spatiotemporal 

instability. However, robust image segmentation of shape from background 

has been demonstrated in the absence of any consistent perceptual surface 

(Shipley and Kellman, 1994). Within such stimuli, the spatiotemporal integrity 

of shape borders has been identified as the key factor limiting image 

segmentation (Erlikhman and Kellman, 2016). In the current experiment, 

duration estimates were compromised when shape borders became unstable, 

and observers failed to utilise the shape’s stable centre (Figure 8.25A). This 

result suggests that spatial pooling around the shape’s circumference and the 

global perception of form are of cardinal importance for reliable duration 

estimates.  

In Experiment 9’s constant disparity condition, shape diameter was fixed and 

disparity density was maximised throughout stimulus presentation (Figure 

8.18). Under these conditions mean duration discrimination threshold 

(41.74ms) was lower than both the current experiment’s jittered diameter 

(Figure 8.28, blue bars – 80.96ms) and jittered density (Figure 8.28, red bars 

– 49.48ms) conditions. Spatial stability aside, a further difference between 
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Experiment 9’s stimuli and those deployed here is that of stimulus diameter: 

fixed at 3.33° in Experiment 9 cf. 4.0° in the current experiment’s jittered 

density conditions and 0.67° - 4.0° for jittered diameter conditions.  

In experiments examining perceptual sensitivity, visual detection thresholds 

have been shown to be influenced by stimulus area. Specifically, spatial 

summation mechanisms pool signals across a stimulus to improve visibility in 

proportion to stimulus area (Anderson and Burr, 1991; Meese and Summers, 

2007). If spatial summation mechanisms contribute to duration encoding, this 

might help explain why duration encoding is less sensitive when the time-

averaged stimulus diameter is relatively small (2.33°), as per the jittered 

diameter condition.  

In addition to the possible role of stimulus size in modulating duration 

sensitivity, perceived temporal extent can also be modulated (Rammsayer and 

Verner, 2014; Xuan et al., 2007), with large stimuli having longer perceived 

durations. If duration sensitivity follows perceived, rather than physical duration 

(as has been demonstrated elsewhere (Heron et al., 2013; Roach et al., 2017), 

then Weber’s law for duration predicts lower duration sensitivity for larger 

stimuli with longer perceived durations. Experiment 10B investigates 

interactions between stimulus size and duration sensitivity.  

8.5 Experiment 10B: The Effect of Stimulus Size 

 

8.5.1 Observers 

 

Seven observers (five naïve) took part in the experiment, six of whom had also 

completed Experiment 10A. All observers gave their informed, written consent 
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to participate, and had normal or corrected to normal vision, stereoacuity 

(screened via TNO stereopsis test (Walraven, 1975) to ensure a minimum 

stereoacuity of 60”) and reported normal hearing at the time of the experiment.  

8.5.2 Stimuli, apparatus and procedure 

 

The experimental conditions and the apparatus for visual stimulus presentation 

were identical to that used for Experiment 1, (Chapter 5, Section 2.2). 

Visual stimuli were dynamic random dot stereograms identical to those 

described for the ‘Constant depth RDS’ stimuli used in Experiment 9 (Chapter 

8 Section 8.3.3 and see Figures 8.16, 8.17 & 8.18A), with the exception that 

the visual stimulus (disparity defined disc shape) was presented at three 

different diameters: 3.33°, 1.33° or 0.67° (held constant within a block of trials). 

Experimental trials were identical to those described in Experiment 9 (and the 

preceding part of Experiment 10) with observers making duration 

discrimination judgements as to ‘which had the longer duration, the visual or 

auditory stimulus?’ Each observer completed at least six blocks of trials for 

each disc diameter, giving a total of at least 30 observations per duration, per 

disc diameter, per observer. 

8.5.3 Results 

 

The proportion of ‘test stimulus longer than auditory reference stimulus’ 

responses was plotted against visual test duration. The resulting psychometric 

functions were curve fitted as per Experiment 1 (Chapter 5, Section 2.4 and 

Equation 5.1), allowing extraction of duration discrimination JND and PSE 

values. 



270 
 

JND measures for all observers in all three experimental conditions are shown 

in Figure 8.32. There is a general trend for increased sensitivity to changes in 

duration of stimuli with larger diameters (cf. heights of light, mid and dark grey 

bars in Figure 8.32), although this is not entirely consistent across observers.  

 

Figure 8.32. Individual observer and group mean JNDs for audio-visual duration 

discrimination judgements. Visual stimuli were presented at diameters of 0.67° (light 

grey bars), 1.33° (mid-grey bars) and 3.33° (dark-grey bars). Error bars show the 

95% bootstrapped confidence intervals (CIs). 

 

Permutation testing showed no significant difference in duration discrimination 

JND between stimulus diameters of 3.33° and 1.33° (p=0.07). However, there 

was a significant difference between JND for stimulus diameters of 3.33° and 

0.67° (p<0.001), and stimulus diameters of 1.33° and 0.67° (p<0.001).  

Across observers, there is also a general trend for observers to have increased 

PSE values (shorter perceived duration) for smaller diameter stimuli (cf. 
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heights of light, mid and dark grey bars in Figure 8.33), although this is far from 

consistent. Permutation testing showed that the difference in PSE reached 

significance at the 95% level when comparing all conditions: stimulus 

diameters 3.33° vs. 1.33° (p<0.001), 3.33° vs 0.67 (p<0.001), 1.33 vs 0.67 

(p=0.02). 

 

Figure 8.33. Individual observer and group mean PSEs for the +6’ disparity defined 

dot stimuli with diameters of 0.67° (light-grey bars), 1.33° (mid-grey bars) and 3.33° 

(dark-grey bars). Longer PSEs represent shorter perceived duration. The horizontal 

red line represents veridical perception where a visual test duration of 333ms 

appears perceptually matched to the 333ms auditory reference duration. Error bars 

show 95% bootstrapped CIs. 

 

8.5.4 Discussion 

 

The tendency in this experiment for duration discrimination sensitivity to 

increase with an increase in stimulus size (Figure 8.32), may signify that spatial 

summation mechanisms are contributing to duration processing. Previous 

studies examining perceptual sensitivity in relation to stimulus area, have 
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shown increased spatial sensitivity for larger stimuli (Anderson and Burr, 1991, 

Meese and Summers, 2007), and this pattern of results is reflected in the 

current study for duration sensitivity. However, a comparison of the heights of 

the grey and blue bars in Figure 8.34 (which shows data for the six participants 

who completed both Experiment 10A & B) makes it clear that this pattern of 

results does not extend to the jittered diameter stimuli used in Experiment 10A.  

 

Figure 8.34. Comparison between Experiment 10B’s JNDs for different sized 

stimulus diameters (grey bars – see also Figure 8.32) and those for the jittered 

diameter and jittered disparity density stimuli (blue and red bars respectively – see 

also blue and red bars in Figure 8.28) found in Experiment 10A. Error bars show the 

95% bootstrapped confidence intervals (CIs). 

 

In that experiment (Section 8.4.3), stimulus diameter varied dynamically 

between 0.67° - 4.0° and therefore, across the course of stimulus presentation 

periods, averaged at 2.33°. Permutation testing showed that group mean 

duration discrimination JND for jittered diameter stimuli (Figure 8.34, blue bars) 
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is significantly higher than that of even the smallest fixed diameter (0.67°) 

stimuli used in the current experiment (p<0.001). This result is important in 

relation to the observed differences between duration sensitivity for jittered 

density vs jittered radius in Experiment 10A (replotted here in Figure 8.34’s red 

and blue bars, respectively). Specifically, if duration discrimination sensitivity 

is contingent on the jittered radius condition’s average diameter (2.33°) we 

would expect it to be higher than the sensitivity observed in the (fixed diameter) 

1.33° and 0.67° conditions. As stated earlier, the spatial instability associated 

with the jittered radius condition reduced duration sensitivity to a level below 

much smaller fixed diameter stimuli (cf. Figure 8.34’s blue and grey bars).  

This result also confirms that observers are unable to utilise the 0.67° diameter 

region at the centre of the jittered radius stimuli. Due to physical constraints 

around the minimum presentable disc diameter within the RDS, stimulus 

diameter was invariant within this central section of the jittered radius stimuli. 

If this spatial invariance was sufficient for precise duration judgments, duration 

sensitivity in the fixed diameter 0.67° condition (Figure 8.34, light grey bars) 

would match sensitivity in the jittered radius condition (Figure 8.34, blue bars). 

Despite this matching region of spatial invariance in both conditions, sensitivity 

is significantly compromised by the jittered radius condition’s spatially stable 

region being surrounded by a region of spatial instability.  

The duration discrimination sensitivity for Experiment 10A’s ‘Density jitter’ 

condition (Figure 8.34, red bars) is much closer to those of the stable disc-

shapes (cf. the heights of the red and grey bars in Figure 8.34), falling 

somewhere midway between that of the smallest and largest stimulus 

diameters. Permutation testing found no significant difference between Density 
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jitter sensitivity and sensitivity in the 1.33° fixed diameter condition (p=0.91), 

but did find it to be significantly higher than that of the 0.67° stimulus (p=0.02) 

and significantly lower than that of the 3.33° diameter stimulus (p=0.03).  

The significant difference between the average PSEs obtained for the three 

disc diameters confirms the findings of previous studies, that stimulus size can 

modulate perceived duration, with larger stimuli appearing perceptually longer 

(Rammsayer and Verner, 2014, Xuan et al., 2007). Again this pattern of results 

did not extend to those for the jittered radius condition (cf. heights of the grey 

and blue bars in Figure 8.35), which permutation testing showed was, on 

average, perceived as significantly shorter than any of the stable diameter 

conditions (p<0.01 in all comparisons).  

 

Figure 8.35. Comparison between Experiment 10B’s PSEs for different sized 

stimulus diameters (grey bars – see also Figure 8.33) and those for the jittered 

diameter and jittered disparity density stimuli (blue and red bars respectively – see 

also blue and red bars in Figure 8.30) found in Experiment 10A. Error bars show the 

95% bootstrapped confidence intervals (CIs). 
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A comparison of the PSE for the density jitter condition however (Figure 8.35, 

red bars), shows that this stimulus was perceived as significantly longer than 

the 0.67° diameter disc-shape (p<0.001) but not significantly different from 

either the 1.33° or 3.33° diameter disc-shapes (p=0.23 & p=0.13 respectively). 

As overall the stimulus diameter for the density jitter condition was larger (4.0°) 

than any of the stable disc-shapes, it might be expected that the PSE would 

be lower than that of the 3.33° diameter disc-shape. However, inconsistencies 

in perceived spatial extent may make the density jitter disc-shape appear 

slightly smaller on average, or it may simply represent a plateauing of the effect 

of size on duration.  

