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Abstract 
 

Global motion and global form are processed along the bifurcated visual 

processing pathways of dorsal and ventral stream. Global motion perception is 

reported to be affected more than the perception of global form in various 

developmental disorders, which has led to the suggestion of a dorsal stream 

vulnerability. However, a direct comparison of processing, deficits, or interaction 

between the two visual processing streams has remained difficult due to limitations 

in experimental design/stimulus.  

In this current body of work, physically identical stimuli (random dot 

kinematograms for global motion and Glass patterns for global form) embedded in 

varying levels of noise were used to probe local/global processing in visually 

normal and clinical populations.  

Our initial experiments revealed a higher sensitivity to global motion compared to 

global form perception in visually normal adults, which was due to an increased 

efficiency of the global integration mechanism in the motion domain. The results 

also showed that certain commonly used form stimuli may not target the global 

stage of form processing. The investigation of global motion and form interactions 

further revealed that such interactions may extend beyond local level processing 

at the primary visual cortex. 

In order to evaluate complex visual processing effectively in the clinical arena, a 

more efficient paradigm is required. In the concluding chapters, a faster method 

was validated and employed to evaluate global motion and form perception in 

amblyopia a condition that has well documented global processing deficits. 

Our results revealed motion and form processing deficits in strabismic amblyopia 

with relatively larger deficits found in the form processing mechanism – 

contradictory to the previously proposed dorsal stream deficiency in 

developmental disorders.  

Overall our results showed that comparing motion and form processing is not a 

trivial task and careful consideration with regards to the experimental 

design/paradigms is required for an accurate comparison across the domains. 
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1.0  General Introduction 
 

1.1 The Visual Pathways and Parallel Processing  
 

The visual system is capable of processing a wide range of stimuli in the physical 

world including motion, orientation, texture, colour, and three-dimensional percept. 

The notion that these different attributes of vision may be processed along parallel 

streams has been prevalent as early as 1950's. The idea of parallel processing 

refers to the processing of different visual attributes through dedicated neural 

pathways, with cells within each pathway exhibiting functional specification. Within 

each pathway, visual information is processed in a hierarchical order with cells 

further along the pathway combining information from preceding visual areas to 

perform increasingly complex tasks. 

Supporting evidence for such mechanisms have been proposed based on the 

anatomical studies in primates (Ungerleider and Mishkin, 1982; Morel and Bullier, 

1990; Young, 1992) and humans (Goodale and Milner, 1992; Milner and Goodale, 

1993; Milner and Goodale, 1996; Goodale and Westwood, 2004; Milner and 

Goodale, 2006; Milner and Goodale, 2008; Goodale, 2011). These studies 

propose two main subdivisions of the visual system, one from primary visual 

cortex to the dorsal area of parietal cortex – the dorsal stream and another 

extending from the primary visual cortex to the ventral area of inferotemporal 

cortex – the ventral stream (Figure 1.1). The dorsal stream is mostly responsive to 

the temporal properties of the stimulus and is implicated in motion perception and 

action generation. On the other hand, the ventral stream is responsive to the 

spatial properties, decoding complex form and colour (Goodale, 2011). 
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Figure 1.1: Schematic diagram of visual pathway. 

The visual pathway originates from retina and proceeds through lateral geniculate nucleus (LGN) to 
primary visual cortex (V1). From V1, visual pathway bifurcates into two streams; dorsal stream and 
ventral stream. Dorsal stream projections end up at middle temporal cortex (V5) passing through 
areas V2 and V3. Ventral stream projections end up at area V4 through area V2. Major projections 
are represented by thick arrows, minor projections are represented by thin arrows.  Adapted from 
Urbanski et al., (2014) 

Subsequent findings of differences in the anatomical properties of cells and 

processing mechanisms in the retina, lateral geniculate nucleus (LGN), and 

various cortical areas along the visual pathway further reinforced the idea of 

parallel processing mechanism. In the following sections, the structural and 

functional properties of different structures along the visual pathway are described 

in relation to the parallel processing mechanisms of dorsal and ventral streams, 

followed by the evidence for and against each such mechanism.  

1.1.1 Retina 
 

The prospect of functional specialisation in visual processing was first proposed 

after the discovery of five different types of retinal cells in frogs (Lettvin et al., 
1959). Some of these cells responded to small black spots while others responded 

best to large moving stimuli. Later (Enroth-Cugell and Robson, 1966), cells with 

varying response to visual properties were detected in the mammalian visual 
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system. The cat’s retinal cells, classified as the X and Y cells, differed in their 

responses to the spatial properties of the sine wave gratings.  

The anatomical and functional differences were also observed in cells isolated 

from primate and human retina (De Valois et al., 1974; Kaplan and Shapley, 

1986). Retina contains two different types of light absorbing photoreceptors cells, 

rods and cones. The rods and cones differ in their structure, distribution, 

sensitivity, and photopigment content. These differences in properties of retinal 

photoreceptors translate to functional specialisation. Rods are mostly distributed 

towards the peripheral retina. They contain the photopigment known as rhodopsin 

which is very sensitive to light but has low spatial resolution. Cones are densely 

concentrated at the centre of the fovea. Cones consist of three different types of 

photopigments with different absorption properties, namely L-cone (peak 

sensitivity at 557nm), M-cone (peak sensitivity at 530nm) and S-cone (peak 

sensitivity at 426nm). Cones, therefore, have a high spatial resolution but lower 

sensitivity to light and are well suited to carry information on fine form and colour 

vision. The duplex nature and functional specialisation of photoreceptors indicate 

the presence of parallel processing mechanism from the earliest stage of visual 

processing.  

The signals from photoreceptors are transmitted to bipolar cells either directly or 

via the lateral connections from horizontal and amacrine cells (Figure 1.2). A large 

number of rod photoreceptors synapse with a single rod bipolar cell while the 

cones, especially in the central retina, have almost 1:1 synapse with cone bipolar 

cell. This variation in the convergence of rod and cone photoreceptors onto bipolar 

cells helps in maintaining the functional specialisation. The larger numbers of rod 

photoreceptors synapsing with a single rod bipolar cells form a basis of spatial 

summation across retina in the expense of spatial resolution under scotopic 

conditions while a 1:1 synapse between cones and cone bipolar cells ensures that 

the information about fine structure and chromatic properties of the visual image 

are preserved under photopic condition. The bipolar cells then synapse to the 

retinal ganglion cells. 
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Figure 1.2: Schematic model of retinal layers. 

Multiple rod photoreceptors synapse to a single bipolar cell while cones have almost 1:1 synapse. 
The bipolar cell in turn feeds the retinal ganglion cells. Adapted from Archibald et al., (2009) 

The level of processing at the retinal ganglion cells combines inputs from 

preceding retinal cells. While photoreceptors only respond to presence or absence 

of light, the synapses between photoreceptors, horizontal, bipolar, and ganglion 

cells form the basis of complex circular on/off, centre/surround configuration of 

bipolar/ganglion cell’s receptive fields (Figure 1.3). The on-centre cells are 

stimulated by centrally light and peripherally dark stimuli and inhibited by 

peripherally light and centrally dark stimuli. The off-centre cells exhibit an opposite 

pattern, responsive to peripherally light and centrally dark stimuli and inhibited by 

peripherally light and centrally dark stimuli. The diffuse light that covers the whole 
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receptive field elicits a little response. The centre-surround receptive field results in 

lateral inhibition i.e., the stimulation of centre results in inhibition of surrounding 

and vice versa. Such inhibition enhances the perception of edges and contours, 

forming the basis for contrast sensitivity. 

The on-centre and off-centre receptive field characteristic is maintained as the 

information is passed onto the ganglion cells i.e., the on-centre bipolar cells 

innervate the on-centre ganglion cells and off-centre bipolar cells innervate the off 

centre ganglion cells.  

 

Figure 1.3: Receptive field of retinal cells and their response profiles. 

The on-centre cells are only responsive to stimulus within their inner central receptive fields, as 
shown by increased action potentials to light (white areas) in the cells' central receptive fields. The 
off-centre cells are meanwhile responsive only to stimulus within the outer receptive fields. Adapted 
from Archibald et al., (2009)  

The retinal ganglion cells are divided into three major types based on the 

specialised response to specific stimulus properties – parasol, midget and konio 



 

18 
 

(De Valois et al., 1974). Subsequent studies have reported more than 20 different 

types of retinal ganglion cells (Dacey, 2000; Kaplan, 2004). The two major types of 

ganglion cells, midget and parasol, constitute almost 90% of the total ganglion cell 

population. The retinal ganglion cells also exhibit morphological and functional 

specialisation. Midget retinal ganglion cells, which constitute about 80% of all 

ganglion cells have smaller receptive fields and are responsive to higher spatial 

frequencies. Meanwhile, parasol ganglion cells, which constitute about 10% of 

ganglion cell population, are responsive to luminance (Kaplan and Shapley, 1986; 

Werner and Chalupa, 2004). Multiple photoreceptors/bipolar cells feeding a single 

parasol ganglion cell results in increased temporal summation and larger receptive 

fields (6 to 8 times larger than midget ganglion cells). These properties also lead to 

differences in temporal responses of the ganglion cells (Figure 1.4). The midget 

ganglion cells respond consistently to change in illumination (sustained response) 

while the parasol ganglion cells respond briefly and briskly at the onset and offset 

of stimuli (transient response). The transient response of the parasol ganglion cells 

makes them suitable to resolve fine temporal information. Another group of 

ganglion cells, known as the small bi-stratified cells (about 8% of total ganglion 

cells) receive input from the S-cone bipolar cells, carrying blue/yellow colour 

opponent signals (Dacey and Packer, 2003). The presence of these different types 

of cells in the retina with independent functionality provides the basis for 

specialised functioning within parallel systems of vision processing in higher visual 

areas.  
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Figure 1.4: Temporal response of the retinal ganglion cells. 

The parasol ganglion cells (left) exhibit a transient response with the highest response at the onset 
of stimuli with firing reverting back to the original level even in the continued presence of the 
stimuli. The midget ganglion cells (right) exhibit a sustained response with the firing rate being 
maintained throughout the stimulus presentation. Adapted from Wandell (1995) 

1.1.2 Lateral Geniculate Nucleus 
 

The output from retinal ganglion cells exits eye through the axons within the optic 

nerve. The optic nerves from two eyes undergo semi decussation at the optic 

chiasm with nasal retinal nerve fibres from each eye crossing over to the opposite 

side. The optic nerve carrying outputs of ipsilateral temporal retinal fibres and 

contralateral nasal retinal fibres finally project to the lateral geniculate nucleus 

(LGN) located in the thalamus of the brain.  

The parallel projections inherited from retina remain segregated within distinct 

layers of LGN. The two magnocellular layers (layers 1 and 2) receive projections 

from the parasol retinal ganglion cells while the remaining four parvocellular layers 

(3 to 6) receive projections from the midget ganglion cells (Kaplan and Shapley, 

1986). The projections from remaining small bistratified cells and other retinal 

ganglion cells end up at the inter-laminar region of the LGN (between the major 

magno and parvocellular layers) known as the koniocellular layer (Figure 1.5).  
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Figure 1.5: The architecture of lateral geniculate nucleus (LGN). 

The lateral geniculate nucleus stained with Golgi material shows six distinct layers. The four 
superficial layers (3-6), the parvocellular layers, contain small cells. The two deep layers (1-2), the 
magnocellular layers, are composed of larger cells. Adapted from Wandell (1995) (Based on Hubel 
and Wiesel, 1977) 

Each magno/parvocellular layer receives inputs from either left or right eye with 

the adjacent LGN cells receiving inputs from nearby retinal fields. Each LGN layer 

hence contains a complete monocular retinotopic map. While most of the 

projections from the retinal ganglion cells end up in LGN, around 10% of retinal 

projections synapse to the superior colliculus in the midbrain with mostly parasol 

(magno) inputs. The compartmentalised magnocellular and parvocellular layers of 

LGN also exhibit functional specialisation with each layer containing cells with 

similar properties to the retinal ganglion cells that they receive the input from. The 

LGN cells have somewhat larger circular on-off receptive fields and exhibit 

stronger inhibitory surround effect compared to the retinal ganglion cells (Hubel 

and Wiesel, 1961). The major functions and differences between the 

magnocellular and parvocellular layers are listed in Table 1.1. In addition to the 

inputs from the retina, LGN also receives feedback responses from the primary 

visual cortex which are also organised along the axes of the magnocellular, 

parvocellular, and koniocellular divisions (Briggs and Usrey, 2011). 
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Properties Magno/Parasol  Parvo/Midget 

Response to change in luminance High Low 

Spatial resolution  Low High 

Temporal frequency Higher (>60Hz) Lower (>30Hz) 

Colour coding No or weak 

color 

opponency 

Color 

opponency 

Contrast sensitivity High Low 

Conduction velocity ~15m/s ~6m/s 

Projection 

         Retinal Ganglion cells 

           

         LGN  

 

LGN, 

Magnocellular 

V1, 4Cα 

 

LGN, 

Parvocellular 

V1, 4Cβ 

 
Table 1.1: Functional differences of parasol, midget retinal ganglion cells, 
and magno, parvo  LGN cells. 

The parasol retinal ganglion cells and magno cells in LGN are involved in the processing of high 
temporal frequency and luminance, the midget retinal ganglion cells and parvo cells in LGN are 
involved in the processing higher spatial frequency and colour. 

The functional and anatomical characteristics of retina and LGN provide evidence 

of an early parallel system (Livingstone and Hubel, 1987; Briggs and Usrey, 2009). 

The magnocellular pathway with high sensitivity to temporal frequency, larger 

receptive fields, higher conduction velocity, and relative insensitivity to colour is 

well suited to the processing of rapidly changing stimuli such as flicker and motion. 

The parvocellular pathway with high sensitivity to higher spatial frequency and 

colour along with lower temporal frequency encode information about form and 

colour and respond to static stimuli. The koniocellular mechanism further aids the 

colour perception with its blue/yellow sensitivity.  
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1.1.3 Primary Visual Cortex (V1) 
 

Lateral geniculate nucleus (LGN) projects to an area in occipital lobe called 

primary visual cortex (V1). The cells in V1 also exhibit structural and functional 

specialisation maintaining the parallel processing mechanism carried on from the 

preceding visual areas. The anatomical and functional segregation of processing 

various visual attributes continue with cells responsive to specific stimulus 

properties arranged in a more complex structure of layers and columns. Notably, 

the V1 cells are binocular while preceding retinal and LGN cells respond only to 

inputs from a specific eye. A general summary of structural and functional 

properties of V1 is discussed below.  

The cells in V1 do not respond to a spot of light as observed in earlier areas of the 

visual pathway. Hubel and Wiesel (1962, 1968) discovered that V1 cells instead 

respond to elongated stimuli and exhibit orientation and direction selectivity. V1 

cells are divided into simple, complex, and hypercomplex cells based on the 

complexity and functional hierarchy. The circular on- and off-centre LGN inputs are 

aligned to form an elongated receptive field of simple cells with excitatory and 

inhibitory sub regions separated by a straight line or parallel lines. The response of 

simple cells can be approximately predicted by the summation of its response to 

small circular spots of light (response from a particular area of the retina), the 

property also known as linearity. These simple cells carry the oriented 

arrangement of LGN inputs and hence best respond to stationary elongated bars 

or edges of a specific axis of orientation (Figure 1.6, A).  

The complex cells make up almost 75% of V1cells and integrate information from 

simple cells. The receptive fields of complex cells are somewhat larger than that of 

the simple cells but retain the elongated shape of simple cells. Unlike the simple 

cells, complex cells do not respond to stationary images. Instead, these cells 

respond to a moving bar of preferred orientation making them powerful motion 

detectors. Around 20% of complex cells are direction selective, responding only to 

moving bars in a preferred direction (Figure 1.6, B). These complex cells are 

insensitive to stimulus position and respond to a moving bar anywhere within their 

receptive fields. Unlike the simple cells, complex cells are non-linear as their 

overall response cannot be predicted by a simple algebraic summation of 

responses from a particular area of the retina.   
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Unlike the simple and complex cells, hypercomplex cells contain inhibitory areas 

that are activated when a stimulus exceeds the diameter of its receptive fields – 

end stopping. The combined processing of these different V1 cells results in 

detection of edges, angles, and motion from a limited region of the retinal image 

(owing to the relatively small receptive fields of V1 cells), such processing from a 

limited area of the overall visual field is known as local processing. 

 

 

Figure 1.6: The responses of simple and complex cells of V1. 

The bar with preferred orientation (vertical thick line on top left) within the receptive field of simple 
cells results in a maximum response (as shown by black lines in bottom) whereas the bar with non-
preferred orientation (oblique here) results in no response (A). The bar with preferred orientation 
results in maximum response from direction selective complex cells only for the motion in the 
preferred direction (here leftward motion as indicated by the arrows) (B). Adapted from Hubel and 
Wiesel (1962, 1968) 

V1 is the first area where motion selective cells are present. But the small 

receptive fields in V1 only allows for motion processing from a limited visual space 

resulting in a misrepresentation of the overall direction of motion, the phenomena 

known as the aperture problem (Adelson and Movshon, 1982; Adelson and 

Movshon, 1986) – Figure 1.7. Hence the motion processing in area V1 is only 

limited to the processing of local direction.  
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Figure 1.7: The aperture problem. 

The direction of motion of a grating viewed through the centre aperture is identical (to the overall 
motion in A) irrespective of the overall motion of the grating; diagonal (A), vertical (B) and 
horizontal (C). Adapted from Adelson and Movshon (1986) 

V1 also exhibits complex structural arrangement with cells responsive to similar 

properties lying nearby one another in a columnar structure. For example, the 

orientation selective neurones in V1 are arranged in a columnar fashion with 

neurones sensitive to a fixed orientation lying in a single column. V1 cells respond 

to binocular stimulation but with preference to inputs from one eye. The cells 

preferring right or left eye are arranged in an alternating columnar pattern, known 

as ocular dominance columns. 

Hubel and Wiesel (1974) proposed that the retinotopic map of primary visual 

cortex is composed of many smaller units called hypercolumns that run 

perpendicular through the V1 layers (1 to 6). Each hyper column consists of ocular 

dominance and orientation columns arranged in an approximate grid structure. 

Figure 1.8 shows an example of such a hypercolumn from layer 4 of V1 which 

mostly consists of monocular cells (Hubel, 1982). Each hypercolumn consists of 

separate sub-columns from each eye (ocular dominance columns) with each sub-

column further containing cells responsive to all possible orientations (orientation 

column).  
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Figure 1.8: A primary visual cortex hypercolumn. 

A hypercolumn containing ocular dominance columns (for each eye) and orientation columns (for 
orientation spanning 180˚) arranged in a grid structure. Adapted from Hubel (1982) 

More recent studies, however, suggest that instead of the grid-like structure 

proposed by Hubel and Wiesel (1968), orientation preference changes 

systematically across different columns in a radial pinwheel configuration with the 

representation of all orientations converging towards the pinwheel centres 

(Bonhoeffer and Grinvald, 1991) – Figure 1.9.  
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Figure 1.9: The pinwheel arrangement of the orientation columns in V1. 

The colour codes in the pinwheel arrangement represent varying orientations. Adapted from 
Kandel (2013) 

V1 cells are arranged in six layers with layer 4 further subdivided into 4A, 4B, 4Cα, 

and 4Cβ. These layers are arranged in line with the parallel inputs that V1 receive 

from the preceding visual areas. For example, layer 4Cα receives magnocellular 

input in turn projecting to layer 4B while layer 4Cβ receives parvocellular inputs 

with projections terminating at layer 2 and 3 (Figure 1.10). Layer 2 and 3 also 

receive inputs from the koniocellular layer. The segregation of V1 into areas 

receiving magnocellular and parvocellular inputs is also evidenced by the 

cytochrome oxidase (CO) staining which reveals dark stained patches, known as 

blobs and thin layer known as interblobs (Livingstone and Hubel, 1984; Lu and 

Roe, 2008). The interblobs receive input from the parvocellular layers of LGN 

while the remaining areas receive input from the magnocellular layers. Layer 4Cβ, 

2, and 3 that receive the parvocellular and koniocellular inputs consist of cells that 

are highly orientation and colour selective. While layers 4Cα, 4A, 4B, and 6 which 

receive the majority of magnocellular inputs from LGN mostly contain direction 

selective complex cells (Hawken et al., 1988). The functional and anatomical 

segregation of magnocellular and parvocellular inputs in V1 maintain the cortical 

continuation of the parallel retinogeniculate connection.  
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Figure 1.10: Magnocellular and parvocellular projections from LGN to 
primary visual cortex (V1) 

The inputs from magnocellular and parvocellular layer are projected to separate areas of 4Cα and 

4Cβ in V1. The projections are forwarded from 4Cα to layer 4B and from 4Cβ to layer 3. The 

outputs from these layers are projected to different extra-striate areas. Adapted from (Hubel, 1995) 

To summarise, retinal photoreceptors respond to diffuse light, retinal ganglion cells 

respond to spots of light of specific diameter, simple cells in V1 to bar or edges 

with a specific orientation and complex cells to specific orientation and direction. In 

terms of the arrangement, photoreceptors/ganglion cells are dispersed in the 

retina, magno and parvo cells are arranged in monocular layers in LGN. V1 cells 

are arranged in columnar structures based on responses to stimulus feature and 

ocular preference. Such hierarchical increase in complexity along the visual 

pathway from the retina to V1 is an important characteristic of the parallel 

processing mechanism. 

The inputs from LGN to V1 are segregated into different anatomical structures for 

processing of local orientation and direction of motion (Livingstone and Hubel, 

1984). The studies discussed so far support the anatomical and functional 

segregation of magnocellular and parvocellular inputs in V1. Others, however, 

indicate a substantial intermixing of magnocellular and parvocellular inputs within 

V1. For example, Nealey and Maunsell (1994) found that the parvocellular inputs 

which are mostly directed to area 4Cβ also make numerous synapses into the 
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magnocellular areas of 4Cα and 4B (Nealey and Maunsell, 1994; Sincich and 

Horton, 2005). Similarly, the CO stained areas of both blobs and interblobs in V1 

receive the inputs from both magnocellular and parvocellular pathways (Lachica et 
al., 1992). 

1.1.4 Area V2 
 

Most of the projections from area V1 end up in area V2 which is an elongated, 

narrow cortical area surrounding V1. The receptive fields of cells in area V2 are 2 

to 3 times larger than that of V1 (Levitt et al., 1994). The larger receptive fields 

allow V2 cells to integrate inputs from V1, resulting in the perception of curves and 

angles (Hegde and Van Essen, 2000; Ito and Komatsu, 2004). Almost all cells in 

V2 are binocularly driven with orientation, direction, and colour tuned neurones 

clustered in different areas (Hubel and Livingstone, 1987; Ts'o et al., 2001).  

The histological staining by cytochrome oxidase (CO) reveals organisation of V2 

cells into different layers according to functional specification. The CO staining 

shows an arrangement of alternate thick and thin stripes separated by a thinner, 

lightly stained layer called pale stripes (Hubel and Livingstone, 1987). The thick 

stripes receive its projection from layer 4B of V1 with magnocellular inputs of 

motion and disparity. The thin and pale stripes are supplied by layers 2 and 3 of 

V1 with the parvocellular inputs of colour and orientation respectively.  

These different V2 stripes form a three parallel visual processing pathways with 

orientation tuned cells in pale stripes, motion tuned cells in thick stripes, and 

colour tuned cells in thin stripes (Figure 1.11), thereby implicating different sub-

compartments of V2 for form, motion, and colour processing (Livingstone and 

Hubel, 1984; Livingstone and Hubel, 1987; Shipp and Zeki, 2002; Lu and Roe, 

2008; Lu et al., 2010; Li et al., 2013).  
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Figure 1.11: Projection of lateral geniculate nucleus outputs into V1, V2 and 
other extra striate areas. 

V1 transforms parallel input streams from LGN into three output streams headed to area V2. The 
projections from V2 end up in different extra striate areas. Adapted from Sincich and Horton (2005) 
 

While the proposed three way processing mechanism in V2 provides a strong 

basis for parallel processing along the visual pathways, various studies suggest 

that this differentiation may not be as independent as previously described. The 

direction selective cells in V2 only exhibit weak direction selectivity and are 

distributed in both thick and thin stripes (Gegenfurtner et al., 1996; Roe and Ts’o, 

1997). Others have reported that V2 cells are not specific to a single stimulus 

property but respond to a range of properties like disparity, orientation, and colour 

indicating that V2 acts as an area where different attributes of the visual inputs are 

intermixed and integrated (Ts'o et al., 2001). 

Even though the existence and independence of three parallel visual pathways 

have remained controversial, areas V1 and V2 are important for transmitting inputs 

to the higher cortical areas such as middle temporal (MT) area and area V4 that lie 

along the proposed dorsal stream and ventral stream respectively. The outputs of 

V1 and V2 to each proposed stream (dorsal and ventral) may carry mixed input 

from the parallel mechanism of magnocellular and parvocellular streams. One of 

the arguments forwarded to account for the significant intermixing of inputs along 

these early parallel processing pathways is that the inputs from the magnocellular 

and parvocellular systems are modulated in V1 and V2 to the requirements of the 

higher areas along the dorsal and ventral streams (Goodale, 2011). There is 
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evidence which contradicts the presence of hierarchical processing along the 

proposed parallel streams as well. The early visual areas that were only thought to 

process simple stimulus attributes are also involved in processing complex tasks 

(Sincich and Horton, 2005; Kastner et al., 2006). For example, area V2 is 

responsive to complex stimuli such as real and illusionary contours (von der Heydt 
et al., 1984).  

Having described the early visual processing mechanisms and their relative 

independence in regards to the parallel processing streams, some specialised 

areas proposed to be along the bifurcated dorsal and ventral pathways are 

discussed. 

1.1.5 Area V4 
 

Area V4 is the first specialised area along the ventral stream that contains cells 

with receptive fields that are 4 to 7 times larger than V1 (Desimone and Schein, 

1987). V4 receives the projections from the thin and pale stripes of V2 carrying 

colour and form information respectively (DeYoe et al., 1994). V4 also receives 

some direct projections from V1 (Nakamura et al., 1993). The projections from thin 

and pale stripes of V2 innervate different subdivisions of V4 (Felleman et al., 
1997), maintaining the parallel processing pathway for form and colour 

information. The colour and orientation sensitive cells in V4 are arranged in 

multiple alternate bands in a structure similar to the thin and thick strips of V2 with 

linear and pinwheel arrangement as seen in V1 (Tanigawa et al., 2010).  

Area V4 consists of highly orientation selective cells, suggesting its role in shape 

processing (Schein et al., 1982). The larger receptive fields of V4 cells allows for 

the integration of the local orientation information from preceding areas. The 

integrative property of V4 cells is reflected in their strong selectivity to angles and 

curvature of contours as well as complex shapes (Desimone and Schein, 1987; 

Pasupathy and Connor, 2001). V4 cells are more sensitive to circular and 

concentric shapes compared to parallel patterns (Dumoulin and Hess, 2007). The 

area is also responsive to other global form stimuli such as Glass patterns (Wilson 

and Wilkinson, 1998; Smith et al., 2002; Tse et al., 2002; Ohla et al., 2005) and 

radial frequency patterns (Wilkinson et al., 1998; Loffler, 2008) – Figure 1.12. 

Damage to area V4 results in a wide range of global form discrimination deficits 
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including increased discrimination thresholds for Glass patterns and radial 

frequency patterns (Gallant et al., 2000). 

 

Figure 1.12: Commonly used stimuli to study area V4. 

V4 is responsive to various global form stimuli including Glass pattern (A), radial frequency pattern 
(B) and various curvatures (C). C - adapted from Pasupathy and Connor (2001)  

V4 is typically regarded as the ventral stream area that receives segregated 

parvocellular inputs. However, V4 also receives magnocellular inputs as 

suggested by a reduced response from V4 when the magnocellular areas in LGN 

are inactivated (Ferrera et al., 1992; Ferrera et al., 1994). In addition, V4 also 

contains direction selective cells (reported to range 13% to 33% of V4 cell 

population) which are believed to receive inputs from the magnocellular pathway 

(Desimone and Schein, 1987; Ferrera et al., 1994). The direction selective cells in 

V4 are scattered and most probably are involved in decoding form from motion 

cues rather than real motion per se (Li et al., 2013). However, it has also been 

reported that these direction selective cells are arranged in a columnar 

organisation according to the preferred direction of motion, indicating that V4 may 

be important for overall motion processing (Welberg, 2013). 

The outputs from V4 are projected to the inferior temporal area (IT), which consists 

of highly specialised areas for complex form processing. The neurones in the more 

anterior parts of the IT are arranged in the columnar pattern similar to V1 but 

require more complex and complete object pattern for activation (Tanaka, 1993). 

Similarly, fusiform face area (FFA), lying on ventral surface of temporal lobe, 

specifically responds to human facial features (Kanwisher and Yovel, 2006).  
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1.1.6 MT+ (MT, MST) 
 

Area MT is located at the lateral surface of the occipital lobe and contains a 

retinotopically organised representation of the contralateral hemifield of visual 

space (Huk et al., 2002). The area is implicated in the processing of object motion 

and injury to MT is reported to result in a complete loss of motion perception in 

humans (Zihl et al., 1983; Zihl and Heywood, 2015). The area receives 

magnocellular input directly through layer 4B of V1 with other minor indirect inputs 

from layer 6 of V1 and thick strips of V2 (Maunsell and Van Essen, 1983; Maunsell 
et al., 1990; Nassi and Callaway, 2006). The major influence of magnocellular 

input to MT is evident as blocking the magnocellular input from LGN has a 

substantial effect on the responsiveness of MT cells while blocking the 

parvocellular inputs has a very small effect (Maunsell et al., 1990).  

Around 80 - 90% of MT cells are sensitive to the direction of motion (Maunsell and 

Van Essen, 1983; Snowden et al., 1992). The receptive fields of MT cells are 

around 10x larger in linear diameter compared to overall V1 cells and 3x larger in 

linear diameter compared to complex direction selective V1 cells (Maunsell and 

Van Essen, 1983; Hawken et al., 1988; Snowden et al., 1992; Smith et al., 1998). 

The direction selective cells in MT are arranged in a columnar fashion (Albright et 
al., 1984). Each column contains cells whose preferred direction varies along the 

column with the nearby columns containing cells with a preference for opposite 

direction (Albright, 1993; Born and Bradley, 2005) (Figure 1.13).  



 

33 
 

 
Figure 1.13: The columnar arrangement of direction selective cells in area 
MT. 

The figure shows two adjacent columns of direction selective cells in area MT. The direction 
preference along the long axis of a column changes gradually. The adjacent column along the axis 
of motion (the direction of moving object) consists of cells with preference for opposite directions. 
Adapted from Albright et al., (1984) 

 

Speed selectivity is also first encountered in the MT region (Liu and Newsome, 

2003). MT cells respond to a range of speed but most cells are tuned to relatively 

faster speeds with mean tuning at 30˚/s (Zeki, 2015). The cells with a similar 

speed preference are localised in MT. However, these cells do not have the 

columnar organisation as with the direction selective cells (Liu and Newsome, 

2003).  

The larger receptive field and stronger centre surround organisation of MT cells 

summate and amplify the directional inputs from V1 (Born and Bradley, 2005), 

resolving the local uncertainties (aperture problem) observed in V1 to provide a 

global percept as illustrated by experiments employing plaid stimuli (Figure 1.14).  

Plaid stimuli consist of two gratings drifting in opposite directions, for example, one 

moving downwards and to the right and a second moving upwards and to the right. 

When superimposed, the two components form a plaid pattern that moves in a 

direction determined by the direction of the components (Adelson and Movshon, 

1982), towards the right in the example illustrated here.  V1 cells only respond to 
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the direction of motion of the plaid components while about 75% of direction 

selective neurones in MT respond to the global motion of the whole pattern 

(Movshon et al., 1995; Zeki, 2015) by pooling information from the spatially 

localised plaid components over a large receptive area (Majaj et al., 2007). 

  

 
Figure 1.14: Responses of V1 and MT cells to simple gratings and plaids. 

Both V1 and MT cells respond optimally to the motion of grating along its preferred direction – right 
down (A) but not to the motion along other directions (B and C). For plaid stimuli, V1 cells are 
responsive to motion of plaid component along the preferred direction (D and F) but not to overall 
perceived motion along the same direction (E) in contrast MT cells are not responsive to the 
direction of motion of the plaid component (D and F) but responds optimally when the overall 
perceived motion is along its preferred direction of motion (E). 

Another commonly used stimulus to study global motion perception is the random 

dot kinematograms (RDK). The stimuli consist of randomly placed dots that are 

spatially displaced over time to produce motion signals. The local motion (direction 

of component dots) and global motion (direction of the overall pattern) can be 

manipulated independently in such displays. V1 cells can only process the local 

motion from individual dots in RDK. MT cells, however, integrate the local motion 

from the individual dots to provide a global motion perception of the overall pattern 

(Braddick et al., 2001). The single cell response of macaque MT to motion signals 

in RDK show a significant correlation to the behavioural response (Britten et al., 
1992; Parker and Newsome, 1998). Similarly in humans, the response of area MT 
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is correlated with the strength of the motion signals in RDK (Braddick et al., 2001). 

The perceived motion direction in an RDK can also be influenced by micro 

stimulation to the area MT (Salzman et al., 1990).  

Motion opponency which refers to the suppression of a neuronal response by 

motion in an opposite direction to its preferred direction is also first observed in MT 

(Heeger et al., 1999). Recent studies suggest that the direction and speed tuning 

of some complex V1 cells are similar to that of MT neurones (Born and Bradley, 

2005; Priebe et al., 2006). However, additional properties of MT such as a larger 

number of direction selective cells, larger receptive fields resulting in global 

processing, and motion opponency suggest a higher hierarchical role for MT in 

motion processing.  

Middle superior temporal area (MST) that lies anterior to MT consists of cells with 

even larger receptive fields (Greenlee, 2000; Morrone et al., 2000; Tohyama and 

Fukushima, 2005). The cells in the dorsal region of the middle superior temporal 

area (dMST) are involved in processing complex global motion pattern such as 

radial and rotational optic flow (Morrone et al., 2000; Tohyama and Fukushima, 

2005; Smith et al., 2006). The ventral area of MST (vMST) is influential in the 

execution of smooth pursuit eye movement and generating action towards objects 

such as control of arm movements (Ilg and Schumann, 2007). In addition to the 

inputs from the retinogeniculate pathway, MT also receives retinal inputs (mostly 

magnocellular) from the superior colliculus via the pulvinar region (Rodman et al., 
1989; Rodman et al., 1990). These inputs are influential in maintaining limited 

dorsal stream functionality even when area V1 is damaged (further discussed in 

section 1.2.1). 

MT+ is an important area along the dorsal stream receiving the bulk of the 

magnocellular inputs. The area however also receives inputs from the 

parvocellular LGN through V1 and V2 (Nassi and Callaway, 2007). The 

parvocellular inputs to MT may be influential in processing motion from chromatic 

information (Nassi and Callaway, 2006). MT also sends a significant output to area 

V4. In view of the heavy inputs from MT to V4, it has been suggested that MT 

should be considered as an intermediary area between the dorsal and ventral 

stream (Milner and Goodale, 2006). 
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The dorsal stream inputs from MT/MST are projected to different areas of posterior 

parietal cortex (PPC). Area 7a in the PPC decodes the direction (such as 

expansion vs. contraction) and type (such as radial vs. rotation) of optic flow 

(Siegel and Read, 1997). PPC is also involved in the processing of more complex 

attributes of motion such as inferred motion from transiently disappearing moving 

visual targets (Assad and Maunsell, 1995). The PPC area is important for 

transforming the sensory inputs into motor outputs such as planning and execution 

of saccadic eye movements (Behrmann et al., 2004). The neurones in lateral intra 

parietal (LIP) area are sensitive to reaching action generated in accordance to the 

saccadic eye movements (Dean et al., 2012). 

In summary, the segregation of complex visual processing into parallel processing 

mechanisms starts from retina, the first processing area of the visual pathway. 

Various types of retinal ganglion cells that process different stimulus properties 

transmit to the LGN where the inputs are arranged into different anatomical layers 

according to the stimulus properties they are responsive to. These early parallel 

streams in retina and LGN are segregated into magnocellular, parvocellular and 

koniocellular pathways. The early parallel pathways then innervate cortical areas 

in V1 and V2 forming an initial stage of dorsal and ventral stream processing with 

substantial intermixing of the magnocelluar, parvocellular, and koniocellular inputs. 

The differentiation is continued with dedicated extra striate areas (such as MT+ for 

motion and V4 for complex form) for each stream with final projection to the 

parietal cortex and inferior temporal cortex for the dorsal and ventral streams 

respectively. Along both streams the higher cortical cells exhibit increasingly larger 

receptive fields that pool cumulative information from the preceding areas. The 

cells responsive to specific properties (such as orientation, motion, and colour) 

become more segregated into anatomically defined areas of layers and columns. 

The visual processing also becomes increasingly complex at higher cortical areas. 

The information from a small area of visual field is initially processed in V1 and V2 

– local processing followed by the integration of the local information at the 

intermediate areas of MT+, V4 – global processing. The processing of highly 

specialised features such as whole objects, faces occur further down the 

respective streams in areas of inferior temporal cortex and posterior parietal 

cortex.  
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Various anatomical studies discussed in this chapter support a classical view of a 

parallel processing mechanism. However, there is now a significant volume of 

literature that disputes the independence of each stream [for review (Kaplan and 

Shapley, 1986; Lennie, 1998; Goodale and Westwood, 2004; Milner and Goodale, 

2008; Goodale, 2011)]. There is a consensus that the inputs from different 

pathways/streams are intermixed at some cortical level to provide a complete 

visual percept. The disagreements are on whether this occurs along the higher 

cortical areas after processing through the independent dorsal and ventral streams 

or if such intermixing is present from the early areas of processing within V1 and 

V2. The ever increasing evidence from different studies of greater cross-

communication between the earlier stages of parallel pathways cannot be ignored. 

However, whether this intermixing only contributes to enhancing the processing 

along each channel or if it signifies the irrelevance/non-existence of the parallel 

processing streams is an issue yet to be resolved.  

The next section discusses in more detail on how the theory of parallel processing 

along the dorsal and ventral streams has evolved and the relevance of a strict 

independence of parallel streams. 

1.2 The Bifurcation of the Visual Pathway into Dorsal and 
Ventral Streams 
 

The notion of division of labour in visual processing into bifurcated streams has 

been prevalent since the 1960s. Schneider (1969) suggested that the projections 

from the retina to the superior colliculus in rodents are influential in stimulus 

localisation while the retinogeniculate pathway is involved in object recognition. 

Later studies in primates showed that only minor projections from retina end up in 

the superior colliculus and these projections are not adequate to represent the 

range of visually derived localisation tasks [for review (Milner and Goodale, 2008)].  