In either case, this further highlights that observers are not averaging the disc 

diameter or using the stable centre of the disc for duration judgements in the 

jittered radius condition, but again suggests that it is the integrity of spatial form 

information which is important for duration perception.  
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Chapter 9 

Spatial and Temporal Perceptual Interactions Within 

Monocular Texture-Based Stimuli 

 

9.1 Introduction 

 

Most of the experiments presented thus far concern the influence of spatial 

reliability on duration sensitivity within retinal disparity-defined shapes. The 

introduction of perceptual (Experiment 1) or physical (Experiments 8B, 9 

&10A) spatial uncertainty to disparity-defined shape stimuli in either the x-y 

(Experiments 8B & 10A) or z (Experiments 9 & 10A) planes, caused a 

consistent elevation of duration discrimination thresholds. Experiment 7 

showed that the positional uncertainty of monocularly visible stimuli did not 

induce duration uncertainty, and while this further suggested that certainty in 

the perception of spatial form is driving the duration sensitivity effects reported 

thus far, there may have been a potential confound related to total stimulus 

luminance. What is not clear from the experiments conducted thus far is 

whether this apparent relationship of form and duration perception is limited to 

binocularly driven, disparity selective neurons alone, or if it also generalises to 

monocular mechanisms. For example, disparity-selective mechanisms have 

been reported to possess relatively low spatiotemporal resolution (Kane et al., 

2014, Nienborg et al., 2004), it therefore remains possible that form-duration 

interactions within binocular cues are functionally distinct from their monocular 

equivalents.  

To assess relationships between spatial and temporal judgments within stimuli 

devoid of interocular spatial cues, shape and duration sensitivity were 
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quantified using dynamic monocular texture displays, where average 

luminance across the display was constant in all conditions. These displays 

formed a modified version of monocular figure-ground paradigms deploying 

variations in texture element similarity to control visibility within a central 

square region (Lee and Blake, 1999, Regan et al., 1996, Regan and Hamstra, 

1991). The stimuli were similar to the random dot textures used in earlier 

experiments (Experiments 9 & 10A, see Figure 8.16 except for the following 

modifications: (1), the spatial content of both eye’s images were identical, and 

(2), stimulus’ target zone now formed a square-shaped central region defined 

by its component dot diameters (See methods Figures 9.5-9.7). During periods 

corresponding to test stimulus duration, dot diameters within the target zone 

were increased relative to background dot size. The magnitude of this size 

increment was determined via a preliminary experiment (Experiment 11A) 

where target zone detection thresholds were measured with a range of target 

zone dot sizes. Sensitivity to changes in target zone shape (Experiment 11B) 

and duration (Experiment 11C) were then separately measured. To 

standardise target zone visibility, these measurements were made with target 

zone dot diameters presented at a fixed multiple of each observer’s target zone 

detection threshold (as measured in Experiment 11A). To quantify the role of 

spatial stability, shape and duration sensitivity were measured under two 

different levels of spatial coherence. In the ‘spatially stable’ condition, all dots 

within the target zone where presented at a fixed multiple of detection 

threshold. The time-averaged perception was of a relatively solid shape with 

relatively stable borders defined by texture composed of dots whose 

luminance polarities and positions updated dynamically (Figure 9.5). In the 
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‘spatially unstable’ condition, target zone dot sizes were jittered dynamically. 

Here, the time-averaged perception was of a spatially diffuse shape with 

unstable borders defined by texture composed of dots whose sizes, luminance 

polarities and positions updated dynamically (Figure 9.6). 

9.2 Experiment 11A: Quantifying Stimulus Visibility 

 

Individual detection thresholds for the spatially unstable condition were 

established in order to set observer-specific parameters for the subsequent 

shape and duration discrimination experiments.  

9.2.1 Observers 

 

Seven observers (five naïve) took part in the experiment. All observers gave 

their informed, written consent to participate, and had normal or corrected to 

normal vision at the time of the experiment. 

9.2.2 Stimuli and apparatus 

 

Visual stimuli were presented on a single gamma-corrected Eizo FG2421 LCD 

monitor with a refresh rate of 120Hz and a resolution of 1920x1080. The 

monitor was connected to a 3GHz E5-1660v3 8-Core HP Z440 desktop 

computer running Windows 8.1 Pro. All stimuli were generated using Matlab 

(version 8.4.0, Mathworks, USA) running the Psychtoolbox Extension version 

3.0.8 (Brainard, 1997).  

The experiment was conducted in a quiet, darkened room. Observers were 

positioned at a viewing distance of 93cm from the monitor allowing one monitor 

pixel to subtend 1arcmin. Throughout the experiment, observers were directed 
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to maintain fixation on an 80’ fixation cross positioned in the centre of the 

monitor. To prevent retinal afterimages, the luminance polarity of the cross was 

counterphased at 120Hz.  

Visual stimuli comprised a full screen display containing 2000 dots, each with 

a diameter of 20’. The luminance polarity (black or white) and screen location 

were randomly updated at 120 Hz, creating individual dot lifetimes of 8.33ms. 

Dots were displayed on a mid-grey background with a luminance equal to the 

average luminance of the dots (see Figure 9.1).  

 

Figure 9.1. One frame of the stimulus before the introduction of any detection 

target. The position and luminance polarity of the dots was updated with a temporal 

frequency of 120Hz. 

 

Without any dot overlap, the maximum possible dot density was 30% of the 

total stimulus presentation area. However, overlap was permitted and, when 

present, induced localised instances of lower dot density. 
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During stimulus presentation periods, individual dot diameters could be 

manipulated within a square-shaped ‘target zone’ (side length 5.83°) centred 

on the fixation cross. This manipulation took the form of a dot size increment 

which increased dot diameter from the background (i.e. all dots outside of the 

target zone region) value (20’) to a value drawn from a range of seven uniform 

distributions. The minima of these distributions were fixed at the 20’ 

background dot size. Their maxima formed one of seven linearly increasing 

values. An example is shown in Figure 9.3 where the size variance increment 

was 2’, creating dot sizes ranges that varied between 20’ – 22’ (minimal 

visibility) up to 20’ – 34’ (maximal visibility). Within a single 333ms stimulus 

presentation, dot size variance was constrained to one of the aforementioned 

seven ranges. Across trials, different dot size ranges were randomly 

interleaved within a MOCS.  

When the target zone’s dot size range was sufficiently suprathreshold, the 

perception was of a rapidly updating, high density texture field with a central 

region segregated from its background via perceptible differences in dot size 

variance (Figure 9.2A).  

9.2.3 Procedure 

 

Observers performed a two-interval forced choice stimulus detection task. An 

experimental trial consisted of the serial presentation of two visual intervals 

separated by an inter-stimulus interval (ISI), with the counterphased fixation 

cross displayed continually throughout. On each trial, ‘stimulus intervals’ 

contained the stimulus (Figure 9.2A) whilst the ‘no stimulus intervals’ contained 

a uniform texture field of 20’ diameter dots (Figure 9.2B). The presentation 
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order of these intervals varied randomly across trials. The onset and offset of 

all intervals was signalled by periods where all dots were replaced by a 

uniform, mid-grey background. 

 

Figure 9.2. A schematic representation of the two intervals in Experiment 11A. From 

left to right the first four panels in A & B represent individual presentation frames. 

The final panel represents the average perception of the stimulus over time. Due to 

the high temporal frequency of dot replacement (120Hz), the texture field appeared 

to have a far higher density of dots than was presented on any individual frame. A) 

The stimulus interval. Dot diameter varied between the background diameter (20’), 

up to the maxima of the range for that presentation. The dashed red square in the 

first four panels shows the boundary of the target zone but was not present during 

the experiment. B) During the no stimulus interval, there was no change in dot 

diameter across the screen.  
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‘Stimulus’ intervals began with a uniform texture field of 20’ diameter dots 

(identical to the ‘no stimulus’ intervals). In order to distribute attention 

throughout the duration of each interval the uniform texture field was presented 

for a variable (1000 – 1500ms) period after which dot size varied dynamically 

within the central target zone for 333ms before being replaced by the uniform 

texture field for a further 1000ms. The total duration of Stimulus intervals 

therefore varied across trials as a function of the jittered duration between the 

start of the ‘Stimulus’ interval and stimulus onset. ‘No stimulus’ interval 

durations were varied to match the total duration of the trial-specific target 

interval.  

Following the termination of the second interval, observers made a 2AFC 

judgement as to ‘which interval contained the stimulus, first or second?’ 

Observers responded via a keypress which triggered the presentation of the 

next pair of intervals. This cycle was repeated until each of the seven dot size 

variance ranges (Figure 9.3) had been presented 10 times, constituting a 

‘block’ of experimental trials. Each block was repeated at least three times, 

giving a total of at least 30 observations per dot size variance range, per 

observer. 

9.2.4 Results 

 

Individual proportion correct responses were plotted as psychometric functions 

(e.g. Figure 9.3) and fitted using maximum likelihood with a logistic of the form: 

 
𝑦 =

1

1 + exp− (x − µ)
θ

 (9.1) 
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Where ‘µ’ is the ‘Threshold variance range’ (TVR): a measure of detection 

threshold (the dot size variance range value corresponding to 75% correct 

performance). ‘θ’ is an estimate of the function’s slope (a measure of sensitivity 

to changes in size variance around that that threshold value). Figure 9.3 shows 

examples of these extracted curve fit parameters for one observer whereas 

Figure 9.4 plots individual and group mean equivalents.  

 

Figure 9.3. A psychometric function for a representative observer in Experiment 

11A’s dot size variance detection task. ‘Variance range’ signifies the range of 

possible angular dot-size increments relative to the background dot size. ‘Threshold 

variance range’ (TVR) is defined as the variance range which gives 75% detection 

performance and ‘Slope’ is a measure of sensitivity to changes in size variance 

around that that threshold value. 
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Figure 9.4. Threshold variance range (TVR) (blue bars) and slope (red bars) values 

for individual observers together with group mean data. Error bars represent the 

95% bootstrapped confidence intervals (CIs). 

 

These values were used in conjunction with each other to generate stimuli for 

the subsequent measurement of duration and shape discrimination 

(Experiments 11B & 11C). These experiments required stimuli with differing 

degrees of spatial coherence but matched visibility. To ensure both spatially 

coherent and incoherent stimuli were visible on ~100% of trials, these stimuli 

were defined by dot size variance range maxima calculated as follows:  

Discrimination Size Variance Range Maxima

= 20 + 2(𝑇𝑉𝑅𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛  ×  𝑠𝑙𝑜𝑝𝑒𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) 
(9.2) 
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Where 20 is the size of the background dots in arcmin. This was calculated 

individually for each observer. For the observer represented in Figure 9.3, TVR 

= 5.6’ and slope = 1.01’. The Discrimination stimulus Size Variance Range 

Maxima (DSVRM) for this observer is therefore:  

20 + 2 (5.6 × 1.01) = 31.31’ 

The dot sizes presented to this observer during discrimination experiments 

thus varied between 20-31’. As can be seen via inspection of Figure 9.3, this 

value produces ~100% detection performance for this observer.  

Having quantified stimulus visibility for each observer, sensitivity to shape and 

duration was measured (Experiments 11B & 11C) under conditions where 

inter-observer differences in sensitivity are neutralised by presenting 

monocular texture defined shapes at a common multiple of each observer’s 

shape detection threshold.  

9.3 Experiment 11B: Shape Discrimination Within Monocular 

Texture-Based Stimuli 

 

9.3.1 Observers 

 

The same seven observers (five naïve) that took part in Experiment 11A 

participated in Experiment 11B. 

9.3.2 Stimuli and apparatus 

 

Visual stimuli were based on the same dynamic texture display described in 

Experiment A. The largest dot size within these displays formed the 

Discrimination Size Variance Range Maxima (DSVRM). These values were 
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derived from individual TVR values (Equation 9.2), ensuring uniform supra-

threshold target zone visibility across observers. ‘Jittered’ stimuli permitted the 

measurement of duration and shape discrimination sensitivity under spatially 

unstable conditions. This instability was generated by via random jittering of 

target-zone dot diameters between background (20’) and observer-specific 

DSVRM values. Conversely, ‘non-jittered’ stimuli provided spatially stable 

conditions: all dots within the target zone were presented at the DSVRM value 

alone (i.e. the largest dot size possible during jittered stimulus presentations, 

see Figures 9.5 & 9.6). 

 

Figure 9.5. A single frame from Experiments 11B and 11C’s ‘non-jittered’ 

conditions. The diameters of all dots within the target zone were increased to 

individual observer’s Discrimination Size Variance Range Maxima (DSVRM). 
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Figure 9.6. A single frame from Experiment 11B & 11C’s ‘jittered’ conditions. Each 

dot diameter within the target zone is assigned a random value between 20’ and 

observer’s individual Discrimination Size Variance Range Maxima (DSVRM). 

9.3.3 Procedure 

 

The procedure for shape discrimination in both the non-jittered and jittered 

conditions was identical, and followed that described in Chapter 8, Section 

8.1.4. Observers were instructed to maintain fixation on the counterphase 

fixation cross in the centre of the display. The shape of the target zone was 

varied linearly in seven steps to generate three horizontally and three vertically 

elongated rectangles, with a square at the centre of the range. As in 

Experiment 11A, the square stimuli were presented with a side length of 5.83°. 

Rectangular stimuli were elongated along either the horizontal or vertical axis 

such that the shorter axis remained fixed at 5.83° and the longer axis was 

elongated horizontally or vertically to a degree that varied as a function of the 

observer’s step size. Observer specific step sizes were determined during 

initial pilot data collection sessions whose data were not included in the final 
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analysis. An experimental trial consisted of the following presentation 

sequence: ISI, visual test stimulus (square/rectangle target zone, Figures 9.5, 

9.6 & 9.7) and observer response.  

 

Figure 9.7. Schematic representation of visual stimulus presentation in both 

discrimination experiments (11B and 11C). The four leftmost panels in each 

sequence represent individual 8.33ms frames, highlighting the dynamic variation in 

dot locations and luminance polarities. The dashed red squares in the first four 

panels illustrate the boundary of the target zone but was not presented during the 

experiment. As per Experiment 11A, visual persistence induced a perceived dot 

density greater than physical dot density. This effect is depicted in the time 

averaged (TA) percept panels. (a) Non-jittered condition: all dot diameters in the 

target zone were presented at the observer-specific DSVRM value. (b) Jittered 

condition: dot diameters within the target zone were randomly assigned a value 

between the background 20’ and the DSVRM. 
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The presentation order of the shape types was randomly interleaved within a 

MOCS. On termination of the visual test stimulus, observers made single 

interval, 2AFC shape discrimination judgements: ‘was the rectangle oriented 

horizontally or vertically?’ Observers responded via a keypress which - 

following a jittered (1000 – 1500ms) ISI - triggered the presentation of the next 

visual stimulus. Observers fixated the central counterphase cross throughout. 

This cycle was repeated until each shape had been presented ten times, 

constituting a block of trials. Observers completed a minimum of 3 blocks, 

giving a total of at least 30 observations per shape, per observer, for each of 

the non-jittered and jittered conditions. 

9.3.4 Results 

 

The proportion of ‘horizontal’ responses was plotted as a function of the 

change in the rectangle’s longest axis, with +ve/–ve values denoting 

horizontal/vertical orientation, respectively. The resultant psychometric 

functions (e.g. Figure 9.8) were fitted with logistic functions using maximum 

likelihood estimation (as discussed in Chapter 4, Section 4.1.2 & Chapter 5, 

Section 5.2.4) which allowed the extraction of the point of subjective equality 

(PSE): the physical axis elongation producing the percept of a square target 

zone. Of greater interest in the current study was the other extracted curve fit 

parameter: the just noticeable difference (JND) in perceived shape, defined 

here by the degree of axis elongation required to change performance from 

chance to 0.27 or 0.73 performance levels.  



290 
 

 

Figure 9.8. Psychometric functions for a single observer (CMG) from Experiment 

11B. This observer has a larger JND for the jittered condition (blue data), i.e. the 

observer was less sensitive to changes in shape of the jittered stimulus. The length 

of the rectangle’s shorter axis (‘S’) was fixed at 5.83°. 

 

Figure 9.8 shows a representative pair of psychometric functions for the non-

jittered and jittered conditions. JND measures for all observers and group 

mean are shown in Figure 9.9, where greater bar heights reflect lower shape 

discrimination sensitivity for jittered (blue bars) and non-jittered (red bars) 

conditions. Relative to non-jittered conditions, all observers are less sensitive 

to changes in target zone shape when it is defined by jittered dot diameters. 

Permutation testing showed that the difference in group means was highly 

significant (p<0.001). 
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Figure 9.9 JNDs for each observer’s shape discrimination judgements of stimuli 

using a non-jittered dot diameter variance range (red bars) and jittered dot diameter 

variance range (blue bars) in Experiment 11B. Error bars show the 95% CIs. 

 

To facilitate comparisons across observers, Figure 9.10 shows observer’s 

sensitivity expressed as non-jittered/jittered ratio, with values below one 

indicating an increased shape discrimination sensitivity for shapes defined by 

non-jittered dot diameter. The group mean ratio of 0.42 corresponds to shape 

discrimination sensitivity 2.4x greater for non-jittered stimuli. 
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Figure 9.10. Normalised shape discrimination data from Experiment 11B for 

individual observers and the geometric mean. Values below one signify greater 

sensitivity to changes in shape defined by stimuli with a non-jittered dot diameter 

variance range. Error bars show the 95% bootstrapped CIs. 

 

For most observers, jittered stimuli produce a slightly lower proportion of 

‘rectangle oriented horizontally’ responses. The effect of this can be seen in 

Figure 9.11, which shows the PSEs for each observer in the two conditions. A 

positive value for PSE indicates that an observer will, on average, perceive a 

physically square stimulus as a vertically oriented rectangle. This tendency is 

slightly greater in the jittered condition, and permutation testing shows that the 

difference is significant at the 95% level (p=0.042). 
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Figure 9.11. Individual and group mean PSEs for non-jittered (red bars) and jittered 

(blue bars) conditions from Experiment 11B. Positive PSE values signify a 

perceptual bias towards vertical elongation of physically square stimuli. The 

opposite is true for negative values. Error bars represent the 95% bootstrapped CIs. 

 

The current experiment was motivated by the need to test duration 

discrimination under conditions of differing spatial coherence, matched 

visibility and in the absence of retinal disparity cues. The results of Experiment 

11B demonstrate that manipulations of dot size variance form an effective 

mechanism for degrading perceived spatial coherence. Experiment 11C uses 

the same stimulus manipulations to measure perceived duration under 

spatially coherent (non-jittered) and incoherent (jittered) conditions. In contrast 

with Experiment 11B, the shape of the target zone was now fixed whilst its 

duration was varied across trials.  
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9.4 Experiment 11C: Duration Discrimination Within Monocular 

Texture-Based Stimuli 

 

9.4.1 Observers 

 

The same seven observers (five naïve) that took part in Experiment 11B 

participated in Experiment 11C.  

9.4.2 Stimuli and apparatus 

 

Visual test stimuli were generated and presented in identical jittered and non-

jittered conditions described in Experiment 11B (Section 9.3.2 Figures 9.5, 9.6 

& 9.7), with the exception that the target zone was only presented as a 5.83°-

sided square. Auditory stimuli comprised fixed duration (333ms) reference 

tones (500Hz) presented through Sennheiser HD 280 headphones. 

9.4.3 Procedure 

 

Observers were again instructed to maintain fixation on the counterphased 

fixation cross in the centre of the display. An experimental trial comprised the 

following presentation sequence: auditory reference stimulus, ISI, visual test 

stimulus (square target zone, Figures 9.5, 9.6 & 9.7) followed by observer’s 

response. During the presentation of the auditory reference stimulus and the 

ISI, all dots were presented with a diameter of 20’ (Figure 9.12). 
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Figure 9.12. Schematic of a single trial in Experiment 11C. The diameter of the dots 

displayed on the screen was fixed at 20’ except during the test stimulus 

presentation. Visual test durations varied as a function of observer step size.  

 

The durations of the visual test stimuli were varied logarithmically in seven 

steps around the auditory reference duration. As per earlier experiments, this 

variation was in proportion to each observer’s estimated duration 

discrimination threshold. The presentation order of the test durations was 

randomly interleaved within a MOCS. On termination of the visual test 

stimulus, observers made 2AFC duration discrimination judgments as to 

“which was longer, the visual test or auditory reference stimulus?” Observers 

responded via a keypress which - following a jittered (1000 – 1500ms) ISI - 

triggered the presentation of the next reference-test stimulus pair. This cycle 

was repeated until each visual test duration had been presented five times, 

constituting a ‘block’ of experimental trials. Each block was repeated a 

minimum of six times, giving a total of at least 30 observations per test 

duration, per observer for each of the non-jittered and jittered conditions. 

9.4.4 Results 

The proportion of ‘test stimulus longer than auditory reference stimulus’ 

responses was plotted against visual test duration for both the non-jittered and 
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jittered conditions. The resulting functions were fitted (as described above, 

Equation 9.1) allowing the extraction of duration PSE (the physical test 

duration producing a perceptual match with the auditory reference duration) 

and JND. 

A representative pair of functions is shown in Figure 9.13. JND measures for 

all observers are shown in Figure 9.14, where greater bar heights reflect lower 

duration discrimination sensitivity within jittered (blue bars) and non-jittered 

(red bars) conditions. Relative to non-jittered conditions, all observers are less 

sensitive to changes in target zone duration when that duration is defined by a 

periods of jittered dot diameter. Permutation testing shows that the difference 

in the mean values is highly significant (p<0.001). 

 

Figure 9.13. A pair of psychometric functions for a single observer in Experiment 

11C. This observer has a larger JND and longer PSE for the jittered condition (blue 

data). I.e. the observer was less sensitive to changes in duration of the jittered 

stimulus. 
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Figure 9.14. JNDs for each observer’s duration discrimination judgements of stimuli 

using a non-jittered dot diameter variance range (red bars) and jittered dot diameter 

variance range (blue bars) in Experiment 11C. Error bars show the 95% CIs. 

 

Figure 9.15 shows observer’s sensitivity ratios (non-jittered/jittered). Ratio 

values below one indicate an increased sensitivity to durations defined by non-

jittered dot diameter. The group mean ratio of 0.53 shows that, on average, 

observers’ duration discrimination JNDs for the jittered stimulus were 1.8x 

greater than their non-jittered counterparts.  
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Figure 9.15. Normalised duration discrimination JND data from Experiment 11C for 

individual observers and the group geometric mean. Values below one signify 

greater sensitivity to durations defined by stimuli with a non-jittered dot diameter 

variance range. Error bars show the 95% bootstrapped CIs. 