Ungerleider and Mishkin in 1982 proposed a cortical model for the bifurcation of 

visual perception based on lesion studies in primates (Ungerleider and Mishkin, 

1982). Lesions of the inferior temporal cortex compromised the primates’ ability to 

identify object’s characteristics such as shape or pattern while lesions near the 

posterior parietal region rendered the primate unable to locate the object in space 

whilst maintaining object recognition. They proposed that the cortical pathway 
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progressing ventrally from primary visual cortex to the temporal cortex forms an 

independent channel specialising in object recognition (the ''What'' pathway) and 

another pathway progressing dorsally towards the region of posterior parietal 

region specialises in localisation of objects in space (the ''Where'' pathway). 

Livingstone and Hubel (1987) suggested that different types of neurones in V1 and 

V2 that are selective to direction, orientation, and colour form the continuation of 

parallel stream of vision from the retina and LGN in the form of magno and 

parvocellular processing which ultimately converges to the dorsal and ventral 

streams respectively. 

1.2.1 Evidence of functional bifurcation regarding the two-
streams hypothesis in clinical population 

 

In humans, Goodale and Milner (1992) observed that a lesion along the ventral 

stream in bilateral occipito-temporal cortex reduced the ability of object recognition 

(also called visual agnosia) as predicted by the ''What and Where'' theory. But 

these individuals could still accurately orient hand movements and scale the 

aperture size of their fingers according to the size of the object while performing a 

grasping action. This observation suggested that the intact dorsal system was 

influential in directing action towards the object. Based on these findings, they 

proposed an updated theory of double dissociation based on a broad functional 

organisation (Goodale and Milner, 1992; Milner and Goodale, 2008; Goodale, 

2011), which defined dorsal stream as the vision for action and ventral stream as 

the vision for perception (Figure 1.15).  
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Figure 1.15: The hypothetical bifurcation of visual processing along the 
dorsal and ventral streams. 

According to Goodale and Milner (1992), dorsal visual stream inputs from V1 are projected to 
middle temporal area (MT) and parietal cortex while the ventral stream inputs from V1 are 
projected to temporal cortex through area V2 and V4. Adapted from Goodale (2011) 

The most widely studied patient DF with visual form agnosia due to carbon 

monoxide (CO) intoxication showed a range of perceptual problems that could not 

be explained by the low level changes in the visual system. She could detect spots 

of light in the central 30˚ of the visual field, could correctly detect gratings with high 

spatial frequency and had grossly preserved colour vision. The visual functions 

related to higher ventral cortical areas, however, were markedly compromised. 

She was unable to recognise line drawings and could not copy them. However, 

visual capabilities mediated by ''vision for action'' such as motion perception, 

grasping action, and scaling the finger aperture to the grasping target were normal 

(Milner et al., 1991; Goodale, 2011). Another task commonly used to dissociate 

the vision for action and vision for perception involved either turning the card to 

match the orientation of the slot (perceptual task) or ''posting'' the card itself into 

the randomly oriented slot (action task) - Figure 1.16. In this task, DF could 

appropriately place the card into the slot but failed at matching the orientation. 

These results suggested that DF could accurately generate action towards objects 

in the environment without perceptual capacities (Goodale et al., 1991). Similar 

dissociation in the tasks mediated by the vision for action and the vision for 

perception have been reported more recently in other patients suffering from visual 
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form agnosia with more circumscribed brain lesion along the ventral stream 

(Dijkerman et al., 2004; Karnath et al., 2009) .  

 

 
 
Figure 1.16: The card and slot test 

In this test, patients are required to orient the card in space according to the orientation of the slot 
(vision for perception task) or place the card itself in the slot (vision for action task). Adapted from 
Milner and Goodale (1996)  

The opposite pattern was observed in patient with optic ataxia who had lesions in 

the parietal cortex (dorsal stream). These patients could accurately describe object 

properties such as orientation, size, and shape but failed to properly orient the 

hand movements to grasp the object. Similarly, these patients could correctly 

match the orientation of the card according to the randomly presented slots but 

failed at placing the card in the slot [for review (Goodale, 2011)]. These 

observations led to a broad encapsulation of the functional bifurcation of the What 

and Where system into the vision for action and vision for perception. According to 

the updated theory, the ventral stream encodes the perceptual information 

including object characteristics and spatial relations such as size, orientation, 

shape, and texture – vision for perception. The dorsal stream meanwhile was 

proposed to be involved in the functions that encode actions towards the visual 

world such as motion perception, ocular movement, and other visually guided 

behaviour – vision for action.  
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Blindsight refers to a condition in which a patient with damaged primary visual 

cortex retains limited visual perception. It is reported that different cortical areas 

along the dorsal stream of blindsight patients respond to visual stimulation, 

implying that vision for action can be stimulated independently of vision for 

perception (Milner and Goodale, 1996; Cardoso-Leite and Gorea, 2010). These 

responses are proposed to be due to the projections from the superior colliculus to 

the dorsal stream areas (such as PPC). The ventral stream also receives input 

from the superior colliculus however these inputs do not have a similar influence 

as they do along the dorsal stream (Milner and Goodale, 2006). 

 

Historically, the independence of dorsal and ventral visual streams in humans has 

been based around anatomical lesion studies. However, these studies are difficult 

to validate as it is often difficult to determine the localisation and true extent of 

such lesions. Indeed, patient DF whose results were widely presented as 

overwhelming evidence of the bifurcation of visual system into dorsal and ventral 

streams (Goodale and Milner, 1992; Milner and Goodale, 2008; Goodale, 2011) 

shows a diffuse, widespread cortical neuronal damage (Cardoso-Leite and Gorea, 

2010). Furthermore, it is difficult to ascertain if the inability of the observer in a 

particular task is a direct result of the cortical lesion of a specific area. For 

example, a lesion in the area MT that results in difficulty in motion perception could 

be due to MT being an important area for motion but also there is a possibility that 

the damage in the area could result in the loss of the connections of area MT to 

other visual areas that may be equally important in motion processing. 

Additionally, some patients over time recover limited capabilities for visual 

functions attributed to the compromised area. This recovery is believed to be due 

to the reorganisation of the cortical connections by which the remaining healthy 

cortical areas take over the role of the compromised cortical areas (Payne et al., 
1996). Hence the visual cortical system appears to exhibit a tremendous amount 

of plasticity in comparison to the rigidity of functional segregation as suggested by 

the bifurcation of the visual pathway into dorsal and ventral processing streams. 

More recent lesion studies would also appear to contradict the original lesion 

studies on which the bifurcation of the dorsal and ventral stream was initially 

based. For example, anatomical lesions in the ventral pathway with intact dorsal 

pathway resulted in deterioration of motion processing capabilities in a wide range 

of tasks (Gilaie-Dotan et al., 2013).  
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1.2.2 Evidence of functional bifurcation regarding the two-
streams hypothesis in normal population 

 

Behavioural evidence presented in support of the double dissociation in healthy 

individuals is based on the differences in response to various tasks purported to 

be processed along each stream. By definition vision for perception would be 

affected by perceptual illusions (such as size, tilt, or depth illusions). Assuming the 

streams are independent, the vision for action stream should remain unaffected. In 

size illusions such as Ebbinghaus/Titchener circles, the perceptual estimation of 

the size of the central circle is affected by the surrounding circles (Figure 1.17). 

However, dorsal stream remains unaffected by such illusions with the observer’s 

grasp aperture accurately reflecting the actual size of the circle rather than the 

perceived one (Aglioti et al., 1995). Similar findings from other size illusions such 

as the Ponzo illusion (Ganel et al., 2008) and Muller-Lyer illusion (Otto-de Haart et 
al., 1999)  also support the dissociation of visual processing into the dorsal and 

ventral streams. Other studies, however, dispute the evidence from the illusion 

studies. Franz and colleagues (2000) reported that both vision for action and 

vision for perception are equally affected by size illusions if the stimuli are scaled 

properly for the task being evaluated (Franz et al., 2000; Franz, 2001; Franz and 

Gegenfurtner, 2008). In defence of these inconsistent findings, Goodale (2011) 

suggests that such findings may merely represent the interaction between the two 

streams rather than a complete refutation of the two stream theory. It has also 

been reported that unless the illusions probe higher brain areas in the ventral 

stream, the illusory effect will be observable in both streams (Milner and Dyde, 

2003). For example, the illusion that is processed in V1 may affect both dorsal and 

ventral stream functions but those which are perceptually processed along the 

higher ventral stream areas does not affect the tasks related to dorsal stream.  
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Figure 1.17: The size illusions: Ebbinghaus/Titchener circles and Muller-Lyer 
illusion. 

In the Ebbinghaus/Titchener circles (left), the perceived size of the central circle is influenced by 
the size of the surrounding circles. In the Muller-Lyer illusion (right), the perceived length of the 
central line is influenced by the direction of the arrow heads (pointing inwards or outwards). The 
vision for action and vision for perception streams are affected differently by such illusions. 

1.2.3 Imaging studies supporting the bifurcation theory  
 

The development of better imaging techniques has enabled the study of different 

brain areas selective to various behavioural tasks in patients with different cortical 

lesions as well as healthy populations. fMRI evaluation of patient DF (with a lesion 

in the occipito-temporal cortex resulting in form agnosia) showed no activation in 

the lesion areas as well as in the early intact areas along the ventral stream while 

observing line drawings of common objects (James et al., 2003). On the other 

hand, fMRI in normal individuals showed activation of ventral areas while the 

observer was discriminating the physical attributes of the object but no activation 

during grasping (Goodale, 2011). Other studies report findings from visual areas 

which are selectively activated by different stimulus properties such as complex 

form (Wilkinson et al., 1998; Wilkinson et al., 2000; Pasupathy and Connor, 2001), 

faces (Kanwisher and Yovel, 2006), and different objects (Malach et al., 1995). 

These findings have further highlighted the fact that the human visual system does 

contain anatomically distinct areas dealing with different stimulus properties in 

accordance with the specialised channels hypothesised by Milner and Goodale 

(1996, 2006, 2008). Others have identified several regions with neurones 

responsive to the grasp-related activity along the proposed dorsal stream in the 

parietal cortex (Galletti et al., 1997). These areas in the intra parietal sulcus have 

been named as the parietal reach region (PRR). In primates, PPR neurones are 
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activated by the arm movements during grasping but not by the eye movements 

while lateral intraparietal cortex (area LIP) is activated by the eye movements and 

not by the arm movement (Snyder et al., 1997). Similarly in humans, the anterior 

intraparietal (AIP) area is shown to be more active during the reaching to grasp 

action compared to only reaching action or when judging the size and orientation 

of the 3-D objects.  

 

A fMRI experiment (Ferber et al., 2003)  used the structure from motion stimuli 

(where a form is defined by motion boundary) to investigate dorsal and ventral 

stream activity. In such presentation, observers continue to perceive object’s form 

for a brief time period (1-2 sec) even after the motion is stopped. The results 

showed that both motion area (MT+) along the dorsal stream and form area 

(lateral occipital region, LO) along the ventral stream are activated by such stimuli. 

However, it was observed that the activation of area LO continued even after the 

motion was stopped, with the period of activation of LO area correlating with the 

perceptual persistence (visibility of the post-motion form).  

 

The evidence from the various physiological, behavioural, and imaging data 

provided here shows that it is highly unlikely that the bifurcation of visual 

processing into the dorsal and ventral streams is completely segregated and 

independent, both anatomically and functionally as Milner and Goodale (2006) 

have now conceded.  

 

They suggest that both vision for action and vision for perception use the same 

visual inputs but the difference is in how each stream transforms these inputs for 

two different functions, one for perceptual judgement (ventral stream) and another 

for the generation of action (dorsal stream). In view of such arguments, it seems 

plausible to consider the dorsal and ventral streams as interactive, flexible 

channels which process the visual information from the early parallel processing in 

LGN (in terms of magno, parvo, and koniocellular processing) into the outputs 

suitable for the functionality of each stream. 
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1.3 Noise and Human Visual System 
 

In the everyday environment, humans perceive hundreds of objects in clutter 

moving in different directions. Yet, they rarely have to decode motion or form 

information of an object in isolation. Selecting relevant signals in the presence of 

background clutter is an important function of any signal processing system. In 

addition to the variation in the input signal from the environment, the system has to 

deal with internal randomness generated within it during the signal processing. 

This random disturbance is collectively termed as ''noise'', which is an inherent 

feature of every mechanical as well as biological signal processing system. Noise 

present in the signal is called external noise while that generated within the 

processing system is called internal noise. To properly study how a signal is 

represented in any signal processing system, both external and internal noise 

should be considered.  

 

During visual processing, photoreceptors convert light energy present in the 

stimulus to chemical signals which are subsequently amplified and converted into 

the electrical signal to be detected. Any external noise present in the signal is also 

amplified during this process. The action potential generated by a single neurone 

in response to the identical electrical signal varies over time. These fluctuations 

(noise) are a result of cellular and molecular variations within the neurones such 

as variability in membrane potential or variations in electrical discharges from 

different ion channels. At synaptic terminals, more noise is generated due to the 

fluctuations in diffusion or differences in calcium channel noise (Faisal et al., 
2008). At each step of signal processing, signals that are weaker than the 

accumulated noise are lost. Noise is hence ubiquitous in each processing 

component of the human visual system.  

 

The noise generated within the visual system can be broadly divided into sensory 

noise and noise due to decision uncertainty (Faisal et al., 2008). When the 

identical stimulus with the same visibility at threshold is presented twice to an 

observer, the response of the observer may differ (Burgess and Colborne, 1988) 

due to the variability in the response of different sensory mechanisms. This type of 

noise is called sensory noise (Faisal et al., 2008). Another source of noise in the 

visual processing system is due to the decision uncertainty of the observer. The 
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response of an observer to a same set of stimuli becomes more inaccurate when 

presented in the presence of other confounding stimuli (for example, when 

observers are asked to determine the relative size of two objects, the response is 

more inaccurate when these objects are presented with other similar objects 

compared to when they are presented in isolation).  

 

Initial methods to characterise the noise in signal processing systems were 

developed by electrical engineers to measure the response of an electronic 

amplifier (North, 1942; Friis, 1944; Nagaraja, 1964). The underlying assumption of 

this method is that the output from any processing system is directly proportional 

to the sum of the noise present in the signal (external noise) and noise introduced 

by the components of the system itself (internal noise). When the added external 

noise is low, the output of an amplifier is governed by the internal noise and 

constant signal strength is required to maintain a constant signal to noise ratio 

over a range of external noise. When the external noise exceeds the internal noise 

of the system, output of the system is overwhelmed by the external noise and 

increasingly higher signal strength is required to maintain a constant signal to 

noise ratio. At the point where the external noise starts to take over the 

performance of the system, both external noise and internal noise have an equal 

effect on the performance and this level of external noise is equivalent to the 

internal noise of the system. The equivalent external noise method hence 

calculates the internal noise of the system in terms of the added external noise, 

which is described as  ''refereeing the internal noise of the system to the external 

noise'' (Pelli, 1981).  

 

In the early 1940s, vision scientists e.g., (de Vries, 1943) began to explore the 

presence of noise in the visual system and its significance on visual processing. 

After a decade, Barlow (1956) introduced the term dark noise to represent the 

spontaneous activity of neurones in the absence of any physical stimuli. He 

proposed that for light to be detected in complete darkness, the absolute signal 

strength should be greater than the dark noise. In the 1970s, signal detection 

theory (Green and Swets, 1974), greatly advanced our understanding of the role of 

noise in signal processing and decision mechanism. The signal detection theory 

(SDT) evaluates variability in the decision making by an observer in different visual 

tasks. According to SDT, observer makes the decision of perceptual awareness 
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(detection or discrimination of the object) based on a subjective criterion. If the 

accumulated signal strength is larger than this criterion, observer reports the 

presence of the signal. If the accumulated signal strength is weaker than the 

criteria, observer reports an absence of the signal. In some trials due to the effect 

of noise, an observer may report the presence of a signal even when the signal 

was absent. These trials are recorded as false alarms. Similarly on other trials, an 

observer may report an absence of signal even when the signal was present; 

these are recorded as the miss trials. In SDT, the observer’s sensitivity is 

measured as the separation between the means of signal and noise distributions 

compared against the standard deviation of the noise distribution. SDT provides a 

bias free representation of the human performance (d') but does not deal with the 

nature of noise itself. 

 

Barlow’s concept of dark noise (Barlow, 1956) and the equivalent noise method 

used in electrical amplifier formed the basis of measuring equivalent internal noise 

in the visual domain. Barlow's proposal of the quantification of signal strength in 

terms of energy required to overcome dark noise and internal noise is only 

relevant in dark conditions. However, a similar concept can be adapted to the 

detection of different visual properties based on the equivalent noise method. Pelli 

(1981) proposed a black box model for the visual domain comparing the human 

observer to an electronic amplifier (Figure 1.18). In this model, the observer 

receives signal embedded in the external noise. The processing of this signal 

results in the addition of more noise (internal noise). The final perceptual decision 

is then made based on the resulting internal representation after the calculation. In 

such a model, different variability and fluctuations within the visual system are 

represented by a single component of internal noise. The model also assumes that 

the processing within the system is linear until the late decision stage and that the 

magnitude of the internal noise and the calculations are invariant with the strength 

of the stimulus. 
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Figure 1.18: A black box model for human observer 

The human observer is treated as a black box receiving the signal (c) embedded in noise (σext), the 
processing mechansim adds a fixed amount of variability (internal noise, σint) and the 
representation undergoes calculations to provide an internal response upon which the final 
decision is based. Adapted from Pelli (1981, 1999). 
 

For such a model, human response to varying contrast energy as input can be 

measured in terms of contrast energy threshold. Furthermore, external noise can 

be added by introducing luminance noise to the input display. Hence in such an 

arrangement with a contrast threshold experiment, the output of the processing 

system can be measured in terms of the input (signal plus noise) as required for 

the application of the equivalent noise method (Pelli, 1981; Ahumada and Watson, 

1985). According to the prediction of the equivalent noise method when the 

contrast threshold is plotted against the added external noise, the threshold vs. 

noise curve (TvN curve) should remain flat and low at low levels of external noise 

and elevate proportionally to the added external noise at high noise levels. The 

knee point of the TvN curve then represents the internal equivalent noise of the 

system (Figure 1.19). 

 



 

49 
 

 
 
Figure 1.19: Schematic representation of the prediction from the equivalent 
noise model 

The thresholds remains low and constant across a range of low external noise levels and increases 
exponentially at high noise levels with the knee point of the curve representing the internal 
equivalent noise of the system (σeq). 

 
Pelli (1981) applied a simple linear model based on equivalent noise method to 

analyse the contrast threshold obtained at various external luminance noise levels. 

For a given stimulus with the contrast (c) embedded in random noise generated 

from the Gaussian distribution with standard deviation (σext), the total energy is 

given by eq. 1.1. 

                               𝑺 =  𝜷𝒄                        (eq. 1.1) 

 

where, 𝜷 is linear amplification by a noise-free amplifier 

 

The total noise reaching the decision stage (N) is the sum of the external noise 

and internal noise (eq. 1.2).  

                𝑵𝟐 =  𝝈𝒆𝒙𝒕 
𝟐 + 𝝈𝒊𝒏𝒕

𝟐                                                  (eq. 1.2) 

 
The signal discriminability (d') for such arrangement is given by the SDT as 

                     𝒅′ =  𝑺
𝑵

         (eq. 1.3) 
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Substituting the values of eq. 1.1 and eq. 1.2 to eq. 1.3 gives                                                     

                     𝒅′ =  𝜷𝒄

√𝝈𝒆𝒙𝒕 
𝟐 + 𝝈𝒊𝒏𝒕

𝟐
       (eq. 1.4) 

 
For the detectability (d') at a contrast threshold (Wobs), eq. 1.4 can be rearranged as 

                 𝝉𝒐𝒃𝒔
𝟐 = (𝒅′

𝜷
)

𝟐
 (𝝈𝒆𝒙𝒕

𝟐 + 𝝈𝒊𝒏𝒕
𝟐 )     (eq. 1.5) 

 

We can simplify the eq. 1.5 by replacing d'/β with k by considering β as a constant 

for d'. So,  

              𝝉𝒐𝒃𝒔
𝟐 = (𝒌)𝟐 (𝝈𝒆𝒙𝒕

𝟐 + 𝝈𝒊𝒏𝒕
𝟐 )      (eq. 1.6) 

 

The factor k is inversely proportional to the calculation efficiency of the system, 

which is computed by comparing k for the human observer with an ideal observer 

and is regarded as an index of information available for the system (Pelli, 1981; 

Pelli and Farell, 1999). Hence the equation provides a model consisting of internal 

equivalent noise (σint) and sampling efficiency parameter (Eff) for fitting the 

threshold data (Wobs) measured in the presence of varying levels of external noise 

(σext) – eq. 1.7. 

                     𝝉𝒐𝒃𝒔 = √𝝈𝒆𝒙𝒕
𝟐 + 𝝈𝒊𝒏𝒕

𝟐

𝑬𝒇𝒇
        (eq. 1.7) 

where, 

W�obs  = observed contrast threshold 

σ int = equivalent internal noise external noise 

σ ext = external noise 

Eff  = sampling efficiency 

 

The model from equation 1.7, dubbed as the linear amplifier model (Lu and 

Dosher, 1999), predicts the observer’s performance as a linear function of noise 

variance and efficiency (Figure 1.20). If the performance of an observer varies 

across two tasks due to the differences in the internal noise parameter, the TvN 

curves for two functions remain parallel at the lower levels of noise before 

converging at higher noise levels. If the variation in performance is due to the 

differences in the sampling efficiency parameter, TvN curves remain parallel 
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across all external noise levels.  

 

 
 
Figure 1.20: Schematic representation of the predictions of linear amplifier 
model (LAM). 

If the thresholds for two functions differ due to changes in sampling efficiency (Eff), TvN curves 
remain parallel at all noise levels (A) but if the thresholds differ due to changes in the internal noise, 
TvN curves converge at higher noise levels (B).   

Pelli (1990) adapted his model to study the effect of different visual attributes such 

as target size, background luminance, and the effect of eccentricities on contrast 

threshold. While contrast threshold was limited by internal noise or sampling 

efficiency, the underlying amount of internal noise remained similar. Pelli and 

Farell (1999) proposed that the efficiency of the visual system is largely 

independent of external viewing conditions and that the internal equivalent noise is 

dependent only upon the anatomical variance of the processing mechanism (Pelli 

and Farell, 1999). 

 

Most of the works to date that have employed the equivalent noise (EN) paradigm 

in the visual processing system have been conducted in the contrast domain 

(Ahumada and Watson, 1985; Pardhan et al., 1996; Bennett et al., 1999; 

Radhakrishnan and Pardhan, 2006; Levi et al., 2008). More recently the paradigm 

has been extended to various visual functions including visual acuity (Pelli et al., 
2004), stereo acuity (Wardle et al., 2012), and perceptual learning (Gold et al., 
2004).  

(A) (B) 
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1.3.1 Noise in Dorsal and Ventral Stream 
 

Previous research on motion and form processing in noise has most commonly 

used random noise to determine the sensitivity to coherent motion/form (Gunn et 
al., 2002; Simmers et al., 2003b; Lewis et al., 2004; Simmers et al., 2006b; Grinter 
et al., 2010; Hadad et al., 2015). More recent works have sought to quantify the 

nature of noise itself in these domains. The motion and form sensitivity measured 

at varying levels of noise have been used to unravel the processing limitations at 

different stages of visual processing. Normal visual processes (Watamaniuk and 

Sekuler, 1992; Watamaniuk, 1993; Dakin et al., 2005; Mareschal et al., 2008), 

visual development/ageing (Bogfjellmo et al., 2013; Bogfjellmo et al., 2014; 

Manning et al., 2014), and abnormalities in visual functions in various clinical 

disorders (Mansouri et al., 2004; Hess et al., 2006; Falkenberg and Bex, 2007; 

Tibber et al., 2014; Manning et al., 2015) have been modelled with the 

consideration of noise in both the motion and form domains. However, due to the 

physical limitations in the stimuli employed, it is often difficult to directly compare 

the motion and form domains.     

 

The influence of noise on global motion and global form visual processing 

mechanisms has been psychophysically evaluated to specifically target the 

processing along the dorsal and ventral streams. As described earlier (Section 

1.1), the major areas for global motion and global form processing predominantly 

fall under the proposed dorsal and ventral stream respectively. Other studies, 

however, suggest that the processing of global motion and global form is not 

limited to the respective streams. For example, Braddick et al., (2000) using fMRI 

reported that while motion and form stimulate independent pathways in the visual 

system, these pathways may not necessarily correspond to the gross segregation 

of the dorsal and ventral streams (Braddick et al., 2000). They, however, do report 

a strong motion response in the area around MT and MST, while areas more 

responsive to form stimuli lay near the proposed ventral stream. Using similar 

techniques, other studies report increased responses from area MT along the 

dorsal stream (Braddick et al., 2001)  and area V4 along the ventral stream 

(Braddick et al., 2002) with the increase in the global motion and form signals 

respectively. The notion that motion and form are processed by completely 

independent pathways is a debate that is closely mirrored by the dis/agreements 
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on the independence of the parallel dorsal and ventral streams that have been 

discussed before (Section 1.2). However, even the staunch critics of the parallel 

processing mechanism agree that area MT has a special importance for motion 

processing (Lennie, 1998). Similarly, in the light of different studies showing V4 

selectivity to complex form stimuli (Wilkinson et al., 1998; Gallant et al., 2000; 

Smith et al., 2002; Tse et al., 2002; Ohla et al., 2005), it can be assumed that 

motion and complex form do stimulate at least limited independent mechanisms. 

The interaction between motion and form processing pathways is yet to be fully 

understood and such interaction will also be explored in this body of work. Despite 

the controversy surrounding the parallel processing of motion and complex form 

along the dorsal and ventral streams, motion and form stimuli have been widely 

used in behavioural studies in the vision science arena for the evaluation of dorsal 

and ventral processing streams in both normal and clinical populations [for review 

(Braddick et al., 2003; Grinter et al., 2010)].  

 

The Random dot kinematogram (RDK) has been most commonly used to evaluate 

motion perception along the dorsal stream. Different stimuli including Glass 

patterns (Glass, 1969), Gabor patches, and objects of different shape and 

curvature have been used to probe ventral stream processing (further discussed in 

the methods section 2.3).  The random dot kinematogram and Glass pattern are 

most suited for the concurrent investigation of motion and form processing as both 

stimuli share common physical properties and processing mechanisms. Random 

dot kinematograms (RDK) are based on the phenomenon of apparent motion. 

When two static images are spatially displaced in time at appropriate distance and 

interval, a smooth motion from one point to another is perceived. RDKs consist of 

patterns of dots which are temporally displaced to adjacent frames in a predefined 

direction. Glass pattern is named after Leon Glass who observed that when an 

identical set of random dot pattern (dipole) is superimposed upon another and 

rotated to a certain extent about its central axis, a compelling and readily 

observable swirling pattern is formed (Glass, 1969). Translational, radial and 

concentric structures can be created based on the angle of displacement by 

aligning the correlated pairs of dots to a desired geometric transformation (Figure 

1.21). 
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Figure 1.21: Schematic illustrations of different types of Glass patterns. 

Horizontal translation (A), radial (B) and rotational (C) 

 

RDKs and Glass patterns also share similar processing mechanisms. The local 

properties of RDKs are initially processed in the primary visual cortex followed by 

the global processing at higher extra striate areas of MT and MST. Similar to 

RDKs, the processing of Glass patterns also occurs in two distinct stages. In the 

first stage, local properties of dipole elements such as orientation and contrast are 

processed in primary visual cortex resulting in the integration of corresponding 

dots into dipoles. The global processing, integrating information from all dipole 

pairs to provide an overall orientation of Glass pattern, then occurs at higher extra 

striate areas along the ventral stream with area V4 being the most likely candidate 

(Wilson et al., 1997; Wilson and Wilkinson, 1998; Tse et al., 2002; Wilson and 

Wilkinson, 2003; Wilson et al., 2004; Mandelli and Kiper, 2005; Dumoulin and 

Hess, 2007; Smith et al., 2007).  

Another important limitation in the evaluation of dorsal and ventral stream function 

thus far has been that the performance from each pathway is difficult to compare 

against each other as stimuli used are physically different (Grinter et al., 2010). 

The Glass pattern is composed of dipole elements that are separated by a 

predefined distance in a specific direction. In RDK the dot elements are displaced 

by a predefined distance and direction over different frames. Hence a Glass 

pattern can be thought of as a snapshot of the RDK taken at two different times 

(two frames). Both stimuli can be created using dot patterns, which allows for the 

control of most of the physical parameters such as dot size, density, contrast etc.  

 

(A) (B) (C) 
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Both RDKs and Glass patterns are also ideal to study of the influence of noise 

within the visual system. RDKs are most commonly used to study motion 

perception employing the motion coherence paradigm. In such a paradigm, dots 

carrying the motion signal in a defined direction are interspersed with dots carrying 

random motion (noise dots) (Newsome and Pare, 1988). The minimum proportion 

of the dots carrying signal direction required for detection of coherent motion is 

known as the motion coherence threshold (Figure 1.22). Even in the presence of 

different non-corresponding dot elements (noise) in the vicinity of an individual dot 

from one frame to another, visual system can easily perceive the apparent motion 

created by the displacement of individual dot pairs – referred to as overcoming the 

correspondence problem. The visual system is well adept at perceiving coherent 

motion from such display with thresholds as low as 5% for accurate judgement of 

motion direction. 

 

 
 
Figure 1.22: Schematic representation of motion coherence paradigm. 

In the motion coherence threshold paradigm, the signal dots carry motion in a specified direction 
(represented by dots with black arrow, to right) interspersed with noise dots carrying random 
motion (represented by dots with white arrow). 

 

Similar to the RDK, the addition of diploes with random orientation (noise) to Glass 

patterns reduces the ability of global detection and discrimination. Psychophysical 

experiments (Dakin and Bex, 2002; Lewis et al., 2004; Spencer and O'Brien, 2006; 
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Nankoo et al., 2012) have used this feature to evaluate the sensitivity of the visual 

system to global form in terms of form coherence thresholds, the minimum 

proportion of dipole pairs with coherent orientation required for the global detection 

(Figure 1.23).  

 
Figure 1.23: Schematic representation of coherence paradigm in translation 
Glass pattern. 

The number of coherent dipoles in translation Glass pattern decreases from 100% to 60% to 10% 
from left to right.  
 

The coherence threshold paradigm measures the influence of noise in terms of the 

number of elements (signal dots in a RDK, signal dipoles in a Glass pattern). As 

explained for the contrast domain, the pre-requisite for the equivalent noise 

paradigm is that the output of the signal processing system should be measured in 

terms of the input signal and added external noise. So the paradigm should be 

designed in order to ''refer the system's internal noise to the external noise added 

to the input signal''. The coherence threshold paradigm is hence unsuitable for the 

study of the external noise paradigm, as the observer's performance (output in 

terms of number of signal dots) cannot be directly referred to the property of added 

noise.  

 

Another method for the evaluation of motion and form perception using RDKs and 

Glass patterns is with a task in which an observer has to determine the overall 

direction of motion or orientation of the RDK/Glass pattern from a reference 

direction/orientation (such as vertical) with the external noise being varied in the 

same parameter (direction/orientation from vertical).  This method allows for the 

estimation of an observer's performance in terms of external noise added to the 
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stimuli and hence is ideal for the adaptation of the equivalent noise paradigm 

(Figure 1.24).  

 
 
Figure 1.24: Schematic representation of fine direction discrimination 
paradigm. 

In the fine direction discrimination task, the motion of individual dots (represented by black arrows) 
is derived from a Gaussian distribution with mean direction (represented by the white arrow) at 
predefined angle from vertical (here left from vertical). 

In such tasks, the motion/orientation of individual elements is derived from a 

random distribution (usually a Gaussian distribution) with a prescribed mean and 

standard deviation. Hence all individual elements have independent local 

motion/orientation but when the motion/orientation cues from all dots are 

summated, the global motion/orientation representing the mean of the underlying 

distribution is perceived. All the dot/dipole elements in such arrangements act as 

signal elements as they represent the overall mean direction/orientation and the 

randomness (external noise) can be manipulated by changing the standard 

deviation of the distribution from which the direction/orientation of the elements are 

generated.  

 

The linear model of the equivalent noise paradigm is based on the evaluation of 

threshold at different levels of external noise and separates the observer’s 

performance into internal noise and sampling efficiency. For the RDK and Glass 

pattern, the internal noise derived from the equivalent noise paradigm experiment 
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represents the local variance in direction of motion (RDK) and orientation (Glass 

pattern) of individual elements. The sampling efficiency meanwhile represents the 

number of elements the visual system summates to provide an overall global 

percept (Dakin et al., 2005; Mareschal et al., 2008) – Figure 1.25. The local 

properties of these stimuli are processed in the early visual areas (such as V1) 

and the global processing occurs at higher cortical areas (such as MT, MST and 

V4). Hence the equivalent noise paradigm can disambiguate the contribution of 

different cortical areas in visual processing.  

 

 
 
Figure 1.25: Local and global processing limitation on direction 
discrimination  

The threshold for direction discrimination in RDK is limited by increased local directional uncertainty 
among the samples (A) or global undersampling of elements (B). Adapted from Mareschal et al., 
2008  

 

 

 

 

 

(A) (B) 
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Summary 
 

The visual system is proposed to be bifurcated into dorsal and ventral streams 

consisting of independent parallel pathways for processing various visual 

attributes (Goodale and Milner, 1992; Milner and Goodale, 1993; Goodale, 2011). 

Global motion and global form are predominantly processed along the proposed 

dorsal and ventral visual processing streams respectively (Braddick et al., 1999; 

Gallant et al., 2000; Wilkinson et al., 2000; Braddick et al., 2001). The motion and 

form information are initially processed along the areas shared by both dorsal and 

ventral streams such as lateral geniculate nucleus (LGN) and primary visual cortex 

(V1), where the processing from the limited area of the visual field occurs – local 

processing  (Adelson and Movshon, 1982; Morrone et al., 1995; Movshon et al., 
1995; Wilson and Wilkinson, 1998). These shared areas also consist of 

anatomically segregated units for processing motion and form attributes 

(Livingstone and Hubel, 1987). The local inputs from early shared areas are 

integrated to form a global percept at dedicated extra striate areas along each 

stream; for example, middle temporal (MT) and middle superior temporal (MST) 

areas for motion perception and area V4 for form perception (Morrone et al., 1995; 

Wilson and Wilkinson, 1998). Motion perception is reported to be affected more 

than the form perception in various developmental disorders, leading to the 

assumption of dorsal stream dysfunction in these disorders [for review (Braddick et 
al., 2003; Grinter et al., 2010)].  

 

Most of the previous studies have used motion and form stimuli that may not be 

compatible for the comparison of two processing streams (Grinter et al., 2010). To 

compare the processing along each stream, the physical properties of the input 

stimuli have to be made as identical as possible to ensure that the outputs can 

then be attributed to the specific processing mechanism rather than the difference 

in the stimulus properties. In the current thesis, random dot kinematogram (RDK) 

and Glass pattern (Glass, 1969) were used to investigate motion and form 

processing. Both stimuli can be composed of random dot patterns allowing for the 

control of most physical parameters. Similarly, both stimuli share identical 

processing mechanisms within the dorsal and ventral streams; the local 

processing of motion (RDK) and orientation (Glass pattern) occurs in area V1 

followed by the global processing within dedicated extra striate areas along dorsal 
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(MT) and ventral stream (V4) respectively (Morrone et al., 1995; Wilson and 

Wilkinson, 1998). More recent studies suggest that visual processing including 

motion and form perception occurs through relatively flexible processing 

mechanisms with substantial interactions among two mechanisms (Kourtzi et al., 
2008; Mather et al., 2012). Dynamic Glass pattern (Ross et al., 2000), in which a 

perception of motion is induced by the underlying form cues of static Glass 

patterns, was used to explore interactions between motion and form perception in 

the current thesis.     

Motion and form perceptions have most commonly been studied using the 

coherence threshold paradigm in which motion/form sensitivity is measured as the 

minimum number of signal elements required to make a correct motion/orientation 

judgement in the presence of random noise. The coherence threshold paradigm, 

using random noise, provides an overall estimate of the visual systems sensitivity 

without revealing the contributions from local and/or global processing stages. The 

quantification of noise can help to unravel the contribution of local and global 

processing mechanisms (Dakin et al., 2005). This can be achieved by measuring 

sensitivity in the presence of varying levels of added external noise. In this thesis, 

we explore motion and form processing mechanisms and their interactions using 

physically similar stimuli embedded in noise to parse out the effects of the local 

and global processing in normal and clinical populations.   
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2.0 General Methods and Instrumentation 
 

2.1 Psychophysical Methods 
 

The psychophysical study of vision science deals with how changes in the 

physiological state in response to external stimuli result in a perceptual outcome. 

Sometimes the physiological process can be studied directly by recording 

responses from different areas of the visual system using electrophysiological and 

imaging methods. However, it is not always possible to make such measurements 

and studying the responses from isolated areas to provide an overall 

representation of the visual system has remained challenging even with the most 

recent advancements in the field of electrophysiology and neuroimaging.  

Gustav Fechner was among the first scientists to recognise that the relative 

changes in mental sensation can be quantified as a function of changes in the 

physical stimuli strength and that these results can be inferred to the underlying 

physiological mechanism. His theories formed the basis for a new field of study in 

relation to physiological mechanisms – psychophysics (Fechner, 1860). Instead of 

studying each physiological component of the visual system independently, 

psychophysics considers the whole visual processing mechanism as a single 

system. This approach allows the investigator to capture the overall performance 

of the observer and speculate about the processing mechanism at component 

levels by building different theoretical models. Marks (1978) proposed a theoretical 

premise, the principle of nomination, to infer the psychophysical results to the 

physiological state (neuronal behaviour). The principle of nomination states that 

identical neural events give rise to identical psychological events i.e., two stimuli 

that produce the same neural response will result in the same sensory experience 

(Marks, 1978). The reflexive form of the principle meanwhile suggests that the 

same sensory experience produced by two stimuli is a result of the same neural 

responses.  Similarly, Teller (1984) proposed theoretical linking propositions 

(Table 2.1) to infer the overall responses of the visual system (perceptual 

experience, <) to the underlying processing mechanism (physiological state,)) 

(Teller, 1984).  
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Contra positive identity Non identical < o Non identical )   

Converse identity Identical < o Identical )   

Identity Identical )  o Identical < 

Converse contra positive identity Non identical )  o Non identical < 

 
Table 2.1: The linking propositions for identity experiments.  