 

Whilst perceived test duration was veridical for non-jittered stimuli, observers 

showed a tendency to underestimate the duration of jittered test stimuli (Figure 

9.16 blue bars). This pattern reflects a trend of shorter perceived test durations 

when the test durations are defined by the jittered stimulus. Again, permutation 

testing shows that the difference in the mean values is highly significant 

(p<0.001). Normalised PSE values (Figure 9.17) show that on average the 

jittered stimuli were perceived as being 8% shorter than their non-jittered 

counterparts. 
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Figure 9.16. Individual PSEs for non-jittered (red bars) and jittered (blue bars) 

conditions in Experiment 11C. Longer PSE values represent shorter perceived 

durations. The horizontal red line represents veridical perception where a visual test 

duration of 333ms appears perceptually matched to the 333ms auditory reference 

duration. Error bars show the 95% bootstrapped CIs. 

 

Figure 9.17. Normalised duration discrimination PSE data from Experiment 11C for 

individual observers and the group geometric mean. Values below one signify larger 

PSE, and therefore shorter perceived duration for stimuli with a jittered dot diameter 

variance range. Error bars show the 95% bootstrapped CIs. 
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9.5 Discussion 

 

In Experiment 11A, the measurement of individual detection thresholds 

allowed the normalisation of inter-observer differences in stimulus sensitivity 

for the subsequent discrimination experiments. Experiment 11B showed that 

the two manipulations of stimulus dot size variance (jittered and non-jittered) 

were effective in modulating shape discrimination (Figure 9.9): despite stimuli 

being visible on every trial, the consistency of their perceived spatial extent 

varied as a function of the consistency of the target zone – background dot 

size congruence. Having established the relative difference in spatial certainty 

across jittered and non-jittered conditions, Experiment 11C then showed these 

differences were similarly reflected for duration discrimination sensitivity 

(Figure 9.14). Specifically, all observers were less sensitive to stimulus 

duration when perceived spatial form was uncertain.  

The observed pattern of results in Experiment 11C was similar to those seen 

elsewhere in this thesis (i.e. Experiments 1, 8B, 9 &10A), namely that stimuli 

with increased uncertainty about the perception of their form (through physical 

and/or perceptual spatial instability) were also less certain in terms of their 

temporal extent. It is also clear from these results that interactions between 

perceived form and perceived duration are not limited to binocularly selective 

mechanisms alone. This further suggests that the effects of asymmetric 

sensitivity across crossed/uncrossed disparity types seen in Experiment 1 are 

unlikely to reflect idiosyncrasies in disparity selective mechanisms, but rather 

a generalised effect of spatial form perception on duration perception.  
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One question that arises from Experiment 11C is whether observer duration 

estimation was dependent on the extraction of global shape, or whether local 

regions within the target zone provided sufficient information. Arguably there 

is potential for observers to adopt a ‘local’ strategy because, during 

presentation of the non-jittered stimulus (Figure 9.2A), background dots within 

the target-zone are replaced by dots with larger circumference and area. This 

change in stimulus appearance would be discernible from localised regions 

within the target zone, without observers needing an awareness of global 

shape or having to compare target zone and background dot sizes at the 

shape’s border, potentially enabling localised duration judgements. In the 

jittered condition, using local cues will be more difficult, as variance in dot size 

means that target zone dots sizes intermittently match those of the 

background, thus increasing uncertainty about when the target zone signal has 

been switched on and off. The relative difference in localised task difficulty 

across jittered vs non-jittered conditions could perhaps produce a similar 

pattern of results to those found in this experiment. However, the results from 

the RDS stimuli in Experiment 10A argue against this explanation. Here, the 

spatially unstable stimuli were presented with radii that varied dynamically over 

time (Figure 8.25A). Importantly, the central 0.67° region of the RDS shape 

was presented with constant disparity, providing a spatially consistent ‘solid’ 

shape centre throughout stimulus presentation. Despite this, observers were 

more sensitive to duration in the ‘density jitter’ condition, where all stimulus 

regions were equally spatiotemporally incoherent, but the stability of global 

form was preserved. This pattern strongly suggests that extracting object 
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duration is closely tied to the pooling of spatial information across the entirety 

of an object’s surface – a requisite for the extraction of global form.  

The bias, on average, for perceiving both stimulus types in Experiment 11B as 

vertically elongated (Figure 9.11) is in keeping with shape discrimination 

biases reported in Experiments 6 & 8A. This bias may be a further example of 

the vertical-horizontal illusion (Fick, 1851, cited in Künnapas 1955). 

Group mean PSEs for Experiment 11C show a similar pattern to those in all 

previous duration discrimination experiments in this thesis, whereby the 

durations of spatially unstable stimuli are perceived as being ~10% shorter 

than their spatially stable counterparts. Again, the striking similarity of this 

effect across experiments would appear to suggest the same mechanisms are 

responsible for the observed temporal compression. 

The form-duration sensitivity interactions seen in this experiment were 

generated using stimuli which bypassed disparity-selective mechanisms. This 

perhaps suggests that lower-level, pre-cortical visual neurons may carry the 

relevant duration signals. However, the contribution of these early, monocular 

mechanisms to spatial vision is unlikely to be responsible for the type of global 

processing required for the extraction of spatial form (as measured here via 

shape discrimination). The processing of global form relies on the visual 

system being able to separate the target shape from the background, which is 

typically presented as a multistage process beginning in primate V1 (Kubilius 

et al., 2014) with local edge detectors responding to differences across texture 

elements (Roelfsema et al., 2002). If appropriate, these edges must then be 

allocated as borders of a figural region, and such ‘border ownership’ 
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mechanisms have been observed in V1 but are more prevalent within 

extrastriate areas (Schmid et al., 2014, Zhou et al., 2000). Finally, the neural 

mechanisms responsible for ‘filling in’ the area within the shape perimeter have 

also been shown to have extrastriate origins (Lamme, 1995, Zipser et al., 1996, 

Poort et al., 2012). 
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Chapter 10 

Adaptation to Disparity-Defined Durations 

(Some sections and figures in this chapter have been adapted from Heron et al., 

2019) 

 

10.1 Experiment 12: Duration Adaptation Within and Across 

Disparity Sign 

 

10.1.1 Introduction 

 

As discussed in Chapter 1, Section 1.2, there are a number of candidate 

mechanisms for duration perception with different proposed neural loci. Low-

level models of visual duration processing evoke the response properties of 

pre-cortical neurons, consistent with duration distortions showing very narrow 

spatial tuning and orientation-invariance (Johnston, Arnold and Nishida, 2006; 

Ayhan et al., 2009; Bruno, Ayhan and Johnston, 2010). However, the 

preceding experiments in this thesis have demonstrated duration 

discrimination sensitivity effects common to both monocularly visible and 

disparity defined stimuli, suggesting a common locus with a cortical origin.  

In Chapter 1, Section 1.2.2 & Chapter 2, Section 2.2.10 adaptation 

experiments were discussed, specifically in relation to how the aftereffects 

generated can be used to infer the properties of neurons sub-serving 

perception. For example, repulsion-type aftereffects of visual orientation 

(Gibson and Radner, 1937) and motion (Levinson and Sekuler, 1976) are 

tuned around the adapting stimulus. Similarly, repulsion-type duration 

aftereffects (Heron et al., 2012; Becker and Rasmussen, 2007; Heron et al., 

2013; Walker and Scott, 1981) show specificity for adapting duration and 
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adapting sensory modality (Heron et al., 2013), as discussed in Chapter 1, 

Section 1.2.2 & Chapter 2, Section 2.2.10. 

Duration aftereffects (DAEs) have also been shown to exhibit extensive (albeit 

incomplete) interocular transfer (Fulcher, 2017). Theoretically, interocular 

transfer (IOT) could be mediated by neurons showing rudimentary binocularity. 

Alternatively, IOT could be subserved by more sophisticated binocular 

mechanisms that allow the extraction of retinal disparity. For example, ~50% 

of binocularly responsive neurons within primate V1 show selectivity for retinal 

disparity information, with the reminder showing responsivity to binocular 

stimulation but limited integration of monocular inputs (Poggio et al., 1985; 

Poggio et al., 1988; Gonzalez et al., 1993). 

The current series of experiments utilises the progressive sophistication of 

binocular processing to test the level(s) at which stimulus perception is 

augmented by duration encoding. If interocular transfer is mediated by 

mechanisms that facilitate only the most basic interocular communication, 

stimulus durations defined solely by retinal disparity would presumably fail to 

generate any duration aftereffects. This presumption follows from the fact that 

disparity-defined durations would be invisible to mechanisms that were either 

wholly monocular or, if binocular, incapable of retinal disparity encoding. 

However, if disparity-defined durations are sufficient to generate duration 

aftereffects, an opportunity then presents itself. Specifically, an absence of 

DAE transfer across depth planes would signal duration processing within 

disparity-selective neurons in striate and extrastriate areas (Poggio, Gonzalez 

and Krause, 1988; Uka and DeAngelis, 2003; DeAngelis and Newsome, 

1999). Alternatively, transfer of DAE across depth planes would implicate 
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duration encoding within disparity-invariant neurons which operate at higher 

levels of the visual hierarchy and are exclusively extrastriate in origin (Janssen, 

Vogels and Orban, 1999; Durand et al., 2007).  

10.1.2 Observers 

 

Seven observers (five naïve) took part in the experiment. All observers gave 

their informed, written consent to participate, and had normal or corrected to 

normal vision, stereoacuity (screened via TNO stereopsis test (Walraven, 

1975) to ensure a minimum stereoacuity of 60”) and reported normal hearing 

at the time of the experiment. 

10.1.3 Stimuli and apparatus 

 

The experimental conditions, set-up and the apparatus for visual stimulus 

presentation were identical to those described in Experiment 1, (Chapter 5, 

Section 5.2.2). Visual stimuli were presented in two different conditions: 

‘adapt/test same disparity’ and adapt/test different disparity’. Figure 10.1a 

shows a schematic of the visual stimuli used in the ‘same’ disparity condition 

and Figure 10.1b shows a schematic of the visual stimuli used in the ‘different’ 

disparity condition.  



307 
 

 

Figure 10.1. Schematic of an experimental trial showing the four adapting ‘top-up’ 

(fixed duration) stimuli, auditory reference and visual test (variable duration) stimuli 

which constituted an experimental trial. In the examples above, (a) denotes an 

example condition from the adapt/test ‘same’ condition, where adapting duration 

was relatively short and adapting disc disparity matched test disc disparity, (b) 

denotes an example condition from the adapt/test ‘different’ condition where 

adapting the stimulus’ duration and disparity were different to that of the test 

stimulus. 

 

Visual stimuli were identical to those presented in Experiment 1 with the 

exception that in the ‘same’ condition, adapting stimuli were defined by regions 

of -24’ uncrossed disparity, whilst the ‘different’ condition’s stimuli were defined 

by +24’ crossed disparity. In both conditions, test stimuli were defined by -24’ 

uncrossed disparity. Within ‘same’ or ‘different’ conditions, adapting stimulus 

durations were either 166 (Figure 1a) or 666ms (Figure 1b) (fixed within an 

experimental block of trials), test stimulus duration varied around 333ms. The 

auditory reference stimulus was a 500Hz tone with fixed 333ms duration. 
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10.1.4 Procedure 

 

At the start of an experimental block, observers were presented with the 

adapting stimulus. This consisted of 50 repetitions of the disparity defined disc. 

Within an experimental run, adapting disparity (either -24’ or +24’) and 

adapting duration (166ms or 666ms) were held constant. Each presentation of 

the adapting stimulus was separated by an interstimulus interval (ISI), during 

which zero-disparity dynamic luminance noise was shown. The ISI varied 

randomly between 1000 and 1500ms. Following the initial adaptation period, 

an experimental trial began with the serial presentation of four ‘top up’ 

adaptation stimuli (of identical duration and disparity to the initial 50 adaptation 

presentations) separated by the same zero-disparity, random duration ISI. 

Top-up stimuli were followed by the auditory reference tone, ISI and visual test 

stimulus (variable duration, -24’ disparity-defined disc).  

Following test stimulus presentation, observers made a 2AFC duration 

discrimination judgement as to ‘which was longer, the duration of the auditory 

reference tone (fixed at 333ms) or the duration of the disparity-defined test 

stimulus disc’. Observers responded via a keypress which, following a variable 

duration ISI, triggered the presentation of the next adaptation top-up – 

reference – test stimulus cycle. The durations of the visual test stimuli were 

varied logarithmically in seven steps around the 333ms auditory reference 

duration. The magnitude of the difference between these test durations was 

determined following pilot testing (excluded from final analysis) which 

established the step size providing the closest match to initial estimates of 

each observer’s duration discrimination threshold. The presentation order of 
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these test durations was randomly interleaved within a method of constant 

stimuli. Each auditory/visual (reference/test) stimulus pair was presented five 

times, constituting a block of experimental trials. Each block was repeated at 

least six times, giving a total of at least 30 observations per test duration, per 

observer.  

In order to facilitate comparisons between the duration adaptation conditions 

in this experiment with a ‘no adapt’ baseline, those observers who had not 

previously partaken in Experiment 4 (Chapter 5, Section 5.4), completed a ‘no 

adapt’ duration discrimination condition for -24’ uncrossed disparity. The 

experiment was performed exactly as described in Chapter 5, Section 5.4 but 

observers only completed stimulus presentations of the -24’ disparity-defined 

stimulus. 

10.1.5 Results  

 

For both disparity conditions (‘adapt same’ and ‘adapt different’), the proportion 

of ‘test stimulus longer than auditory reference stimulus’ responses was plotted 

against visual test duration. The resulting psychometric functions were fitted 

(Equation 10.1) using maximum likelihood estimation with a logistic function of 

the form: 

 
𝑦 =

1

1 + exp− (x − µ)
θ

 (10.1) 

Where µ is the Point of Subjective Equality (PSE): the physical test duration 

that is perceptually equivalent to the 333ms auditory reference duration. θ is 

an estimate of the observer’s discrimination threshold (aka ‘just noticeable 



310 
 

difference’ or JND) which represents half the difference between the durations 

corresponding to 27% and 73% performance.  

This fitting procedure was carried out separately for the ‘Adapt 666ms’, and 

‘Adapt 166ms’ conditions in both adapt/test ‘same’ and ‘different’ disparity 

conditions. Representative functions for a single observer in the ‘same’ 

condition are shown in Figure 10.2. The slope of the two functions is almost 

identical, indicating similar duration discrimination sensitivity to changes in test 

stimulus duration for both adapting conditions.  

 

Figure 10.2. Psychometric functions for a single observer in the adapt/test ‘same 

disparity’ condition, where adapting and test stimulus disparity was fixed at -24’. 

Blue function and data points represent the 166ms adaptation condition, red function 

and data points the 666ms adaptation condition. The rightward shift of the 666ms 

condition’s function (and resultant increased PSE) represents a relative contraction 

(cf. the blue function) of perceived test stimulus duration. Duration aftereffect 

magnitude (DAM) is the lateral separation between the two functions, here 

represented by the difference in the two function’s PSEs.  
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Indeed, Figure 10.3 shows a comparison of group mean JNDs for each of the 

adapting conditions and the no adapt condition, incorporating data for one 

observer who completed Experiment 4, but did not participate in the current 

adaptation experiments. Levene’s test showed that the variance for JND 

across conditions was equal (F(3,31)=1.36, p=0.27) and the following ANOVA 

showed no significant difference between group mean JNDs across conditions 

F(4,31)=0.28, p=0.89). This shows that in this experiment, duration sensitivity 

was unaffected by the adaptation paradigm.  

 

Figure 10.3. Group mean data for all adapt and no-adapt duration discrimination 

experimental conditions using the -24’ stimulus. For the no-adapt (first bar) n=8, for 

the adapt conditions n=7. This is due to one observer who partook in Experiment 4 

but did not complete the adaptation conditions. Error bars show the 95% 

bootstrapped CIs. 

 



312 
 

Figure 10.2 also shows that, the proportion of ‘vision longer’ responses is 

relatively low in the Adapt 666ms condition, reflecting adaptation-induced 

perceptual compression of visual test stimulus duration (Figure 10.2, red data 

points). Relative to the adapt 166ms condition (Figure 10.2, blue data points), 

this pattern causes a rightward shift in the psychometric function and thus 

relatively long PSE values. For the observer in Figure 10.2, a physical test 

stimulus duration of 404ms produces a perceptual match with the 333ms 

auditory reference tone. This is an example of a repulsive duration aftereffect: 

adaptation to relatively long durations causes a moderate duration to feel 

relatively short. In both the adapt/test ‘same’ and ‘different’ conditions, all 

observers show temporal compression after adapting to the 666ms stimulus 

(cf. height of red bars relative to the red horizontal line in Figures 10.4 & 10.5). 

One-tailed t-tests show group mean temporal compression to be significant in 

both ‘same’ and ‘different’ conditions (t(6)=5.75, p<0.001; t(6)=3.24, p=0.008 

respectively). 
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Figure 10.4. Individual PSEs for 166ms adapting stimulus (blue bars) and 666ms 

adapting stimulus (red bars) in the adapt/test ‘same’ condition. Longer PSEs 

represent shorter perceived duration. The red horizontal line represents veridical 

perception where a visual test duration of 333ms appears perceptually matched to 

the 333ms auditory reference duration. The black horizontal dashed line represents 

the mean PSE for all observers in the 333ms ‘no-adapt’ condition from Experiment 

4. Error bars show 95% bootstrapped CIs.  
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Figure 10.5. Individual PSEs for 166ms adapting stimulus (blue bars) and 666ms 

adapting stimulus (red bars) in the adapt/test ‘different’ condition. Longer PSEs 

represent shorter perceived duration. The horizontal red line again represents 

veridical perception. The black horizontal dashed line again represents the mean 

PSE for all observers in the 333ms ‘no-adapt’ condition from Experiment 4. Error 

bars show 95% bootstrapped CIs. 

 

Given that previous studies have shown bidirectional repulsive duration 

aftereffects, (Heron et al., 2011; Heron et al., 2013), the 166ms adapting 

condition might be expected to induce perceived expansion of test stimulus 

duration. Whilst this is the case for three observers in both the ‘same’ and 

‘different’ conditions (Figures 10.4 & 10.5, blue bar heights relative to the red 

horizontal), for the observer in Figure 10.2 (and the group mean data shown 

in Figures 10.4 & 10.5), adaptation to the 166ms stimulus did not cause a 
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significant shift in PSE away from veridical (One-tailed t-test: adapt/test ‘same’ 

t(6)=0.37, p=0.361; adapt/test ‘different’ t(6)=0.56, p=0.599). 

This could reflect a lack of bidirectionality: only relatively long adapting stimuli 

are effective in generating duration aftereffects. Alternatively, this seeming 

asymmetry could reflect underlying biases that are independent of adaptation. 

Specifically, when auditory and visual stimuli are presented with physically 

identical duration, the auditory stimulus typically has the longer perceived 

duration. This well-established phenomenon has been demonstrated in 

multiple experiments within this thesis (Experiments 1, 8B, 9 and 10) and the 

duration perception literature (Chapter 1, Section 1.2.2). In this scenario, 

duration adaptation would either exaggerate (adapt 666 condition) or 

ameliorate (adapt 166 condition) this underlying baseline bias.  

To answer this question, ‘no adapt’ group mean PSEs were analysed and 

found to be non-veridical. Specifically, on average a visual duration of 

348.38ms (±8.16; 95%CI) was found to be perceptually equivalent with the 

333ms auditory reference stimulus, a significant deviation from veridical 

(t(6)=3.5, p=0.007). Permutation testing shows that adapting to 666ms stimuli 

in both ‘same’ and ‘different’ disparity conditions caused significant temporal 

compression (longer PSEs) away from the ‘no adapt’ baseline PSE (p<0.01 in 

both cases). Adapting to 166ms stimuli in the ‘same’ condition caused 

significant temporal expansion away from the ‘no adapt’ baseline (p=0.024). 

However, in the ‘different’ condition, whilst adapting to the 166ms stimuli did 

elicit some degree of temporal expansion (relative to baseline), this did not 

reach significance (p=0.057). These findings however, confirm that the current 

study’s duration aftereffects tended towards bidirectionality, when considered 
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alongside the non-veridical baseline. This overall pattern of temporal 

expansion and contraction is consistent with earlier reports of duration 

adaptation magnitude and asymmetry (Heron et al., 2011; Heron et al., 2013; 

Walker and Scott, 1981).  

The difference between PSEs for the two adapting durations provides a 

measure of the duration aftereffect magnitude (DAM) across duration adapting 

conditions (Figure 10.2): 

 DAM = PSE666 – PSE166 (10.2) 

 

Where PSE666 is the PSE generated by the 666ms adapting stimulus and 

PSE166 is the PSE generated by the 166ms adapting stimulus. The DAM for 

the observer in Figure 10.2 is 64ms. Figure 10.6 shows the DAM for each 

observer in both the adapt/test ‘same disparity’ condition (blue bars) and the 

‘different’ disparity condition (red bars). The mean values of DAM are 71ms for 

‘same disparity’ and 39ms for ‘different disparity’. Permutation testing shows 

that both are significantly different from zero (p<0.001 in both cases). Thus, in 

both experiments, duration adaptation induces perceptual distortion of test 

stimulus duration. However, permutation testing also shows that these values 

are significantly different from each other (p = 0.015) and therefore highlights 

an adaptation mechanism that shows a degree of selectivity for the disparity 

of the adapting stimulus.  
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Figure 10.6. Individual DAM measures for the ‘same’ (blue bars) and ‘different’ (red 

bars) disparity conditions. Higher bars represent an increased PSEs difference 

between 166ms and 666ms adaptation conditions. Error bars show 95% 

bootstrapped CIs. 

 

Figure 10.7 plots the DAM for the ‘same disparity’ condition against the 

‘different disparity’ condition, where each data point represents an individual 

observer. The red diagonal dashed line represents complete transfer of the 

aftereffect across retinal disparities. Data points below this diagonal represent 

some degree of selectivity: smaller aftereffects when adapting and test stimuli 

were presented at different depth planes. Complete selectivity for retinal 

disparity would be represented by all data points falling along the dashed black 

horizontal line. Although both conditions generated significant aftereffects for 

all bar one observer, the general trend is towards partial selectivity for retinal 
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disparity, as evidenced by the vertical position of the group mean (black data 

point). 