The contra positive assumption states that if the perceptual states (<) are 

different, the underlying physiological state ()) must also differ. The converse 

identity proposition states that identical perceptual experiences (<) are a result of 

an identical physiological state ()). These propositions are used to generate 

conclusions about the physiological state from the psychophysical data while the 

remaining propositions deal with generating conclusions about the psychophysical 

state from the physiological data. Teller (1984) argued that the converse identity 

proposition may not be always accurate, as in some cases varying physiological 

states brought on by differences in external stimuli can still result in a similar 

perceptual experience. For example, perception of the colour yellow could be 

produced by yellow light with a wavelength of 570 - 590nm or similarly with a 

combination of red and green light. They suggest the consideration of the ‘‘bridge 
locus neural stage’’, a hypothetical intermediate substrate of visual perception up 

to which the neural signals remain indiscriminable and thereby result in a 

statistically indiscriminable perceptual experience. Different results drawn from this 

modified interpretation of propositions have remained widely accepted in the field 

of vision science. From these principles, any physiological hypothesis can be 

evaluated by testing a perceptual event. The results can then be used to build 

theoretical models that also incorporate findings from the conventional 

physiological studies (such as single cell recordings, imaging studies) to better 

understand the contribution of different visual areas.  

In the present body of work different psychophysical methods were used to 

explore and compare the processing along the motion and form processing 

streams of the visual pathway. The modelling methods were also employed to 

unravel the limitations along each processing stream.  
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Before moving to the specific method used for each experiment a general 

description of threshold estimation and psychometric function fit and clinical 

instrumentation common to different studies within this thesis are discussed. 

2.1.1 Methods for threshold estimation and psychometric 
function 
 

In a typical psychophysical experiment, the property of the stimulus being 

evaluated is varied according to the responses of the observer over a number of 

trials to determine the sensory threshold. A threshold is the point of stimulus 

intensity at which the observer can just detect the presence of a stimulus (i.e., 
minimum detectable stimulus strength - absolute threshold). In a psychophysical 

experiment, threshold is determined as stimulus intensities required to produce a 

given level of performance. In addition to the theoretical propositions which formed 

the basis for the field of psychophysics, Fechner also proposed comprehensive 

experimental methods for threshold determination (Fechner, 1860) – Table 2.2.  

 Method Procedure Threshold calculation 
 
Method of limit 
 

 

Investigator adjusts the stimulus 

strength till it becomes just 

noticeable or unnoticeable  

 

 

The average value of 

two stimulus strength at 

which the reversal 

occurs 

 

Method of 
constant 
stimuli 

Observer responds to repeated, 

randomly-ordered trials with 

varying stimulus strength 

The stimulus intensity 

for a certain judgement 

probability (e.g. 75%) 

from psychometric 

function fit. 

 

Method of 
adjustment 

Similar to method of limit but 

observer adjusts the stimuli 

strength 

Same as the method of 

limit 

 
Table 2.2: Fechner methods for threshold determination 
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The method of constant stimuli (MOCS) is the most reliable and commonly used 

method for psychophysical data collection. In a typical psychophysical experiment 

employing MOCS, a number of stimulus intensity levels (typically five to nine) are 

presented to the observer. The levels are chosen to represent the stimulus range 

from the lowest stimulus strengths that will elicit the chance probability of detection 

to the highest intensity level that will be detected 100% of the time. This range will 

span a psychometric function relating the stimulus strength to the observer’s 

performance. When the correct responses are plotted against stimulus strength, 

the psychometric function can be a straight transition from no-detection (0% 

correct) to full detection (100% correct) - Figure 2.1, A. This model of performance 

is also called all or none concept of threshold (Lawless, 2013). When responses 

were collected in various psychophysical experiments, the psychometric function 

however resembled a smooth sigmoid-shaped curve representing a gradual 

progression from absence to the presence of the stimuli (Figure 2.1, B). This 

characteristic sigmoidal shape was due to the inconsistency in response of the 

observer for the same stimulus intensity presented multiple times. Such responses 

results in a lower proportion of correct responses for the stimulus strengths below 

the threshold and a higher level of proportion correct for the supra threshold 

stimulus strengths. The sigmoidal shape of the psychometric functions is 

remarkably consistent for different sensory functions. Threshold is then 

determined from such psychometric functions as the stimulus intensity at a certain 

performance criteria (such as 75% correct).  
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Figure 2.1: Psychometric function for a hypothetical observer on a yes/no 
task. 

The psychometric function ranges from 0% correct to 100% correct with either straight transition 
from lower to upper asymptote (A) or a gradual transition following a characteristic sigmoidal shape 
(B). 

2.1.1.1 Fitting the psychometric function 
 

The psychometric function can be described by two variables, threshold and slope. 

Threshold (α) is calculated as the corresponding level of stimulus strength at a 

desired performance level (such as 75% correct) and the slope (β) represents the 

rate of change in performance with varying stimulus strength (Figure 2.2). The 

lower asymptote of the curve represents the chance probability called guessing 

rate (ϒ) which is the reciprocal of the number of response choices in forced choice 

experiments (e.g., 0.5 in 2AFC). The accurate responses to high stimulus strength 

result in the upper asymptote of the curve. In some trials, observers may respond 

to the stimulus independent of its intensity that results in incorrect responses even 

to highly perceivable stimulus strengths. These erroneous responses are called 

lapses (λ). The strength of the psychometric function fit can be improved by 

incorporating the lapse parameter to the fitting procedure which lowers the upper 

asymptote of the psychometric function as given by (1- λ). 

(A) (B) 
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Figure 2.2 : Psychometric functions for a hypothetical observer in 2AFC 
task. 

The figure shows that change in α is reflected along the X-axis (stimulus strength) while change in 
β represents the change in the slope of the function. The guess rate (ϒ) is 0.5 (for a 2AFC task). 
The threshold value (α) is at the detection criteria of 75%. 

In a typical fitting procedure, a function that resembles the sigmoid shape such as 

a cumulative normal function, Weibull function, or Gumbell function is used to fit 

the observer’s performance at different stimulus strengths. The parameters of 

interest (α and β) are allowed to vary (free parameters) while other two are fixed 

(ϒ and λ). Conventionally lapse rate is fixed at a small number, however it has 

been argued that the lapse rate should be treated as a free parameter for a better 

psychometric function fit (Wichmann and Hill, 2001). The general form of the 

psychometric function incorporating all four parameters is given by: 

𝒑(𝒙) =  𝜸 + (𝟏 − 𝜸 − 𝝀)𝑭(𝒙)                                    (eq. 2.1) 

Where, 𝑝(𝑥) is the probability of a successful response at stimulus level 𝑥, the 

function F is a monotonic function of 𝑥, 𝛾 is the guess rate, and 𝜆 is the lapse rate 

(Treutwein and Strasburger, 1999).  

2.2 Instrumentation 

2.2.1 Clinical tests 
 

The experiments described in this thesis used normal observers and those with 

amblyopia. Various clinical measures were used to assess the visual health of the 

observers.  

(A) (B) 
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2.2.1.1 Visual acuity 
 

Visual acuity is the smallest detail that can be resolved and is the most commonly 

used measure of visual function. Visual acuity provides a measure of central 

macular function which in turn represents the state of overall ocular health. 

Different charts are used to measure the visual acuity, all consisting of rows of 

letters with a progressive reduction in size in each row. The Snellen’s chart is the 

most widely used method for the measurement of visual acuity, however the chart 

has several limitations such as an unequal number of letters in each line, varying 

legibility, disproportional spacing among letters, and ambiguity in recording acuity 

of partially resolved line. Bailey-Lovie chart (Bailey and Lovie, 1976) and its later 

modification, the ETDRS chart (Ferris et al., 1982) addresses most of the 

limitations of the Snellen chart (Figure 2.3). The chart consists of Sloan letters 

(Sloan, 1959), which have similar legibility. Each row in the chart also consists of 

an equal number of letters. The progression in size of the letters in each row is 

also standardised into equal logarithmic intervals (0.1, equivalent to a ratio of 

1.26X) so that letters double in size every three lines. Each letter resolved is 

assigned a log MAR value of 0.02, allowing for an accurate measurement of 

partially resolved lines. These modifications have established the Bailey-Lovie and 

ETDRS chart as the most preferred method of visual acuity evaluation.  

Visual acuity in this study was measured with a modified Bailey-Lovie chart (Figure 

2.3) displayed on a computer screen. The screen was placed at 4m from the 

observer. The chart consisted of five letters in each line with 0.1 logarithmic 

progressions in the size of the letters. The acuity was measured monocularly and 

recorded as the logarithmic value of minimum angle of resolution (log MAR value) 

of the letters correctly resolved. 
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Figure 2.3: The modified Bailey-Lovie chart 
 

2.2.1.2 Stereopsis 
 

The lateral offset of an image due to the anatomical configuration of the human 

eyes results in a slightly different visual image being projected to the two retinae 

with a degree of overlapping in the central visual field. The single fused image 

from these disparate images provides a sense of depth, known as stereopsis. The 

measure of stereopsis, stereoacuity, is the smallest binocular disparity that can be 

reliably discriminated – usually measured in seconds of arc (''). The Frisby test 

(Frisby Stereotest, Sheffield, UK) was used to measure stereoacuity in the current 

body of work. 

Frisby test 

The Frisby test is a real depth test conducted in free space that does not require 

dissociation of eyes. The test plates consist of random elements printed onto four 

squared shapes, a circular portion in one of the squares is printed on the back 

surface of the plate, creating a real depth effect (Figure 2.4). The circular contour 

can be presented with either crossed or uncrossed disparity based on which side 

the plate is presented to the observer. The disparity is crossed if the plate is 

presented facing towards the observer, providing the effect of depth away from the 

observer and uncrossed if the plate is presented facing towards the experimenter, 

providing the effect of depth towards the observer. The Frisby test consists of 
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three plates with varying thickness (6mm, 3mm and 1.5mm), producing different 

level of disparity. The disparity levels can also be varied by presenting the plates 

at different distance from the observer, over the ranges of plate thickness and 

presentation distance, the Frisby test can be used to assess the stereoacuity 

ranging from 20'' to 600''of arc. Monocular cues (to depth perception) in the form of 

motion parallax can be easily elicited therefore it is advantageous to control for this 

by avoiding movement between the observer and the test plate. When the motion 

parallax is controlled for, Frisby test is least susceptible to monocular cues 

compared to other commonly used near stereo tests (Holmes and Leske, 1999 ). 

 
 
Figure 2.4: The Frisby near stereotest 
 

For the purpose of this study, the Frisby test was used to assess the stereoacuity 

up to 20''. The test started with the thickest plate (60mm) presented against the 

white uniform background at a distance of 40cm, producing a disparity of 340''. 

The plate thickness and test distance were then changed to achieve different 

levels of disparity. Participants were asked to identify the box containing the 

circular contour in a 4 AFC task. The disparity presented was reduced after two 

consecutive correct responses and increased after one incorrect response. The 

minimum disparity obtained from this method was recorded as the stereoacuity of 

the observer. Different studies have reported varying level of stereo-acuity in the 

normal adult population measured by this method ranging from 55'' arc (Garnham 
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and Sloper, 2006) to 30'' of arc (Piano and O'Connor, 2013). For the purpose of 

this study normal stereo acuity was taken as 30'' of arc. 

2.2.1.3 Other measures 
 

In addition to visual acuity and stereo acuity, other measures were also used to 

assess the ocular status. The cover test was used to determine the presence of 

any heterophoria/heterotropia. The Bagolini test was used to determine the 

presence of sensory fusion at distance and near. And finally ocular motility was 

assessed to rule out any abnormalities in the function of the extra ocular muscles. 

2.2.2 Psychophysics setup 
 

Image processing hardware and software 

The psychophysical experiments were displayed on a 21'' Sony FD Trinitron 

monitor with a pixel resolution of 1920 x 1440 and refresh rate of 75Hz connected 

to an Apple computer with OS X and ATI RadeonTM HD 5770 1024 MB graphics 

card. The experimental stimuli were programmed in MATLAB 64 bit version, 

R2013a (MATLAB, 2013) with a Psychtoolbox-3 extension (Brainard, 1997b; Pelli, 

1997). A switcher box (Li et al., 2003) was used to increase the luminance depth 

of the monitor display from 8 bits to 12 bits and the monitor gamma corrected 

regularly using a spot photometer (Minolta LS 110). 

2.3 Stimuli and procedure 
 

A range of stimuli have been employed to study the global motion and global form 

perception processed along the dorsal and ventral streams respectively. To 

directly compare the functionality along the two streams, stimuli with similar 

physical properties and processing requirements should be employed. The studies 

that have sought to compare the performance along the two streams have most 

commonly used RDKs as the stimulus of choice for the motion pathway whereas 

various stimuli including Gabor patches, Glass patterns, and line segments have 

been used for the form pathway. These studies are summarised in Table 2.3. 
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Studies Motion stimuli Form stimuli Task / 
Threshold   Type Display 

size/ time 
Element no./ 
size/density 

Lifetime 
(frames) 

Speed 
(˚/s)  

Type Display 
diameter/ 
time 

Element no. 
/size/density 

Element 
separation   

Nankoo et al., 
(2012) 

RDK 
(translation, 
rotation, radial) 

11.16˚/ 
167ms 

NG*/ 
0.04˚x0.04˚/ 
6% 

10  15.67 Glass pattern 
(translation, 
rotation, radial) 

11.16˚/ 
167ms 

NG/  
0.04˚ x0.04˚/ 
6% 

0.26˚ MCT†/ 
2AFC, 
MOCS 

Tsermentseli 
et al., (2008) 

Rotational 
RDK 

6.6˚/ 
250ms 

NG/NG/ 
4 dot/deg2  

3 5.8 Rotational 
Glass pattern 
(tripoles) 

6.6˚/ 
250ms 

NG/NG/        
4 dot/deg2 

NG MCT/ 
2AFC, 2:1 
staircase  

Spencer and 
O’Brien (2006) 

Rotational 
RDK 

6.6˚/ 
250ms 

NG/NG/       
4 dot/deg2 

3 5.8 Rotational 
Glass pattern 
(tripoles) 

6.6˚/ 
250ms 

NG/NG/   
4 dot/deg2 

NG MCT/ 
2AFC, 2:1 
staircase 

Simmers et 
al., (2003, 
2005) 

Translational 
RDK 

12˚/ 
426.7ms 

50 dots / 
0.47˚/ 0.44 
dot/deg2 

8 5.7 Translational 
line segments 

12˚/ 
426.7s  

NG/ 50 line 
segments 

NA# MCT/ 
2AFC,   

Gunn et al., 
(2002) 

Translational 
RDK 

NG/10s  NG/ NG/      
4 dot/deg2 

6 6 Rotational line 
segments 

NG/10s NG/NG/      
1.3 elements/ 
deg2 

NA MCT/ 
2AFC, 2:1 
staircase 

O’Brien et al., 
(2002) 

Translational 
RDK 

12.1˚x 
7.51˚ 

NG/NG/        
4 dot/deg2 

NG 5.8 Rotational line 
segments 

13 ˚  0.41˚long/  
19 segment/ 
deg2 

NA MCT/ 
2AFC, 2:1 
staircase 

Hansen et al.,  
(2001) 

Translational 
RDK 

10˚x14˚/ 
2.3s 

300 dots 3 7 Rotational line 
segments 

10˚x14˚/ 
2.3s 

600 lines, 
each 0.4˚  

NA MCT/ 
2AFC, 1:1 
staircase 

           
Mansouri and 
Hess (2006) 

Translation 
micropatterns 

6˚/ 500ms 128  NA 10 Gabor 
micropatterns 

6˚/ 500ms 64  NA Eq. noise/ 
2AFC, 
MOCS 

 
Table 2.3: Compendium of studies that have used comparable stimuli along the motion and form pathway 

* NG: not given, † MCT: Motion coherence threshold, #NA: Not applicable
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As can be observed from Table 2.3, the most common stimuli that have been used 

as an identical version of an RDK for the investigation of form perception are line 

segments and variants of Glass patterns. Most of these studies have used similar 

presentation parameters across the two stimuli types such as element size, 

display area, display duration, and psychophysical method for data collection. 

However, three studies used physically different stimulus for the motion and form 

domain; translational RDK for global motion but rotational line segment for global 

form perception (Hansen et al., 2001; Gunn et al., 2002; O'Brien et al., 2002). On 

the other hand, Simmers et al., (2005) spatially superimposed the motion 

trajectory of the translational RDKs to produce translational orientation streaks 

(line segments). 

The physical structures as well as the processing mechanisms of the RDK and line 

segments are different. The processing of global RDK stimuli occurs in two stages; 

in the first stage, the position of a dot in one frame corresponds to the same dot in 

another spatial location over time to extract individual dot directions (local 

processing, occurring in V1), followed by averaging of the local inputs to provide a 

global percept (global processing in MT and higher areas) (further details section 

1.3.1). However for the perception of a line segment, local correspondence does 

not appear necessary and instead these stimuli may be processed as extending 

contours under the influence of the long range lateral connections that occur 

between the columns with a similar orientation preference in V1 (Li and Gilbert, 

2002; Field and Hayes, 2004; Grinter et al., 2010). These long range horizontal 

connections may be involved in grouping/averaging the line segments with similar 

orientations in V1 itself, extracting at least in part the global information assumed 

to be processed at the higher cortical areas. Hence it has been suggested that line 

segment stimuli should be avoided for the study of global processing occurring in 

the higher areas of the ventral visual pathway such as V4 (Grinter et al., 2010). 

The presumed processing differences are also observable behaviourally with 

lower discrimination thresholds for line segments compared to the Glass patterns 

(Dakin, 1997). The ability to discriminate a Glass pattern deteriorates if the dot 

displacement is increased beyond a certain limit (8 arc min, with the structure of 

the Glass pattern impossible to detect beyond 23 arc min). On the other hand, 

performance with line segment stimuli continues to improve with an increase in the 

line length up to 2˚ (Dakin, 1997).  
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Both Glass patterns and RDKs stimuli can be created using a random dot pattern 

that allows for the control of most of the physical parameters across the stimuli 

such as dot size, density, display aperture etc. These stimuli also share similar 

processing mechanisms along the dorsal and ventral streams; initial processing of 

local motion/orientation cues for both stimuli occurs in early visual areas such as 

V1/V2 followed by global pooling of local cues in the higher cortical areas of each 

stream, MT for RDK (Morrone et al., 1995) and V4 for Glass pattern (Dakin, 1997; 

Wilson and Wilkinson, 1998).  Unlike the line segment pattern, the perception of a 

Glass pattern is less affected by the long-range connections in V1. The random 

placement of a signal dot pair in the vicinity of other noisy dipoles results in the 

formation of few contours that are longer than the signal dipoles, hence the dipoles 

in Glass patterns are less likely to activate the long range connections among the 

orientation columns in V1 (Grinter et al., 2010). Two studies (Spencer and O'Brien, 

2006; Tsermentseli et al., 2008) used triplet rotational Glass pattern with similar 

physical parameters as the RDK stimuli. The choice of the triplet Glass pattern 

seems to be motivated by an attempt to correspond the element’s length with the 

dot lifetime in the RDK stimuli (three frames). Another important factor to consider 

is the separation of the elements in each frame within a Glass pattern and RDK (in 

terms of distance travelled in one frame). For instance, the dipole separation in the 

Glass pattern employed by Nankoo et al., (2012) was scaled to the distance 

travelled by the dots in each RDK frame.  

All of the studies mentioned above used the RDK and Glass pattern/line segment 

to determine the motion/orientation coherence threshold. Although, Mansouri and 

Hess (2006) used an equivalent noise approach to study both motion and form 

perception, their stimuli were not physically similar. Therefore, it is difficult to 

attribute the differences in results to the processing mechanisms along each 

stream.  

In the present thesis, the physical parameters of the stimuli which test both motion 

(RDK) and form (Glass pattern) processing were made as similar as possible to 

enable the concurrent investigation of each stream with the equivalent noise 

approach. The stimulus parameters of the translational RDK and Glass patterns, 

such as the dot size, display area, display duration, method of stimulus 

presentation were all made equivalent. The dipole distance in the Glass pattern 
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was also matched to the distance travelled by the RDK dots in any two successive 

frames.  

2.3.1 Random Dot Kinematograms (RDK) 
 

The RDK stimulus comprised of 500 black dots (0.083° in diameter) presented in a 

circular aperture (10° in diameter at 50 cm) at the centre of the display monitor 

with a dot density of 12.81dots/deg2. The mean background luminance of the 

display was 35cd/m2 and the contrast of the dot elements was 95% Michelson 

contrast (Figure 2.8). The stimulus was displayed for 38 frames over a time of 0.5 

sec. All dots followed a defined trajectory for 6 frames (0.08 sec) at a dot speed of 

10°/sec after which they disappeared and were generated at a random location 

within the stimulus area. To ensure that all dots did not complete their lifetime on 

the same frame, the start of the lifetime (in frames) was randomly assigned to 

each dot.    

The direction of motion of individual dots was generated from a standard Gaussian 

distribution with a prescribed mean and standard deviation. The increase in the 

standard deviation of the distribution increases the noise within the stimuli. In such 

stimuli, all dot elements act as signal and the best strategy to determine the overall 

direction of the RDK is proposed to be by integrating the direction information from 

all individual dot elements. The mean of the distribution was centred at different 

angles from the reference of the vertical (90°). The overall direction of motion of 

the RDK (right or left from vertical) was randomised.  

Before the stimulus presentation, a white fixation dot of 0.2° diameter was 

presented at the centre of the stimuli which remained on the screen for the total 

duration of the stimulus presentation. After the observer pressed any key to 

indicate they were ready for the start of the experiment, the RDK stimulus was 

displayed for 0.5 sec. After the 0.5 sec stimulus display, a 10° diameter mask 

consisting of randomly generated texture was presented in the place of stimulus 

display for 0.25 sec.  

2.3.2 Glass pattern 
 

The Glass pattern stimuli (Glass, 1969) were generated by randomly placing 250 

black dots (0.083° in diameter) at the centre of display within the display aperture 
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of 10° diameter. Another identical set of 250 dots was then superimposed after 

linear geometrical transformation. The corresponding dot elements of the pattern 

were separated by a distance of 0.133˚, which was scaled to the distance travelled 

by the dot in the RDK in two consecutive frames (dot speed of 10˚/sec displayed 

for 0.5 sec with a monitor refresh rate of 75 frames per second). This arrangement 

of linear transformation at defined separation of dot pairs or dipoles created a 

translation Glass pattern (Figure 2.5).  

  
 

 
  

 
Figure 2.5: Random dot kinematogram and Glass pattern stimuli 

Figure shows Glass pattern oriented to right (A) and left (B) and RDK patterns with right (C) and left 
motion (D). The arrows in RDK represent the direction of motion. 

Simlar to the direction of individual dots in the RDK, the orientation of individual 

dipole elements in the Glass patterns were also derived from a Gaussian 

distribution with varying standard deviation (Figure 2.6). An increase in the 

(A) (B) 

(C) (D) 
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standard deviation of the distribution increased the external noise with the mean of 

the distribution centred at different angles from the vertical reference (90°). The 

overall orientation of the Glass pattern (clockwise or anticlockwise from vertical) 

was randomised across trials. Other stimulus parameters such as background 

luminance and display duration were identical to that of the RDK stimulus. 

 

Figure 2.6: Orientation sampling of dipole elements from Gaussian 
distribution in Glass pattern 

An example of Glass pattern showing how the orientations of dipoles were sampled from a 
Gaussian distribution with prescribed mean and different standard deviations, the increase in 
standard deviation represents the increased uncertainty of local properties in elements (external 
noise) with global overall orientation of pattern remaining constant. 

2.3.3 General Procedure 
 

The general procedure is described in relation to both RDK and Glass pattern 

stimuli. Written informed consent was obtained from each participant once the 

nature and possible consequences of the experiment had been explained 

(information sheet and consent forms, Appendix 9.1). All experiments in this body 

of work were carried out in accordance with The Code of Ethics of the World 

Medical Association, Declaration of Helsinki and approved by the Life Sciences 

Human Subjects Research Ethics Committee of Glasgow Caledonian University 

(Appendix 9.1).  All participants underwent an optometric evaluation which 

included visual acuity and binocular vision assessment with tests described 
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previously in section 2.2.1. Each participant completed the psychophysical 

experiment with the best refractive correction in place. The psychophysical 

experiments were conducted in a dark room with the computer monitor being the 

only source of light. Participants were seated comfortably and were allowed to 

adapt to the room environment, after which the experimental task was initiated. A 

white fixation dot of 0.2° diameter was presented at the centre of screen. After the 

observer pressed any key on the keyboard to indicate they were ready for the test, 

an experimental stimulus (RDK or Glass pattern) was displayed for 0.5 sec. This 

was followed by the presentation of a 10° diameter mask consisting of randomly 

generated texture for 0.25 sec. The mask was presented to eliminate any cue for 

response based on the afterimage of the displayed stimulus. A question mark was 

presented simultaneously on the screen to prompt the observer to register their 

response to the preceding stimuli. After the observer registered their response by 

pressing the right/left arrow on the keyboard, a response feedback was provided; 

a happy face for a correct response and a sad face for an incorrect response 

(Figure 2.7). The observer’s task in each trial was to discriminate the overall, not 

the individual, orientation (Glass) of dipoles or direction (RDK) of dots from the 

vertical reference.  

2.3.3.1 Practice and main session 
 

The practice session consisted of 10 trials of the experiment for each variance 

condition that was to be evaluated, while the main experiment consisted of 100 

trials or ten reversals of the staircase for each condition. Each observer completed 

two practice sessions before being evaluated with the main experiment. 
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Figure 2.7: Schematic representation of one trial of experiment 

Each trial of experiment started with the presentation of a fixation dot followed by stimulus display 
for 0.5s (here a Glass pattern is oriented anticlockwise from the vertical) and random mask. The 
feedback response was provided after the observer entered the response by pressing appropriate 
keys on a keyboard. 

2.4 Psychophysical method for data collection and data analysis  
 

The transformed staircase method (Wetherill and Levitt, 1965) in which the 

stimulus strength for the next trial is determined by the responses to the preceding 

trials was used for stimulus presentation and data collection. The staircase tracked 

the response of the observer, angular deviation of mean direction/orientation of 

RDK or Glass pattern from the vertical reference (90˚) for each level of variance 

evaluated. The staircase started with an overall mean orientation or direction of 

30˚away from the vertical. Three consecutive correct trials reduced the 

orientation/direction disparity from the reference while an incorrect trial increased it 

by the same amount (3:1 staircase, targeting the performance to 79.73% correct). 

The initial step size by which the stimulus intensity were adjusted was an octave 

which was reduced to half an octave and further to quarter of an octave after three 

and six reversals respectively to increase the precision of the final threshold 

estimate (Figure 2.8). Each staircase terminated after the completion of ten 

reversals or 100 trials, whichever occurred first. Threshold was calculated as the 

geometrical mean of the last seven reversals.  
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Figure 2.8: An example of a transformed 3:1 staircase with modified step 
size. 

The stimulus strength reduced after three consecutive correct responses and increased with one 
incorrect response. The step size was larger at the start of the experiment (factor of 0.5) which was 
modified to 0.71 and 0.84   after third and sixth reversals respectively. The staircase terminated 
after completion of 10 reversals. 

In the staircase method, a participant might be able to predict the stimulus strength 

of the next trial based on the direction of staircase, which may introduce bias in the 

final threshold estimate. To reduce the effect of anticipation, independent 

staircases for different variance conditions were interleaved and presented 

randomly. All responses were then aggregated by the signal levels presented for 

the session and a log-Weibull (eq. 2.2) function was fitted to generate the 

psychometric functions. The log-Weibull function was chosen as it is the most 

suitable for describing the response change along with the change in stimulus in 

logarithmic scale.  

𝒑𝑪 =  𝜸 + (𝟏 − 𝜸 − 𝝀) 𝒙 (𝟏 − 𝒆𝒙𝒑(−𝒆𝒙𝒑((𝒍𝒐𝒈(𝝋) − 𝜶)/𝜷)))          (eq. 2.2) 
 

where, 

pC          =  proportion correct (performance of the observer) 

γ            =   chance performance level (0.5 for current 2AFC task) 

λ            =    lapse rate 

φ           =    signal strength tested (direction/orientation angle from vertical) 
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α           =     location parameter  

β           =     shape (slope) parameter 

In theory, a maximum-likelihood principle was applied to estimate the free 

parameters (α, β, and λ). In practice, we found the best fitting free parameters of 

the psychometric function that minimised the negative of log maximum-likelihood 

(eq. 2.3), assuming that the observers’ responses come from the binomial 

distribution.  

𝒂𝒓𝒈𝒎𝒊𝒏(− 𝐥𝐨𝐠(∏ 𝒑𝑪𝒌𝒊
𝟏 (𝟏 − 𝒑𝑪)𝒏−𝒌))                             (eq. 2.3) 

where, pC is defined by the eq. 2.2 with free parameters to be estimated, k is the 

number of correct responses at a given signal strength i, and n is the total number 

of aggregated trials tested at the signal strength i.  
 

The fminsearch locates the minimum of a scalar function of different variables 

based on the Nelder-Mead minimisation algorithm which uses an unconstrained 

linear optimisation process after feeding the initial guess values. The geometrical 

mean threshold was used as an initial guess for the location parameter (α), while 

the initial guesses for the slope and lapse rate were fixed at 0.5 and 0.01 

respectively. Thresholds were generated at the performance criterion of 79.73% – 

theoretical convergence level of 3:1 staircase. Thresholds from the psychometric 

function were compared with the thresholds from the 3:1 staircase. The results for 

each session were visually inspected with graphs for the staircase data presented 

as a function of stimulus strength and the psychometric function fitted to the data 

(Figure 2.9). 



 

81 
 

 

 

Figure 2.9: A sample psychometric function fit to the hypothetical staircase 
data 

The round markers represent the observer’s performance (proportion correct) plotted against the 

stimulus strength (angle from vertical). The curve represents the psychometric function fitted to 
observer’s performance with equation 2.2. The best fitting parameters of the curve presented here 
are: α = 3.42 at performance criteria of 79% with β = 0.33 and no lapse (λ = 0). 

2.4.1 Equivalent Noise paradigm and data modelling 
 

The linear amplifier model was used to fit the threshold (τobs) data at different 

external noise levels (σext) to estimate the internal noise (σeq) and sampling 

efficiency (Eff) parameters – eq. 2.4.  

𝝉𝒐𝒃𝒔 =  √𝝈 𝒆𝒒
𝟐 + 𝝈 𝒆𝒙𝒕

𝟐

𝑬𝒇𝒇
                                         (eq. 2.4) 

The method of least squares was used to obtain the values of free parameters (σeq 

and Eff). In any modelling process, the experimental data varies from the 

theoretical model (Figure 2.10). The method of least squares assumes that the 

best fit to a given model is the model with parameters minimising the total sum of 

the squared difference (SSE in eq. 2.5) between the model and the data.  

𝑺𝑺𝑬 = ∑ (𝒚𝒊
 𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅 − 𝒚𝒊

𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅)
𝟐𝒏

𝒊=𝟏                             (eq. 2.5) 
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Throughout this body of work the fminsearch algorithm in MATLAB was used to 

determine the best fitting free parameters of the LAM.  

 

Figure 2.10: Hypothetical data at eight levels of external noise fitted to the 
linear amplifier model 

The round markers represent the threshold measured at eight levels of external noise and the 
curve represents the LAM fitted to the data. The error of fit of the model on one data point is 
represented by the difference in the actual data and the predicted data as shown by the double 
arrow.  Also shown are the model predictions for the free parameter of the LAM (σeq and Eff) and r2 
of the fit. 

The measure of the goodness of fit of the data to the model provides a basis of 

estimation for how well the model explains the experimental data and thereby the 

strength of the model. The most commonly used measure of goodness of fit is the 

r2 statistics, which represents the proportion of the data variance accounted for by 

the model. To calculate r2, the total variance in the data (the total sum of square – 

SST, eq. 2.6) is first determined which is the difference between the observed data 

and mean of the observed data.  

𝑺𝑺𝑻 = ∑ (𝒚𝒊
 𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅 − �̅�𝒊

 𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅)
𝟐𝒏

𝒊=𝟏                          (eq. 2.6) 

 

The variance accounted by the model is provided by the sum of squared error 

(SSE). Hence r2 is the given by: 
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𝒓𝟐 =  𝟏 − 𝑺𝑺𝑬/𝑺𝑺𝑻                                         (eq. 2.7) 

In the present body of work, the outputs from LAM fitted to data from the motion 

and form domains were compared. When comparing the two models 

quantitatively, the model with the higher r2 value provides a better representation 

of the data. But this simple comparison does not take into account the relative 

strength of the models with different numbers of parameters used to explain the 

same data. In general, the model with the higher number of parameters will have a 

better fit (i.e., higher r2) than the model with a fewer number of parameters. 

Therefore, a statistical test between the models should consider the differences in 

the number of parameters as well as the differences in variance explained by the 

models. For that purpose, a nested F-test (eq. 2.8) was used to determine if the 

improvement in the goodness of fit of the model with an additional numbers of 

parameter(s) was statistically significant or not compared to the model with a fewer 

number of parameters.  

 

𝑭(𝒅𝒇𝟏, 𝒅𝒇𝟐) =  
(𝒓𝒇𝒖𝒍𝒍

𝟐 − 𝒓𝒓𝒆𝒅𝒖𝒄𝒆𝒅
𝟐 )/𝒅𝒇𝟏

(𝟏−𝒓𝒇𝒖𝒍𝒍
𝟐 )/𝒅𝒇𝟐

                        (eq. 2.8) 

Where 𝒅𝒇𝟏 = 𝒌𝒇𝒖𝒍𝒍 −  𝒌𝒓𝒆𝒅𝒖𝒄𝒆𝒅  and 𝒅𝒇𝟐 = 𝑵 − 𝒌𝒇𝒖𝒍𝒍. 𝒌 represent the number of 

parameters in each model, and 𝑵 is the number of predicted data points. 
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3.0 Concurrent characterisation of dorsal and 
ventral stream function with the equivalent 
noise paradigm  

 

3.1 Experiment 1: Comparison of global orientation 
thresholds in Glass patterns with global direction 
thresholds in RDK 
 

3.1.1 Introduction  
 

Global motion and form are processed under the anatomically and functionally 

bifurcated independent dorsal and ventral streams. These two processing 

mechanisms have been evaluated using various stimuli (refer to section 2.3) 

however comparing the results from two different processing mechanisms has 

remained difficult owing to the differences in the physical characteristics of the 

stimuli required for each domain. Few studies have used comparable stimuli to 

evaluate fine motion and orientation discrimination thresholds in the presence of 

variable noise (Mansouri and Hess, 2006) with most studies adopting the global 

coherence threshold paradigm (Simmers et al., 2003b; Simmers et al., 2005; 

Ditchfield et al., 2006). The experimental stimuli used in these studies either differ 

physically or in the terms of the associated processing mechanism. Furthermore, 

the global coherence paradigm, the most commonly used method for evaluation of 

either domain, cannot differentiate if the performance is constrained by the local or 

the global processing mechanism. In this study, sensitivity to global motion (dorsal 

stream) and global form (ventral stream) were measured using physically similar 

stimuli embedded in varying levels of added external noise to disentangle the 

effects of local and global limitations along both domains in a normal adult 

population.  

3.1.2 Methods 
 

The stimuli parameters and general procedure have been described previously 

(refer to section 2.3).  
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A pilot experiment was first conducted to determine the appropriate levels of 

variance to be evaluated in the main experiment. Four observers (37.25 ±10.08 

years) with normal or corrected to normal visual acuity participated to judge the 

overall direction of motion in a RDK and the orientation of a Glass pattern from 

vertical (90˚) at eight levels of variance (0˚, 1˚, 5˚, 10˚, 15˚, 20˚, 30˚, 40˚). Similarly, 

in the main experiment six visually normal observers (31.66 ±6.86 years) 

discriminated the overall direction of motion in a RDK and the overall orientation of 

a Glass pattern at eight levels of variance (0˚, 2˚, 4˚, 8˚, 16˚, 24˚, 32˚, 40˚). All 

observers in both pilot study and main experiment completed five experimental 

sessions for each stimulus (RDK and Glass pattern). 

3.1.3 Results 

3.1.3.1 Pilot experiment 
 

The direction/orientation discrimination thresholds were low and similar at lower 

levels of variance and increased at the higher variance levels (Figure 3.1). The 

global orientation discrimination thresholds (Glass) were consistently higher than 

the global direction discrimination thresholds (RDK) irrespective of variance levels 

for all observers (with the exception of MP, for whom the thresholds were similar 

mostly at moderate variance levels). 
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Figure 3.1:  Mean direction and orientation discrimination thresholds for 
individual observers. 

Each panel shows data for a single observer for RDK and Glass pattern at eight levels of variance. 
Each data point represents the mean from five experimental sessions and error bar represents ±1 
standard deviation. 

3.1.3.2 Main Experiment 
 

The results showed a similar pattern as observed in the pilot experiment. The 

global orientation discrimination thresholds (Glass) were consistently higher than 

the global direction discrimination thresholds (RDK) at all noise levels for each 

observer (Figure 3.2) and the mean data (Figure 3.3). For both functions, when 

thresholds for individual observers and the mean data were plotted against the 

external noise in logarithmic scale, thresholds were low and similar at lower noise 

levels and started to increase at noise levels of 8˚ and 16˚.  
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Figure 3.2: Mean direction and orientation discrimination thresholds for 
individual observers. 

Each panel shows data for a single observer for RDK and Glass pattern at eight noise levels. Each 
data point represents the mean from five experimental sessions and error bar represents ±1 
standard deviation. 
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Figure 3.3: Mean direction/orientation discrimination thresholds at eight 
noise levels. 

Each data point represents the mean thresholds for Glass pattern and RDK, the error bar 
represents ±1standard deviation. 

The repeated measures ANOVA with noise (8 levels) and stimuli type (2 levels) as 

within subject factors was conducted to evaluate the effect of noise on 

discrimination thresholds for RDK and Glass pattern. The interaction between the 

two factors would suggest a differential effect of noise on performance according 

to the stimuli type. The Mauchly’s test revealed that the log transformed data 

satisfied the assumption of sphericity for noise [χ²(27) = 39.66, p > 0.05] and noise 
and stimuli type interaction [χ²(27) = 34.17, p > 0.05]. The results revealed a 

significant effect of noise [F(7, 203) = 99.64, p < 0.01] and stimuli type [F(1, 29) = 

157.06, p<0.01] but no interaction between the stimuli type and noise [F(7, 203) = 

1.82, p > 0.05]. The pairwise comparisons for different stimuli type (RDK and 

Glass) revealed significantly lower thresholds for the RDK compared to the Glass 

pattern (p < 0.01). 
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Further analysis of the main effect of noise was conducted with an independent 

repeated measures ANOVA for each stimuli type (RDK and Glass) with noise as 

within subject factor. The Mauchly’s test revealed that the log transformed data 

fulfilled the assumption of sphericity for both RDK [χ²(27) = 25.47, p > 0.05] and 

Glass pattern [χ²(27) = 37.93, p > 0.05]. The results showed a significant effect of 

noise for both RDK [F(7,203) = 69.36, p < 0.01] and Glass pattern [F(7,203) = 

52.77 p < 0.01]. The post hoc analysis of the effect of noise after Bonferroni 

correction showed no significant difference in threshold for noise levels of 0˚ to 16˚ 

(p > 0.05) for RDK but the thresholds were lower than those at noise levels >24˚ (p 
< 0.01). For the Glass pattern, the thresholds for noise levels from 0˚ to 16˚ had no 

significant difference from each other (p > 0.05), the threshold at the noise level of 

16˚ was not statistically different from that at 24˚ (p > 0.05) but higher than 

thresholds at noise levels >32˚ (p < 0.05).  