 

Figure 10.7. Scatter plot showing data for individual (blue circles) and group mean 

(filled black circle) duration aftereffect magnitudes for the ‘same’ and ‘different’ 

disparity conditions shown in Figure 5. The dashed red diagonal line represents 

complete transfer of duration aftereffects from +24’ (crossed) adapting stimuli to -24 

(uncrossed) test stimuli. Error bars represent 95% bootstrapped CIs. 

 

10.1.6 Discussion 

 

This experiment used adaptation techniques to generate duration aftereffects 

(DAEs). The specificity of these aftereffects was tested via adapt-test stimulus 

manipulations that allowed the quantification of input from disparity-selective 
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and disparity-invariant processing stages. The binocularity of DAEs has been 

demonstrated elsewhere (Fulcher, 2017), and this experiment explored the 

extent to which this binocular component is mediated by neurons able to 

extract duration information from retinal disparity-defined stimuli. Disparity 

information alone was sufficient to generate robust duration aftereffects, 

indicating a duration encoding stage that is distinct from the most basic forms 

of binocularity. The partial transfer of duration aftereffects across large adapt-

test differences in retinal disparity (Figure 10.7), is indicative of a contribution 

from processing stages which pool duration information across disparity-

selective inputs. A ratio of mean DAMs shows that this aftereffect transfer (and 

thus contribution from disparity-invariant mechanisms) is ~55%. 

Bidirectional, repulsion-type duration aftereffects (cf. heights of blue and red 

bars with black dashed line in Figures 10.4 & 10.5) are consistent with the 

‘channel-based’ duration encoding predicted by the response properties of 

duration-tuned neurons (DTNs). DTNs have been documented at multiple 

neural sites within a range of species (Aubie, Sayegh and Faure, 2012). In 

humans, duration aftereffect magnitude varies with the similarity between 

adapting and test duration (Heron et al., 2012), in keeping with model 

predictions rooted in activity within bandwidth-limited DTNs that varies around 

the neuron’s ‘preferred’ duration (Heron et al., 2012; Aubie, Sayegh and Faure, 

2012; Ivry, 1996). Although bandwidth-limited auditory DTNs have been 

reported in both cortical and subcortical structures (Sayegh, Aubie and Faure, 

2011), their visual counterparts have - thus far – been reported in cortical sites 

alone (Duysens, Schaafsma and Orban, 1996; Hayashi et al., 2015).  
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The fact that duration aftereffects can be generated by durations defined solely 

by retinal disparity (Figures 10.4-10.7) suggests that adaptation to such stimuli 

is generated via at least two possible routes. The first would be via a 

mechanism that is selective for both duration and retinal disparity. The data 

from the adapt/test ‘same’ condition (Figure 10.4) show that when adapting 

and test durations are defined by retinal disparities that stimulate the same 

populations of disparity-selective neurons, aftereffect strength is maximal (see 

also Figure 10.6). When adapting and test disparities stimulate distinct neural 

populations (adapt/test ‘different’ condition), duration aftereffect magnitude is 

markedly reduced (Figures 10.5-10.7). This implicates duration-selectivity 

within disparity-selective striate or extrastriate areas, with the latter arguably 

more likely, given the increasing prevalence of disparity selectivity (and 

absence of monocular neurons) in extrastriate areas (Poggio, Gonzalez and 

Krause, 1988; Uka and DeAngelis, 2003; Umeda, Tanabe and Fujita, 2007; 

DeAngelis and Newsome, 1999). Although the DTNs reported in area 17 and 

18 of cat cortex could also be tuned for retinal disparity, this association has 

yet to be tested directly (Duysens, Schaafsma and Orban, 1996).  

The second route would be via a duration-selective mechanism downstream 

from the initial coding of retinal disparity. For example, higher-level DTNs could 

inherit temporal information via their disparity-selective inputs. These neurons 

could therefore show selectivity for duration without having any intrinsic 

selectivity for disparity. Figures 10.5, 10.6 and 10.7’s data show that duration 

aftereffects are reduced but not abolished by adapt-test changes in retinal 

disparity, revealing significant contributions to duration encoding from both 

disparity-selective and disparity-invariant mechanisms. The latter’s 
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contribution to duration aftereffects could be a signature of a mechanism that 

pools across all visual stimulus features. However, such an extreme form of 

stimulus invariance is not compatible with the aftereffect’s size-dependent 

spatial specificity (Fulcher et al., 2016).  

More plausibly, disparity invariance may be a signature of duration encoding 

that is selective for stimulus duration and higher-order stimulus features that 

are re-constructed after pooling across disparity-selective inputs. For example, 

human fMRI evidence shows neural selectivity within lateral occipital cortex 

(an object selective mid-level visual area bordering V5) for depth-defined 

object shape but not the depth plane occupied by the object (Kourtzi and 

Kanwisher, 2001). Likewise, primate V4 neurons show selectivity for 3D slant 

(i.e. linear disparity gradient) across changes in the shape’s distance from 

fixation (Hinkle and Connor, 2002). More abstract still are objects defined by 

3D curvature in depth (Orban, 2008). In inferotemporal and intraparietal areas, 

neurons maintain selectivity for depth-defined curvature and orientation across 

changes in retinal disparity and the cues defining 3D shape (Janssen, Vogels 

and Orban, 1999; Durand et al., 2007; Sakata, Tsutsui and Taira, 2005). Could 

these same disparity-invariant neurons also encode stimulus duration and 

therefore mediate the duration aftereffect’s partial transfer across disparity? 

Although the answer remains unclear, duration-dependent firing patterns have 

been observed in monkey intraparietal cortex (Leon and Shadlen, 2003), and 

recent human fMRI adaptation experiments report duration-tuned modulation 

of neural activity in the same region (Hayashi et al., 2015) and others 

(Protopapa et al., 2019; Harvey et al., 2020).  
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Human psychophysical evidence also supports the concept of processing 

stages which pool across retinal disparity. Specifically, higher-level examples 

of shape, curvature, numerosity and motion perception are insensitive to 

changes in disparity-defined depth (Bell et al., 2015; Bülthoff, Bülthoff and 

Sinha, 1998; Gheorghiu et al., 2009). The binding of duration to stimulus 

features of this type would allow perceived duration to retain object specificity 

across changes in a range of horizontal positions (Fulcher et al., 2016), depth 

planes and viewing angles. 
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Chapter 11 

General discussion and further work 

 

11.1 Overview 

 

This thesis presents a series of experiments which have provided insight into 

the mechanisms responsible for human duration processing. The experiments 

harnessed multiple techniques to ascertain the relationship between spatial 

form perception and the perception of event duration.  

Experiment 1 used visual stimuli which provided the conditions for testing a 

key prediction made by the influential ‘energy readout’ model of duration 

perception (Pariyadath and Eagleman, 2007; Eagleman and Pariyadath, 2009; 

Ivry and Schlerf, 2008). This model is of the ‘intrinsic’ subtype, which 

postulates that duration processing need not invoke specialised (or 

‘dedicated’) duration-specific mechanism(s) (Chapter 1, Section 1.2.3). 

Rather, stimulus duration can be inferred via the magnitude of neural activity 

associated with a stimulus, even if that activity is ostensibly non-temporal in 

nature (Pariyadath and Eagleman, 2007; Eagleman and Pariyadath, 2009). 

One posited advantage of this model is that the neural activity informing the 

duration judgment could be manifest at multiple - potentially highly distributed 

- neural scales.  

Across a range of judgments, perceptual sensitivity to a stimulus characteristic 

increases with the number of neurons activated by that stimulus characteristic 

(De Valois et al., 1982; Orban et al., 1984; Paradiso and Carney, 1988; Li, 

Peterson and Freeman, 2003). Accordingly, Experiment 1 deployed stimulus 

durations defined solely by the presence/absence of crossed or uncrossed 
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retinal disparity: a stimulus characteristic for which disparity-selective neuronal 

population sizes are approximately symmetric within early striate cortex (Levay 

and Voigt, 1988; Poggio and Fischer, 1977), but more asymmetric at higher 

(extrastriate) cortical loci. Specifically, there are a relatively higher numbers of 

neurons tuned to crossed disparity within extra striate regions (Hinkle and 

Connor, 2001; Pasupathy and Connor, 1999; DeAngelis and Uka, 2003). If 

stimulus duration information emerges as a by-product of local activity during 

routine spatial processing, does the numerical advantage of crossed disparity 

tuned neurons confer greater perceptual sensitivity for durations defined by 

crossed disparity? A further advantage of this approach was the exclusion of 

pre-cortical neurons, recently proposed to play a role in duration encoding 

(Johnston, Arnold and Nishida, 2006; Bruno, Ayhan and Johnston, 2010; 

Ayhan et al., 2009), below the level where monocular spatial inputs are 

integrated. Disparity-defined stimuli therefore allowed quantification of purely 

cortical contributions to duration encoding.  

Observers in Experiment 1 were, on average, almost twice as sensitive to 

changes in the duration of crossed disparity-defined stimuli (Figures 5.4 & 5.5), 

a finding which appeared to offer support for ‘energy readout’ models. 

However, differential duration sensitivity could reflect simple asymmetries in 

crossed vs uncrossed stimulus visibility: as stimulus visibility approaches sub-

threshold levels, duration discrimination would be expected to approach 

chance performance levels.  

Experiments 2 and 3 quantified stimulus visibility by measuring detection 

thresholds for minimum stimulus exposure duration and stereoacuity 

respectively. In line with previous studies (Manning et al., 1987; Finlay et al., 
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1989), crossed disparity stimuli remained visible at exposure durations below 

detection thresholds for uncrossed disparity stimuli (Figure 5.10). Stereoacuity 

however, was not significantly different between the disparity types (Figure 

5.13), which although a departure from previous studies (Woo and Sillanpaa, 

1979; Lam et al., 2002), may have been due to the limitations of the 

experimental set-up. Regardless of the differences in minimum exposure 

duration, the results of Experiments 2 and 3 showed that all stimuli in 

Experiment 1 were presented at grossly suprathreshold visibility levels for both 

exposure duration and disparity magnitude (Figures 5.12 & 5.15). Thus, 

Experiment 1’s finding of asymmetry in duration discrimination sensitivity 

cannot be explained by simple asymmetry in stimulus visibility.  

A further feature of disparity tuning across visual cortical regions is the gross 

overrepresentation of neurons tuned to disparities close to the horopter. 

Conversely, ever larger retinal disparities, are represented by ever smaller 

neuronal populations (DeAngelis and Uka, 2003; Poggio and Fischer, 1977; 

Levay and Voigt, 1988; Tanabe et al., 2005). Again, if these neurons contribute 

to duration perception, energy readout models predict impoverished duration 

discrimination for disparity-defined stimuli located at increasing distances from 

the horopter. Experiment 4 showed that – irrespective of disparity type - 

increasing disparity magnitude increased duration discrimination sensitivity 

(Figures 5.18 & 5.19), a result clearly incompatible with energy readout-based 

explanations.  