3.1.3.2.1 Threshold fit to the equivalent noise paradigm 
 

The mean threshold data from the main experiment were used to fit the equivalent 

noise paradigm (eq. 3.1) to separate the performance measured at different levels 

of external noise into internal equivalent noise and sampling efficiency (Pelli, 

1981).  

σobs =√𝝈𝒆𝒒 
𝟐 + 𝝈𝒆𝒙𝒕

𝟐

𝑬𝒇𝒇
                                                    (eq. 3.1) 

where, 

σobs is the discrimination threshold,  

σeq is the equivalent internal noise,  

σext is the added external noise,  

Eff is the sampling efficiency  

The best fitting parameters were determined using direct search technique, the 

Nelder-Meade algorithm featured as fminsearch function in MATLAB. The 

individual internal noise (σeq) varied from 8.65˚ to 19.44˚ for RDK and from 5.22˚ to 

24.91˚ for Glass pattern. The mean equivalent internal noise (σeq) and sampling 

efficiency (Eff) parameters were 10.06˚ and 7.91 for RDK and 12.86˚ and 2.64 for 

Glass pattern (Table 3.1 and Figure 3.5). The values of σeq for both functions were 

more similar than the Eff factor for individual observers as well as the mean data. 
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The repeated measures ANOVA indicated that the thresholds for both patterns 

vary in a parallel fashion, which in terms of the linear model implies a similar 

internal noise with differences in performance reflected in changes in the sampling 

efficiency only. Nested modelling was then used to verify this finding. The full 

model of data fitting with the linear amplifier model had a total of four free 

parameters (σeq and Eff for RDK and Glass). The fitting model was reduced by 

restricting the number of free parameters by forcing both fits to use a single 

internal noise with independent sampling efficiency, single sampling efficiency with 

independent internal noise and a single internal noise and sampling efficiency. 

Figure 3.5 shows the mean data fitted to the equivalent noise paradigm for the full 

model and reduced models with different numbers of free parameters. The 

goodness of fit (r2 statistics) for the model with one σeq and independent Eff (r2 = 

0.96) was more comparable to the full model (2 σeq and 2 Eff, r2 = 0.97) than for 

the other two reduced models (r2 < 0.80). This was confirmed by the nested 

hypothesis test (details methods section 2.4.1, Eqn. 2.8) which showed that the 

goodness of fit of the model with one σeq and two Eff fits were statistically similar to 

the full model [ F(1,12) = 1.64, p > 0.05] while other reduced models resulted in a 

significantly poorer fit (ps < 0.01). Furthermore, to confirm the validity of the model, 

the model with one σeq and two Eff was treated as a full model and compared with 

the simplest model with both σeq and Eff restricted. The simplest model resulted in 

a poorer fit compared to the full model (1 σeq and 2 Eff), p < 0.01. The pattern of 

results was similar for individual observers (Table 3.1 and Figure 3.4). 
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Parameter 
/Subject 

AM MJ RB VR MG SJ Average 

σeq RDK 10.39 16.61 13.22 8.65 19.44 12.50 12.86 

σeq Glass 11.05 24.91 9.24 5.22 9.51 8.95 10.06 

Eff RDK 5.76 8.64 6.87 7.91 8.63 11.38 7.91 

Eff Glass 1.51 2.56 2.40 3.75 3.46 3.37 2.64 

r2 0.95 0.94 0.92 0.95 0.82 0.97 0.97 

Complicated reduced model-1 with σeq constrained 

σeq 10.74 20.14 11.13 6.79 12.85 10.67 11.36 

Eff RDK 5.86 9.78 6.26 7.10 6.71 10.45 7.39 

Eff Glass 1.49 2.21 2.63 4.16 4.05 3.68 2.81 

r2 0.95 0.93 0.91 0.93 0.77 0.96 0.96 

F(1,12) 0.048* 1.22* 1.51* 3.79* 3.42* 2.63* 1.64* 

Complicated reduced model-2 with Eff constrained 

σeq RDK 8.13 15.64 8.87 5.77 11.09 9.01 8.78 

σeq Glass 50.61 95.33 24.55 8.87 16.34 33.55 28.78 

Eff 4.76 8.21 4.90 5.59 5.38 8.64 5.75 

r2 0.82 0.90 0.75 0.84 0.65 0.78 0.79 

F(1,12) 36.74 6.84 27.55 24.17 11.10 67.16 66.01 

Simplest reduced model with both σeq and Eff constrained 

σeq 10.74 20.14 11.13 6.79 12.85 10.67 11.36 

Eff 2.96 4.64 4.06 5.44 5.22 6.20 4.56 

r2 0.36 0.14 0.54 0.81 0.61 0.48 0.51 

F(2,12)# 79.67 75.35 30.64 14.91 7.01 89.39 87.27 

F(1,13)## 171.88 146.98 57.54 21.46 9.34 156.53 164.74 

 
Table 3.1: The best fitting parameters and r2 values for the LAM fits to the 
RDK and Glass pattern thresholds. 

The values in the top section are the results of the fits with four free parameters (one σeq and Eff 
each for RDK and Glass). The second and third sections show the results with σeq and Eff 
constrained respectively across both RDK and Glass. The bottom section shows results with both 
σeq and Eff constrained across the conditions. 
 
The F scores are the result of a nested hypothesis test between reduced models (3-parameter or 
2-parameter models) and the full models (4-parameter or 3-parameter models).  
 
* represents F scores which resulted in no significant difference (p > 0.05) in the goodness of the fit 
measure with reduced model (here 1 σeq, 2 Eff) compared to the full model (2 σeq, 2 Eff).  

#F score of reduced model (1 σeq, 1 Eff) compared to full model (2 σeq, 2 Eff). 
##F score of reduced model (1 σeq, 1 Eff) compared to the statistically best model from first set of 
nested models (1 σeq, 2 Eff). 
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Figure 3.4: Nested modelling for individual direction discrimination and 
orientation discrimination threshold data. 

For both psychophysically experienced observer (SJ) and naïve observer (AM), the reduced model 
with one σeq and two Eff (bottom left) resulted in no significant difference (p > 0.05) in the goodness 
of the fit measure (r2) compared to the full model (top left). Error bars are omitted for a better 
presentation. 
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Figure 3.5: Nested modelling for mean direction discrimination and 
orientation discrimination threshold data. 

The reduced model with one σeq and two Eff (bottom left) resulted in no significant difference (p > 
0.05) in the goodness of the fit measure (r2) compared to the full model (top left). Error bars are 
omitted for a better presentation.     
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3.2 Experiment 2: Comparison of global orientation 
thresholds in Glass patterns and line segments 

 

3.2.1 Introduction 
 

The random dot kinematograms (RDK) have remained the stimulus of choice for 

the study of global motion processing. A variety of stimuli has been used to study 

global form processing (refer to section 2.3). Some of the most commonly used 

form stimuli for the comparative study of motion and form processing are line 

segments (Dakin, 1997; Simmers et al., 2005), Gabor patches (Simmers and Bex, 

2004; Mansouri and Hess, 2006), and Glass patterns of varying dot lengths 

(Spencer et al., 2000; O'Brien et al., 2002; Tsermentseli et al., 2008; Nankoo et al., 
2012).  

The aim of the studies using these stimuli is to evaluate the global orientation 

processing which occurrs at the extra striate cortical areas of the visual system. 

However, at least some proportion of the global processing of Gabor patches and 

line segments occurs within the primary visual cortex (Grinter et al., 2010). The 

orientation sensitive cells responsive to a particular orientation are arranged in a 

columnar fashion in V1 with adjacent columns responsive to contiguous orientation 

(Hubel and Wiesel, 1968). The orientation columns are interconnected forming a 

long range, lateral horizontal connections (Gilbert and Wiesel, 1983; Gilbert and 

Wiesel, 1989; Malach et al., 1993; Field and Hayes, 2004). Such lateral 

connections are most prominent in the superficial layers of V1 (1 to 3) (Lund et al., 
1993)  where most of the orientation selective cells are concentrated (Hawken et 
al., 1988). These horizontal connections extend up to 6mm in length covering 

many V1 hypercolumns (Gilbert and Wiesel, 1983; Gilbert and Wiesel, 1989). 

Similar clustered horizontal connections are also present in area V2 (Lund et al., 
1993). The long range lateral connections in V1/V2 group visual scenes based on 

the orientation information such as the field of Gabor patches and line segments 

with similar orientations (Hess et al., 2003; Field and Hayes, 2004; Grinter et al., 
2010) and may contribute in part to the global integration/averaging mechanism. 

Due to the influence of the local long range lateral interactions in the processing of 

such stimuli, it has been suggested that stimuli based on line segments and Gabor 
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patches should be avoided if the aim is to evaluate the global orientation 

processing occurring at higher cortical areas such as V4 (Grinter et al., 2010).  

The detection of dipole Glass patterns is based on extracting orientation 

information from the dot to dot correspondence of dipole pairs.  As the global 

structure of a Glass pattern is only perceivable within a dipole separation up to 23 

arc min (Dakin, 1997), there is less likelihood of activation of the long range 

horizontal connections of V1 by the dipole Glass pattern (Grinter et al., 2010). 

Hence the global orientation processing of Glass patterns most likely occurs at the 

higher extra striate cortical areas (e.g., V4). The Glass patterns with multiple 

elements (> 2 dots) have a longer length than the dipole Glass pattern and in 

theory could activate the long range lateral connections. However, unlike in the 

line segment, the visual system also needs to solve the dot to dot correspondence 

problem in such Glass patterns. In this experiment, we evaluated how noise 

affects processing of these commonly used stimuli aimed at investigating global 

form processing. 

3.2.2 Methods 
 

The stimuli were ''multipole'' Glass patterns composed of different numbers of dots 

in a defined orientation axis and line segments of varying lengths. The ''tripole'' 

and ''quadrapole'' Glass patterns were created with three and four dot elements 

respectively in an orientation axis instead of two elements used in the dipole Glass 

pattern. The line segment stimuli were created by connecting the dot elements of 

the dipole and quadrapole Glass patterns. 

The dipole Glass patterns were similar to what was explained in the general 

methods (section 2.0) and experiment 1, the only difference was that instead of 

500 dot elements (250 dipoles), 480 dot elements (240 dipoles) were used. To 

create the tripole Glass pattern, a third dot element was added to the dipole Glass 

pattern on the same orientation axis. Each dot element (0.083˚ in diameter) was 

separated by the same dot to dot distance (0.133˚) as in a dipole Glass pattern. As 

the total number of dots (i.e., 480) in the tripole Glass pattern was the same as in 

the dipole Glass pattern, the tripole Glass pattern contained 160 tripole elements 

(Figure 3.6, A). Similarly, for the quadrapole Glass pattern, four dots were aligned 

in the same orientation axis separated by the same dot to dot distance (Figure 3.6, 
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B). The quadrapole Glass pattern hence contained 120 elements. Other physical 

properties of the tripole and quarapole Glass pattern were similar to the dipole 

Glass pattern.      

  
 
Figure 3.6: Schematic representation of the tripole and quadrapole Glass 
patterns. 

The tripole (A) and quadrapole (B) Glass patterns with no added noise oriented 45˚ left from the 

vertical. 

For the line segments, the dot to dot separation in the Glass pattern was 

connected with extra dots forming a line structure. The line width was hence 

equivalent to the dot diameter in the Glass pattern (0.083˚). Two line lengths were 

used; equivalent to the total length of the dipole Glass pattern (0.216˚) – Line2 and 

quadrapole Glass pattern (0.482˚) – Line4. The line segment stimulus that was 

equivalent to the dipole Glass pattern contained 240 line elements (Figure 3.7, A), 

while the line segment stimulus that was equivalent to the quadrapole Glass 

pattern contained 120 lines (Figure 3.7, B). 

 

 

(A) (B) 
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Figure 3.7: Schematic representation of the line segment stimuli. 

The lengths of Line2, (A) and Line4, (B) are equivalent to dipole Glass pattern and quadrapole 
Glass pattern respectively and both are oriented 45˚ left from the vertical with no added noise. 

The method of stimulus presentation, the procedure of data collection and analysis 

were the same as described previously in general methods (section 2.3). Five 

visually normal observers (35±5.7 years) participated in the experiments for the 

dipole Glass pattern, tripole Glass pattern, quadrapole Glass pattern, and line 

segments. All participants discriminated the overall orientation from the vertical 

reference (90˚) at five external noise levels (0˚, 5˚, 10˚, 20˚, and 45˚). Only five 

noise levels were used to reduce the time of the experimental sessions.  

For the Glass patterns (described above), the number of dots forming each 

stimulus was kept constant (480 dots). This resulted in unequal numbers of signal 

elements in the different Glass patterns (240 in dipole, 160 in tripole and 120 in 

quadrapole). To rule out the influence of the number of signal providing elements 

on orientation discrimination thresholds, two psychophysically experienced 

observers also completed five experimental sessions for each stimulus in which 

the numbers of signal elements were kept constant by varying the total number of 

dots (240 dots for dipole, 360 for tripole and 480 for quadrapole). All three Glass 

patterns hence contained 120 signal elements. Similarly, the same observers also 

completed five sessions of experiments for line segment stimuli with equivalent 

length to the dipole and quadrapole Glass pattern containing an equal number of 

line elements (120 each).  

(A) (B) 
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3.2.3 Results 

3.2.3.1 Orientation discrimination thresholds for dipole and other 
multipole Glass patterns  
 

The orientation discrimination thresholds for the quadrapole Glass pattern were 

the lowest while the thresholds for the dipole Glass pattern were the highest at the 

no noise condition for both individual observers and the mean data (Figure 3.8). 

The thresholds for the tripole Glass pattern were mostly in between that of the 

quadrapole and dipole Glass patterns. The thresholds for all three Glass pattern 

types converged at higher noise levels.  
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Figure 3.8: Orientation discrimination thresholds for Glass patterns with 
varying number of elements. 

Each panel shows data for a single observer and average data (bottom right panel) for dipole, 
tripole, and quadrapole Glass patterns at five noise levels. Each data point for individual observer 
represents the mean from five experimental sessions for observers MJ and SJ and three sessions 
for the rest. The error bar represents ±1 standard deviation.  
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A repeated measures ANOVA was conducted with noise (5 levels) and stimuli type 

(3 levels; dipole, tripole and quadrapole) as within subject factors. The Mauchly’s 

test revealed that the log transformed data conformed to the assumption of 

sphericity for noise [χ²(9) = 7.36, p > 0.05], stimuli type [χ²(2) = 3.98, p > 0.05],  
and noise and stimuli type interaction [χ²(35) = 47.59, p > 0.05]. The results 

showed a significant effect of noise [F(4,68) = 207.52, p < 0.01] and stimuli type 

[F(2,34) = 35.45, p < 0.01]. The interaction between stimuli type and noise was 

also significant [F(8,136) = 5.16, p < 0.01]. The comparison of stimuli type after 

Bonferroni correction revealed that the orientation thresholds for the dipole Glass 

pattern were significantly higher than both tripole and quadrapole Glass patterns 

(ps < 0.01) while the thresholds for the tripole and quadrapole were similar (p > 

0.05).  

The orientation discrimination thresholds from different stimulus types were then 

fitted to the linear amplifier model and the results were analysed with the nested 

modelling method (Figure 3.9). The goodness of fit (r2 statistics) for the simplest 

model (with both σeq and Eff constrained across the stimulus types) was poorer 

than the full model [F(4,9) = 4.20, p < 0.05], while the other two reduced models 

resulted in a statistically similar fit to the full model; σeq constrained  [F(2,9) = 1.12, 

p > 0.1] and Eff constrained [F(2,9) = 0.82, p > 0.1]. The model with the Eff 
constrained was chosen as the best model to represent the threshold data based 

on the higher r2 value between the two models. The model (three σeq and one Eff) 
was then treated as the full model and compared to the simplest model (both σeq 
and Eff constrained). The results showed that the simplest model resulted in a 

poorer fit than the model with Eff constrained across the stimuli type [F(2,11) = 

9.26, p < 0.01]. 
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Figure 3.9: Nested modelling for mean orientation discrimination thresholds 
from dipole, tripole and quadrapole Glass patterns. 

The reduced model with three σeq and one Eff (top right) was statistically chosen as the best model 
to represent the threshold data. Error bars are omitted for a better presentation.  
The pattern of results was similar for two psychophysically experienced observers 

when the signal elements in all three stimuli were kept constant (120 dipole, 

tripole, and quadrapole). The thresholds for the dipole Glass pattern were highest 

followed by the tripole and qudrapole Glass patterns at the lower noise levels while 

the thresholds for different Glass patterns converged at higher noise levels for 

both observers (Figure 3.10).  
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Figure 3.10: Orientation discrimination thresholds for Glass patterns with 
equal number of signal elements. 

Each panel shows data for a psychophysically experienced observer for dipole, tripole and 
quadrapole Glass pattern containing equal number of signal elements (120) with different number 
of dot elements (240, 360, 480 dots for dipole, tripole and quadrapole respectively). Each data 
point represents the mean from five experimental sessions and the error bar represents ±1 
standard deviation. 

3.2.3.2 Orientation discrimination in line segments  
 

The orientation discrimination thresholds for the line segments with varying lengths 

were then compared to the thresholds from the dipole Glass pattern. The threshold 

for the line segment with length equivalent to the quadrapole Glass pattern – Line4 

was the lowest at the low noise condition. The thresholds for the line segment with 

equivalent length to that of dipole Glass pattern – Line2 and dipole Glass pattern 

were similar at all noise levels (Figure 3.11). However, at the high noise condition, 

orientation discrimination thresholds for all three stimuli converged.  

 



 

103 
 

 
Figure 3.11: Orientation discrimination thresholds for line segments and 
dipole Glass pattern. 

Each panel shows data for a single observer and average data (bottom right panel) for dipole Glass 
pattern, Line2 and Line4 at five noise levels. Each data point represents the mean from five 
experimental sessions for observers MJ and SJ and three sessions for the rest. The error bar 
represents ±1 standard deviation.  
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The repeated measures ANOVA was then conducted with noise (5 levels) and 

stimuli type (three levels; dipole Glass pattern, Line2 and Line4) as within subject 

variables. The Mauchly’s test revealed that the log transformed data confirmed to 

the assumption of sphericity for noise [χ²(9) = 12.49, p > 0.05], stimuli type  [χ²(2) 

= 1.65, p > 0.05], and the noise and stimuli type interaction [χ²(35) = 32.80, p > 

0.05]. The results showed significant effect of noise [F(4,68) = 283.75, p < 0.01] 

and stimuli type [F (2,34) = 33.80, p < 0.01]. The interaction between stimuli type 

and noise was also significant [F(8,136) = 7.17, p < 0.01]. The comparison of 

stimuli type after Bonferroni correction revealed that the thresholds for the dipole 

Glass pattern and Line2 were significantly higher than Line4 (ps < 0.01) with no 

statistical difference between the thresholds for the Line2 and dipole Glass pattern 

(p > 0.1).  

The nested modelling analysis (Figure 3.12) showed that the simplest model (with 

both σeq and Eff constrained across the stimulus types) resulted in a poorer fit 

compared to the full model [F(4,9) = 5.08, p < 0.05]. The goodness of fit of the 

other two reduced models were meanwhile statistically similar fit to the full model; 

σeq constrained [F(2,9) = 1.64, p > 0.1] and Eff constrained [F(2,9) = 1.09, p > 0.1]. 

The model with the Eff constrained was chosen as the best model based on the 

higher r2 value among the two models. Further, the model with Eff constrained was 

treated as the full model and compared to the simplest model (both σeq and Eff 
constrained). The result showed that the simplest model resulted in a poorer fit 

compared to the model with Eff constrained across the stimuli types [F(2,11) = 

11.09, p < 0.01]. 
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Figure 3.12: Nested modelling for mean orientation discrimination 
thresholds from dipole Glass pattern, and line segments of varying lengths.  

The reduced model with three σeq and one Eff (top right) was statistically chosen as the best model 
to represent the threshold data. Error bars are omitted for a better presentation.     

 When the orientation discrimination thresholds for the line segments with 120 line 

elements were compared to dipole Glass patterns with the same number of dipole 

elements, the thresholds for the dipole Glass pattern and Line2 were higher than 

the Line4 at low noise levels (Figure 3.13). The thresholds for all three stimuli were 

similar at the higher noise levels, following the pattern of results seen in the 

previous experiment.  
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Figure 3.13: Orientation discrimination thresholds for dipole Glass patterns 
and Line2 and Line4 with equal number of signal elements. 

Each panel shows data for a single psychophysically experienced observer for dipole Glass 
pattern, Line2 and Line4 with equal number of signal elements (n = 120) at five noise levels. Each 
data point represents the mean from five experimental sessions and the error bar represents ±1 
standard deviation. 

3.2.3.3 Comparison of orientation discrimination thresholds between 
Glass patterns, line segments and direction discrimination thresholds in 
RDK 
 

We then compared thresholds across all stimuli (Glass patterns with 480 dots and 

their equivalent length line segments) aimed at evaluating global orientation 

discrimination. At low and moderate noise levels, mean orientation discrimination 

thresholds for the quadrapole Glass pattern, and Line4 were similar and the 

lowest, followed by the tripole Glass pattern while the thresholds for the dipole 

Glass pattern and Line2 were mostly similar and the highest (Figure 3.14). The 

orientation discrimination thresholds for all stimuli converged at the highest noise 

level evaluated.   
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Figure 3.14: Comparison of mean orientation discrimination thresholds for 
Glass patterns and line segments. 

To compare the orientation thresholds (Glass patterns and line segments) with the 

direction of motion (RDK), four out of five observers (except SA) also completed 

the evaluation for the RDK stimuli with similar stimulus parameters (i.e., number of 

dots = 480 and evaluation at five noise levels). The results showed that the 

direction discrimination threshold for the RDK were similar to the orientation 

discrimination thresholds for the quadrapole Glass pattern and Line4 in the no 

noise condition. However, the direction discrimination thresholds (RDK) remained 

lowest at all other noise levels compared to orientation discrimination thresholds 

for Glass patterns and line segments, even at the highest noise level (Figure 3.15). 
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Figure 3.15: Comparison of mean orientation discrimination thresholds for 
Glass patterns and line segments with the direction discrimination for RDK. 
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3.3 Discussion 

3.3.1 Comparison of orientation discrimination (Glass pattern) 
with direction of motion discrimination (RDK) 
 

The mean fine discrimination thresholds (i.e., thresholds at no noise condition) for 

the direction of motion in the RDKs and the orientation of the dipole Glass patterns 

were 1.85˚ (±0.89˚) and 5.62˚ (±5.76˚) respectively. Our results are in agreement 

with previous studies that showed similar fine direction discrimination thresholds 

for young adults (Bocheva et al., 2013; Bogfjellmo et al., 2014). There are no 

reports on fine orientation discrimination thresholds with Glass pattern.   

 

The orientation discrimination thresholds (Glass pattern) were consistently higher 

than that for the direction of motion (RDK) at all levels of added external noise. 

This shows that the human visual system is more sensitive to motion cues than 

form cues. The global orientation coherence thresholds for the physically 

comparable Glass pattern were also reported to be higher than that for the 

direction of motion discrimination in RDK in a visually normal population (Ditchfield 
et al., 2006; Nankoo et al., 2012). Another study that used the motion path of a 

RDK converted to line streaks to simultaneously study motion and form perception 

also reported higher coherence thresholds along the form pathway than the motion 

pathway for normal individuals (Simmers et al., 2003b; Simmers et al., 2005; 

Simmers et al., 2006b). Even though these studies used a different global task, the 

pattern of results is similar to our findings.  

 

The better motion discrimination threshold compared to the orientation 

discrimination threshold could be due to the differences in processing 

mechanisms. The direction of motion in the RDK is computed from the direction 

vectors created by the correspondence of each dot from one frame to the next. 

The motion streak system (Geisler, 1999) suggests that the direction as well as 

orientation selective cells in V1 and higher cortical areas both respond to the 

motion and motion trail left behind by stimuli such as a RDK. The responses are 

then combined to accentuate the perception of motion. The influence of such a 

mechanism could have resulted in the better direction discrimination thresholds for 

RDKs. Edwards and Crane (2007) also reported that direction discrimination is 

accentuated by the motion streak mechanism.  They measured direction 
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discrimination thresholds in a RDK stimuli in which the coherent motion signal was 

carried by either the same dot over the frames (creating longer motion streak) or 

different dots. They report lower thresholds when the motion signal was carried by 

same dots at high speed.   

The local and global processing of both stimuli that could have resulted in the 

observed differences is further discussed in relation to the internal equivalent 

noise and sampling efficiency.   

We further probed better performance for motion processing with the equivalent 

noise paradigm to parse out the effects of local and global processing 

mechanisms. The threshold vs. noise (TvN) curve for both motion and form 

perception showed that the performance remained constant at low noise levels 

and increased at higher levels of external noise. Similar findings have been 

reported in the motion domain using RDK stimuli (Watamaniuk and Sekuler, 1992; 

Watamaniuk and Heinen, 1999; Dakin et al., 2005; Mareschal et al., 2008; 

Bocheva et al., 2013; Bogfjellmo et al., 2013; Bogfjellmo et al., 2014) and in the 

form domain using Gabor elements (Dakin, 2001). 

Internal equivalent noise and sampling efficiency from a linear model fit for the 

mean direction discrimination thresholds were 12.86˚ and 8 elements. 

Watamaniuk and Sekuler (1992) reported that the threshold for direction 

discrimination in RDKs starts to increase when the external noise in the stimuli 

exceeds 25˚. In the present study the results of the repeated measures ANOVA 

suggested that the direction discrimination threshold starts to increase between an 

external noise of 8˚ and 16˚. The difference in the level of equivalent internal noise 

could be due to the different stimulus parameters such as the number of elements 

(163 dots), element size (0.05˚), element density (2.56 dots/deg2) and display 

duration (0.4s) used. In the current study, 500 dot elements of 0.083˚ diameter 

with the dot density of 12.81dots/deg2 were displayed for 0.5s. Similarly, Bocheva 

et al., (2013) reported the internal noise and sampling efficiency of 2.97˚ and 15 

elements at the dot speed of 6.75˚/s with stimulus containing 128 Gabor micro-

pattern elements (Bocheva et al., 2013). In another study using similar micro-

patterns with 256 elements, Dakin et al., (2005) reported an equivalent internal 

noise of 4.4 - 5.9˚ and a sampling efficiency of 10 - 22.7 elements. They also 

reported that both internal noise and sampling efficiency increases with an 
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increase in the number of elements in the display, with minimal influence of other 

stimulus parameters such as dot density or display aperture (Dakin et al., 2005). 

The pattern of results from these different studies seems to reaffirm the finding 

that internal equivalent noise increases with the increase in the number of dot 

elements. Bocheva et al., (2013) used 128 elements to report an equivalent 

internal noise of 2.97˚, Dakin et al., (2005) reported an equivalent internal noise of 

5.5˚ with 256 elements while the current study finds an equivalent internal noise of 

12.86˚ with 500 elements display. However, Dakin et al., (2005) also reported an 

internal equivalent noise of 4.8˚ for a stimulus display with 64 elements, which is 

higher than that reported by Bocheva et al., (2013) for a 128 element display. 

Hence such comparisons across different studies might only be reflective of the 

differences in the stimulus and parameters used. 

The mean equivalent internal noise and sampling efficiency for the orientation 

discrimination was 10.06˚ and 3 elements respectively. The sampling efficiency is 

proposed to represent the number of elements that are integrated to provide a 

global percept (here dipole pairs). The low values of sampling efficiency (ranging 

from 1.51 to 3.75 for individual observers) observed here is due to the log values 

used for the fitting purpose.  The reported values hence represent the index of 

information available for the global judgement. There are no previous reports on 

the internal noise and sampling efficiency employing Glass pattern stimuli. A study 

that investigated fine orientation discrimination with stimuli containing 256 Gabor 

patches reported equivalent internal noise in the range of 4.4˚- 7.8˚ (Dakin, 2001). 

Dakin (2001) evaluated the effect of different stimulus parameters such as area 

and radius of the display using a completely different stimulus from the one used 

in the current study and hence the results are not directly comparable.   

Comparison of the TvN curves along the motion and form domain analysed by the 

repeated measures ANOVA and nested modelling showed that the equivalent 

internal noise remained constant across two processing pathways with the 

difference in threshold best described by the changes in the sampling efficiency. 

The difference in equivalent internal noise is reflective of changes in the local 

directional/orientation uncertainty of the elements while sampling efficiency reflects 

the number of elements that the system can pool to reach the overall 

direction/orientation judgement (Dakin et al., 2005). Our result of similar internal 

equivalent noise suggests that both pathways might share similar local processing 
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limitations with differences in the performance due to a better efficiency in the 

global processing mechanism along the motion pathway. Various studies suggest 

that the local processing of dot motion in RDKs (Morrone et al., 1995; Nishida, 

2011) and dipole orientation in Glass patterns (Wilson et al., 1997; Smith et al., 
2002; Wilson et al., 2004; Smith et al., 2007) occurs in area V1/V2 with global 

processing occurring in areas of MT and V4. The direction and orientation 

sensitive neurones in V1 share common processing limitations such as aperture 

problem (Wuerger et al., 1996). These common physiological limitations could 

have resulted in the similar internal equivalent noise observed in both domains.  

The better sampling efficiency along the motion pathway reported here is in line 

with the previous findings of a larger global pooling for motion processing than 

form processing. The global pooling of motion (Morrone et al., 1995)  and form 

(Wilson and Wilkinson, 1998) has been studied using a similar methodology of 

restricting the coherent signals in the RDK and Glass pattern to wedge shaped 

areas of varying size within the stimulus. The discrimination threshold for a 

translating RDK pattern improved linearly with the increase in the size of the signal 

area, implying global spatial summation of almost 100% (Morrone et al., 1995). 

However, for the translating Glass pattern, the global summation was only about 

25-33% (Wilson and Wilkinson, 1998).  

Using identical stimulus, the current study showed that the human visual system is 

more sensitive to motion cues which are processed along the dorsal stream 

compared to the orientation processing along the ventral stream. Our results 

showed that local processing of information in the early processing areas are 

similar for both motion and form processing however global pooling of information 

is more efficient for motion processing compared to that of form processing. 

3.3.2 Global orientation processing in the Glass pattern and line 
segments 

3.3.2.1 Glass patterns 
 

The orientation discrimination thresholds were lower for tripole and quadrapole 

Glass patterns compared to the dipole Glass pattern at the lower noise levels 

before converging at the highest noise condition. Further, the thresholds for the 

tripole and quadrapole Glass patterns were similar at all noise levels. This 
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suggests that the advantage of facilitating the orientation discrimination by 

strengthening the axis of orientation with more dot elements is present at low and 

mid noise levels only. The detection of the dipole Glass pattern is based on one to 

one correspondence of two dipole elements (Glass, 1969). However for the tripole 

and quadrapole Glass pattern, such correspondence does not seem necessary as 

the multiple elements along the same orientation axis form a structure similar to a 

line segment. The similar threshold between the quadrapole Glass pattern and its 

equivalent Line4 stimuli at all noise levels further suggests that this indeed may be 

the case. The line segments activate the local lateral connections in V1 and are 

processed more as an extended contour (Field and Hayes, 2004) (details in line 

segment section 3.3.2.2). This difference in processing mechanism may have 

resulted in lower orientation discrimination thresholds for both tripole and 

quadrapole Glass patterns. Our results, therefore, suggest that the processing of 

the dipole Glass pattern is different from that of the Glass patterns with more than 

two elements defining the orientation axis.  

Upon fitting the threshold data to the linear amplifier model, the reduced models 

with internal noise constrained and sampling efficiency constrained across the 

stimulus were similar to the full model. We selected the model with sampling 

efficiency constrained as best model based of better goodness of fit. The 

difference in the internal equivalent noise is related to the local level processing, 

which occurs at the early cortical areas of V1 and V2 (Wilson et al., 1997; Wilson 
et al., 2004). The processing of dipole Glass patterns is relatively immune to the 

influence of the lateral horizontal connections of V1 due to the length of the dipoles 

being inadequate to activate such a mechanism (Grinter et al., 2010). However, 

little is known about the influence of the lateral connections in the Glass pattern 

composed of more than two dipole elements. The lower internal equivalent noise 

for tripole/quadrapole Glass pattern compared to dipole Glass pattern could be 

due to the differences in the local orientation processing mechanisms from the 

influence of local horizontal connections. The influence of local lateral connections 

in the processing of line segments is further discussed in section 3.3.2.2. 

The similar pattern of results in the experiment employing an equal number of 

signal elements showed that the differences in the performance between dipole, 

tripole, and quadrapole Glass pattern is robust to the variation in the number of 

constituent elements in the display, at least in the range tested here. Dakin (1997) 
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reported that a change in the number of dipole elements in the Glass pattern has 

no effect on the performance when the number of dipoles exceeds 64. Our results 

showed that this may be true for the tripole and the quadrapole Glass patterns as 

well. However, a study with larger variation in the number of signal elements is 

needed to substantiate such a claim beyond the number of elements evaluated 

here.  

3.3.2.2 Line segments 
 

The orientation discrimination thresholds for the longer line segment (Line4) were 

lower than that of the smaller line segment (Line2) and its equivalent dipole Glass 

pattern at the lower noise levels. The thresholds for different patterns converged at 

higher noise levels. The results were also similar with stimuli containing an equal 

number of line elements of varying lengths. This pattern of result is similar to that 

of the Glass patterns with multiple elements. Dakin (1997) also reported lower 

thresholds for line segments (of length 1.23˚) compared to Glass patterns of 

equivalent length at all noise levels. In the current study, the length of line stimuli 

Line2 (0.216˚) and Line4 (0.482˚) were shorter than that of the line segments used 

in the Dakin (1997) study. Our result of lower thresholds for the Line4 is in line with 

the findings from Dakin (1997). However, we find similar thresholds for Line2 and 

the dipole Glass pattern irrespective of noise levels. This suggests that the 

facilitation of orientation discrimination with line segments as opposed to the dipole 

Glass pattern is only activated after the length of the line exceeds a certain limit 

(beyond 0.216˚ here for the Line2). Aspell et al., (2006) also reported lower 

coherence thresholds for the parallel line segments compared to the Glass 

pattern. They suggested that the elevated coherence thresholds for the Glass 

pattern could be due to the increase in correspondence noise during matching of 

the dipole pair to extract the local orientation information (Aspell et al., 2006), 

which could also be the case for the dipole Glass pattern here.  

The result of the nested modelling showed that the difference in thresholds 

between the dipole Glass pattern and the line segment (Line4) could be explained 

by both changes in internal noise or sampling efficiency with the model with 

difference in internal noise showing marginally better goodness of fit measure. In a 

similar study, Dakin (1997) reported lower orientation discrimination thresholds for 

line segments compared to dipole Glass patterns at all noise levels. They 
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suggested that the internal noise remained constant between the dipole Glass 

pattern and the line segment, with differences in the performance related to the 

effect of the multiplicative noise, a parameter similar to the sampling efficiency 

reported here (Dakin, 1997). However, the study evaluated noise levels up to 32˚. 

We also find that the mean orientation discrimination thresholds for the dipole 

Glass pattern and Line4 were generally parallel until the noise levels reached 20˚ 

before converging at the highest noise levels (45˚).  

The difference in the internal noise between dipole Glass pattern and line 

segments could be related to the presence of correspondence noise in the dipole 

Glass pattern stimuli as suggested by Aspell et al., (2006). However, we find that 

the orientation discrimination thresholds for Line2, in which dot-to-dot 

correspondence is not required, were also similar to the dipole Glass pattern at all 

noise levels. Hence the higher internal noise for the Glass pattern compared to 

Line4 does not seem to be related to the correspondence noise. Another reason 

for the differences in the internal noise could be due to the influence of the local 

horizontal connections in the early cortical areas of V1/V2. The length of the dipole 

pairs in the dipole Glass patterns is inadequate to activate the local lateral 

connections in V1 and V2, and our results suggested that this was the same when 

the dipole elements are connected to create a line. The lower internal noise for 

longer line segments, however, suggests that processing at early cortical areas of 

V1/V2 may be different for such stimuli. The lateral connections in V1/V2, group 

the line segments with similar orientation within up to 2˚ of visual space (Li and 

Gilbert, 2002). Such a process contributes to the global averaging process in the 

line segment reserved for the higher extra striate cortical areas for Glass pattern 

stimuli. Our modelling results showed that both models with changes in internal 

noise and sampling efficiency could explain the difference in performance across 

the stimuli, suggesting that at least some part of global processing could occur 

under the influence of the local lateral connections at early cortical areas of V1/V2  

How such differences in processing might have resulted in the differences in 

internal equivalent noise is open to investigation. If we assume that local 

orientation processing occurs after the grouping of the line segment by local lateral 

connections at V1/V2, this would effectively lead to a smaller number of local 

orientation samples being processed. The smaller iterations of the local 
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processing would lead to a lower internal noise for the longer line segment 

observed here.  

When the orientation discrimination thresholds for different Glass patterns and line 

segments were compared to the direction discrimination thresholds for the RDK, 

the thresholds for the dipole Glass pattern and Line2 were higher at all noise 

levels (reflecting differences in sampling efficiency with constant internal 

equivalent noise), as observed in the previous experiment. The orientation 

discrimination thresholds for the quadrapole and Line4 were similar to the 

thresholds for the direction discrimination in RDK in the no noise condition with 

thresholds being significantly higher at the high noise. Various studies have used 

the Glass patterns composed of more than two elements and line segments as a 

comparable form stimulus to the motion discrimination in RDKs  when measuring 

coherence thresholds in different clinical disorders such as autism (Spencer et al., 
2000), dyslexia (Tsermentseli et al., 2008). In the coherence threshold paradigm, 

added noise is in a random direction/orientation. The implication of the interaction 

of direction and orientation thresholds in RDK and quadrapole/ Line4 stimuli 

observed at the lower noise levels in the current study to the coherence threshold 

paradigm needs more investigation.  

Our findings suggest that the processing of line segments and Glass patterns with 

more than two elements may be influenced by the local processing mechanism 

and careful consideration needs to be made on attributing such results to the 

local/global stage of orientation processing or indeed comparing the results to 

RDK.   

 

 
 
 
 
 
 
The results of this chapter were presented at the 36th European Conference on Visual 
Perception, Bremen, Germany, 25 – 29, August 2013.  
 
Joshi M, Jeon S T, 2013; "Characterisation of the Dorsal and Ventral Pathways Using 
External Noise Paradigm" Perception, 42 ECVP Abstract Supplement, page 210 



 

117 
 

4.0 The processing of implied motion in a normal 
population 

4.1 Introduction 
 

Our environment contains numerous visual cues including motion and form. Stable 

visual perception requires interaction and integration of information from a range of 

visual attributes. As discussed earlier (Introduction section 1.1 and 1.2), numerous 

studies (Ross et al., 2000; Ross, 2004; Sincich and Horton, 2005; Nassi and 

Callaway, 2007; Goodale, 2011; Mather et al., 2012)  suggest significant 

interactions along the proposed parallel processing mechanisms of dorsal and 

ventral streams, including along the motion and form processing pathways. Motion 

cues are known to influence perceived form. Similarly, form information also 

affects motion perception. The most dramatic example of how motion influences 

form perception is the demonstration of biological motion (Johansson, 1973). The 

"point lights" placed along the key joints and extremities of a human body in dark 

are perceived as a human shape only when motion is introduced. Similarly, form 

information also facilitates motion perception. For example, blurred static lines are 

frequently used by artists to infer the direction of motion in still images. The static 

lines that induce or accentuate the sense of motion are called motion streaks. 

Geisler (1999) proposed that fast moving objects also create motion streaks and 

that these streaks provide important information in resolving directional 

ambiguities.  

Similarly, when an independent random sequence of sets of static Glass patterns 

with the same general orientation (such as left translation) are displayed over time, 

the perception is of induced motion along the global orientation of static Glass 

patterns (Ross et al., 2000). Such displays of static Glass patterns that induce a 

perception motion are known as a dynamic Glass pattern (Ross et al., 2000). In 

motion stimuli such as random dot kinematograms (RDK), the coherent motion is 

perceived due to the motion vectors created by an apparent motion of 

corresponding dots from one frame to the next. The positions of individual dots 

and dipole elements in a dynamic Glass pattern do not correspond from one frame 

to the next. However, despite the absence of coherent motion vectors, a sense of 

motion is readily perceived. The source of such perceived motion could only be 
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from the underlying dipole orientation of static Glass pattern structures. The 

dipoles in the dynamic Glass pattern are believed to  ''approximate a small line 

segment'' which forms motion streaks that stimulate the local orientation selective 

detectors in V1 (Burr and Ross, 2002; Ross, 2004). The motion sensitive V1 cells 

are responsive to motion in an orthogonal direction to the preferred spatial 

orientation of their receptive fields. The motion streaks thereby stimulate V1 

neurones that are sensitive to the orientation parallel to the overall motion direction 

(Geisler, 1999).  Geisler (1999) proposed that outputs of both orientation and 

motion selective cells in V1 are combined to form spatial motion direction (SMD) 

sensors that are sensitive to both the direction of motion as well as the orientation 

of the motion streak (Figure 4.1). Furthermore, Geisler suggested that the 

combination of direction and orientation cues by SMD sensors overcomes the 

aperture problem observed in V1 to provide an overall percept of global motion. 

According to this model, motion streaks that are parallel to the overall motion 

would accentuate the perceived motion while the streaks along the orthogonal 

direction would inhibit the perceived motion.  

The involvement of a motion streak mechanism in dynamic Glass processing is 

based on the assumption that the dipole pairs in a dynamic Glass pattern 

approximate small line segments. Increasing the length of dipole pairs in a 

dynamic Glass pattern should result in an approximation of longer line segments. 

The longer segments should, therefore, leave behind a stronger motion streak 

resulting in better discrimination thresholds. However, increasing the dipole 

separation in a Glass pattern beyond 8 arc min makes the detection of the 

structure difficult with complete abolishment of Glass pattern structure beyond 23 

arc min (Dakin, 1997). Ross (2004) employed dynamic patterns composed of 

static line segments (as used in Chapter 3.0) to study the impact of increasing the 

line length on the perceived speed of a radial dynamic pattern. Indeed, the 

perceived speed of the radial dynamic pattern composed of line segments 

increased with the increase in line length (Ross, 2004).  
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Figure 4.1: Geisler's model for motion streak processing. 

The model shows a response from the orientation (non-direction) selective cell is combined 
multiplicatively with a response from the perpendicularly oriented direction-selective cell to provide 
the final output of direction of motion of motion streaks. Adapted from Geisler (1999) 

The involvement of V1 neurones in decoding motion streaks is further supported 

by the finding of motion sensitive cells that are responsive to parallel motion (i.e., 
in the direction of their preferred orientation) instead of regularly encountered cells 

which are responsive to an orthogonal motion. Such cells have been isolated from 

the primary visual cortex of both cats and primates (Geisler et al., 2001). A fMRI 

study in humans also reported the presence of cells that are sensitive to motion 

streaks in area V2 (Apthorp et al., 2013).  

More recent studies suggest that processing at V1 level through SMD sensors 

alone cannot decode the overall global direction of implied motion. The spatial 

motion direction (SMD) sensors of V1 (Geisler, 1999) may only be involved in the 

local processing that is, the dipole orientations in a dynamic Glass pattern (Ross et 
al., 2000). A fMRI study in humans also reported that only a small part of the 

implied motion from dynamic Glass patterns can be accounted for by processing 

at V1 and V2 levels (Krekelberg et al., 2005). Kourtzi et al. (2008) suggested that 

neurones with larger receptive fields that are present along the higher extra striate 

areas are required for overall global processing of dynamic Glass pattern (Kourtzi 
et al., 2008). 
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More recent behavioural studies have provided evidence of motion and form 

interaction within higher extra striate areas. Mather et al., (2012) measured the 

strengths of the motion aftereffect (MAE) to an adapting stimulus that contained 

two fields of transparent bi-directionally moving dots (one 45˚above the horizontal 

and the other 45˚ below horizontal) in the presence of static gratings of varying 

orientations. The adaptation to such moving dot fields produces an aftereffect in 

the direction opposite to the vector average of the two adapting directions. The 

MAE was stronger when the gratings were placed parallel to the resultant MAE 

direction compared to when the gratings were orthogonal. These findings reflected 

the predictions of SMD sensors which were proposed by Geisler (1999) to be 

present at the level of V1. The integration of multiple directions of motion occurs in 

extra striate areas of MT and beyond (Albright, 1993; Blake et al., 2003). 

Therefore, the results of the MAE experiments reported by Mather et al., (2012) 

demonstrated that the interactions of motion and orientation cues are also present 

at a global processing stage. Similarly, when the adapting stimulus was presented 

with radial or rotational (orthogonal to radial) static gratings, the strength of the 

MAE for the radial optic flow was facilitated by the adapting stimuli that contained 

the radial grating and was suppressed by the adapting stimuli containing rotational 

grating (Pavan et al., 2013). These results from behavioural studies imply that 

motion and form interactions are present from early visual areas (V1) extending up 

to the areas of global motion processing (MT and MST).  

The interactions between the extra striate areas involved in both global motion and 

global form processing have also been reported by imaging and 

electrophysiological studies (Braddick et al., 1999; Li et al., 2013). Ross et al. 
(2000) suggested that the processing of dynamic Glass patterns may well be 

influenced by such interconnections between a motion processing area (e.g. MT) 

and a form processing area (e.g., V4). Imaging studies (Krekelberg et al., 2003; 

Krekelberg et al., 2005) in monkeys and humans report that the motion selective 

cells in MT/MST respond similarly to the real motion in RDKs and the implied 

motion in dynamic Glass patterns. In contrast, the motion sensitive cells along the 

ventral stream areas (such as V4 and LOC) did not respond to the implied motion 

(Krekelberg et al., 2003; Krekelberg et al., 2005). Krekelberg et al. (2005) 

suggested that the inability of the MT/MST cells to differentiate between the real 

and implied motion is why humans perceive motion in dynamic Glass patterns.  
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Behavioural studies have employed the coherence threshold paradigm to evaluate 

human detection sensitivity to implied motion in dynamic Glass patterns (Or et al., 
2007; Nankoo et al., 2012). These studies reported a better detection of dynamic 

Glass patterns compared to the static Glass patterns, but the detection sensitivity 

was lower than that for the real motion in RDKs (Nankoo et al., 2012). A recent 

study that evaluated the effect of speed on dynamic Glass pattern perception 

suggested that the improvement in implied motion thresholds compared to the 

orientation thresholds in static Glass patterns was due to the temporal summation 

of multiple Glass patterns present in a dynamic Glass pattern (Day and 

Palomares, 2014). The motion streak mechanism is more active at faster speeds 

(Geisler, 1999; Edwards and Crane, 2007) and the improved thresholds for the 

implied motion at higher temporal frequencies was due to the facilitation of such a 

mechanism (Day and Palomares, 2014). However, Nankoo et al., (2015) argued 

that with an increase in temporal frequency the number of unique static Glass 

pattern frames within a dynamic Glass pattern also increases. They reported that 

the improved sensitivity was related to the number of unique static Glass pattern 

frames rather than the temporal frequency per se (Nankoo et al., 2015). The 

results from behavioural studies employing the coherence threshold paradigm 

hence seem unclear about the mechanism underlying the dynamic Glass pattern 

processing.   

Another behavioural method to evaluate dynamic Glass pattern processing in 

relation to motion (RDK) and form (Glass pattern) processing is with the equivalent 

noise paradigm. The equivalent noise paradigm can provide a better insight into 

the interaction of motion and form processing at both local and global levels. In 

this study, we evaluated the sensitivity to implied motion in normal adults at 

varying levels of added external noise. In the first experiment, we evaluated how 

noise affects the perception of dynamic Glass patterns and whether the local and 

global limitations on dynamic Glass pattern processing are di/similar to that of 

RDKs and/or Glass patterns. In the second experiment, we investigated how 

implied motion sensitivity varies for dynamic patterns composed of varying line 

lengths.   
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4.2 Experiment 1: The processing of dynamic Glass 
pattern in relation to the RDK and static Glass pattern 

4.2.1 Methods 

Dynamic Glass pattern stimuli were composed of nine independently generated 

static Glass patterns with the same mean direction and variance. The physical 

properties of stimuli such as dot size (0.083˚), display diameter (10˚), dipole 

separation (0.133˚ or 8 arc min) were similar to what was described for the static 

Glass pattern in the general methods (section 2.3.2).  Each independently 

generated static Glass pattern was displayed for 55.55ms (equivalent to four 

frames), with a total stimulus duration of 0.5s. Ross et al., (2000) suggest that a 

dipole separation of 6 to 15 arc min and frame duration between 16 and 128ms 

are the most optimal for the perception of dynamic Glass patterns. The stimulus 

parameters of the current study are within this range and are similar to that of 

other studies employing translational dynamic Glass patterns (Krekelberg et al., 
2005; Nankoo et al., 2012; Day and Palomares, 2014; Nankoo et al., 2015). 

Six visually normal participants from previous experiment (Chapter 3.0, experiment 

1) completed five sessions of threshold evaluation at eight variance levels (0˚, 2˚, 

4˚, 8˚, 16˚, 24˚, 32˚, and 40˚). The procedure was as described in the general 

methods (section 2.3.3) where observers judged the mean implied motion from the 

vertical reference (90˚). The thresholds for dynamic Glass patterns were compared 

to the thresholds for RDK’s and Glass pattern stimuli (from Chapter 3) with 

repeated measures ANOVA and nested modelling methods. 

4.2.2 Results 
For each individual observer (Figure 4.2) and the mean data (Figure 4.3), 

thresholds were low and similar at the lower noise levels (0 - 8°) before increasing 

at higher noise levels (>16°). Repeated measures ANOVA with eight levels of 

noise as the within subject factor was conducted. The Mauchly’s test revealed that 

the log transformed data satisfied the assumption of sphericity, [χ²(27) = 29.31, p > 

0.05]. The results showed a significant effect of noise [F(7,203) = 71.29, p < 0.01]. 

Further analysis of the main effect after Bonferroni correction showed no statistical 

difference between the thresholds at noise levels from 0˚ to 8˚ (p > 0.05) while the 

thresholds at noise levels of 0˚ to 16˚ were lower than those at noise levels >24˚ (p 
< 0.05). 
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Figure 4.2: Mean implied motion discrimination thresholds for individual 
observers. 

Each panel shows data for a single observer for a dynamic Glass pattern at eight noise levels. 
Each data point represents the mean from five experimental sessions and error bar represents ±1 
standard deviation. 
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Figure 4.3: Mean implied motion thresholds at eight noise levels. 

Each data point represents the mean (n = 6) thresholds for a dynamic Glass pattern, the error bar 
represents ±1 standard deviation. 

The thresholds for dynamic Glass patterns (dGlass) at different noise levels were 

then compared to those of the RDK and Glass patterns (refer to Chapter 3). The 

mean thresholds for dGlass were higher than the thresholds for the RDK but lower 

than those for the Glass patterns at all variance levels (Figure 4.5). The trend was 

similar for all individual observers (Figure 4.4), except for the observer RB who 

showed higher thresholds for dynamic Glass pattern compared to both Glass 

pattern and RDK.  
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Figure 4.4: Comparison of implied motion thresholds with motion direction 
and orientation discrimination thresholds for individual observers. 

Each panel shows data for a single observer for Glass pattern, dynamic Glass pattern and RDK at 
eight noise levels. Each data point represents the mean from five experimental sessions and error 
bar represents ±1 standard deviation. 
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Figure 4.5: Comparison of mean implied motion thresholds with direction 
and orientation discrimination thresholds. 

Each data point represents the mean from six observers for RDK, Glass pattern, and dynamic 

Glass pattern and error bar represents ±1 standard deviation.  

A repeated measure ANOVA with noise (8 levels) and stimuli type (3 levels; Glass, 

dGlass and RDK) as within subject factors was conducted. The Mauchly’s test 

revealed that the log transformed data satisfied the assumption of sphericity for 

noise [χ²(27) = 38.44, p > 0.05], stimuli type [χ²(2) = 0.05, p > 0.05] and noise and 

stimuli type interaction [χ²(104) = 126.19, p > 0.05]. The results showed a 

significant effect of noise [F(7, 203) = 158.52, p < 0.01] and stimulus type [F(2, 58) 

= 76.69, p < 0.01]. The interaction between stimulus type and noise was not 

significant [F(14, 4.6) = 1.15, p > 0.05]. The comparison between stimulus types 

after Bonferroni correction revealed that the thresholds for the three stimulus type 

were significantly different; with the highest threshold for Glass pattern followed by 

that for dynamic Glass pattern and RDK (ps < 0.01). 

No interaction between stimulus type and noise suggested that the differences in 

the performance were possibly due to changes in the sampling efficiency. To 

confirm this result, the thresholds were used to fit the linear equivalent noise 
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model hierarchically (Figure 4.6 and 4.7). Among the reduced models, the 

goodness of fit (r2 ) with one σeq and three Eff  was equivalent to the full model 

(three σeq and three Eff) [F(2,18) = 1.10, p > 0.1]  while the fits with three σeq and 

one Eff  [F(2,18) = 42.92, p < 0.01] and one σeq and one Eff [F(2,18) = 49.07, p < 

0.01] resulted in poorer fits compared to the full model (Table 4.1 and Figure 4.7). 

The pattern of the result was similar for each individual observer (Table 4.1 and 

Figure 4.6). A further test with one σeq and three Eff as a full model and one σeq 

and one Eff as reduced model showed that the reduced model resulted in a 

significantly poorer fit [F(2,20) = 107.83, p < 0.01]. The result confirmed that the 

model with one σeq and three Eff best described the performance of the observers 

across the three stimulus types.  
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Subject AM MJ RB VR MG SJ Average 

The full model 

σeq RDK 10.39˚ 16.61˚ 13.22˚ 8.65˚ 19.45˚ 12.50˚ 12.86˚ 

σeq Glass 11.05˚ 24.91˚ 9.24˚ 5.22˚ 9.51˚ 8.95˚ 10.06˚ 

σeq dGlass 10.45˚ 12.24˚ 10.01˚ 8.44˚ 12.38˚ 9.01˚ 10.32˚ 

Eff RDK 5.77 8.64 6.87 7.92 8.63 11.40 7.91 

Eff Glass 1.51 2.56 2.40 3.75 3.46 3.38 2.64 

Eff dGlass 3.19 3.30 1.80 7.83 4.90 5.48 3.97 

r2 0.94 0.94 0.95 0.94 0.83 0.97 0.97 

Complicated reduced model-1 with σeq constrained 

σeq 10.63˚ 16.91˚ 10.75˚ 7.27˚ 12.70˚ 10.06˚ 11.00˚ 

Eff RDK 5.83 8.74 6.15 7.31 6.67 10.10 7.27 

Eff Glass 1.48 1.97 2.58 4.29 4.03 3.58 2.76 

Eff dGlass 3.22 3.99 1.86 7.32 4.97 5.78 4.10 

r2 0.94 0.90 0.94 0.92 0.80 0.96 0.96 

F(2,18) 0.03* 2.12* 1.06* 2.30* 1.92* 2.19* 1.10* 

Complicated reduced model-2 with Eff constrained 

σeq RDK 6.316˚ 10.83˚ 6.92˚ 6.60˚ 10.69˚ 7.06˚ 7.33˚ 

σeq Glass 38.95˚ 67.54˚ 17.98˚ 10.51˚ 15.68˚ 24.73˚ 23.10˚ 

σeq dGlass 13.33˚ 26.51˚ 26.22˚ 6.42˚ 13.38˚ 12.30˚ 13.55˚ 

Eff 3.89 5.99 3.94 6.29 5.21 6.99 4.92 

r2 0.81 0.83 0.75 0.84 0.71 0.80 0.81 

F(2,18) 19.32 11.13 33.32 14.89 6.85 48.84 42.92 

Simplest reduced model with both σeq and Eff constrained 

σeq 10.63˚ 16.91˚ 10.75˚ 7.27˚ 12.70˚ 10.06˚ 11.00˚ 

Eff 3.03 4.10 3.09 6.12 5.11 5.94 4.35 

r2 0.45 0.25 0.49 0.81 0.67 0.59 0.61 

F(2,18)# 37.34 39.20 38.74 9.73 4.31 55.22 49.07 

F(2,20)## 82.96 84.75 84.91 19.06 7.44 120.28 107.83 

 
Table 4.1: The best fitting parameters and r2 values for LAM fits to the 
threshold data for RDK, Glass and dGlass. 

The values in the top section are the results of the fits with six free parameters (one σeq and Eff 
each for RDK, Glass and dGlass). The second and third sections show the results with σeq and Eff 
fixed respectively across RDK, Glass and dGlass. The bottom section shows results with both σeq 
and Eff fixed across the conditions. The F scores are the result of a nested hypothesis test 
between restricted models (4-parameter or 2-parameter models) and the full models (6-parameter 
or 4-parameter models).  
* represents F scores which resulted in no significant difference (p>0.05) in the goodness of the fit 
measure with reduced model (here 1 σeq, 3 Eff) compared to the full model (3 σeq, 3 Eff). Rest of 
the F scores in the table represent a poorer fit (p < 0.05) compared to the full model (1 σeq, 3 Eff) 
# F statistics of the simplest model (1 σeq, 1 Eff) compared to full model (3 σeq, 3 Eff) 
## F statistics of the simplest model (1 σeq, 1 Eff) compared to the simpler model (1 σeq, 3 Eff) 
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Figure 4.6: Nested modelling for individual observers relating the threshold 
data to different values of internal noise and sampling efficiency for Glass 
pattern, dGlass, and RDK. 

The figure shows results for psychophysically experienced observer (SJ) and naïve observer (AM). 
The reduced model with one σeq and two Eff (bottom left panels) resulted in no significant difference 
(p > 0.05) in the goodness of the fit measure (r2) compared to the full model for each observer. 
Error bars are omitted for a better presentation. 
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Figure 4.7: Nested modelling relating the mean thresholds to different values 
of internal noise and sampling efficiency for Glass pattern, dGlass, and RDK. 

The reduced model with one σeq and three Eff (bottom left) resulted in no significant difference (p > 
0.05) in the goodness of the fit measure (r2) compared to the full model. Error bars are omitted for a 
better presentation. 
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4.3 Experiment 2: A comparison of processing dynamic 
Glass patterns with dynamic line patterns  

4.3.1 Methods 
 

The stimuli were dynamic Glass patterns (dGlass) and dynamic patterns created 

with line segments (dynamic line pattern). The dynamic Glass pattern stimulus 

was the same as described for the first experiment but composed of only 480 dot 

elements (240 dipole pairs). The dynamic line patterns were created by filling the 

space between the dipole pairs of the dynamic Glass pattern with extra dots as 

described for static line patterns in Chapter 3.0. Two line lengths were used; 

equivalent to the length of the dipole Glass pattern (0.216˚) – dLine1 and two 

times the length of dLine1 (0.432˚) – dLine2.    

The method of stimulus presentation, the procedure of data collection and analysis 

were the same as for the first experiment. Four visually normal observers (33 ± 

6.22 years) participated in the experiments for dynamic Glass/line patterns. All 

participants discriminated the overall implied motion from the vertical reference 

(90˚) at five external noise levels (0˚, 5˚, 10˚, 20˚, and 45˚).  

4.3.2 Results 
 

The thresholds for dLine2 were the lowest compared to the dGlass and dLine1 at 

no noise to mid noise levels (5˚ and 10˚) for all individual observers (Figure 4.8) 

and the mean data (Figure 4.9). However, at the highest noise (45°), the 

thresholds for all three patterns converged.  

The repeated measures ANOVA was conducted with noise (five levels) and stimuli 
type (3 levels; dGlass, dLine1 and dLine2) as within subject variable. The 

Mauchly’s test revealed that the log transformed data confirmed to the assumption 

of sphericity for noise [χ² (9) = 6.88, p > 0.05], stimuli type [χ² (2) = 5.63, p > 0.05] 

and noise and stimuli type interaction [χ² (35) = 37.20, p > 0.05]. The results 

showed a significant effect of noise [F(4,64) = 173.21, p < 0.01] and stimuli type 

[F(2,32) = 16.37, p < 0.01]. The interaction between stimuli type and noise was 

also significant [F(8,128) = 2.30, p < 0.05]. The comparison of stimuli type after 

Bonferroni correction revealed that the implied motion thresholds for the dGlass 

and dLine1 were similar (p > 0.05). The thresholds for dLine2 meanwhile were 

lower than both dGlass (p < 0.01) and dLine1 (p < 0.05). 
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Figure 4.8: Mean implied motion thresholds for dynamic Glass patterns and 
dynamic line patterns for individual observers. 

Each panel shows data for a single observer for dGlass, dLine1 and dLine2 at five noise levels. 
Each data point represents the mean from five experimental sessions and error bar represents ±1 
standard deviation. 
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Figure 4.9: Mean implied motion thresholds for dynamic Glass pattern and 
dynamic line patterns at five noise levels. 

Each data point represents the mean (n = 4) thresholds for dGlass, dLine1 and dLine2, the error 
bar represents ±1 standard deviation. 

 

The nested modelling for the mean thresholds data fitted to the LAM (Figure 4.10) 

showed that the simplest model (with both σeq and Eff constrained) resulted in a 

statistically poorer fit compared to the full model [F(4,9) = 3.97, p < 0.05]. The 

other two reduced models with σeq constrained with independent Eff [F(2,9) = 0.91, 

p > 0.1] and Eff constrained with independent σeq [F(2,9) = 1.14, p > 0.1] resulted 

in a statistically similar fit to the full model.  
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Figure 4.10: Nested modelling for mean implied motion thresholds from 
dynamic Glass pattern (dGlass) and dynamic line patterns of varying 
lengths.  

The reduced models with three σeq and one Eff (top right) and one σeq and three Eff (bottom left) 
resulted in no significant difference (p > 0.05) in the goodness of the fit measure (r2) compared to 
the full model (top left). Error bars are omitted for a better presentation.     
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4.4 Discussion 
 

The perception of implied motion in a dynamic Glass pattern relies on both form 

and motion cues. The thresholds for the dynamic Glass patterns were lower than 

those for the static Glass patterns but higher than the RDKs at all levels of external 

noise. As far as we know, no study has evaluated the sensitivity to dynamic Glass 

patterns using the equivalent noise paradigm. Our results suggest that dynamic 

Glass patterns are processed differently from both static form (Glass pattern) and 

motion (RDK) irrespective of noise levels. If the implied motion in Glass patterns 

were processed as the real motion in RDKs, thresholds would be expected to be 

similar to those for the RDK. On the other hand, if the implied motion was 

processed exclusively along the channels processing static form, the thresholds 

would be closer to that of the static Glass patterns. These results are in line with a 

previous study where the coherence thresholds for implied motion in dynamic 

Glass patterns were higher than the thresholds for motion (RDK) but lower than 

the orientation coherence thresholds (static Glass patterns) (Nankoo et al., 2012).  

The reduced thresholds for the dynamic Glass pattern compared to the static 

Glass pattern could be due to the activation of the motion streak mechanism (Ross 
et al., 2000; Ross, 2004) that may be present from the early cortical visual areas of 

V1 and V2 (Burr and Ross, 2002; Apthorp et al., 2013) up to the later global 

processing areas of MT and MST (Krekelberg et al., 2005; Mather et al., 2012; 

Pavan et al., 2013). The motion streak theory for dynamic Glass patterns is based 

on the assumption that the dipole pairs in a Glass pattern approximate the ends of 

line segments. This assumption seems supported by our finding of similar 

thresholds at all noise levels for dynamic Glass patterns and dynamic line patterns 

containing line segments of equivalent length (dLine1). Similarly, the improved 

threshold for the dynamic line pattern with a longer length (dLine2) at low to mid 

noise levels is in line with the prediction from the motion streak mechanism that a 

longer line segment would create a longer motion streak, which subsequently 

improves the discrimination thresholds. Similar results have been reported for 

radial dynamic Glass/line patterns as well (Ross, 2004).  

Another possible reason for better sensitivity to implied motion in dynamic Glass 

patterns compared to the static Glass pattern could be due to the summation of 

information from multiple independent static Glass patterns over time (Nankoo et 
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al., 2015). Two factors are involved in such improvement; the accumulation of form 

information from multiple static Glass patterns (Nankoo et al., 2012; Nankoo et al., 
2015) and the influence of the temporal frequency of the presentation (Day and 

Palomares, 2014). Though both of these factors are interlinked, studies have 

sought to separate the effect of each entity. Nankoo et al., (2012) reported that the 

coherence thresholds for the dynamic Glass pattern varied according to the 

pattern types (translation, radial, and rotation) as observed for the static Glass 

pattern (higher threshold for translation compared to other types) while the motion 

coherence thresholds were similar for all three motion types. Based on these 

findings, Nankoo et al., (2012) proposed that the higher sensitivity to dynamic 

Glass patterns were due to the accumulation of information from multiple static 

Glass patterns. They suggested that the dynamic Glass patterns are processed 

mainly as static Glass patterns, thereby emphasising a larger role for the form 

processing mechanism along the ventral stream. However, other studies have 

reported that the motion coherence threshold in the RDK also varies depending 

upon the pattern types with higher thresholds for translation compared to radial 

and rotation, especially at slower speeds (Freeman and Harris, 1992; Lee and Lu, 

2010). In the current study, the thresholds for the dynamic Glass patterns and 

dynamic line patterns of longer length (dLine2) remained separated at low and mid 

noise levels before converging at the higher noise levels. This pattern of result is 

similar to the results comparing static Glass pattern and line patterns (refer to 

chapter 3). Our results hence seem to support the assumption made by Nankoo et 
al., (2012, 2015) that the dynamic Glass patterns could share more properties with 

static Glass patterns than with RDKs. 

In another study, Day and Palomares (2014) measured the coherence thresholds 

for dynamic Glass patterns at different temporal frequencies ranging from 2 to 

36HZ. The coherence threshold reduced linearly with the increase in temporal 

frequency. They suggested that the processing mechanism for dynamic Glass 

patterns relies more on the temporal properties. They also reported that their 

findings are explained well by the motion streak mechanism (Day and Palomares, 

2014) as faster speeds are known to leave longer motion streaks and accentuate 

motion perception (Edwards and Crane, 2007). In response, Nankoo et al., (2015) 

argued that with an increase in the temporal frequency of the dynamic Glass 

presentation, the number of unique frames of the static Glass pattern presented 
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also increases. They then independently varied the temporal frequency and the 

number of unique frames in a dynamic Glass pattern and reported that the number 

of unique frames presented is more influential in the reduction of the coherence 

threshold than the temporal frequency. They proposed that these findings add 

further support to their claim that the processing of dynamic Glass patterns is in 

fact more similar to static Glass patterns (Nankoo et al., 2015). The similar pattern 

of result with dynamic Glass pattern vs. dynamic line pattern and static Glass 

pattern vs. static line pattern observed in our studies also suggests that dynamic 

Glass patterns may indeed share more properties with the static Glass pattern 

than the RDK.  

4.4.1 The local and global limitations in the dynamic Glass 
pattern processing 
 

The parallel shift of thresholds and results from the nested modelling revealed that 

the internal equivalent noise remained similar for dynamic Glass patterns 

compared to both RDK and Glass patterns. The difference in performance among 

different stimuli was due to the change in the efficiency parameter. The similar 

levels of internal noise for different stimuli (Glass pattern, dynamic Glass pattern 

and RDK) documented in the current study suggests that all local cues (in both the 

motion and form domain) may share a common local level processing mechanism 

before global processing along a more efficient channel for processing motion 

cues. The finding that the perception of both static and dynamic Glass patterns are 

lost when the dipoles are of opposite polarity (Or et al., 2007) further suggests that 

both patterns share similar local level processing. 

Geisler (1999) proposed that the motion streak detectors present in the primary 

visual cortex are responsible for the processing of implied motion in line streaks. 

The similar internal noise observed here, which reflects the local level processing 

occurring at V1, suggests that the motion streak detectors in V1 have a minimal 

influence on the processing of dynamic Glass patterns. If the perception of implied 

motion in the dynamic Glass pattern was facilitated only by the local level streak 

detectors in V1, the internal noise for the dynamic Glass pattern should have 

differed from that of both static Glass pattern (which does not stimulate the motion 

streak mechanism) and RDK (in which the direction discrimination will be 

facilitated by the motion streak mechanism). Whether the constant internal noise 
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observed in the current study across all domains (motion, form and implied 

motion) relates to the processing of different motion/orientation cues in area V1 or 

whether it reflects an overall processing of local cues along different areas of the 

processing pathways is open to interpretation. 

The differences in the performance for three stimulus types (RDK, static Glass 

pattern, and dynamic Glass pattern) were best represented by the changes in the 

global processing parameter, the sampling efficiency. Global processing is 

proposed to occur in the extra striate areas of MT, MST and beyond for the 

direction of motion in RDK (Morrone et al., 1995) and V4 for the global orientation 

in Glass patterns (Wilson and Wilkinson, 1998). The area responsible for the 

global processing of implied motion is still not well established. The motion 

sensitive cells in MT/MST respond to both real motion and implied motion 

(Krekelberg et al., 2003; Krekelberg et al., 2005) and may well be involved in the 

global processing of the implied motion in a dynamic Glass pattern.  The motion-

form interactions similar to that proposed for motion streak mechanism are also 

present at the global processing levels of MT (Mather et al., 2012) and MST 

(Pavan et al., 2013), and such interactions could have influenced the differences in 

the sampling efficiency observed here. Furthermore, some MT cells responsive to 

the orthogonal motion, change their preference over time (Pack and Born, 2001). 

The preferred direction of these MT cells changes from the orthogonal direction to 

that of parallel motion (in the direction of the motion streak) starting from around 

75ms of the stimulus onset. This change in sensitivity could be influential in 

processing the motion streaks left behind by the fast moving objects (Burr and 

Ross, 2002). Our results show that any facilitation of the implied motion 

processing due to the interaction of motion and form processing streams in line 

with motion streak mechanism may well extend to the global processing level.  

From our results and previous literature, we speculate that the local processing of 

dipole orientation in a dynamic Glass pattern is similar to the processing of a static 

Glass pattern with further global processing most likely occurring along the motion 

processing areas of MT/MST. The assumption that the processing of the dynamic 

Glass pattern initially involves orientation processing along the ventral stream 

followed by the subsequent processing of implied motion in the dorsal stream is 

also supported by a series of imaging studies (Krekelberg et al., 2003; Krekelberg 
et al., 2005). The motion responsive neurones along the ventral stream are not 
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responsive to the implied motion in dynamic Glass patterns suggesting that any 

contribution from the ventral stream to the processing of the dynamic Glass 

pattern is mostly limited to the processing of local form cues in earlier cortical 

areas. Similarly, a recent behavioural study that evaluated tilt after effects (TAE) 

showed that adaptation to a wide range of static orientations affects the perceived 

direction of motion streaks (Tang et al., 2015). This range was broader than what 

would have been predicted by the Geisler model, which assumes that the neuronal 

properties of V1 are adequate to account for the motion streak mechanism. 

Furthermore, this range closely approximated the broad bandwidths of motion 

selective cells in area MT. Based on these findings Tang et al., (2015) proposed 

an alternate model to that of Geisler, where the orientation cues are initially 

processed at the V1 level with the second stage of motion processing occurring at 

area MT. The model predictions are in line with our findings of similar internal 

equivalent noise and differences in sampling efficiency for dynamic Glass patterns 

compared to both RDK and static Glass patterns.     

Our results further suggest that even if the global processing of implied motion 

occurs in regions similar to that of real motion (MT), the underlying mechanism 

may not be as efficient as that for real motion and may well involve more 

interaction with the form processing pathways.  
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5.0 Modification of the data collection method for 
the faster application of the equivalent noise 
paradigm  

5.1 Introduction 
 

The equivalent noise paradigm is based on measuring sensory thresholds at 

various levels of added external noise. The method has most commonly been 

used to study the visual function in normal populations (Pelli, 1981; Watamaniuk 

and Sekuler, 1992; Lu and Dosher, 1998; Pelli and Farell, 1999; Dakin et al., 2005; 

Bocheva et al., 2013; Bogfjellmo et al., 2014; Manning et al., 2014). More recently 

it has been applied to clinical populations with a range of different ocular and 

neurological disorders, such as amblyopia (Pelli et al., 2004; Hess et al., 2006; 

Husk and Hess, 2013), autism (Manning et al., 2015), migraine (Ditchfield et al., 
2006; Wagner et al., 2010; Tibber et al., 2014), glaucoma (Falkenberg and Bex, 

2007). The threshold data obtained from the equivalent noise paradigm shows a 

remarkable similarity across different domains, with the threshold vs. noise (TvN) 

curve remaining low and constant at low noise levels before increasing linearly at 

the higher noise levels. The linear amplifier model (Pelli, 1981) is the most 

commonly used model to analyse the results from the equivalent noise paradigm. 

The linear amplifier model differentiates the observer’s performance from the TvN 

curve into equivalent internal noise and sampling efficiency parameters. Generally, 

thresholds from six to eight levels of external noise are used to fit such curve. 

However, obtaining reliable thresholds at up to eight noise levels, with 

independent staircase/psychometric function fits, requires substantial time and 

effort. This has remained the major obstacle when implementing this method in 

special populations such as children or those with various cognitive disorders.  

Modifications to the data collection and analysis process have been developed to 

reduce the experimental time in the contrast domain (Lesmes et al., 2006; Jeon et 
al., 2009). For the current study, we were interested in adapting the equivalent 

noise paradigm to discrimination of both direction of motion and orientation. 

Recently faster methods for the implementation of the equivalent noise paradigm 

have been explored in the motion domain (Bogfjellmo et al., 2013; Bogfjellmo et 
al., 2014; Manning et al., 2014; Tibber et al., 2014). Bogfjellmo et al., (2013,2014) 
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used the FAST method (Vul et al., 2010) to determine the appropriate level of 

external noise and direction offset from vertical based on the observer's response 

from a series of previous trials while other studies have used the method of 

measuring variance thresholds at a predefined directional offset (Manning et al., 
2014; Tibber et al., 2014).   

Our previous experiments have shown that the TvN curve in both the motion and 

form domains remains flat and low at lower noise levels before increasing in 

threshold with added noise at the higher noise levels. Such a TvN curve is 

constrained by two points; the low noise levels where thresholds remain constant 

and low and the high noise levels where discrimination thresholds are raised. The 

knee point of the curve where threshold starts to increase with the added noise 

represents the internal equivalent noise of the system. The regularity of the curve 

suggests that the equivalent noise paradigm can be reliably established based on 

these two points. If the data collection can be limited to only two points, it would 

avoid the need for evaluating different mid-level noises that have minimal 

contribution to the overall structure of the TvN curve. This would result in a 

significant reduction in the experimental time.  

The first point of this curve can be determined by obtaining the motion 

direction/orientation discrimination thresholds at the no noise condition. For the 

high noise condition, a modification to the method described in previous 

experiments can be used. Instead of measuring the motion direction/orientation 

discrimination thresholds at different levels of external noise, noise thresholds can 

be measured at a predefined motion direction/orientation offset angles. Recent 

studies have used a similar method to estimate the internal noise and sampling 

efficiency parameters along the motion domain in children (Manning et al., 2014) 

and migraineurs (Tibber et al., 2014). In the current study, a similar technique was 

used to facilitate data collection and the results were validated with the previously 

established method of measuring thresholds at different external noise levels. 
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5.2 Pilot study 

5.2.1 Methods 
 

The physical parameters of the stimuli such as display diameter, dot size, dot 

speed, dipole distance were the same as described in the general methods 

(section 2.3). The stimulus for the no noise condition contained dots/dipoles whose 

direction/orientation were generated from a normal distribution with no added 

variance (i.e., standard deviation = 0). The initial mean direction/orientation was 

lowered to ±10˚ from vertical (instead of ±30˚ used in Chapter 3) as the 

direction/orientation discrimination threshold at the no noise condition was found to 

be around 2˚– 8˚. The mean direction/orientation offset was manipulated based on 

the 3:1 staircase as in the previous experiments (Figure 5.1). In high noise 

conditions, the variable was the added external noise instead of the direction offset 

from vertical as in the no noise condition. The external noise was manipulated by 

changing the standard deviation of the normal distribution based on a 3:1 

staircase, with the mean remaining constant at a defined offset from the vertical. 

As the aim was to measure the maximum tolerable variance at the predetermined 

direction/orientation offset angles, the variance of the distribution which was 

initially set at 10˚ was increased with three consecutive correct responses to make 

the task more difficult and decreased with an incorrect response to make the task 

easier (the direction of the staircase was, therefore, opposite to the no noise 

condition) - Figure 5.1. The range of added external noise (variance) could vary 

between 0.01˚ to 120˚ in the pilot study and between 0.01˚ to 64˚ in the main 

validation study.  
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Figure 5.1: Schematic representation of the quick method. 

At the no noise condition (here the distribution of standard deviation of one is used for illustrative 
purpose) the variance of the distribution from which direction/orientation of the RDK/Glass pattern 
was generated was fixed at zero with the offset from vertical (mean of the distribution) changing 
between the trials depending on the participant’s response. At the high noise condition, the offset 

from the vertical is fixed (8˚ for the highest noise condition here) and the variance is changed 
based on the participant’s response. 