The results of experiments 1 and 4 suggested a link between a stimulus’ spatial 

properties and observer sensitivity to its duration. Sensitivity to disparity-

defined spatial form also improves with increasing exposure duration 
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(Harwerth and Rawlings, 1977; Patterson, Moe and Hewitt, 1992; Uttal, 

Fitzgerald and Eskin, 1975), Experiment 5 therefore measured duration 

discrimination sensitivity under conditions of increased exposure duration but 

fixed disparity magnitude. At longer exposure durations, the asymmetry 

between sensitivity to duration within crossed vs uncrossed disparity-defined 

stimuli was greatly reduced (Figure 5.21). Although a doubling of exposure 

duration was associated with reduced Weber fractions for both crossed and 

uncrossed disparity-defined durations, by far the greatest reduction (22% - 

12%) was observed within uncrossed stimuli.  

The pattern of results seen in Experiments 4 and 5 suggested that the spatial 

perception of disparity-defined stimuli may have been driving duration 

sensitivity asymmetries seen in Experiment 1. Experiment 6 addressed the 

need for direct measurement of spatial form sensitivity within the original 

stimulus pairings responsible for asymmetric duration discrimination 

performance: the crossed and uncrossed disparity-defined stimuli from 

Experiment 1. The results of Experiment 6 clearly demonstrate superior shape 

discrimination sensitivity for shapes defined by crossed disparity (Figures 6.2 

& 6.3), revealing a correlational relationship between spatial form and duration 

processing mechanisms.  

Spatial form perception is thought to be underpinned by upstream mechanisms 

that extract more fundamental spatial properties such as stimulus location 

(Wilkinson, Wilson and Habak, 1998; Hess, Wang and Dakin, 1999). Positional 

acuity is known to be relatively low for uncrossed disparity-defined stimuli 

(Yang and Blake, 1995) raising the possibility that lower shape discrimination 

sensitivity for uncrossed stimuli reflects spatial uncertainty inherited from 
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upstream mechanisms. Experiment 7 investigated this possibility using 

monocularly visible stimuli, which allowed spatial localisation processing 

contributions from mechanisms located upstream of disparity-selective 

mechanisms. By measuring the variability of duration reproduction under 

conditions of high and low positional uncertainty, this experiment allowed 

comparisons of the interaction between visual positional sensitivity and 

duration encoding precision. Despite large variations in the former (Figure 7.4), 

there was no concurrent variation in the latter (Figures 7.7 – 7.10). This result 

suggests that it is uncertainty within global spatial form processing 

mechanisms which has a greater influence on duration encoding.  

As discussed earlier in this thesis, crossed and uncrossed disparity-defined 

stimuli can be phenomenologically distinct from each other in a way that more 

circular variables (e.g. visual orientation/colour) are not. If these inherent 

differences between the perceptual properties of crossed vs uncrossed stimuli 

extended to the processing of disparity-defined duration, differential temporal 

sensitivity may be driven by factors unrelated to those driving the differential 

spatial sensitivity described in Experiment 6. In this situation, degrading the 

spatial reliability of crossed disparity-defined stimuli would fail to degrade 

duration sensitivity within this type of stimulus. Alternatively, if spatial form 

uncertainty is the key perceptual metric influencing duration encoding, it should 

be possible to manipulate duration sensitivity irrespective of the disparity sign 

defining stimulus shape.  

Experiment 8 showed that physically corrupting the spatial form information 

within crossed disparity-defined stimuli (via diameter jitter) manipulated both 

shape and duration discrimination sensitivity (Figures 8.5, 8.6 & 8.10). 
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Experiment 9 showed that this interaction is not limited to 2D perturbations of 

spatial extent: when RDS stimulus diameter is held constant but its component 

dot disparities varied dynamically, duration discrimination sensitivity was 

compromised relative to a constant disparity control (Figures 8.20 & 8.21). As 

per Experiment 8, only crossed disparities were presented in Experiment 9. 

The correlation between shape and duration sensitivity within uncrossed 

disparity stimuli (Experiment 1 and 6) therefore cannot be explained via 

appeals to the unique properties of uncrossed disparity-selective mechanisms. 

Whilst the correlational relationship between spatial and temporal sensitivity 

extended to crossed disparity-defined stimuli, the relationship did not appear 

to be directly proportional in nature. Specifically, although duration sensitivity 

was matched across Experiment 8’s jittered, crossed-disparity condition and 

Experiment 1’s (non-jittered) uncrossed condition (Figures 8.11 & 8.14), shape 

discrimination thresholds were not (Figure 8.8).  

In all experiments discussed thus far, stimulus durations were assigned 

square-wave temporal profiles, thereby maximising the physical reliability of 

the duration signal. Whilst this was true when considering the global properties 

of stimulus, Experiment 8 (diameter jitter) and 9’s (disparity jitter) stimuli 

contained local variations in temporal coherence and time-averaged disparity 

signal strength (Figures 8.2 & 8.24). These variations were not common to 

Experiment 1’s uncrossed disparity defined stimuli where physical spatio-

temporal coherence was maximised. Local variations in spatio-temporal 

coherence within crossed-disparity defined stimuli (as per Experiment 8 & 9) 

may have resulted in intermittent stimulation of the relevant local disparity-

selective mechanisms, raising the possibility that concurrent degradations in 
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duration discrimination sensitivity may have been an artefact of physically 

jittered stimuli. Experiment 10 addressed these concerns by measuring 

duration discrimination performance under conditions of differing global spatial 

stability, but where average temporal coherence and disparity were matched 

across conditions. Duration discrimination sensitivity was again superior under 

conditions where the stability of the stimulus’ global spatial form was relatively 

high (Figures 8.29 & 8.30). Experiment 10’s jittered diameter stimulus 

contained a central area of maximal spatio-temporal stability. Importantly this 

stimulus feature was insufficient for precise duration encoding, which was 

limited to stimuli imbued with global spatial stability. 

A further concern surrounded the time-average size of jittered diameter stimuli. 

Compared to their fixed diameter counterparts, jittered stimuli were – on 

average – smaller, which may have reduced the sensitivity of duration 

encoding mechanisms that were influenced by factors such as spatial 

summation. A sub-experiment addressed this possibility by quantifying 

duration discrimination within stimuli of fixed diameters above and below the 

time-averaged jittered diameter. Although a modest reduction in duration 

sensitivity was observed for the smallest stimulus size, such a reduction was 

not observed at sizes around that of the time-averaged jittered diameter 

stimulus (Figure 8.33). Thus, it is uncertainty in spatial form, rather than 

stimulus size that appears to be the decisive factor in duration sensitivity.  

Experiments 1-7 established a correlational relationship between spatial form 

perception and duration sensitivity which, by design, excluded input from 

visually responsive neurons at processing stages upstream from disparity 

selectivity. However, the spatio-temporal properties of disparity-selective 
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mechanisms show important differences to monocularly visible stimulus 

characteristics (Kane, Guan and Banks, 2014), raising the possibility that form-

duration coupling may be an idiosyncratic feature of disparity-defined stimuli 

rather than a general principle of spatio-temporal perception. Experiment 11 

addressed this question by using texture-based stimuli that bypassed 

disparity-selective mechanisms. Their visibility was standardised at a fixed 

(grossly suprathreshold) multiple of each observer’s individual stimulus 

detection threshold. Increasing the similarity of monocularly visible texture 

elements either side of a texture-defined shape boundary degraded shape 

discrimination sensitivity. Once again, a positive correlation was observed 

between elevations in duration discrimination thresholds (Figures 9.9 & 9.10) 

and their shape discrimination counterparts (Figures 9.14 & 9.15). The results 

of Experiment 11 therefore demonstrated that form-duration sensitivity 

coupling is not confined to disparity-selective mechanisms.  

Although all experiments presented stimuli at grossly suprathreshold visibility, 

relative differences in suprathreshold visibility have been shown to influence 

duration processing; with reductions in the former having been shown to 

induce considerable (~40%) underestimation of perceived temporal extent 

(Terao et al., 2008). In order to quantify any potential duration compression - 

and its possible interaction with duration sensitivity – a ratio of PSE across 

spatially stable and unstable conditions was calculated and compared to the 

corresponding duration discrimination sensitivity (JND) ratio for observers in 

Experiments 1, 8, 9, 10 &11. Relative to spatially stable conditions, there was 

evidence of small (~10%, on average) but significant (p < 0.001) compression 

of perceived temporal extent within spatially unstable conditions (Figure 11.1). 
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Where temporal extent and temporal sensitivity have been shown to interact, 

changes in sensitivity form a constant fraction of perceived, rather than 

physical duration (Heron et al., 2013; Roach et al., 2017) which is broadly 

compatible with Weber’s law for duration (Gibbon, 1977). This relationship 

predicts temporal compression should be accompanied by a proportional 

reduction in duration discrimination thresholds: the opposite to the pattern of 

results reported here (e.g. Figure 11.1). Therefore, whilst modest duration 

compression could be related to spatially stable vs unstable differences in 

suprathreshold visibility, this compression cannot be responsible for the 

concurrent modulation of duration sensitivity between the two conditions. 

 

Figure 11.1. Normalised PSE - the physical test duration inducing perceptual 

equivalence with the auditory reference stimulus - expressed as a function of 

normalised JND (duration discrimination sensitivity). Data were normalised by taking 

the ratio of spatially stable to unstable PSE or JND values. Unfilled data points 

represent individual observers in Experiments 1, 8, 9, 10 & 11. The filled blue data 

point represents the mean across all observers and all conditions. Normalised PSE 

values <1.0 denote shorter perceived duration in spatially unstable conditions. 

Normalised threshold values <1.0 denote lower duration discrimination sensitivity in 

spatially unstable conditions. 
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Figure 11.2 plots the ratio of spatially stable/spatially unstable shape and 

duration thresholds where both were generated within the same experiment 

by the same observers. Ratio values below 1.0 represent situations where 

shape and/or duration sensitivity was relatively low in the spatially unstable 

condition. For all observers in all these conditions, ratio values were <1.0, 

highlighting commonality in the nature of the sensitivity correlation across 

domains.  

 

Figure 11.2. Shape discrimination and duration discrimination sensitivity expressed 

as a ratio of the JND values from crossed disparity dynamic luminance noise (DLN) 

/uncrossed disparity DLN (blue circles, Experiments 1 & 6); crossed disparity DLN 

/crossed disparity diameter jitter DLN (red triangles, Experiments 1 & 8) and 

monocular stable/monocular unstable conditions(green stars, Experiment 11). 

Unfilled data points represent individual observers, black filled data points represent 

group mean values. Values <1.0 reflect relatively low spatial and/or temporal 

sensitivity when stimuli have spatially unstable borders.  
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Nevertheless, the nature of the correlation varies with stimulus characteristics. 

As discussed above, matching duration discrimination sensitivity was attained 

across jittered-diameter crossed and non-jittered uncrossed disparity 

conditions, despite asymmetric shape discrimination sensitivity within these 

two conditions. Similarly, manipulations of monocularly visible, texture-defined 

shapes induced duration discrimination sensitivity loss in line with that 

observed in earlier (disparity-defined) experiments, yet those same 

manipulations induced a disproportionately large elevation in shape 

discrimination thresholds. This relationship can be visualised in Figure 11.3, 

which plots raw threshold values across experiments.  