For the pilot study, six observers (33.5 ± 8.04 years) with normal or corrected to 

normal visual acuity participated to complete three experimental sessions for both 

RDK and Glass patterns. The variance thresholds were measured (high noise) at 

the offset angles (from vertical) of 5˚ and 10˚ for the direction of motion in RDK 

while the offset angles of 15˚ and 20˚ were used for the orientation discrimination 

in the Glass pattern. These values were selected based on the results of the 

previous experiments that showed that the discrimination thresholds at high noise 

ranged between 5˚ and 10˚ for the direction of motion in an RDK and between 15˚ 

to 20˚ for the orientation in a Glass pattern (section 3.1). Three conditions (one no 
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noise and two high noise conditions) were then evaluated with interleaved 3:1 

staircases. The properties of staircases were as defined in the general methods 

(Section 2.4). Two runs of practice sessions with ten trials for each condition were 

carried out before the main experiment. In the main experiment, each staircase 

terminated after ten reversals or 100 trials whichever came first. Discrimination 

thresholds were then determined as the geometrical mean of the last seven 

reversals and the reliability of the results was assessed with psychometric function 

fits of the raw data. 

5.2.2 Results 
 

The results showed that measuring the variance thresholds at pre-determined 

direction/orientation angles was a viable method. The measured 

direction/orientation variance thresholds at fixed discrimination angles showed the 

expected result of an increase in tolerable variance at larger direction/orientation 

offset (Figure 5.2 and 5.3). There were individual differences among the observers 

for variance thresholds at the high noise condition. For the direction discrimination, 

the tolerable variance at a 5˚ offset angle ranged from 28˚ (RB and MA) to 67˚ 

(RW). Similarly, for the orientation discrimination the tolerable variance at 15˚ was 

between 10˚ (MA) to 44˚ (MP). At the larger offset (10˚ for direction discrimination, 

20˚ for the orientation discrimination), the variance thresholds were mostly similar 

to the lower offset angles (5˚ and 10˚ for direction and orientation respectively). 

When the angular offset from the vertical was set at 45˚ as used in other studies 

(Manning et al., 2014; Tibber et al., 2014), the task no longer seemed to resemble 

that of discriminating direction/orientation angle from the vertical.      
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Figure 5.2: The mean direction discrimination threshold at no noise 
condition and variance threshold at high noise conditions. 

The offset from vertical for high noise conditions were set at 5˚ and 10˚ angles. The vertical (for no 
noise condition) and horizontal (for high noise condition) error bars represent ± 1standard 
deviation. 

 

 

 

 



 

146 
 

 

 
Figure 5.3: The mean orientation discrimination threshold at no noise 
condition and variance threshold at high noise conditions. 

The offset from vertical for high noise conditions were set at 15˚ and 20˚ angles. The vertical (for no 
noise condition) and horizontal (for high noise condition) error bars represent ± 1standard 
deviation. 

5.3 Main validation study 

5.3.1 Methods 
 

The stimulus parameters were the same as described for the pilot study. The 

validation experiment was carried out to compare the results from the quick 

method with the established method of measuring thresholds at different levels of 

added external noise. The results from the pilot study showed that the tolerable 

variance for both functions varied among observers and evaluating the variance 

threshold at a fixed direction/orientation angles may not target the desired high 
noise levels. Hence the direction/orientation angles for the evaluation of the 
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tolerable variance threshold for this experiment were set at two times (high noise I) 
and four times (high noise II) of the threshold measured for the no noise condition. 

     

Five observers (35.8±9.31 years) with normal or corrected to normal visual acuity 

completed five sessions of the experiment each for the direction of motion 

discrimination (RDK) and orientation discrimination (Glass pattern). The validation 

experiment included two designs; recording the direction/orientation discrimination 

thresholds at five levels of variable external noise (TvN method) and determining 

the tolerable external noise at two different direction/orientation discrimination 

angles (quick method). For the TvN method, the external noise (variance) of 0˚, 

15˚, 20˚, 30˚ and 40˚ were used. For the quick method, the direction/orientation 

discrimination threshold for the no noise condition was initially determined in a 

separate experiment. The 2x (high noise I) and 4x (high noise II) multiples of this 

threshold were then used as the direction/orientation offset angles to determine 

the tolerable variance thresholds. A total of seven conditions, five TvN and two 

quick, were evaluated with interleaved 3:1 staircases with similar parameters as 

described for the pilot experiment. Observers first completed two practice sessions 

with ten trials for each condition before the main experiment in which the staircase 

terminated after ten reversals or 100 trials whichever came first. Thresholds were 

then determined as the geometrical mean of the last seven reversals.  

5.3.2 Results 
 

The results from the five sessions of TvN experiment showed that the 

discrimination thresholds were constant at lower levels of external noise and 

increased at higher noise levels for both RDK and Glass pattern. The thresholds 

from the quick method also showed a similar trend. Figure 5.4 and 5.5 shows the 

results from five individual observers and the mean data for RDK and Glass 

patterns respectively. As can be seen from figure 5.4, the variance thresholds 

(targeting high noise) from the quick method at the predefined direction/orientation 

angles were similar to that of the thresholds from the conventional TvN method for 

all observers for both the RDK and Glass patterns.  
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Figure 5.4: The direction discrimination thresholds from threshold vs noise 
method (TvN) and quick method (quick) for five observers and average data. 

The shaded area represents one standard deviation from mean of the TvN thresholds and the error 
bar represents ± 1standard deviation for thresholds measured from the quick method. 
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Figure 5.5: The orientation discrimination thresholds from threshold vs. 
noise method (TvN) and quick method (quick) for five observers and average 
data. 

The shaded area represents one standard deviation from mean of the TvN thresholds and the error 
bar represents ±1standard deviation for thresholds measured from the quick method. 
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The external noise levels and direction/orientation discrimination thresholds from 

each method were then used to fit the linear model of the equivalent noise 

paradigm. We further evaluated the validity of the quick method with nested 

modelling on the mean data. The full model was fitted with independent internal 

equivalent noise (σeq) and sampling efficiency (Eff) parameters for TvN and quick 

methods while the simplest model consisted of one internal equivalent noise and 

sampling efficiency for both methods (Figure 5.6 and 5.7). The statistical analysis 

on the goodness of fit showed no significant difference in the reliability of the fit 

with the simplest model as compared to the full model for both the direction 

discrimination [F(2,3) = 1.43, p > 0.1] and orientation discrimination [F(2,3) = 3.08, 

p > 0.1] thresholds.  

 

 
Figure 5.6: Nested models for the mean direction discrimination thresholds 
for TvN and quick methods. 

The panels represent the full model (A) and simplest reduced model (B). The TvN curves in each 
panel relate the offset thresholds and variance thresholds to independent values of internal noise 
(σeq) and sampling efficiency (Eff). The best fitting parameters and the goodness of fit (r2) of each 
model is also provided. Error bars are omitted for a better presentation.     

(A) (B) 
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Figure 5.7: Nested models for the mean orientation discrimination 
thresholds for TvN and quick methods. 

The panels represent the full model (A) and simplest reduced model (B). The TvN curves in each 
panel relate the offset thresholds and variance thresholds to independent values of internal noise 
(σeq) and sampling efficiency (Eff). The best fitting parameters and the goodness of fit (r2) of each 
model is also provided. Error bars are omitted for a better presentation.     
 

5.4 Discussion 
 

In this study, we provided evidence of equivalence in the quality of data obtained 

from the simplified data collection method in the motion and form domain. We 

simplified the data collection procedure to estimate the TvN curve by measuring 

thresholds at three levels of noise (one no noise and two high noises) instead of 7- 

8 noise levels in the classical method. This effectively reduced the experiment time 

by more than half. Observers were able to complete a session within 4 - 5 minutes 

without sacrificing the precision of threshold estimation, while it would have taken 

10 to 15 minutes with the conventional method employed in previous experiments 

(Chapter 3 and 4).  

The main modification was to measure the variance thresholds at two 

direction/orientation offsets to target the high noise points. In the current task 

discriminating the mean direction/orientation becomes easier as the directional 

(A) (B) 
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offset from the vertical is increased. Hence for a larger directional/orientation 

offset, observers should be able to tolerate higher levels of external noise. 

Therefore, measuring the maximum tolerable noise threshold at larger directional 

offsets should theoretically provide a similar result as measuring the 

directional/orientation offset thresholds at high noise levels. Our results showed 

that both methods predict similar results in the motion and orientation domains. 

A similar method has been proposed to expedite the measurement of the TvN 

curve by measuring the directional threshold at a no noise condition and a 

tolerable variance threshold at a directional offset of 45˚ (Manning et al., 2014; 

Tibber et al., 2014). When the direction variance threshold is measured at a large 

directional offset such as 45˚, the stimulus wrap (for example, the direction of 0˚ 

and 360˚ is same with regard to motion) and the variance threshold obtained may 

not be accurate (Manning et al., 2014; Tibber et al., 2014). The study then used 

Monte Carlo simulation of a model observer’s performance over a range of 

external noise to overcome stimulus wrapping. The simulation predicted the 

relationship to determine the sampling efficiency parameter using only the 

maximum tolerable noise obtained at the directional offset of 45˚. The internal 

noise factor was subsequently determined with the discrimination thresholds at the 

no noise condition and the efficiency parameter. The method was also adapted to 

the orientation domain using stimuli composed of multiple Gabor patches with the 

high noise point investigated at an orientation offset of 22.5˚ from vertical (Tibber 
et al., 2014). When we evaluated the direction variance threshold at the high 

directional offset of 45˚ the task no longer resembled that of direction offset 

discrimination from the vertical instead it seemed more akin to a task which 

differentiated motion along the horizontal plane. Hence we used lower directional 

offset based on the observer’s threshold at the no noise condition. The 

direction/orientation thresholds in the no noise condition ranged from 2˚ - 6˚ in our 

previous experiments (Chapter 3), hence we used 2x and 4x the threshold in the 

no noise condition to evaluate the variance threshold. At these levels of 

direction/orientation offset (range of 4˚ - 24˚ from vertical), the effect of stimulus 

wrap would be minimal and the threshold obtained can be used to fit the TvN 

curve using traditional modelling methods. Our validation results employing the 

nested modelling further demonstrated that the LAM parameters generated from 
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both the quick and TvN methods are similar for both direction and orientation 

discrimination. 

In the current study, we evaluated a method to minimise data collection without 

sacrificing the quality of the data when estimating the TvN curve in the both motion 

and form domains. This was achieved by measuring the variance threshold at pre-

determined direction/orientation offsets from vertical and the direction/orientation 

offset threshold in a no noise condition. The method provided equivalent results in 

less than half the time that would be required when employing conventional 

methods. This faster method can, therefore, be applied more readily to clinical 

populations to help establish the role of local and global processing limits in our 

understanding of the neural basis of coherent visual perception. The ready 

application of an equivalent noise paradigm in a clinical population will 

subsequently shed light on the mechanisms by which an abnormal visual system 

then integrates local information to form the global percept in our cluttered 

everyday visual environment. 
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 Concurrent investigation of dorsal and ventral 6.0
stream visual processing in amblyopia: an 
equivalent noise approach  
 

6.1 Introduction  

Amblyopia is a neurodevelopmental disorder manifested as a monocular/binocular 

reduction in vision in the absence of any organic cause. The condition is most 

commonly associated with strabismus, anisometropia or visual deprivation during 

the early developmental years. The decorrelated inputs from misaligned visual 

axes in strabismus or a blurred image from one eye in anisometropia result in 

inadequate stimulation of the affected eye that hinders the normal development of 

the visual system.  

Early animal models reported abnormal retinal ganglion cells in amblyopic cats 

(Ikeda, 1980). The functional receptive fields of cats’ central fovea were enlarged 

mimicking that of a normal retinal periphery (Ikeda, 1980). However, subsequent 

study ruled out such deficits in retinal ganglion cells (Cleland et al., 1982). The 

retinotopic representation of the central visual field from the amblyopic eye in 

humans is reported to be only minimally altered at V1 and extra striate areas (Li et 
al., 2007).  The LGN responses are also reduced in amblyopia, however, these 

reductions are in part modulated by the feedback responses from the striate cortex 

(Barnes et al., 2010). Hence the contribution of retinal and LGN abnormalities to 

the functional deficit in amblyopia has remained controversial (Hess, 2001).  

The primary site of the deficit in amblyopia appears to be the striate cortex (Wiesel 

and Hubel, 1963b; Wiesel and Hubel, 1965; Movshon et al., 1987; Kiorpes and 

Movshon, 1996; Hess, 2001; Kiorpes, 2006). The abnormalities in striate cortex 

(V1) which include the disruption of the ocular dominance columns and a reduced 

number of neurones driven by amblyopic eye was first reported by Hubel and 

Wiesel in cats with surgically induced strabismus (Wiesel and Hubel, 1963b; 

Wiesel and Hubel, 1965), similar results have also been reported in macaques 

(Movshon et al., 1987; Kiorpes, 2006). These changes lead to a shift of the ocular 

dominance columns to the fellow eye resulting in an inhibition of the amblyopic eye 

(Joly and Frankó, 2014). The neurones in area V2 also show similar changes to 

that of V1 (Bi et al., 2011).  
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The magnitude of the physiological visual deficit measured from the neurones 

driven by amblyopic eyes in primary visual cortex of amblyopic monkeys is lower 

than the behavioural deficit (Kiorpes et al., 1998; Kiorpes and Movshon, 2004; 

Kiorpes, 2006; Levi, 2006; Bi et al., 2011). Subsequent studies have reported 

neuronal abnormalities across a range of extra striate cortical areas along both 

dorsal (El-Shamayleh et al., 2010; Thompson et al., 2012) and ventral streams 

(Movshon et al., 1987; Lerner et al., 2003; Muckli et al., 2006). Area MT along the 

dorsal stream is appears mostly activated by the fellow eye with a behavioural loss 

in global motion perception closely resembling the pooled loss from the neurones 

driven by the amblyopic eye in the macaques (El-Shamayleh et al., 2010). 

Similarly,  the responses from the motion areas MT and MST in response to plaid 

stimuli are reported to be reduced in amblyopia  (Thompson et al., 2012) and 

during the visual tracking of moving targets (Secen et al., 2011). El-Shamayleh et 
al. (2010) also reported that the neuronal response in area MT was inadequate to 

account for the behavioural loss of motion sensitivity and that the amblyopic 

deficits could extend to even higher areas along the dorsal stream. Similarly along 

the ventral stream, the activation of V4 neurones from the amblyopic eye is 

reduced with responses mostly driven by the fellow eye (Movshon et al., 1987). 

fMRI stimulation from the amblyopic eye in response to simple sinusoidal grating is 

progressively reduced along the higher ventral stream areas of V4 and LO 

complex compared to V1/V2 (Muckli et al., 2006). The responses from these 

higher ventral stream areas are also reduced when evaluated with complex form 

stimuli such as line drawings (Lerner et al., 2006) and faces (Lerner et al., 2003). 

The deficits in the higher extra striate areas are associated with V1/V2 

abnormalities suggesting that the deficits might only be an upstream manifestation 

of changes at lower levels. However, more recent studies have found that the 

extra striate deficits in amblyopia are independent of (Li et al., 2012) or even occur 

in the absence (Muckli et al., 2006) of the more traditional lower level deficits at V1 

and V2.  

Behavioural studies in humans have also reported reduced sensitivity to various 

visual functions in amblyopia. While the clinical diagnosis of amblyopia is made 

mostly based on the loss of visual acuity and contrast sensitivity, other functions 

such as stereoacuity (Wallace et al., 2011), vernier acuity (Levi and Klein, 1985) 

are also reduced in varying degree depending upon the type of amblyopia (Hamm 
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et al., 2014). The sensitivity to global perceptual tasks processed at higher cortical 

areas of the dorsal and ventral streams are also reduced in amblyopia (Ellemberg 
et al., 2002; Simmers et al., 2003b; Simmers and Bex, 2004; Simmers et al., 2005; 

Mansouri and Hess, 2006; Simmers et al., 2006b; Husk and Hess, 2013).  

Different neural theories have been proposed for the multitude of visual deficits 

observed in amblyopia. The under sampling theory suggests that the receptive 

field size of the neurones processing the central visual field in amblyopia 

resembles that of the normal peripheral retina containing cells with a larger 

receptive field (Levi and Klein, 1985). This results in under sampling of information 

from the central field leading to positional uncertainties and temporal instabilities. 

Instead of the under sampling, the neural disarray theory suggests that the 

amblyopic deficits are a result of topographical disorganisation of the retinotopic 

map due to the stimulation of non-corresponding areas of visual space by two 

disparate images (Hess and Field, 1994). More recently the amblyopic deficits are 

being explored with the consideration of noise in contrast (Levi et al., 2008)  as 

well as motion and form domains (Hess et al., 2006; Mansouri and Hess, 2006; 

Husk and Hess, 2013).  

The dorsal stream in amblyopia has been investigated frequently with RDKs by 

measuring motion coherence thresholds as an index of global motion sensitivity 

(Figure 4.1). These studies report reduced sensitivities to global translation, 

rotation and radial motion that persist even after the contributions from V1/V2 are 

accounted for in terms of loss of sensitivity to spatial frequencies and contrast in 

anisometropic and strabismic amblyopia (Simmers et al., 2003b; Simmers et al., 
2006b; Aaen-Stockdale et al., 2007; Aaen-Stockdale and Hess, 2008). These 

motion coherence deficits appear to extend to the higher extrastriate areas of the 

dorsal stream (MT, MST and beyond) for the amblyopic as well as fellow eye 

(Simmers et al., 2003b; Simmers et al., 2006b). Another method to study global 

motion is with a task in which directions of individual dots in a translational RDK 

are derived from a standard Gaussian distribution with a varying degree of 

variance to manipulate the level of noise in the overall direction – an equivalent 

noise task. In such a task, the most efficient way to calculate the overall direction 

is suggested to be by integrating the individual directions of motion dots. Studies 

that have used this task have reported normal direction discrimination threshold for 

amblyopes (Mansouri and Hess, 2006). Amblyopes also performed normally in a 
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task that required integration of direction of the motion of plaid components 

(Thompson et al., 2008a). These studies suggested that the normal findings on 

global fine motion discrimination tasks (using equivalent noise method)  was due 

to the global integration ability being normal in amblyopes while the abnormal 

global motion sensitivity from the coherence threshold paradigm was due to the 

inability of the amblyopes to segregate the noise dots from the signal dots (Hess et 
al., 2006; Mansouri and Hess, 2006). 

Global form processing along the ventral stream in amblyopia has also been 

extensively evaluated with different stimuli such as line segments (Simmers et al., 
2005), radial frequency patterns (Dallala et al., 2010), Gabor elements (Mansouri 

and Hess, 2006; Husk and Hess, 2013) and Glass patterns (Lewis et al., 2002; 

Rislove et al., 2010) - Figure 4.1. The studies that employed the coherence 

threshold paradigm using line segments and Glass patterns reported abnormal 

global form coherence thresholds for translational and rotational patterns (Lewis et 
al., 2002; Simmers et al., 2005; Rislove et al., 2010). These deficits were observed 

for both amblyopic and fellow eyes in anisometropic (Simmers et al., 2005), 

strabismic (Rislove et al., 2010) and deprivation (Lewis et al., 2002) amblyopia.  

    

  

 

 
 

Figure 6.1: Common stimuli used to evaluate global motion (A) and global 
form (B) perception in amblyopia. 

Adapted from Hamm et al., (2014) 

(A) (B) 
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However, for a fine global orientation task that relies on the integration of 

elements, the results are varied. The mean global orientation offset threshold from 

the array of Gabor patches is reported to be normal (Mansouri and Hess, 2006), 

slightly reduced (Husk and Hess, 2013) or abnormal (Simmers and Bex, 2004) in 

the amblyopic and fellow eyes of anisometropic and strabismic amblyopes. In 

other studies using radial frequency patterns, the subsumed integration 

performance is reported to be abnormal (Dallala et al., 2010; Subramanian et al., 
2012).  Moreover, some of the strabismic amblyopes were unable to reliably detect 

the coherent translational Glass pattern (Anderson and Swettenham, 2006; 

Rislove et al., 2010), where the fundamental task is integration in the absence of 

noise elements. Other global integrative tasks that use inputs from both the motion 

and form domain such as structure from motion is reported to be abnormal in 

amblyopia (Hayward et al., 2011; Husk et al., 2012); while biological motion 

perception, which also relies on the inputs from both domains is mostly preserved 

(Hamm et al., 2014). Therefore the reported abnormalities in the global processing 

of motion and form along the higher extra striate areas vary significantly 

depending upon the task and stimulus.  

Several reviews of global motion and form perception in a range of developmental 

disorders (Braddick et al., 2003; Grinter et al., 2010) including amblyopia 

(Simmers et al., 2003b; Simmers et al., 2005) indicate that dorsal stream functions 

are more affected than those of the ventral stream. The direct comparison of the 

two streams, however, can only be made using a common experimental stimulus 

that shares the same parameters except for the domain specific outputs of 

interest. For example, Simmers et al., (2003, 2005) used a stimulus set to 

measure global coherence thresholds in motion and form where the motion 

stimulus was translational RDKs and the form stimulus was a still image of 

oriented streaks captured frame by frame from a respective translational RDK. 

Using this stimulus set, they reported deficits along both streams, with a relatively 

larger deficit in the dorsal stream compared to the ventral stream. Similarly, 

Mansouri and Hess (2006) employed moving micro patterns and static Gabor 

patches in direction and orientation integration tasks respectively. The task was to 

determine the mean direction/orientation offset from the vertical in the presence of 

direction and orientation noise. They reported no difference in the performance of 

amblyopes compared to the normal but their results were not directly comparable. 
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As described earlier (General Methods, Chapter 2), there are limitations in the 

stimuli used by these studies (Simmers et al., 2003b; Simmers et al., 2005; 

Mansouri and Hess, 2006) for the concurrent evaluation of motion and form 

perception. Briefly, the orientation streaks used by Simmers et al., (2003, 2005) 

looked no different from line segments where the global integration of local 

elements does not seem necessary to do the task. The stimuli used by Mansouri 

and Hess (2006) were physically different making it difficult to directly compare the 

results from two streams. 

In the current study, we measure similar outputs, which are thought to share 

common processing mechanisms along the early, shared areas in the dorsal and 

ventral streams and probe differences (or commonalities) in global processing 

assumed in the higher regions of the respective streams. The findings from the 

studies employing the global coherence threshold paradigm almost unanimously 

report deficits in both motion and form perception in amblyopia. However, the 

findings for global motion and form processing using fine direction/orientation 

discrimination tasks are not very clear. What is evident is that measuring 

coherence thresholds cannot separate the local and global limitations of the 

processing mechanisms occurring at the early visual areas (V1 and V2) and the 

extra striate areas. However, measuring the direction/orientation thresholds at 

varying levels of noise, using the equivalent noise paradigm, can separate the 

effects of local and global processing mechanisms. Hence we propose evaluating 

the global motion and form processing in amblyopia using identical stimuli based 

on the equivalent noise paradigm. The results will provide comparable data along 

the two streams and parse out the influence of local and global processing 

mechanisms in each stream. 

6.2 Experiment 1: Fine direction and orientation 
discrimination in anisometropic amblyopia 

6.2.1 Methods 

6.2.1.1 Stimuli and procedure 
 

The quick method (Chapter 5) was used for the evaluation of motion and form 

processing in amblyopia. The RDK and Glass pattern stimuli were similar to that 

used in the previous study (Chapter 5). The dot size was increased from 0.083° to 
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0.166° to facilitate the viewing of the dot elements for the amblyopic participants. 

The dipole distance for the Glass pattern was also altered accordingly, increased 

from 0.133˚ to 0.266˚. Other physical parameters, stimulus presentation and data 

collection methods were the same as that used for the quick method (Chapter 5). 

Briefly, the direction/orientation of the RDK/Glass pattern elements were derived 

from a standard Gaussian distribution with prescribed mean and standard 

deviation. The means of the distribution were set at defined angles from the 

vertical (90˚) with varying standard deviation introducing external noise to the 

stimulus. The fine direction/orientation discrimination thresholds (offset from 

vertical) were first determined at no noise condition (zero variance) in a separate 

experiment. The multiples (2x, high noise I and 4x, high noise II) of this 

direction/orientation offset threshold were then used to evaluate the variance 

(noise) threshold targeting the high noise conditions in the main experiment. The 

experiment hence contained a staircase for the direction/orientation offset 

threshold at the no noise condition that was interleaved with two staircases for the 

variance threshold (high Noise I and II) at the pre-determined direction/orientation 

offsets. The staircase for the no noise condition started with the mean direction of 

±10˚ away from the vertical while the staircases for the variance threshold (high 
noise I and II) at predetermined offset angles started with a variance of 10˚. The 

directional offset from vertical decreased for the no noise condition with three 

correct responses and increased with an incorrect response. The variance for the 

other two staircases in the high noise conditions increased after three correct 

responses as the aim was to determine maximum tolerable noise at a fixed 

direction/orientation offset. All staircases terminated after ten reversals or 100 

trials, whichever was reached first. The thresholds were then calculated as the 

geometrical mean of the last seven reversals. The raw thresholds were also used 

to fit the psychometric function for each observer to analyse the reliability of 

participant's responses. All participants completed two practice runs of the 

experiment containing only 15 trials for each condition (no noise, high noise I and 
II). Upon the satisfactory completion of the practice session, the full experiment 

was conducted. 
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6.2.1.2 Participants 

The criterion for the diagnosis of amblyopia was an interocular difference in acuity 

(IOD) of ≥ 0.2 log MAR units or a past history of amblyopia treatment. All 

participants underwent the following screening tests (details in General Methods, 

2.2.1).  

x Visual acuity with modified log MAR chart 

x Stereoacuity with Frisby near stereo test 

x Sensory fusion with Bagolini Glasses 

x Cover test 

Eight anisometropic amblyopes (mean age = 19.38 ±2.00 years) and six visually 

normal participants (mean age = 29.00 ±2.75 years) were recruited for experiment 

1 (Table 6.1). Both groups of participants completed the experiments monocularly 

with the best refractive correction in place; amblyopic eye and fellow eye for 

amblyopes, non-dominant and dominant eye for the normal controls. The eye 

dominance in normal controls was determined with the hole in a card test. 



 

162 
 

 
 
 
 

 

 

 

 

 

 

 

 

 
Table 6.1: The clinical details of the anisometropic amblyopes and normal participants.  

 

ID 
Age 
(yr.) 

Visual 
Acuity Refraction Binocularity Cover Test 

Stereo 
(sec of arc) 

Treatment 
History 

 Amblyopes  RE LE RE LE        
KW 18 0.1 0 -6.25/-1.25*170 -6.50/-1.50*180 Present Exophoria 20 Patching 
RK 19 0.2 -0.02 +1.75/-1.00*180 0 Present Exophoria 85 None 
LC 18 -0.2 -0.06 +3.75/-1.00*170 +5.25/-1.25*180 Present Exophoria 36 Patching 
HM 18 0.18 0 -2.75/-3.00*180 -2.25/-1.75*10 Present Exophoria 75 None 
MR 20 0.26 0.1 +6.00/-3.75*10 +5.25/-3.25*180 Present Esophoria 100 Patching 
LS 19 0.2 -0.2 +5.25/-0.50*105 +3.50/-0.50*105 Present Esophoria No Patching 
MI 19 0 0.2 -3.50/-.050*60 -8.50/-1.50*140 Present Exophoria 40 Patching 
HMc 24 -0.14 0.12 -0.25 +1.00/-1.00*90 Present Exophoria 20 None 
Normal          

AM 28 0 0 -0.50/-0.50*180 -0.50/-0.75*120 Present Exophoria 30  

MA 31 0 0 -0.25 -0.25*180 Present Orthophoria 20  

MP 27 0.06 0.06 -2.75/-0.75*166 -3.00/-2.25*178 Present  Exophoria 20  

SA 32 -0.1 -0.1 -0.50 -0.50 Present Exophoria 30  

AL 25 -0.06 -0.1 -3.25/-0.50*90 -3.50/-0.75*5 Present Exophoria 20  

MJ 31 0 0 -1.00 -1.00 Present Exophoria 30  
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6.2.2 Results:  

6.2.2.1 Direction/orientation discrimination in normal controls  
 

The mean direction offset and direction variance thresholds for dominant eye and 

non-dominant eye were similar across all noise levels for normal participants 

(Figure 6.2). The orientation discrimination thresholds also followed a similar 

pattern (Figure 6.3). Overall the orientation discrimination thresholds (Glass) were 

consistently higher compared to the direction discrimination thresholds (RDK) 

irrespective of the noise levels; Figure 6.4 shows the results from both eyes 

combined.  

 
 No Noise  High Noise I (x at y) High Noise II (x at y) 
dominant 1.71˚ (1.02˚) 21.71˚ (8.61˚) at 3.88˚ (1.04˚) 29.65˚ (9.94˚) at 7.78˚ (2.09˚) 
non-dominant 2.53˚ (2.19˚) 23.58˚ (9.64˚) at 4.03˚ (1.11˚) 27.98˚ (8.80˚) at 8.07˚ (2.23˚) 

 

Figure 6.2: The mean direction offset/variance threshold for normal controls. 

The thresholds are presented for dominant eye (red squares) and non-dominant eye (black 
squares), the error bars represent ± 1standard deviation. The attached table shows the mean 
direction/variance thresholds for no noise, high noise I and high noise II. The values in parenthesis 
represent the standard deviation. 
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 No Noise High Noise I (x at y) High Noise II (x at y) 
Dominant 3.87˚ (5.21˚) 14.92˚ (7.96˚) at 9.12˚ (5.52˚) 26.58˚ (10.13˚) at 16.87˚ (7.97) 
Non-dominant 5.08˚ (3.99˚) 15.83˚ (9.70˚) at 8.03˚ (4.35˚) 23.29˚ (12.22˚) at 15.20˚(6.11˚) 

 

Figure 6.3: The mean orientation offset/variance threshold for normal 
controls. 

The thresholds are presented for dominant eye (red circles) and non-dominant eye (black circles), 
the error bars represent ± 1standard deviation. The attached table shows the mean 
direction/variance thresholds for no noise, high noise I and high noise II. The values in parenthesis 
represent the standard deviation. 
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Figure 6.4: The mean orientation discrimination (Glass) and direction 
discrimination (RDK) thresholds for the normal participants.  

The data points for Glass and RDK are mean data with dominant and non-dominant eyes 
collapsed. The error bars represent ± 1standard deviation. 

6.2.2.2 Direction/orientation discrimination in anisometropic 
amblyopes 
 

The thresholds for dominant and non-dominant eyes were collapsed (normal eye 

here forward) and compared to the thresholds from amblyopic participants. The 

mean direction offset/variance thresholds were similar for the fellow eye, 

amblyopic eye and normal eye at all noise levels (Figure 6.5).  The average 

orientation discrimination thresholds also followed a similar pattern with no 

difference between the fellow, amblyopic and normal eyes (Figure 6.6).   
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 No Noise High Noise I (x at y) High Noise II (x at y) 
Aniso  2.69˚ (0.58˚) 19.20˚ (8.80˚) at 5.76˚ (1.20˚) 30.38˚ (10.04˚) at 11.52˚ (2.41˚) 
Fellow  2.55˚ (1.59˚) 15.88˚ (4.70˚) at 4.03˚ (0.96˚) 24.68˚ (6.37˚) at 7.87˚ (2.09˚) 
Normal 2.12 (1.61) 22.65 (9.13) at 3.97 (1.08) 28.82 (9.37) at 7.92 (2.16) 

 

Figure 6.5: The mean direction offset/variance threshold for anisometropic 
amblyopic and normal participants. 

The thresholds are presented for anisometropic amblyopic eye (red squares), fellow eye (black 
squares) and normal eye (blue squares), the error bars represent ± 1standard deviation.  The 
attached table shows the mean direction/variance thresholds for no noise, high noise I and high 
noise II. The values in parenthesis represent the standard deviation. 
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 No Noise High Noise I (x at y) High Noise II (x at y) 
Aniso  4.35 (3.50) 21.04 (9.76) at 11.74 (6.61) 26.21 (8.06) at 21.36 (8.11) 
Fellow  3.82 (2.62) 17.09 (13.06) at 10.38 (6.53) 24.21 (11.13) at 19.55 (8.27) 
Normal 4.47 (4.60) 15.38 (8.83) at 8.58 (4.93) 24.93 (11.17) at 16.03 (7.04) 

 
Figure 6.6: The mean orientation offset/variance threshold for anisometropic 
amblyopic and normal participants. 

The thresholds are presented for anisometropic amblyopic eye (red circles), fellow eye (black 
circles) and normal eye (blue circles), the error bars represent ± 1standard deviation.  The attached 
table shows the mean orientation/variance thresholds for no noise, high noise I and high noise II. 
The values in parenthesis represent the standard deviation. 

The direction/orientation offset thresholds were measured at a fixed no noise 

condition but the variance thresholds for high noise conditions were measured at 

varying direction/orientation offset angles based on the initial direction/orientation 

thresholds with the no noise condition. As both direction/orientation offset 

thresholds and direction/orientation variance thresholds differed with the eye being 

evaluated and type of stimuli, both were treated as dependent variables. The 

performance of normal and amblyopic participants was then evaluated with the 

MANOVA.  

The log direction/orientation offset and noise (levels of variance) were treated as 

dependent variables while eyes (four levels; dominant, non-dominant, fellow and 
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amblyopic) and stimulus type (two levels; RDK and Glass) were considered as 

between subject factors. Box’s test of equality of covariance matrices showed that 

covariance of the dependent variable was significantly different between the 

groups (M = 63.98, F = 2.98, p < 0.001). However, when the sample size across 

different groups are similar, the Pillai’s trace (V) is robust against the violation of 

equality of covariance matrices assumption for MANOVA analysis (Tabachnick 

and Fidell, 2001). 

Levene’s test of equality of variance showed that the variance of dependent 

variables was similar across the groups for both noise [F(7,325) = 0.07, p > 0.05] 

and direction/orientation offsets  [F(7,325) = 1.99, p > 0.05]. The between subject 

tests revealed a significant effect of stimulus type on the direction/orientation offset 

[F(1, 332 ) = 75.94, p < 0.001] but not on the noise [F(1,332) = 0.04, p > 0.05]. The 

effect of eye on noise [F(3,332) = 0.01, p > 0.05] was not significant while the 

effect of eye on direction/orientation offsets [F(3,332) = 2.68, p = 0.05] were 

borderline. The interaction of eye and stimulus type on noise [F(3,332) = 0.016, p 

> 0.05] and direction/orientation offsets [F(3,332) = 0.33, p > 0.05] were not 

significant.  

Pairwise comparison of eye after Bonferroni correction showed no significant 

difference between the fellow, amblyopic, dominant and non-dominant eye on both 

noise and direction/orientation offset (p > 0.05), with the comparison between the 

amblyopic eye and dominant eye for direction/orientation offset being borderline (p 

= 0.05). The pairwise analysis of stimulus type showed significantly high 

orientation offset thresholds for Glass pattern compared to the direction offset 

threshold for RDK (p < 0.001) with no significant difference between the noise 

levels (p > 0.05).  

As the thresholds between the fellow eye and amblyopic eye were similar, the data 

were collapsed over the eyes to compare the thresholds for direction 

discrimination (RDK) with orientation discrimination (Glass). The results showed 

that the thresholds for Glass were higher than the RDK at all noise levels (Figure 

6.7). 
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Figure 6.7: The mean orientation discrimination (Glass) and direction 
discrimination (RDK) thresholds for the amblyopic participants. 

The data points for Glass and RDK are mean data with the amblyopic and fellow eyes collapsed. 
The error bars represent ± 1standard deviation. 

6.2.2.3 Equivalent noise fit analysis with nested modelling in 
anisometropic amblyopes 
 

The direction/orientation offset thresholds and the noise (levels of variance) 

thresholds were then used to fit the linear equivalent noise model for each group 

of participants to evaluate if no difference in thresholds was related to internal 

equivalent noise or sampling efficiency parameters. The thresholds (normal, fellow 

and amblyopic eyes) were fitted with nested models containing different numbers 

of parameters, and the goodness-of-fits were statistically evaluated. Figure 6.8 

shows the mean direction offset and direction noise data fitted to the equivalent 

noise paradigm for full and reduced models with different numbers of free 

parameters. The goodness of fit (r2) for all reduced models (r2 > 0.85) were similar 

to the full-model (r2 = 0.93); one σeq and three Eff  [F(2,3) = 0.06, p > 0.1], three 

σeq and one Eff  [F(2,3) = 1.03, p > 0.1], and one σeq and one Eff  [F(4,3) = 0.74, p 

> 0.1]. The fit with the least number of parameters was then chosen as the 
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statistically the best model to represent the threshold data, i.e., the model with 

both σeq and Eff constrained across the eyes. 

 

Figure 6.8: Nested models for the mean direction discrimination threshold 
data for the normal and anisometropic amblyopic participants. 

The models relate the direction offset thresholds and variance to different values of internal noise 
and sampling efficiency. The model with both parameters constrained across normal, fellow and 
amblyopic eyes (bottom right section) was statistically the best model to represent the threshold 
data. The best fitting parameters (σeq and Eff) and the goodness of fit (r2) of each model is also 
provided.  

Similarly, figure 6.9 shows the mean orientation offset and orientation noise data 

fitted to the equivalent noise paradigm for full models and reduced models with 

different numbers of free parameters. The goodness of fit (r2) for all reduced 

models (r2 > 0.94) were similar to the full-model (r2 = 0.96); one σeq and three Eff  
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[F(2,3) = 0.32, p > 0.1], three σeq and one Eff  [F(2,3) = 0.36, p > 0.1], and one σeq 

and one Eff  [F(4,3) = 0.90, p > 0.1]. The model with both σeq and Eff constrained 

across both groups of participants was hence chosen as statistically the best 

model to represent the threshold data. 

 

Figure 6.9: Nested models for the mean orientation discrimination threshold 
data for the normal and anisometropic amblyopic participants. 

The models relate the direction offset thresholds and variance to different values of internal noise 
and sampling efficiency. The model with both parameters constrained across the normal and 
amblyopic participants (bottom right section) was statistically the best model to represent the 
threshold data. The best fitting parameters (σeq and Eff) and the goodness of fit (r2) of each model 
is also provided.  
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6.3 Experiment 2: Fine direction and orientation 
discrimination in strabismic amblyopia 

In the second experiment, direction and orientation discrimination thresholds were 

evaluated in strabismic amblyopes. Initially, two strabismic amblyopes (JR and SS. 

Table 6.2) were evaluated for both motion and orientation with the stimulus set 

(RDK and Glass pattern) described in the first experiment. However, both 

participants could not complete the evaluation for the Glass pattern. One of the 

two strabismic amblyopes (JR) could not detect the structure of the Glass pattern 

with both eyes even in the no noise condition while the other (SS) could detect the 

structure with the fellow eye but not with the amblyopic eye. Other studies have 

also reported an inability of strabismic amblyopes to detect the structure of 

translational Glass patterns (Anderson and Swettenham, 2006; Kiorpes, 2006; 

Rislove et al., 2010). The detection of a Glass pattern is based on extracting local 

orientation information from dipoles followed by integration of the local information 

to provide a global percept. The mismatch of a dot element from one dipole pair 

with another dipole pair results in an increase in noise reducing the percept of the 

Glass pattern structure. The noise due to the mismatching of the dipole element to 

a non-corresponding dipole is called correspondence noise (Dakin, 1997). 

Therefore an increase in the number of dipoles could potentially increase the 

correspondence noise. In normal participants, change in the number of dipoles 

has a minimal effect on the perception of a translational Glass pattern (Dakin, 

1997; Wilson and Wilkinson, 1998). Although the effect of correspondence noise is 

not well known in amblyopia, reduction in orientation discrimination ability has 

been reported with an overall increase in noise (Mansouri and Hess, 2006; Husk 

and Hess, 2013). A study evaluating the effect of stimulus parameters on mean 

orientation discrimination of Gabor patches in amblyopia did report that it is the 

number of elements, not the density or stimuli diameter which determines the 

performance in such a task (Mansouri et al., 2004). Similarly, Rislove et al., (2010) 

also reported an inability of some strabismic amblyopes to reliably detect the 

translational Glass pattern containing a relatively large number of elements (1024 

dots) within 5.7˚ diameter display. Therefore, we modified the stimulus parameters 

for the strabismic amblyopes in this experiment to facilitate the detection of the 

dipole Glass pattern.  
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Our previous experiment (Chapter 3) showed that normal observers have a better 

sensitivity to Glass patterns containing more than two elements defining the 

orientation axis. In a tripole Glass pattern, an extra dot is added parallel to the 

oriented axis of each dipole to provide more apparent orientation information by 

strengthening the correspondence in the orientation axis. We sought to investigate 

if reinforcing the orientation cues by adding an extra element for each Glass 

pattern component in our stimuli would facilitate the detection of a Glass pattern 

for strabismic amblyopes who previously could not detect the dipole Glass pattern. 

In principle, adding more dots at the same orientation makes the dot sequence 

look more similar to a line segment which has been used successfully by other 

studies for the evaluation of form perception in amblyopia. Therefore, employing a 

tripole Glass pattern would allow the comparison of the current results to that of 

previous studies using line segment stimuli.  

6.3.1 Methods:  

6.3.1.1 Stimuli modification 
 

To facilitate the Glass pattern task for the unable strabismic amblyopes, we varied 

display parameters in the Glass pattern. When the numbers of elements were 

reduced from 500 to 240 dots, one strabismic amblyope (SS) could reliably detect 

the structure of the Glass pattern. The number of elements was hence reduced to 

240 elements with other parameters remaining constant. The variance threshold 

was measured at only a single multiple (3x) of the direction/orientation 

discrimination threshold of the no noise condition. The high noise condition was 

reduced from 2x and 4x (in Experiment 1) to only 3x as theoretically the variance 

thresholds from 2x, 3x and 4x represent a continuum of the same TvN curve and 

as such should not affect the final analysis in terms of model fits. Additionally, this 

also reduced the length of the experiment.  

 

The tripole Glass patterns were created by adding an extra dot element to the 

dipole Glass pattern on the same orientation axis at the same dipole separation 

(0.266˚) (Figure 6.10). The individual orientations of the tripole elements were 

generated from the Gaussian distribution with prescribed means and standard 

deviations. Other physical parameters and data collection methods were the same 

as described for the dipole Glass pattern. 
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Figure 6.10: Schematic representation of the tripole Glass pattern 

The tripole Glass pattern oriented left from the vertical with no added noise. 

6.3.1.2 Participants  
 

A total of nine strabismic amblyopes (mean age = 32.55 ±13.82 years) and six 

visually normal participants (mean age = 27 ±7.10 years) were recruited. All 

participants performed the task monocularly. As the previous normal controls from 

experiment 1 did not show a significant difference between the thresholds for 

dominant eye and non-dominant eye for both RDK and Glass pattern, the normal 

participants completed the experiment monocularly with a randomly selected eye. 

The participant details are provided in Table 6.2.
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The highlighted participants represent the strabismic amblyopes who could not complete the Glass pattern experiment.

ID 
Age 
(yr.) 

 Visual Acuity 
Refraction   Binocularity Cover Test 

Stereo 
(sec of arc) 

Treatment 
history 

Amblyopes  RE LE RE LE        
SS 20 -0.01 0.4 +4.50/-0.50*172 +5.75/-1.00*22 Absent Esotropia No Patching 
NJ 21 -0.2 0.2 +1.00 +3.00 Absent Esotropia    No Patching 
CO 20 0 0.34 +4.00/-1.50*175 +4.50/-1.50*90 Intermittent Int.  Esotropia 200  Patching 
HQ 34 0 0.5 -1.50/-2.00*5 -1.50/-2.00*5 Absent Exotropia No Patching 
JW 57 -0.1 0.14 +0.75/-0.25*25 +3.00/-0.50*25 Absent Esotropia No Patching 
KH 22 0.2 0 +8.50/-3.50*25 +9.00/-3.00*170 Absent Esotropia No None 
MR 48 0.16 -0.1 +3.00/-2.50*90 +1.50 Absent Esotropia No Patching 
SM 28 -0.1 0.5 +0.50 +3.50/-1.50*90 Absent Exotropia No Patching 
JR 43 0 0.48 -2.50 -2.50 Absent Esotropia No Patching 
Normal          

SS 19 -0.06 -0.04 0.00 0.00 Present Orthophoria 20   

MS 20 -0.1 -0.1 -5.25 -3.00/-1.00*10 Present Exophoria 20   

MG 38 -0.02 -0.04 0.00 0.00 Present  Orthophoria 20   

AM 28 0 -0.02 -0.75/-0.50*15 -0.75/-0.50*155 Present Exophoria 30   

EM 26 0 -0.04  -4.50/-0.50*180  -4.50/-0.75*160 Present Orthophoria 20   

RB 31 -0.02 -0.04 -0.75 -0.75 Present Exophoria 20   

Table 6.2: The clinical details of strabismic amblyopes and normal participants. 
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6.3.2 Results 
 

The orientation discrimination thresholds (Glass pattern) were higher than the 

direction discrimination thresholds (RDK) for all normal controls at both low and 

high noise (variance) levels (Figure 6.11).  

 
 No Noise  High Noise  
Glass 3.65˚ (1.19˚) 21.93˚ (7.78˚) at 12.00˚ (3.10˚) 
RDK 1.83˚ (0.76˚) 22.98˚ (5.56˚) at 6.33˚ (0.82˚) 

 

Figure 6.11: The mean orientation discrimination (Glass) and direction 
discrimination thresholds (RDK) for normal participants.  

The error bar represents ± 1standard deviation. The attached table shows the mean 
direction/variance thresholds for no noise and high noise condition. The values in parenthesis 
represent the standard deviation. 

The mean direction offset/ direction variance thresholds were higher for the fellow 

and amblyopic eye compared to the normal at both low noise and high noise levels 

(Figure 6.12).  
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 No Noise  High Noise (x at y) 
Strab 3.12˚ (1.40˚) 29.98˚ (8.51˚) at 13.82˚ (6.21˚) 
Fellow 3.03˚ (1.04˚) 21.43˚ (6.05˚) at 7.38˚ (4.29˚) 

 

Figure 6.12: The mean direction offset/ direction variance threshold for 
strabismic amblyopes and normal controls. 

The thresholds are presented for strabismic amblyopic eye (red squares), fellow eye (black 
squares) and normal eye (blue squares). The error bar represents ± 1standard deviation. The 
attached table shows the mean direction/variance thresholds for no noise and high noise 
conditions. The values in parenthesis represent the standard deviation. 

Among the nine strabismic amblyopes, only six could detect the structure of the 

translational Glass pattern. The orientation discrimination thresholds were 

consistently higher for the amblyopic eye compared to the fellow eye and normal 

eye (Figure 6.13). 
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 No Noise  High Noise  
Strab 7.91˚ (2.61˚) 22.87˚ (7.57˚) at 21.94˚ (4.59˚) 
Fellow 5.44˚ (3.78˚) 21.98˚ (8.66˚) at 14.57˚ (7.37˚) 

 

Figure 6.13: The mean orientation offset/ orientation variance threshold for 
strabismic amblyopes and normal controls. 

The thresholds are presented for strabismic amblyopic eye (red circles), fellow eye (black circles) 
and normal eye (blue circles). The error bar represents ± 1standard deviation. The attached table 
shows the mean direction/variance thresholds for no noise and high noise conditions. The values in 
parenthesis represent the standard deviation. 

 

The thresholds for the normal controls and strabismic amblyopes were analysed 

with a MANOVA. The log values of direction/orientation offset and noise (variance) 

were treated as dependent variables while eye (three levels; normal, fellow and 

amblyopic) and stimulus type (two levels; RDK and Glass) were considered as the 

between subject factors. The Box’s test of equality of covariance matrices showed 

that covariance of the dependent variable was similar across the groups (M = 

13.94, F = 0.87, p > 0.05). Levene’s test of equality of variance showed that the 

variance of the dependent variable was similar across the groups for both noise 

[F(5,78) = 1.35, p > 0.05] and direction/orientation offsets [ F(5,78) = 1.17, p > 

0.05]. The between subject tests revealed a significant effect of eye on 
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direction/orientation offset [F(2, 83) = 6.38, p < 0.01] but not on noise [F(2,83) = 

0.004, p > 0.05]. The effect of stimulus type was also significant on 

direction/orientation offsets [F(1,83) = 17.19, p < 0.05] but not on noise [F(1,83) = 

0.003, p > 0.05]. The interaction of eye and stimulus type was not significant on 

both direction/orientation offsets [F(2,83) = 0.01, p > 0.05] and noise [F(2,83) = 

0.002, p > 0.05]. 

Pairwise comparison of eye after Bonferroni correction showed a significant 

difference for direction/orientation offset between the normal and amblyopic eyes 

(p < 0.01) but not between the normal and fellow eyes (p > 0.05). There was no 

significant difference in the noise between different eyes (p > 0.05). The pairwise 

analysis of stimulus type showed a significantly higher orientation offset thresholds 

for Glass compared to the direction offset thresholds for RDK (p < 0.01) with no 

significant difference on noise (p > 0.05).  

6.3.2.1 Equivalent noise fit analysis with nested modelling in 
strabismic amblyopia 
 

The individual threshold data from amblyopic and normal eyes were then used to 

fit the linear equivalent noise model. Further, the nested modelling method was 

used to investigate the differences in performance among the normal and 

strabismic participants. Figure 6.14 shows the full model and nested models for 

direction discrimination. The goodness of fit (r2) for the reduced model with σeq 

constrained across the eyes with three independent Eff (r2 = 0.733) was most 

comparable to the full-model (r2 = 0.747) while the other two reduced models 

resulted in a lower goodness of fit (r2 < 0.71). This was confirmed statistically with 

the goodness of fit for the reduced model with one σeq and three independent Eff 
being statistically similar to the full model [F(2,42) = 1.16, p > 0.1].  The other 

reduced model with three σeq and one Eff  [F(2,42) = 3.24, p < 0.05] and the 

simplest model with only two parameters both resulted in a statistically poorer fit 

[F(4,42) = 4.32, p < 0.01]. The model with one σeq and three independent Eff was 

then treated as the full model and again compared to the simplest model (one σeq 

and one independent Eff). The result showed that the simplest model resulted in 

poorer fit compared to the selected model (one σeq and three independent Eff) 
[F(2,44) = 7.83, p < 0.01].  The result hence showed that the model with one σeq 

and three Eff best described the threshold data. 
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Figure 6.14: Nested models for the individual direction discrimination 
threshold data for the normal and strabismic eyes. 

The models relate the direction offset thresholds and variance to different values of internal noise 
and sampling efficiency. The model with σeq parameter constrained across the amblyopic, fellow 
and normal eyes (bottom left section) was statistically the best model to represent the threshold 
data. The best fitting parameters (σeq and Eff) and the goodness of fit (r2) of each model is also 
provided. 

Similarly for the orientation discrimination, the reduced model with σeq constrained 

across the different eyes (r2 = 0.683) was most identical to the full model (r2 = 

0.687). The model with both parameters constrained resulted in a relatively poorer 

fit (r2 = 0.525). The statistical test on goodness of fits showed that two reduced 

models were similar to the full model; one σeq and three Eff  [F(2,30) = 0.19, p > 

0.1], three σeq and one Eff  [F(2,30) = 1.53, p > 0.1] but the simplest model with 

both σeq and Eff constrained resulted in a statistically poorer fit [F(4,30) = 3.88, p < 
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0.01]. Among the reduced models, the model with the better goodness of fit 

(higher r2) was chosen as the best fitting model, i.e., the model with one σeq and 

three Eff. The model with one σeq and three Eff was treated as the full model and 

further compared against the simplest model (one σeq and one Eff). The results 

showed that the simplest model resulted in poorer fit compared to the selected 

best model (one σeq and three Eff) [F(2,32) = 8.08, p < 0.01]  

 

 
Figure 6.15: Nested models for the individual orientation discrimination 
threshold data for the normal and strabismic eyes. 

The models relate the direction offset thresholds and variance to different values of internal noise 
and sampling efficiency. The model with σeq parameter constrained across the amblyopic, fellow 
and normal eyes (bottom left section) was statistically the best model to represent the threshold 
data. The best fitting parameters (σeq and Eff) and the goodness of fit (r2) of each model is also 
provided. 
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6.3.2.2 The perception of tripole Glass pattern in strabismic amblyopia 
 

Two strabismic amblyopes (JR and MR) who could not detect the structure of the 

Glass pattern also participated in the experiment with the tripole Glass pattern. 

Both participants could easily complete the experiment on the tripole Glass 

patterns. The thresholds for both strabismic eyes and fellow eyes were similar to 

normal (n = 2) thresholds at both no noise and high noise conditions (Figure 6.16). 

 
Eyes/Noise No Noise  High Noise (x at y) 
Strab 2.15˚ (2.67˚) 17.89˚ (0.31˚) at 7.00˚ (2.83˚) 
Fellow 0.75˚ (0.25˚) 10.17˚ (5.11˚) at 7.50˚ (3.53˚) 
Normal 1.62˚ (1.61˚) 17.67˚ (3.99˚) at 5.00˚(0.00˚) 

 
Figure 6.16: The mean orientation offset/orientation variance threshold for 
two strabismic amblyopic and normal participants for the tripole Glass 
pattern. 

The thresholds are presented for strabismic amblyopic eye (red stars), fellow eye (black stars), and 
normal eye (blue stars). The error bar represents ± 1standard deviation. The attached table shows 
the mean direction/variance thresholds for no noise and high noise conditions. The values in 
parenthesis represent the standard deviation. 
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6.3.2.3 Comparison of motion and form performance in strabismic 
amblyopia 
 

The model with a single internal noise and independent sampling efficiencies best 

described the difference in thresholds between strabismic amblyopes and normal 

participants for both motion and form processing. To directly compare the results 

from the motion and form domains in individual amblyopes, the threshold data 

from each amblyopic observer was fit with that of the normal eyes to the model 

with constrained internal noise. Since the internal noise is constrained across the 

eyes (amblyopic, fellow, and normal), any difference in performance is only 

reflected by changes in the efficiency parameter. The values of the internal noise 

and sampling efficiency for each individual observer are provided in Table 6.3.  
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Observer Eyes 
RDK Glass 

σeq Eff σeq Eff 

CO 

Amblyopic 

7.04 

3.77 

7.16 

0.99 

Fellow 5.24 1.95 

Normal 3.96 1.97 

SS 

Amblyopic 

6.93 

2.96 

8.17 

1.61 

Fellow 2.32 2.69 

Normal 3.93 2.13 

NJ 

Amblyopic 

6.00 

1.62 

6.90 

0.99 

Fellow 2.20 1.95 

Normal 3.63 1.93 

HQ 

Amblyopic 

6.72 

2.05 

9.26 

1.00 

Fellow 1.91 1.70 

Normal 3.87 2.29 

JW 

Amblyopic 

6.36 

2.71 

7.47 

0.95 

Fellow 1.92 0.99 

Normal 3.75 2.02 

KH 

Amblyopic 

6.86 

1.98 

7.46 

0.82 

Fellow 2.35 0.68 

Normal 3.91 2.02 

SM 

Amblyopic 

7.89 

1.45 

 

 

Fellow 5.49  

Normal 4.22  

MR 

Amblyopic 

7.27 

1.84 

 

 

Fellow 3.30  

Normal 4.03  

JR 

Amblyopic 

6.12 

1.49 

 

 

Fellow 1.36  

Normal 3.67  

 
Table 6.3: The internal noise (σeq) and sampling efficiency (Eff) parameters 
for the reduced model with internal noise constant across the amblyopic 
eye, fellow eye and normal eye.  
 

The individual differences in the sampling efficiency parameter were further 

analysed by calculating the log efficiency ratio of amblyopic/fellow eye to normal 

eye, a value of zero shows that the amblyopic participants have the same 

efficiency in global processing as the normal controls while a value less than zero 

shows that the efficiency is poorer in amblyopes. The motion and form ratio of the 

efficiency parameter for each individual amplyope, amblyopic and fellow eyes, 



 

185 
 

compared to normal is given in figure 6.17. For the motion domain (Figure 6.17, A) 

all amblyopic participants showed poorer efficiency in the amblyopic eye and five 

out of seven amblyopes also had poorer efficiency for the fellow eye. For the form 

domain (Figure 6.17, B), all six amblyopes showed poorer efficiency in the 

amblyopic eye while three participants had abnormal efficiency in the fellow eye. 

For the participants (SM, MR, JR) who could not complete the Glass pattern 

experiment, the difference in efficiency was larger compared to those who could 

complete the Glass pattern experiment in the motion domain. 

 

 
Figure 6.17: The sampling efficiency of the amblyopic and fellow eye 
compared to normal controls for each strabismic amblyope and the mean 
data. 

The data points represent log values of the ratio of sampling efficiency parameter 
(amblyopic/normal participant) for global motion domain (A) and global form domain (B). The data 
points along the negative values represent how deficient the amblyopic participants are with 
respect to the normal controls. 
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6.4 Experiment 3: Implied motion perception in 
strabismic amblyopia 

Previous studies that have evaluated sensitivity in amblyopia to tasks that 

depended on inputs from both the motion and form domains have reported normal 

thresholds for some tasks such as biological motion perception (Hamm et al., 
2014) while abnormal thresholds for other tasks such as structure from motion 

(Hayward et al., 2011; Husk et al., 2012). As some strabismic amblyopes were 

unable to complete the Glass pattern task even with the modified stimuli 

(Experiment 2), we further evaluated strabismic performance on the dynamic 

Glass pattern. A dynamic Glass pattern is composed of multiple static Glass 

patterns presented over sequential frames. The pattern stimulates a distinct 

cortical processing mechanism, which requires information from both the motion 

and form processing streams (Nankoo et al., 2012; Day and Palomares, 2014; 

Nankoo et al., 2015) (for details Chapter 4). Such presentation improves the 

discrimination thresholds in normals, as seen in our previous study (Chapter 4) 

and reported by other studies (Nankoo et al., 2012; Day and Palomares, 2014; 

Nankoo et al., 2015).  

6.4.1 Methods 

6.4.1.1 Stimuli and procedure 
 

All stimuli parameters for dynamic Glass pattern were the same as described for 

the static Glass pattern except that nine independent frames of static Glass 

pattern, instead of a single frame in the static Glass pattern, were displayed over 

the 0.5s. The quick method with two data points (no noise and high noise) was 

used for data collection. All procedures were as described for the Glass pattern 

stimuli for the strabismic amblyopes.  

6.4.1.2 Participants 
 

A total of seven strabismic amblyopes (except SM and JW) and six normal 

controls that participated in experiment 2 were recruited. These seven strabismic 

amblyopes included two amblyopes (JR and MR) who were unable to detect the 

static Glass pattern structure even after stimuli modification.  
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6.4.2 Results 
 

The mean implied motion thresholds in dynamic Glass patterns for the amblyopic 

eye were higher than that for the fellow eye at the high noise condition but similar 

at the no noise condition. When the mean thresholds for the dynamic Glass 

patterns of the amblyopic group were compared with the thresholds from the six 

normal participants, the mean thresholds were higher for both fellow and 

amblyopic eyes at both noise levels (Figure 6.18). 

 
 No Noise  High Noise (x at y) 
Strab 3.33˚ (1.17˚) 27.47˚ (8.32˚) at 13.98˚ (5.67˚) 
Fellow  3.17˚ (3.34˚) 24.35˚ (6.91˚) at 11.47˚ (7.80˚) 
Normal  2.23˚ (0.50˚) 19.42˚ (9.42˚) at 7.63˚ (0.81˚)  

 
Figure 6.18: The mean implied motion offset/ implied motion variance 
threshold for strabismic amblyopes and normal controls. 

The thresholds are presented for amblyopic eye (red diamond), fellow eye (black diamond) and 
normal eye (blue diamond). The error bar represents ± 1standard deviation. The attached table 
shows the mean direction/variance thresholds for no noise and high noise. The values in 
parenthesis represent the standard deviation. 
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The log thresholds were then analysed with a MANOVA. The implied motion 

offset/variance thresholds were treated as the dependent variable while the eye 

(three levels; amblyopic, fellow and normal) was treated as the between subject 

variable. The Box’s test of equality of covariance matrices showed that covariance 

of the dependent variable was significantly different between the groups (M = 

18.25, F = 2.80, p < 0.05). The Pillai’s trace statistics (V) however is relatively 

robust to the violation of this assumption in the case of an equal number of data 

points across the groups (Tabachnick and Fidell, 2001). Levene’s test of equality 

of variance showed that the variance of the dependent variable was similar across 

the groups for both the noise [F(2,37) = 1.67, p > 0.05] and implied motion offsets 

[F(2,37) = 0.68, p > 0.05]. The between subject tests then revealed no significant 

effect of eye on both implied motion offset [F(2, 39) = 1.25, p > 0.1] and noise 

[F(2,39) = 0.006, p > 0.1].  

6.4.2.1 Equivalent noise fit analysis for implied motion thresholds with 
nested modelling in strabismic amblyopia 
 

The implied motion/variance thresholds were used to fit the linear equivalent noise 

model, and the differences between the eyes were evaluated with the nested 

modelling methods (Figure 6.19). The goodness of fit for all reduced models (r2 > 

0.69) were similar to the full model (r2 = 0.72); one σeq and three independent Eff 
[F(2,34) = 0, p >0.1], three σeq and one Eff [F(2,34) = 0.79, p > 0.1], and one σeq 

and one Eff  [F(4,34) = 0.97, p > 0.1]. The model with least parameters i.e., the 

model with one σeq and one Eff was hence chosen as statistically the best model 

to represent the threshold data. 
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Figure 6.19: Nested models for the individual implied motion discrimination 
threshold data for dynamic Glass pattern in the normal and strabismic eyes. 

The models relate the implied motion offset thresholds and variance to different values of internal 
noise and sampling efficiency. The model with both parameters constrained across the amblyopic, 
fellow and normal eyes (bottom right section) was statistically the best model to represent the 
threshold data. The best fitting parameters (σeq and Eff) and the goodness of fit (r2) of each model 
is also provided. 

The thresholds for Glass, dGlass and RDK were compared in normal controls and 

the amblyopic eye. The mean thresholds for dGlass were closer to the RDK in the 

amblyopic eye while the thresholds were higher than the RDK for the normal 

controls (Figure 6.20) as observed in the results from Chapter 4. 
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Figure 6.20: Comparison of mean orientation (Glass), mean implied motion 
(dGlass) and mean direction discrimination (RDK) thresholds for normal (A) 
and strabismic amblyopic (B) eye. 

The error bar represents ±1standard deviation. 

6.5 Discussion 

This chapter explored global motion and orientation discrimination in amblyopic 

participants using the comparable stimulus set and quick experimental procedure 

devised previously in Chapter 5. The results showed that visual function attributed 

to both the dorsal and ventral stream are affected only in strabismic amblyopia. 

Contrary to some of the earlier reports (e.g., Simmers et al., 2005), our results 

indicate that the global form processing may be affected more than the global 

motion processing in strabismic amblyopia. 

6.5.1 Global motion and global form discrimination in normal 
controls 
 

The fine direction discrimination thresholds (i.e., the direction offset threshold at no 

noise condition) for the normal controls in experiment 1 (2.4˚ (±1.42˚)) was higher 

than that in experiment 2 (1.83˚ (±0.76˚)) but the difference was not statistically 

significant (independent t-test, t(9) = 0.93, p > 0.1). Similarly, there was no 

statistically significant difference in the mean fine orientation discrimination 

thresholds between the normal controls in experiment 1 (5.97˚ (±4.57˚)) and 

experiment 2 (3.65˚ (±1.19˚)), independent t-test, t(21) = 1.07, p > 0.1. The mean 

(B) (A) 
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discrimination thresholds were also similar to that observed in Chapter 3, in which 

the mean fine direction discrimination and orientation thresholds were 1.55˚ 

(±1.50˚) and 4.30˚ (±2.31˚) respectively. The orientation discrimination thresholds 

in both groups of controls were higher than the direction discrimination thresholds 

as observed in our previous study (Chapter 3).  

In the second group of normal controls, we also evaluated the implied motion 

thresholds using dynamic Glass pattern; the mean threshold for the no noise 

condition was 2.28˚ (±0.50˚) which was lower than the thresholds we found in 

chapter 4, 3.55˚ (±2.67˚). Again there was no statistically significant difference 

between the thresholds among the normal observers from two experiments, 

independent t-test, t (26) = 1.39, p > 0.1.  The overall pattern of results when 

comparing the thresholds for the three stimuli (RDK, Glass pattern, and dynamic 

Glass pattern) at both no noise and high noise conditions also followed the trend 

observed in our previous study (Chapter 4); the highest thresholds for the Glass 

pattern followed by the dynamic Glass pattern and the lowest thresholds for the 

RDK (Figure 4.21, A). The implications of these findings have been discussed in 

detail in Chapter 4. The similar findings in this experiment using a modified data 

collection method and stimulus parameters further confirm the pattern of results 

obtained in these experiments and validate the robust nature of the quick method 

used in the current study. 

6.5.2 Global motion discrimination in amblyopia 
 

The direction discrimination thresholds were normal in anisometropic amblyopia. 

We, however, found that the direction discrimination thresholds were elevated in 

the strabismic amblyopia.  

Hess et al., (2006) reported normal direction discrimination thresholds in both 

anisometropic and strabismic amblyopia using RDK stimuli composed of micro 

pattern elements with variable directional noise. We also find normal thresholds for 

the anisometropic amblyopes but not for the strabismic amblyopes. Hess et al., 
(2006) initially normalised the direction discrimination threshold of a single Gabor 

micro pattern element between the amblyopic eye and fellow eye by manipulating 

the stimulus contrast. The local direction discrimination threshold for the amblyopic 

eye was initially evaluated with a single micro pattern at 50% contrast. For the 
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fellow eye, the stimuli contrast was reduced till the direction discrimination 

thresholds were equivalent to that of the amblyopic eye (average value of 25% 

contrast). Global motion discrimination thresholds using multiple micro patterns 

were then evaluated at the lower stimuli contrast (on average 25%) for the fellow 

eye and the normal eye while higher stimuli contrast (50%) was used for the 

amblyopic eye. The local normalised contrast was used in order to filter the local 

level influences (i.e., equate visibility) from the global thresholds. Using a similar 

method, Mansouri and Hess (2006) also reported normal thresholds in amblyopia 

when the directions of motion of individual Gabor micro patterns were derived from 

the standard Gaussian distribution. However, they reported increased thresholds 

when another random noise (Gabor micro patterns with random direction) was 

added to the stimuli. In the current study RDKs with high contrast dot elements 

(95%) was used to investigate both amblyopic and fellow eye performance 

independently while the local and global limitations were investigated in terms of 

internal noise and sampling efficiency respectively. As far as we know no study 

has evaluated fine motion discrimination in amblyopia using RDKs with broadband 

dot elements as in the present study. The differences in the experimental stimulus 

and methods used in these studies might have contributed to the variation in 

observed results.  

Another measure of global motion discrimination capabilities, the motion 

coherence threshold, has been reported to be abnormal in both anisometropic and 

strabismic amblyopia (Simmers et al., 2003b; Simmers et al., 2006b; Aaen-

Stockdale et al., 2007; Aaen-Stockdale and Hess, 2008). The difference between 

the motion coherence task and the equivalent noise task used by Hess et al., 
(2006) and the present study is that in the motion coherence task the noise 

elements follow a random motion path while the noise in the equivalent noise task 

is derived from increasing the standard deviation of the distribution from which the 

directions of motion of all elements are derived. Based on this difference the 

motion coherence task is defined as mainly a segregation task, i.e., segregating 

the random noise elements from signals followed by the integration of the signal 

elements to provide the estimate of the direction (Hess et al., 2006; Mansouri and 

Hess, 2006). On the other hand, the direction discrimination in the equivalent 

noise task is reported to be based only on the integration of the local direction of 

individual elements (Hess et al., 2006; Mansouri and Hess, 2006). The integration 
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of the individual direction of motion might be the best strategy when the external 

noise is low, however at high noise levels, we speculate that the observer might 

also rely on segregating the noise elements from the extreme ends of the 

distribution. Humans are very sensitive in the motion coherence task, only 

requiring around 5-8% of signal dots for reliable direction discrimination (Blake et 
al., 2003). So it is plausible that even in the equivalent noise task at high noise 

levels, the observer may adopt the segregation strategy used in the coherence 

threshold task. Mansouri and Hess (2006) attempted to reconcile the conflicting 

results from the equivalent noise task (mainly integration) and coherence threshold 

task (mainly segregation) using a combination of both tasks. They used RDK 

stimuli in which the directions of elements were derived from the standard 

Gaussian distribution (integration elements), then replaced a proportion of these 

elements with the noise elements generated from a random distribution (pedestal 

noise) similar to the coherence task (segregation elements). They reported that 

the thresholds in the amblyopic eye were elevated when the pedestal noise was 

high compared to normal, suggesting that the difference was only due to the 

inability of the amblyopic eye to segregate the pedestal noise. 

In the current study, the thresholds at the no noise condition were also raised in 

strabismic amblyopes, suggesting that even pure integration is compromised. The 

motion coherence task though largely regarded as a segregation task also 

involves some level of integration. For example, the translational coherence 

threshold in amblyopia have been reported to be in the range of 25 - 30% at high 

contrast levels (Simmers et al., 2006b), so in addition to segregating 70 to 75% of 

local random dot motion, amblyopes must also integrate the direction of motion of 

the remaining dots to perceive a coherent motion direction.  The abnormal motion 

coherence threshold reported in amblyopia could be due to the combination of 

compromised integration and segregation mechanisms. Further processing of both 

motion coherence (defined as segregation) and motion integration occurs in the 

dorsal stream motion area MT (Newsome and Pare, 1988; Movshon et al., 1995; 

Blake et al., 2003), hence compromised MT in amblyopia (El-Shamayleh et al., 
2010) could potentially result in behavioural deficits in both functions.   

The differences in the motion processing capacity observed between the 

anisometropic and strabismic amblyopia in the current study is similar to the 

results for other visual functions (Kiorpes and McKee, 1999). Larger deficits in 
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strabismic amblyopes have been reported for optotype acuity (Levi et al., 2011), 

vernier acuity (Levi and Klein, 1985), and contrast sensitivity (Levi et al., 2011). 

The neural disarray (Hess and Field, 1994) and undersampling (Levi et al., 1984; 

Wang et al., 1998) theories have been proposed to account for a wide range of 

deficits observed in amblyopia. However, both theories have been developed with 

findings from the strabismic amblyopes and adapted for anisometropic amblyopes. 

The undersampling theory is based on the findings that vernier acuity in the fovea 

of strabismic amblyopes shows greater loss compared to the grating acuity, 

mimicking the normal peripheral retina (Levi et al., 1984; Wang et al., 1998). The 

theory suggests that the input from the central visual field is processed by the 

smaller number of neural sensors compared to the normal. But in anisometropia, 

both vernier and grating acuity are similarly affected; suggesting that the 

undersampling theory does not apply to the anisometropic amblyopes. The neural 

disarray theory is based on the mismatch of the visual stimulation due to the input 

of disparate images from two eyes (Hess and Field, 1994). Again the decorrelated 

images in strabismus may be more prone to the neural disarray compared to the 

input of sharp and blurred images in anisometropia. Abnormal hyperacuity in 

strabismic amblyopia can be explained by a combination of both the 

undersampling and positional uncertainty due to the neural disarray, but the 

hyperacuity deficits in anisometropic amblyopia are adequately accounted for by 

the contrast sensitivity loss at high spatial frequencies (Wilson, 1991). The results 

suggest that the mechanism of the deficits in the two amblyopic groups may be 

different, which may account for the larger deficit observed in strabismic 

amblyopes compared to the anisometropic amblyopes for the motion task in the 

current study.   

Additionally, the severity of the visual deficit may rely on the onset of amblyopia. 

More severe deficits have been observed in strabismic amblyopia which tends to 

have an earlier onset during the critical period of visual development in childhood. 

The later onset of amblyopia in anisometropia during the critical period could result 

in better maturation of visual functions resulting in less risk of severe deficits 

compared to strabismics (Levi et al., 2011; Birch, 2013). The normal direction 

discrimination thresholds in anisometropic but not in strabismic amblyopia 

observed in this study could be due to the differences in the pathophysiological 

aspects of each type of amblyopia. The differences in the extent of deficits in 
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strabismic and anisometropic amblyopia have also been reported in various 

imaging studies. A progressive reduction of neural responses in extra striate 

cortical areas has been reported for cats with surgically induced strabismic 

amblyopia (Schröder et al., 2002), but not for anisometropic monkeys (Kiorpes et 
al., 1998). Motion coherence thresholds have also been found to be reduced in the 

fellow eyes of strabismic primates but not in anisometropic amblyopia (Kiorpes, 

2006), suggesting larger deficits in strabismic than the anisometropic amblyopes 

for the motion task.  

The degree of functional visual deficit observed in anisometropic and strabismic 

amblyopes has also been attributed to the state of binocular vision rather than the 

aetiological substrate in amblyopia. For example, Levi and colleagues (2011) 

showed the non-binocular anisometropic amblyopes exhibited more severe loss of 

visual functions (mainly acuity, contrast sensitivity, and stereopsis), similar to the 

levels found in strabismic amblyopia.  Similarly, the visual acuity and vernier acuity 

of the non-binocular amblyopes were poorer than the binocular amblyopes even 

though the non-binocular amblyopes showed better contrast sensitivity than the 

binocular amblyopes (McKee et al., 2003). Considering all our anisometropic 

amblyopes were binocular while the strabismic amblyopes were non-binocular 

(except CO, who had some residual binocular vision, stereoacuity: 200'' of arc), 

the differences in the performance observed among the two groups could well be 

due to the lack of the binocularity. However, due to the small sample size and with 

only one strabismic amblyope having any level of binocularity, it is difficult to 

correlate the level of binocularity and performance in the motion task. A study with 

a larger group of anisometropic and strabismic amblyopes with varying degrees of 

binocular vision could help better understand the impact of binocularity on motion 

processing. Another reason for the differences in the performance of the two 

groups of amblyopes could be due to the differences in the severity of amblyopia 

and consequently low level visibility issues (mean IOD was 0.21 in anisometropic 

and 0.38 in strabismic). However, anisometropic amblyopes (e.g., LS, IOD = 0.4) 

with an IOD in the range of strabismic amblyopes did show normal motion 

discrimination thresholds, suggesting that the IOD alone is not responsible for the 

pattern of the result. 

The difference in performance observed between the two groups could also be 

due to the influence of treatment history. Most of the strabismic amblyopes (eight 
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out of nine) had a history of treatment with conventional patching therapy but still 

exhibited motion discrimination deficits. Among the anisometropic amblyopes, five 

out of eight had undergone patching therapy, while the remainder (RK, HM, HMc) 

were diagnosed beyond the critical developmental years (> 12 years) and did not 

undergo the treatment. As all three untreated anisometropic amblyopes exhibited 

normal performance in the motion task, the history of treatment does not seem to 

have influenced the normal and abnormal findings observed in the anisometropic 

and strabismic amblyopes respectively.  

6.5.2.1 Local and global limitations in fine motion discrimination 
 

The results from the nested modelling showed that there was no significant 

difference in local or global parameters between the normal and the anisometropic 

amblyopes. On the other hand, the increased direction discrimination thresholds in 

strabismic amblyopes compared to normal controls was well represented by a 

reduction in sampling efficiency. The lower sampling efficiency in strabismic 

amblyopia suggests that these amblyopes have a poorer capacity in utilising local 

properties to form a global precept compared to the normal.  

Local motion processing is known to occur in the early visual areas of V1 and V2 

(Morrone et al., 1995). Our results suggest that the local motion processing in 

these early areas are intact in both types of amblyopia, which is in line with other 

studies (Simmers et al., 2003b; Simmers et al., 2006b; Aaen-Stockdale and Hess, 

2008; Thompson et al., 2011). For example, Thompson et al., (2011) reported that 

strabismic amblyopes show normal local motion processing for drifting Gabor 

patches at high contrast but not at low contrast levels. Abnormal motion thresholds 

at low contrast levels were attributed to the loss of contrast sensitivity rather than 

the motion sensitivity per se. The direction selective cells stimulated by the 

amblyopic eye in V1 are also reported to be normal in anisometropic and 

strabismic amblyopes in primate studies (Kiorpes et al., 1998) again suggesting 

that early or local motion processing is intact.  

Other studies, which have employed a coherence threshold paradigm to evaluate 

motion processing in amblyopia have also reported normal local motion 

processing in amblyopia with the deficits only evident at a later global integration 

level (Simmers et al., 2003b; Simmers et al., 2006b; Aaen-Stockdale and Hess, 

2008). These studies manipulated a range of stimulus properties to separate the 
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influence of local properties and global properties. For example, Simmers et al., 
(2003, 2005) manipulated the contrast levels of dot elements and reported that the 

higher motion coherence thresholds in amblyopia could not be accounted for by 

the traditional loss in contrast sensitivity, thereby attributing the loss in motion 

processing to global processing at extra striate areas (MT and MST). Similarly, 

Aaen-Stockdale and Hess (2008) used RDK stimuli composed of band pass, 

instead of broadband, dot elements to see whether the pattern of the deficit in a 

global motion task would be different from, or similar to, the pattern of the contrast 

sensitivity loss (i.e., low level) deficit in amblyopes. Their results showed that 

global deficits in motion processing in the amblyopes were constant for a range of 

spatial frequencies evaluated at a supra-threshold contrast (5x contrast threshold). 

As amblyopes are known to have specific contrast loss at higher spatial 

frequencies (Levi et al., 2011), these constant deficits found for the motion 

coherence thresholds would implicate limitations at the global processing stage 

(Aaen-Stockdale and Hess, 2008). 