The relative vertical elevation of the monocular texture data points is not 

matched by a corresponding horizontal shift. One explanation for this seeming 

lack of proportionality, is that the simple aspect ratio judgments used here did 

not capture the entirety of what may be a wide-spectrum degradation of global 

spatial form perception. For example, alongside shape discrimination, 

measures such as explicit figure-ground segregation and/or border ownership 

judgments would be expected to be influenced by the stimulus manipulations 

used in this thesis and may provide measures more sensitive to the underlying 

co-dependence between spatial and temporal sensitivity.  
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Figure 11.3. Raw duration discrimination values plotted as a function of raw shape 

discrimination, incorporating data from Experiments 1, 6, 8 & 11. Individual 

observers are represented by markers of the same colour. Linear fits have been 

applied to the data to compare spatially stable and unstable stimulus conditions as 

follows: Experiment 1 (duration) & 6 (shape) +6’ crossed (stable, triangles) and -6’ 

uncrossed (unstable, squares) disparity conditions (black regression line); 

Experiment 1 & 6’s +6’ crossed disparity (stable, triangles) and Experiment 8’s +6’ 

disparity, jittered diameter (unstable, circles) conditions (blue regression line); 

Experiment 11’s monocular non-jittered (stable, stars) and jittered (unstable, 

diamonds) conditions (red regression line). All comparisons show a trend for 

increasing shape discrimination thresholds with increasing duration discrimination 

thresholds. However, this effect is not linear across stimulus types. Shape 

discrimination data for the monocular conditions are significantly elevated compared 

to those for dynamic luminance noise (DLN) stimuli, without a concurrent increase in 

duration discrimination thresholds.  

 

Experiment 11’s stimuli were constructed from texture elements that were 

visible to monocular mechanisms, potentially allowing precortical contributions 

(Johnston, Arnold and Nishida, 2006; Bruno, Ayhan and Johnston, 2010; 

Ayhan et al., 2009) to the encoding of their duration. However, in keeping with 
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the disparity defined stimuli deployed in earlier experiments, monocularly 

visible texture elements were - in isolation - uninformative of global stimulus 

shape. Only by pooling across a large number of elements delineating the 

shape boundary could effective shape judgments be made. Such a pooling 

process requires cortical (most likely extrastriate) processes (Wilkinson, 

Wilson and Habak, 1998; Kubilius, Wagemans and Op de Beeck, 2014; 

Desimone and Schein, 1987).  

If the global form judgments used in this thesis required global spatial pooling 

mechanisms, perhaps the duration judgments did not? For example, 

monitoring the output of a single receptive field (potentially with a diameter 

much smaller that the shape itself) centred anywhere within the shape 

boundary, then comparing it with a counterpart outside this boundary, could 

provide a useful duration signal via the differential activation levels between 

the two. The results of Experiments 8 and 10 argue strongly against this 

interpretation (at least as far as for depth defined stimuli). Specifically, both 

experiment’s jittered-diameter conditions provided ample opportunity for 

accurate duration encoding using precisely this strategy via the solid, stable 

stimulus centre: any receptive field centred on this region would provide a 

consistent duration signal (Figure 8.26A). Despite this, diameter jitter induced 

degraded duration and shape discrimination alike. It therefore seems 

reasonable to conclude that duration encoding is yoked to the same spatial 

integration process which pools across the entirety of the spatial region which 

appears consistent with global shape itself. 

Several aspects of the results thus far suggest an extrastriate neural locus. 

Experiment 12 used disparity-defined durations within a duration adaptation 
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paradigm to establish two things. Firstly, whether disparity-defined durations 

were capable of generating duration aftereffects. Failure to do so would 

indicate an important role for pre-cortical mechanisms in channel-based 

duration processing. A second question was whether any aftereffects would 

transfer across depth planes. Transfer of aftereffects would indicate disparity-

invariant mechanisms thought to be subserved by neurons which are 

exclusively extrastriate in origin (Hinkle and Connor, 2002; Janssen, Vogels 

and Orban, 1999; Orban, Janssen and Vogels, 2006). The results of 

Experiment 12 established that disparity-defined stimuli do induce repulsive 

duration aftereffects, and that there was partial transfer of the aftereffects 

across large changes in retinal disparity. This implicates both striate and extra 

striate mechanisms in duration processing.  

11.2 Further work 

 

One area that has not been investigated in this thesis’ experiments is the 

potential role in duration processing of vergence eye movements. Prior to 

beginning each of the disparity experiments, the dichoptic mirrors were aligned 

for each individual observer to account for any fixation disparity which may 

have been present. However, beyond instructing observers to maintain fixation 

on the centre of the screen during the experiments, eye movements were not 

monitored. Disparity generated by random dot stereograms (RDS) can elicit 

vergence eye movements (Mowforth et al., 1981, Archer et al., 1986, Busettini 

et al., 2001), however, the temporal dynamics of these vergence eye 

movements differ in response to crossed (convergent) and uncrossed 

(divergent) disparities. Vergence movements in response to crossed disparity 
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stimuli have both shorter latencies and shorter total duration, and their 

temporal characteristics are also less variable (Hung et al., 1997). It is possible 

that the duration of the motor component of vergence movements affects the 

time taken for an observer to perceive depth in RDSs, in which case the shorter 

overall duration of convergent eye movements may, in part, explain the shorter 

detection duration for crossed disparity stimuli observed in previous studies 

(Manning et al., 1987, Finlay et al., 1989, see Section 1.3.3). It may also then 

follow that the increased variability in the duration of divergent eye movements 

played a part in the increased duration discrimination JNDs observed for 

uncrossed disparity stimuli seen in Experiment 1. However, studies using 

retinal afterimages have shown that perceived depth from stereoscopic stimuli 

does not require vergence eye movements (Evans and Clegg, 1967, 

Lugtigheid et al., 2014), and variability in vergence eye movements cannot 

explain the results of Experiments 11B and 11C, where, due to the monocular 

nature of the stimuli, vergence would have remained constant for both spatially 

stable and unstable stimuli. For the stereoscopic stimuli, further investigation 

into the exact role of vergence eye movements on duration perception is 

perhaps desirable, however, the results of Experiments 11B and 11C, where 

the possible confound of vergence eye movements is removed, appear to 

confirm the general finding of this thesis’ experiments, that global spatial 

stability plays a key role in duration perception. 

Visual objects can be solely defined by changes in luminance (‘first-order’ 

cues), but can also be defined by contrast or texture (‘second-order’ cues). 

Within such second-order stimuli, first-order luminance-based cues are 

insufficient to extract object shape. There is some evidence that first and 
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second order characteristics are processed by separate mechanisms 

(Schofield and Georgeson, 1999; Smith et al., 1998) and global shape 

sensitivity is reduced for stimuli defined by second as opposed to first order 

characteristics (Hess, Achtman and Wang, 2001; Bell and Badcock, 2008). 

Predictions from the model of duration processing proposed in this thesis 

would therefore suggest a relative deficit in duration sensitivity for stimuli 

defined by second order cues. Dynamic luminance noise stimuli with either 

luminance or contrast modulation (Figure 11.4) employed in a duration 

discrimination paradigm, may then allow further inferences to be made about 

the mechanisms responsible for duration processing.  

 

Figure 11.4. Examples of noise stimuli with a) luminance modulation – the noise 

has been superimposed on a sine wave grating with local changes in luminance 

across the stimulus; and b) contrast modulation – average luminance across the 

stimulus is held constant, with local changes in the contrast of the noise texture 

elements. (Ashida, Seiffert and Osaka, 2001). 

The experiments in this thesis used disparity-defined stimuli that were planar 

in nature to investigate the contribution to duration processing from cortical 

brain areas. Repeating the duration adaptation experiment using disparity 

gradients or shapes (Figure 11.5) could provide further, more detailed insight 
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into the neural underpinnings of duration. Disparity gradients and shapes are 

thought to be processed in higher visual brain areas (Orban, Janssen and 

Vogels, 2006; Janssen et al., 2003; Janssen, Vogels and Orban, 2000), with 

disparity tuned neurons in primate V1 not showing any selectivity for such 

stimuli (Nienborg et al., 2004). The presence or absence of duration aftereffect 

transfer across different angles of disparity gradient or between concave and 

convex shapes (Figure 11.5), potentially offers a method of making further 

comparisons about the relative contributions to duration processing from 

striate and extrastriate areas.  

 

Figure 11.5. Example of different types of disparity gradient stimuli (Orban et al., 

2006). a). Flat plane. b). Linear gradients. c). Concave and convex gradients. In b 

and c, the final panel shows a representation of the respective gradient/shape 

consisting of planar surfaces. 

Previous studies using functional magnetic resonance imaging (fMRI) and 

transcranial magnetic stimulation (TMS) have identified an area of the lateral 
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occipital cortex (LOC), labelled as LO2, as being involved in the processing of 

shape (Larsson and Heeger, 2006; Larsson, Landy and Heeger, 2006; Silson 

et al., 2013). TMS is a non-invasive technique in which magnetic stimulation is 

targeted at specific brain areas in order to produce temporary inhibition or 

excitation (Hallett, 2000; Walsh and Cowey, 2000), and by applying TMS to 

LO2, Silson et al. (2013) were able to disrupt shape discrimination thresholds 

of radial frequency patterns. This experiment could be repeated using the 

same type of stimuli and applying TMS to the same area but employing a 

duration discrimination paradigm. If shape and duration are linked in the 

manner suggested by the experiments in this thesis, then application of TMS 

to LO2 should produce concurrent degradation of duration discrimination 

thresholds.  

Border ownership mechanisms (Chapter 9, Section 9.5) show selectivity for 

depth, as evidenced by the lack of transfer of motion and tilt aftereffects across 

depth planes for (Rideaux and Harrison, 2019). The similarity in the repulsive 

nature of aftereffects seen in both spatial and temporal domains means that it 

may be possible to use duration aftereffects (DAEs) in a similar experimental 

paradigm to that employed by Rideaux and Harrison (2019). By presenting 

stimuli specifically designed to stimulate border ownership mechanisms across 

depth planes, transfer of DAEs (or the lack thereof) could provide useful 

information about the relative contribution of border ownership brain areas to 

duration processing.  

 

 



341 
 

11.3 Conclusions 

 

The findings of this thesis’ experiments reveal duration processing that is tied 

to the acuity of spatial form perception. This interdependence is suggestive of 

duration coding mediated by neurons that are tuned to both spatial form and 

stimulus duration. This could be via ‘double-duty’ capability at the level of 

individual neurons or perhaps via connectivity between separate banks of 

neurons with either spatial or temporal turning. The dependence of the 

proposed mechanism on global form processing and within stimuli defined by 

retinal disparity implicates cortical mechanisms. The results of the adaptation 

experiments posit input from multiple levels of the visual hierarchy. Incomplete 

transfer of duration aftereffects across large changes in retinal disparity speaks 

against highly centralised models such as single or multiple pacemaker-

accumulator (Treisman, 1963; Rouseau and Rouseau, 1996) or the idea of 

multiple clocks (Matell and Meck, 2004). Predictions from these models would 

suggest either full or zero transfer of duration aftereffects, rather than the 

partial but significant transfer seen here.  

Linkage between spatial form and duration encoding could imbue duration 

estimates with a degree of perceptual stability. For example, objects can retain 

their perceptual identity across multiple affine image transformations such as 

rotation, translation, reflection, and scaling (Wallis and Bülthoff, 1999). Given 

the dynamic nature of the world around us, such image translations are 

commonplace, it would be ecologically useful if event duration was similarly 

robust.  
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