Our results are also in line with physiological and imaging studies that reported 

reduced contribution from the strabismic amblyopic eye to higher extra striate 

motion areas (MT, MST) (El-Shamayleh et al., 2010; Thompson et al., 2012). The 

vulnerability of the global processing mechanism in strabismic amblyopia could 

also be due to the late maturation of visual processing at the global processing 

stage. The studies that have evaluated the development of fine motion 

discrimination in the presence of noise showed that the improvement in fine 

motion discrimination with age (from 5 to 11 years) was not related to the 

decrease in internal equivalent noise (estimate of local direction uncertainty) but 

rather due to the improved sampling efficiency (Bogfjellmo et al., 2014; Manning et 
al., 2014).  The local processing mechanism (reflected by internal noise) hence 

seems to mature much earlier than the global mechanism (sampling efficiency). As 

functions that mature later would be more vulnerable to amblyogenic damage, it 

seems plausible that the global processing mechanism could be affected more 

than the local processing in amblyopia.  

In the current study, using high contrast RDK stimuli and the equivalent noise 

method we showed that both local and global motion processing is normal in 

anisometropic amblyopia. Meanwhile, strabismic amblyopes showed normal local 

level processing but a lower efficiency at the global processing stage.  
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6.5.3 Global form discrimination in amblyopia 
 

Global form perception was normal in anisometropic amblyopia across all noise 

levels. However, the orientation discrimination thresholds were abnormal for the 

amblyopic eye compared to both fellow and normal eyes across all strabismics.  

As far as we know this is the first study to use Glass patterns to evaluate global 

orientation discrimination thresholds at variable levels of noise in amblyopia. 

Others (Mansouri et al., 2004; Mansouri and Hess, 2006) have used stimuli 

composed of a field of Gabor patches in a similar task, with the orientation of 

individual Gabor patches derived from the standard Gaussian distribution with a 

defined mean orientation and standard deviation. For example, Mansouri et al., 
(2004) employed Gabor patch stimuli in which they initially normalised the local 

orientation discrimination threshold between the amblyopic and fellow eye by 

manipulating the stimuli contrast. The local orientation discrimination threshold 

was first measured using a single Gabor patch for the amblyopic eye at 75% 

contrast. For the fellow eye, the stimuli contrast was reduced until the local 

orientation discrimination threshold was equivalent to that of the amblyopic eye 

(average contrast of 25%). When this normalised contrast was used to determine 

the global orientation discrimination task with multiple Gabor patches, they found 

no difference in performance for the amblyopic eye compared to the fellow eye 

and normal eyes (Mansouri et al., 2004). Similar normal result for amblyopic 

observers was replicated in a later study by Mansouri and Hess (2006). However, 

when additional noise with random orientation (pedestal noise) was added to the 

stimuli, the thresholds for the amblyopic eyes increased. Based on these findings 

Mansouri and Hess (2006) suggested that the integration of orientation was 

normal in amblyopia. The increase in thresholds with the addition of pedestal noise 

was attributed to abnormal segregation.  However, other studies using similar 

Gabor patch stimuli reported elevated fine orientation discrimination thresholds in 

both anisometropic and strabismic amblyopia (Simmers and Bex, 2004; Husk and 

Hess, 2013).  

Our results are in agreement with the studies that have used Glass patterns and 

coherence threshold paradigm to investigate global form detection in amblyopia. 

Rislove et al., (2010) reported increased coherence thresholds for both 

translational and concentric Glass patterns in strabismic amblyopia, with a larger 
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deficit for the translational pattern. They also reported that some strabismic 

amblyopes could not reliably detect the structure of a translation Glass pattern. 

Similar to Rislove et al., (2010), we also found that some strabismic amblyopes 

could not detect the Glass pattern structure even in the no noise condition. The 

reduced sensitivity to static translational Glass patterns has also been reported in 

the macaque with surgically induced strabismic amblyopia with seven out of the 

twelve monkeys unable to perform the form coherence task at any coherence level 

below 100% (Kiorpes, 2006). The argument from studies that report normal 

findings in the mean orientation discrimination tasks (employing Gabor patch 

stimulus) that this reflects normal form integration seem to be inaccurate in the 

view of the inability of some strabismic amblyopes to determine the Glass pattern 

structure even in the absence of noise. Dallala et al., (2010) also reported 

increased global orientation thresholds in amblyopes using radial frequency 

patterns, a task which only involves pure integration.  

The overall trend of the results from previous studies on orientation discrimination 

deficiency in amblyopia would also appear to be stimuli specific. Studies that used 

Gabor patches/ line segments in the mean orientation discrimination task reported 

rather normal (Mansouri et al., 2004; Mansouri and Hess, 2006) or abnormal 

(Simmers and Bex, 2004; Husk and Hess, 2013) findings in amblyopia while those 

that used the Glass pattern and coherence threshold paradigm unanimously 

reported abnormal thresholds (Lewis et al., 2002; Rislove et al., 2010). This 

apparent difference could be due to the differences in the processing mechanism 

associated with these experimental stimuli. The local orientation information 

extraction in Glass patterns may well be influenced by the local correspondence 

noise as the Glass pattern detection is based on integrating the corresponding 

dipole elements in the presence of multiple dot elements. The Gabor patches and 

line segments meanwhile might be processed as elongated contours (Grinter et 
al., 2010) with limited influence of correspondence noise. The local orientation 

cues from all individual dipoles of a Glass pattern are subsequently integrated to 

provide the global precept. The detection of the global structure of a Glass pattern 

hence seems a more complex task than that in either the Gabor patches or the 

line segments. This possible difference in processing is also reflected in better 

sensitivity to line segments compared to Glass patterns as observed in our first 

study (Chapter 3) and reported by others in both form coherence tasks (Aspell et 
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al., 2006) and global orientation discrimination tasks in the presence of noise 

(Dakin, 1997). Further, the processing of Gabor patches and line segment stimuli 

may also be influenced by the local lateral connections in V1 and as such these 

stimuli are not recommended for the evaluation of a true global orientation process 

(Grinter et al., 2010). The lateral connections in V1 have minimal influence on the 

perception of the dipole Glass pattern hence the results from the experiments with 

Glass patterns are more likely to reflect the findings from a global orientation 

processing stage (details discussed in Chapter 3). Even with the relative ease in 

detection for line segment stimuli, Simmers et al., (2005) did report increased 

coherence thresholds for both anisometropic and strabismic amblyopes. 

In the current study, when the length of the Glass pattern was increased from 

dipole to tripole, the strabismic amblyopes who could not detect the structure of 

the dipole Glass pattern could easily complete the task. The thresholds for the 

tripole Glass pattern in strabismic amblyopes were comparable to normal 

thresholds. In Chapter 3.0, we found that the internal noise associated with the 

tripole Glass pattern was lower than that of the dipole Glass pattern in normal 

adults. If this is also the case in strabismic amblyopia, the amblyopic visual system 

would need to overcome relatively lower internal noise in order to make a global 

orientation judgement in a tripole Glass pattern, making the task relatively easier 

than that for the dipole Glass pattern. The finding that the strabismic amblyopes 

who could not detect the structure of the dipole Glass pattern could however easily 

complete the experiment on the tripole Glass pattern suggests that reinforcing the 

local orientation cues makes the task easier for the amblyopes. The orientation 

cues in Gabor patches and line segments are even more apparent than in the 

tripole Glass pattern. Therefore, the previously reported normal global orientation 

thresholds using the Gabor patch stimuli could have been due to the overall task 

being easier. While we cannot confirm the role lateral connections in early visual 

areas V1/V2 play in the processing of tripole Glass patterns (as has been 

suggested for the line segments), improved thresholds for the tripole Glass pattern 

may well be due to the influence of such local level processing in early visual 

areas. 

The differences between results for anisometropic and strabismic amblyopia in 

global orientation processing could be due to the pathophysiological differences 

between each type of amblyopia (as explained previously for the motion 
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mechanism). Similarly, the effect of the magnitude of the amblyopic deficit (IOD) 

and treatment history discussed for the motion task could also apply for the 

orientation task.  For the strabismic amblyopes, the IOD didn’t predict whether 

they could detect the Glass pattern structure or not. The strabismic amblyopes 

with the least IOD (MR, 0.26) and largest IOD (SM, 0.6), both failed to detect the 

Glass pattern structure. Both groups of strabismic amblyopes, those who could 

detect the Glass pattern and those who couldn’t had undergone patching therapy 

in childhood, ruling out the treatment history effect. Similarly, although one 

strabismic amblyope with residual BSV (CO) completed the Glass pattern 

evaluation so did the others with no BSV. Rislove et al., (2010) also reported that 

IOD or previous history of treatment does not correlate with deficiencies in Glass 

pattern detection. In their study, a strabismic amblyope who had undergone active 

vision therapy in childhood and had IOD < 0.2 at the time of evaluation still showed 

a deficit in Glass pattern detection.   

6.5.3.1 Local and global limitation in fine orientation discrimination 
 

Our results showed that while there were no local or global differences in 

orientation processing in the anisometropic amblyopes as compared to normal, the 

reduced fine orientation sensitivity in strabismic amblyopes was due to the 

differences in the efficiency with which the local orientation cues are processed at 

the global level.  

Other studies that have used local orientation discrimination tasks have also 

reported normal local orientation discrimination thresholds in amblyopia. The local 

orientation thresholds for simple grating stimuli (Skottun et al., 1986) and Gabor 

patches (Demanins et al., 1999; Hess and Malin, 2003) have been found to be 

normal in strabismic amblyopes once the spatial frequency and contrast loss are 

accounted for. Additionally, studies using global orientation tasks have also 

reported normal local processing but compromised global processing in 

amblyopia. Simmers et al., (2004) reported normal local orientation discrimination 

abilities in both strabismic and anisometropic amblyopes but increased global 

orientation discrimination thresholds which were proposed to be due to the 

limitation of processing mechanisms at higher cortical levels. Both local and global 

orientation processing of radial frequency patterns have also been reported to be 

abnormal in strabismic amblyopia (Dallala et al., 2010). 
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The normal local orientation processing observed in the current study is also 

supported by the findings of physiological studies which have showed that V1 cells 

from amblyopic eyes in anisometropic and strabismic amblyopes have normal 

orientation selectivity (Kiorpes et al., 1998). The deficits observed in global 

orientation processing could then be due to reduced activity at higher cortical 

areas of the ventral stream as reported by a larger reduction of responses in areas 

V4 and LO complex compared to V1/V2 in both anisometropic and strabismic 

amblyopia (Muckli et al., 2006). 

6.5.4 Perception of global implied motion (motion from form) in 
amblyopia 
 

The thresholds for implied motion in the dynamic Glass pattern were normal for 

the strabismic amblyopes at both low and high noise conditions. Two strabismic 

amblyopes who could not detect the structure of the static Glass pattern easily 

completed the task on the dynamic Glass pattern. As far as we know this is the 

first study to have evaluated implied motion using dynamic Glass patterns in 

amblyopia. The processing of dynamic Glass patterns combines the inputs from 

both the motion (dorsal stream) and form (ventral stream) mechanisms, but the 

extent of the contribution of each stream in the processing is still unclear (Day and 

Palomares, 2014; Nankoo et al., 2015).  

Other studies have also evaluated the ability of amblyopes in integrating form and 

motion cues, but with a task of extracting form information from motion. For 

example, biological motion, in which the biological form is only apparent when the 

motion cues are present, is reported be intact in strabismic amblyopia (Thompson 
et al., 2008b; Hamm et al., 2014). In another task, where the orientation of a 

rectangle is only apparent when the constituent dots are in motion, amblyopes 

require a larger number of coherently moving dots defining the rectangle for 

reliable form discrimination (Hayward et al., 2011). However, such deficits were 

limited to very slow dot speeds (0.1˚/s), with only one out of 12 amblyopes 

showing the deficits at a speed of 5˚/s. In the present study the speed of the 

dynamic Glass pattern was also relatively fast (18Hz), hence our normal findings 

are similar to that reported by Hayward et al. (2011). However, in another structure 

from motion task, Husk et al., (2012) reported abnormal thresholds for the 

detection of structure (depth) from motion using broadband dot stimuli as well as 
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Gabor patches equated for the contrast deficit in the amblyopic eye. As discussed 

for form perception, the global deficits in amblyopia for form (structure) from 

motion also seem to be specific to the stimulus used and the differences in the 

results could be due to the differences in the processing mechanism of each 

stimulus. Moreover, directly comparing our results using motion from form 

(orientation) task with the studies based on structure from motion tasks may not be 

accurate as the visual processing mechanisms for both types of stimuli are not 

well understood and may well differ.  

When the implied motion discrimination thresholds for the dynamic Glass pattern 

in strabismic amblyopes were compared to the motion and orientation 

discrimination thresholds for the RDK and static Glass pattern, the implied motion 

thresholds were generally closer to the RDK thresholds. In the normal controls, 

however, thresholds were generally mid-way between the RDK and static Glass 

pattern (as was observed in Chapter 4). This would suggest that strabismic 

amblyopes may be more reliant on motion cues when processing the implied 

motion from dynamic Glass patterns. The implied motion may, therefore, be 

processed more as a motion stimulus than the static form stimuli in strabismic 

amblyopes. In the normal controls, the lower thresholds for dynamic Glass 

patterns compared to static patterns may be due to the processing of the temporal 

properties (Day and Palomares, 2014). Physiological and imaging studies in 

normal primates and humans using dynamic Glass patterns have also reported 

that area MT+ along the dorsal stream is similarly activated by the real motion in 

RDK’s and the implied motion from the dynamic Glass pattern, while the ventral 

stream areas are differentially activated (Krekelberg et al., 2003; Krekelberg et al., 
2005). However, other studies suggest that implied motion processing relies more 

on form processing mechanisms (Nankoo et al., 2012; Nankoo et al., 2015) 

(discussed in detail in Chapter 4). Our findings of similar thresholds for implied 

motion and real motion suggests that at least in amblyopia the processing of 

implied motion may rely more on the motion cues. 

In the strabismic amblyopes deficits were found only for the global motion and 

global form processing stages, while the local processing mechanisms for both 

seemed relatively intact. The preserved local and global thresholds for the 

dynamic Glass pattern suggests that the processing of the motion from orientation 

in a dynamic Glass pattern utilises the intact local level inputs from both motion 



 

204 
 

and form mechanisms, while global processing may occur independently of both 

the global motion and global form processing mechanisms. 

6.5.5 Comparison of the motion and form deficits in strabismic 
amblyopia 
 

In the current study, we used physically identical stimuli along the dorsal and 

ventral stream to concurrently evaluate visual processing deficits in amblyopia. 

The results showed that motion/form perception in strabismic amblyopia is limited 

by the processing at the global integration stage while the local processing might 

be normal. When the results from the motion (RDK) and form (Glass) domain were 

compared for the strabismic amblyopes, all amblyopic participants showed 

reduced efficiency in the amblyopic eye. The amblyopes also showed reduced 

efficiency in the fellow eye (7 out of 9) for the motion domain while three 

amblyopes (out of 6) had poorer efficiency in the form domain. Interestingly the 

three amblyopes who could not detect the global structure of the Glass pattern 

also exhibited larger global deficits for the motion domain (2.2 to 3X normal). Our 

results showed that both motion and form domains and thereby the dorsal and 

ventral streams are affected in strabismic amblyopia. The fact that strabismic 

amblyopes who could not detect the structure of the Glass pattern also had larger 

global deficits in motion processing suggests that the global processing deficit may 

be a characteristics feature of amblyopia.  

The observed limitation in the global sampling efficiency parameter for both 

domains in strabismic amblyopia was due to the under sampling of the local 

inputs, this would suggest that the undersampling theory (Levi et al., 1984; Levi 

and Klein, 1985; Wang et al., 1998) posited for other visual deficits in strabismic 

amblyopes could be applicable to the current complex tasks processed at higher 

cortical areas. Strabismic amblyopes are reported to be generally poor at using 

available information (Kiorpes and McKee, 1999). In a line bisection task, which is 

proposed to be processed at the higher cortical areas, anisometropic amblyopes 

showed normal efficiency in using all available samples for judgement but 

strabismic amblyopes based their judgement on a fewer number of samples than 

normal (Wang et al., 1998). Similarly in a feature detection task, strabismic 

amblyopes undercounted stimuli features compared to the normal controls, and 

this deficit persisted even when the lower level contributions were controlled for 
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(Sharma et al., 2000). Hence the inability to use all the available information 

seems to be a generalised deficiency across different domains in strabismic 

amblyopia.     

Dorsal stream function such as motion perception is reported to be more affected 

than ventral stream function in various developmental disorders, leading to the 

assumption of dorsal stream vulnerability (Braddick et al., 2003; Grinter et al., 
2010). Our results showed that both dorsal and ventral stream functions are 

affected in amblyopia. Global motion processing was also affected in the fellow 

eye more than the global form. We also found that some strabismic amblyopes 

were unable to even detect the structure of a Glass pattern. These mixed results 

suggest that the generalisation of dorsal stream vulnerability in amblyopia may not 

be accurate. Imaging and physiological studies in amblyopia also show reduced 

activity along both dorsal and ventral processing streams (Lerner et al., 2003; 

Muckli et al., 2006; El-Shamayleh et al., 2010; Thompson et al., 2012) while a 

study in amblyopic cats report that the ventral stream is more affected than dorsal 

stream (Schröder et al., 2002). 

Two probable causes for the postulated dorsal stream vulnerability are related to 

the anatomical aspects and the developmental pattern of dorsal stream (Braddick 
et al., 2003).  The M-cells in retina and LGN, the early processors of dorsal stream 

inputs, are more susceptible to the damage from pathological changes due to their 

larger size and smaller population (10% of retinal ganglion cells in the retina). A 

proportionate deficit for the M cells and P cells in retina and LGN should result in a 

more obvious functional loss for dorsal stream function, innervated by the smaller 

number of M-cells. In amblyopia, the deficits at the M-cell level should result in 

lower sensitivity to local as well as global motion tasks, but a wide range of studies 

(Simmers et al., 2003b; Simmers et al., 2006b; Aaen-Stockdale and Hess, 2008) 

and our results suggest that the deficits in the motion domain are restricted to 

mostly the global processing level. Another explanation for the reported dorsal 

stream vulnerability in developmental disorders is due to the apparent late 

development of dorsal stream compared to ventral stream visual function [for 

review (Braddick et al., 2003; Grinter et al., 2010)]. Indeed, global motion 

processing mechanisms are known to follow a long and protracted developmental 

pattern extending beyond 14 years. For example, translational motion coherence 

thresholds mature to adult levels at 12 to 14 years (Gunn et al., 2002; Hadad et 
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al., 2011), while the radial coherence thresholds remain immature even at 16 

years of age (Joshi and Falkenberg, 2015). However, other studies have shown 

that some aspects of global motion and form coherence mature at a similar age 

(Gordon and McCulloch, 1999b; Parrish et al., 2005).  

While dorsal stream vulnerability is proposed as a feature of different neurological 

developmental disorders (Braddick et al., 2003), more recent studies question the 

generalisation of this assumption (Grinter et al., 2010). For example, it is argued 

that most studies that have reported dorsal stream vulnerability were tested with 

stimuli that might not be compatible for direct comparison between the two 

processing streams (Grinter et al., 2010). Additionally, as discussed before, the 

global processing deficits in motion and form processing in developmental 

disorders including amblyopia appear to be dependent on the task and the stimuli 

used, hence generalising the results from one task or stimuli as dorsal or ventral 

stream vulnerability may not be accurate. It follows, that the deficit observed in 

these tasks may only represent a localised processing deficit along the dorsal 

stream rather than a generalised vulnerability of the whole stream.  

Our results have also shown that fine global motion and orientation discrimination 

is abnormal in strabismic amblyopia only. Abnormal global motion (Simmers et al., 
2003b; Simmers et al., 2006b; Aaen-Stockdale and Hess, 2008) and global form 

(Lewis et al., 2002; Rislove et al., 2010) deficits have been widely reported in the 

coherence task. However, other studies employing fine global motion 

discrimination tasks have reported normal thresholds in amblyopia (Hess et al., 
2006; Mansouri and Hess, 2006) while the results for fine orientation 

discrimination have been inconclusive (Mansouri et al., 2004; Simmers and Bex, 

2004; Mansouri and Hess, 2006; Husk and Hess, 2013).  

These differences have been explained in terms of the strategy adopted by the 

amblyopic observer during the task with segregation being the main strategy for 

the coherence threshold task and integration for fine direction/orientation 

discrimination tasks (Mansouri and Hess, 2006). The rigid classification of the fine 

mean orientation task as a global integration task and the coherence task as 

global segregation task is problematic, as both tasks may rely on segregation as 

well as integration mechanisms as discussed for the motion domain. Further, the 

conflicting results of normal and abnormal findings from the fine global orientation 
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tasks suggested that the results may well be reliant on the stimuli used for 

evaluation. Our results, therefore, suggest that both the dorsal and ventral streams 

functions are similarly affected in amblyopia, moreover the inability of some 

amblyopes to simply detect the structure of a translational Glass pattern would 

suggest that contrary to the perceived dorsal vulnerability, ventral stream function 

may be more greatly affected. 

6.6 Conclusion 

x Global motion and global form processing appear normal in anisometropic 

amblyopia. 

x Both global motion and global form processing are impaired in strabismic 

amblyopia. 

x  The reduced sensitivity to global motion and global form in strabismic 

amblyopia can be explained by a reduced efficiency with which the local 

information is processed at the global processing stage. 

x The global form deficit in strabismic amblyopia seems task specific and 

might not represent a general dysfunction of the ventral visual stream 

processing.   

x The differences in sensitivity to various stimuli aimed at global form 

processing in strabismic amblyopia suggests that a careful consideration 

needs to be made on selecting experimental stimuli for concurrent 

comparison along different domains. 

x The processing of implied motion seems normal in strabismic amblyopia.  

x The fact that global form perception seemed more affected in strabismic 

amblyopia suggest that the generalised assumption of dorsal stream 

dysfunction in developmental disorders may not be present in amblyopia.  
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A paper based on the results of this study was published in Investigative Ophthalmology 
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The results of this study were presented at the 15th Annual Vision Sciences Society Meeting, 
Florida, USA, 15-20 May 2015 and the 38th European Conference on Visual Perception, 
Liverpool, United Kingdom, 23 – 27 August 2015  
 
Joshi M, Simmers A, Jeon S; ''Deficits in integration of global motion and form in noise is 
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7.0 General Conclusions 
 

Chapter 3: Concurrent characterisation of dorsal and ventral stream function 
with equivalent noise paradigm  

A concurrent comparison of motion and form processing has remained difficult due 

to the differences in stimuli employed to evaluate each stream. The experiments in 

this chapter used physically similar stimuli embedded in varying levels of external 

noise to evaluate the motion and form processing in visually normal adults. Using 

random dots, we created an experimental stimulus of which parameters were 

manipulated in the same manner regardless of the domain – be it motion or form – 

under testing, setting a scene for the experiments to follow. Using hierarchical 

nested modelling, it was found that the higher discrimination thresholds for the 

global form (dipole Glass pattern) compared to the global motion (RDK) were due 

to the changes in the sampling efficiency parameter with the equivalent noise 

remaining constant. This is seen as a relatively more efficient global integration 

mechanism (modelled as a higher sampling efficiency) at the higher extrastriate 

cortices along the dorsal stream than those along the ventral streams, with a 

constant limitation (modelled as a single internal noise) in local processing 

common to both streams, purportedly from the shared, lower areas such as V1.  

The global orientation sensitivity was first evaluated by using the dipole Glass 

pattern then further evaluated by line segments and extending Glass patterns with 

“multipoles” (namely, tri- and quadrapoles). As opposed to the motion vs. form 

difference explained by the difference in sampling efficiency, the differences in the 

form thresholds between dipole Glass pattern, line segments, and multipole Glass 

pattern were best described by the changes in the internal equivalent noise with 

the sampling efficiency remaining constant. The differences in internal noise for 

different stimuli directed at evaluating global orientation processing suggested that 

the stimuli with line segments and Glass pattern with more than two elements may 

be more reliant on local processing, therefore, careful consideration needs to be 

made when selecting a stimulus to evaluate these global processing stages. 
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Chapter 4: The processing of implied motion in a normal population 

The interactions between motion and form processing mechanisms have been 

previously studied (Nankoo et al., 2012; Day and Palomares, 2014; Nankoo et al., 
2015) by measuring implied motion coherence thresholds with dynamic Glass 

patterns. However, the coherence threshold paradigm is limited in differentiating if 

the interactions originate at the local or global processing levels. In this chapter we 

measured implied motion sensitivity at varying levels of external noise. The results 

were then compared to that of the global motion (RDK) and global form (Glass 

pattern) to unravel the interactions at the local vs. global processing levels. 

The results showed that the local level processing for all three stimuli types 

(dynamic Glass pattern, RDK, and static Glass pattern) were similar. The lower 

thresholds for the implied motion in dynamic Glass patterns compared to the 

orientation thresholds in static Glass patterns when modelled proved to provide a 

better sampling efficiency at the global processing stage.  

The results suggest that the local processing of the dipole orientation in a dynamic 

Glass pattern is similar to the processing of static Glass patterns with further 

global processing most likely occurring along the motion processing areas of 

MT/MST.  

Chapter 5: Modification of the data collection method for the faster 
application of an equivalent noise paradigm  

Unlike the coherence threshold paradigm, the external noise paradigm based on 

measuring discrimination thresholds at different levels of external noise can 

unravel the contributions of local and global processing mechanisms. However, 

employing the equivalent noise paradigm in subjects with various clinical 

conditions has remained difficult due to the time/effort required to measure 

thresholds at multiple noise levels. In this chapter we adapted the paradigm to 

facilitate data collection and validated this method against the traditional method of 

measuring discrimination thresholds at different noise levels.  

The results showed the abridged version measuring tolerable noise thresholds to 

target high noise points in the TvN curve is as reliable as the full classical method 

of measuring discrimination thresholds at multiple noise levels. Moreover, the new 

method required almost one third of the time compared to the classical method. 
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This new method provides an opportunity to employ the equivalent noise paradigm 

in clinical populations who are less likely to complete experiments with the 

classical method.  

Employing the equivalent noise paradigm in clinical populations will be useful in 

unravelling the local/global processing limitations which will in turn aid to a better 

understanding of the disease processes.      

Chapter 6: Concurrent investigation of dorsal and ventral stream processing 
in amblyopia: an equivalent noise approach  

Global motion perception is known to be abnormal in amblyopia while global form 

is reported to be either abnormal or normal depending on the experimental stimuli 

and method employed. All the problems identified in comparing motion and form 

perception in a normal control population are not only inherited but exaggerated 

when studying special population with clinical conditions. 

The majority of amblyopia studies have measured motion/form coherence 

thresholds which cannot separate the local/global processing limitations; the 

difference in the stimuli used for each domain has also made it difficult to directly 

compare deficits along each domain. In this chapter we employed physically 

similar RDK and Glass pattern stimuli adapted to the faster method developed in 

Chapter 5 to probe local and global motion/form processing in amblyopia. We also 

evaluated implied motion in amblyopia to understand the interaction between the 

motion and form processing mechanisms.  

The global motion and global form thresholds were found to be normal in 

anisometropic amblyopia. On the other hand, strabismic amblyopes showed 

elevated thresholds in both the motion and form domains with some amblyopes 

unable to even detect the structure of a dipole Glass pattern. The abnormal motion 

and form thresholds in strabismic amblyopia were related to the deficiency in 

integration at a global processing stage with the local processing appearing 

normal. Additionally, the strabismic amblyopes who were unable to detect the 

dipole Glass pattern could easily detect the tripole Glass pattern within normal 

threshold limits. The implied motion thresholds in dynamic Glass patterns were 

meanwhile normal for the strabismic amblyopes.  
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Our results using physically similar stimuli show that both global motion and global 

form processing are abnormal only in strabismic amblyopia. The normal local 

motion/form processing, normal implied motion processing, and abnormal global 

motion/orientation processing in strabismic amblyopia suggest that the generalised 

assumption of dorsal stream dysfunction in developmental disorders may be 

reconsidered at least in the case of amblyopia, with more careful experimental 

design/consideration required when wishing to compare performance along the 

two domains. 
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8.0 Future Studies and preliminary data 
 

8.1 Concurrent evaluation of motion and form processing 
in dyslexia  

 
Dyslexia is a complex disorder involving different sensory deficits. Various 

electrophysiological, imaging and behavioural studies have implicated visual 

deficits along the magnocellular/dorsal visual pathway in dyslexia [for review, 

(Laycock and Crewther, 2008; Skottun and Skoyles, 2008)]. It has been reported 

that individuals with dyslexia show significantly reduced fMRI responses in early 

visual area V1 as well as MT when evaluated with low luminance moving gratings 

that specifically target the magnocellular pathway (Demb et al., 1997; Demb et al., 
1998). Similarly, lower fMRI activation of area MT has been reported when 

compared to control groups employing  a motion coherence task but normal 

activation is demonstrable along the parvo/ventral stream with a form coherence 

task in dyslexia (Eden et al., 1996).  

Dyslexia is also associated with behavioural deficits in various tasks mediated by 

the lower and higher subcortical magnocellular pathway. A lower sensitivity to 

flicker contrast (Edwards et al., 2004; Pellicano and Gibson, 2008) processed at 

lower subcortical areas of the magnocellular pathway but normal sensitivity on 

tasks aimed at evaluating parvocellular function such as the detection of slow, 

isoilluminant Gabor patches and gratings has been reported in dyslexia (Edwards 
et al., 2004). Differences have also been observed in other cognitive tasks, which 

are processed along the parvocellular and magnocellular pathways. For example 

in a rapid processing sequencing task, dyslexics performed better at spatial than 

temporal sequencing tasks (Conlon et al., 2004). However, other lower 

magnocellular tasks such as directional motion contrast sensitivity (Slaghuis and 

Ryan, 2006) and contrast sensitivity to flicker or static patterns (Williams et al., 
2003) were reported to be normal. 

Similarly, adults and children with dyslexia had deficits in a global motion 

coherence threshold (MCT) task processed at higher cortical areas along the 

dorsal stream (Raymond and Sorensen, 1998; Hansen et al., 2001; Pellicano and 

Gibson, 2008) while the global form coherence thresholds processed along the 
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ventral stream were reported to be normal (Hansen et al., 2001; Conlon et al., 
2004). Other studies have suggested that the visual deficits observed in the 

motion processing pathway were due to the inability of individuals with dyslexia to 

exclude noise (Sperling et al., 2005; Sperling et al., 2006).  

As discussed in the preceding chapters, a major obstacle in attributing any specific 

developmental disorder to a dorsal or ventral stream processing is the lack of a 

common stimulus that can be shared by both streams for a fair and transparent 

comparison. Here we evaluated the global motion and form stream using tasks in 

which the stimulus parameters are shared as much as possible in the presence of 

noise. The results provide comparable data along each visual processing stream 

and parse out the presumed differential effect of noise in dyslexia. 

 
Preliminary results:  
Four individuals diagnosed with dyslexia (mean age 19.50 ±0.58 years) 

discriminated the global motion direction in RDK and the global orientation in 

Glass pattern. Among the four participants, two were diagnosed by community 

psychologists while the other two were diagnosed at the Visual Stress Clinic at the 

Glasgow Caledonian University. The data of controls from the amblyopia study 

(refer to section 6.3) were used for the comparison. The stimuli, methods and 

procedure were the same as described for the amblyopia study (Chapter 6).  

 

The direction discrimination thresholds for participants with a reading disorder 

were elevated in comparison to the normal controls at both noise levels. The 

orientation discrimination thresholds meanwhile were more similar between the 

two groups. A MANOVA with the log direction/orientation offset and noise 

thresholds as the dependent variable and study group (two levels; reading 

disorder and control) and stimulus type (two levels; RDK and Glass) as the 

between subject factors showed no significant effect of study group [V = 0.02, 

F(6,488) = 1.033, p > 0.05] but a significant effect of stimulus type [V = 0.30, 

F(2,243) = 52.49, p < 0.001] with no interaction between eye and stimulus type [V 

= 0.02, F(6,488) = 0.76, p > 0.05]. 
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Figure 8.1: The global direction discrimination (A) and orientation 
discrimination (B) thresholds for individuals with a reading disorder and 
visually normal controls.  
 

Limitations and future work 

Our results showed that while there is a trend for the global motion thresholds to 

be elevated in the observers with a reading disorder thereby supporting the 

magno/dorsal stream theory, the thresholds were not significantly different from 

the visually normal controls. However, our sample group was limited, further to the 

diagnosis of the reading disorder, additional tests such as reading scores and IQ 

scores would need to be ascertained. Hence future extension of this work needs to 

be undertaken with a larger sample and a more refined inclusion criteria is 

required for an accurate diagnosis of dyslexia.  

8.2 The differences in processing of global motion and 
global form – an ideal observer perspective 

 

In all our experiments we find that the global form thresholds in Glass pattern are 

elevated compared to the global motion thresholds. This trend was consistent 

regardless of the type of observers (i.e., normal or amblyopic) and across all 

external noise levels. On the surface, this might seem unsurprising as motion 

stimuli (RDK) contain more information/energy compared to the static Glass 

pattern stimuli, which is shown as a vertical shift across noise levels. However, the 

(A) (B) 
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picture becomes more complicated when we tested different types of Glass 

patterns. For example, we find that the thresholds for quadrapole Glass patterns 

and equivalent line segments are similar to that of RDKs at lower noise levels. In 

its simplest form, we can hypothesise that it takes as few as four frames to be 

integrated for the best orientation or direction thresholds at low noise levels, given 

that Glass patterns can be considered a snapshot of multiple motion frames in 

sequence. At higher noise levels, however, the direction discrimination thresholds 

still remained lower than that of the orientation discrimination thresholds for 

quadrapole Glass patterns and line segments.  

We do not know yet from which factors this interaction between the domains (i.e., 
motion and form) and the level of noise arises. An ideal observer analysis is based 

on evaluating how a processing system utilises stimulus information available to 

perform the task bound by the anatomical and physiological limitations. An ideal 

observer model incorporating the basic stimulus attributes of motion (RDK) and 

form (various Glass patterns) domains could provide further information on what 

limits the normal performance along the two domains. Such analysis could also 

inform more on the interaction of the two visual processing mechanisms.  

8.3 Abnormal form processing in strabismic amblyopia – 
an exploratory study 

 

In Chapter 6, we find that strabismic amblyopes have a deficit in both motion and 

form processing. We also find that some strabismic amblyopes were unable to 

detect the Glass pattern stimuli. However, the same amblyopes were able to 

detect the structure in dynamic Glass patterns and tripole Glass patterns. The 

difference in performance between various form stimuli could be related to higher 

internal noise associated with the dipole Glass pattern compared to the tripole 

Glass pattern. This assumption is also supported by the findings of increased 

internal noise in dipole Glass pattern compared to tripole, quadrapole, and line 

segments in a control population (Chapter 3). It would hence be interesting to 

further explore the form processing pathway in amblyopes with different types of 

Glass pattern and line segment stimuli to determine if the differences in 

performance are actually related to local (internal noise) or global (sampling 

efficiency) limitations. We also investigated the possibility that the deficit was 



 

217 
 

associated with the level of inter-ocular difference in visual acuity but no 

relationship was found. It would however be interesting to further explore other 

clinical diagnostic factors such as degree of binocularity, age of onset or duration 

of previous treatments.      

8.4 Development and maturation of motion processing 
and form processing – an equivalent noise approach 

 

Global motion and global form processing are known to be processed at higher 

extra cortical areas along the two visual pathways – dorsal and ventral stream. 

Although infants of 2-3 months show some limited sensitivity to both global motion 

(Brosseau-Lachaine et al., 2008; Shirai et al., 2008) and global form (Quinn, 

2000), the motion and form coherence threshold evaluation has shown that the 

sensitivity to these global patterns follow a long and protracted development 

process reaching adult like level at a much later age than other basic visual 

functions such as visual acuity, stereo acuity, and contrast sensitivity, which are of 

adult level by 5 to 6 years of age. For example, translational motion coherence 

thresholds have been reported to reach adult levels at around 11-14 years (Gunn 
et al., 2002; Parrish et al., 2005; Hadad et al., 2011; Hadad et al., 2015). Similarly, 

form coherence thresholds employing Glass patterns is reported to be adult like by 

the age of 9 years (Lewis et al., 2004).  

Dorsal stream visual functions (motion) have also been reported to be affected 

more in a range of developmental disorders [for review (Braddick et al., 2003; 

Grinter et al., 2010)]. One of the reasons reported for this is due to the late 

development of dorsal stream function compared to that of the ventral stream 

(form) (Braddick et al., 2003). However, some studies have reported that both 

global form and motion mature at a similar age (Gordon and McCulloch, 1999b; 

Parrish et al., 2005). Similarly, comparing the developmental pattern of dorsal and 

ventral stream based on physically differing stimulus may be inaccurate as the 

characterisation of motion and form processing relies heavily on the stimulus and 

task being used. Hence in this proposed study we would assess development of 

motion and form processing mechanisms in children using the tasks where as 

many experimental parameters are shared between the streams for fairer 

comparison.  
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8.5 Is the internal noise parameter related to the direction 
and orientation bandwidth of visual system? 

 

Traditionally the direction and orientation bandwidth has been measured in a 

single cell analysis (Albright, 1984; Vogels and Orban, 1991; Liu and Newsome, 

2003). Behaviourally, the direction/orientation bandwidth has been measured 

using masking and adaptation paradigms (Phillips and Wilson, 1984; Blake and 

Holopigian, 1985). In the experiments detailed in this thesis we measured the 

limits of fine direction/orientation discrimination from the vertical reference in the 

presence of variable noise.  

The internal noise parameter derived from the equivalent noise paradigm may 

represent the overall noise within the visual system. However, there is much 

ambiguity on what this value truly represents, with some studies (Beaudot and 

Mullen, 2006) relating the measure to the overall bandwidth of the system. It would 

hence be interesting to measure the direction/orientation bandwidth behaviourally 

using similar stimulus parameters and investigate any relation between the internal 

equivalent noise and overall direction/orientation bandwidth of the human visual 

system.  

8.6 Limiting factors of speed discrimination – internal 
noise or sampling efficiency? 
 

Humans have a differential sensitivity to object speed, with higher sensitivity to 

faster speeds compared to slower speeds (Ahmed et al., 2005; Hadad et al., 2011; 

Falkenberg et al., 2014; Joshi and Falkenberg, 2015). The better sensitivity to 

faster speed has again been studied in terms of the spatial and temporal 

components of motion (Kiorpes et al., 2006; Knox et al., 2013). This difference is 

present from the very early stages of visual development (Manning et al., 2012; 

Bogfjellmo et al., 2014; Joshi and Falkenberg, 2015) until  senescence (Bogfjellmo 
et al., 2013). The differences in sensitivity to fast and slow speeds have been 

explained by the presence of independent processing mechanisms for each speed 

(Edwards et al., 1998; Khuu and Badcock, 2002) or a single mechanism tuned to 

different speeds (van Boxtel and Erkelens, 2006). The speed discrimination 
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capability has most commonly been studied with the coherence threshold 

paradigm. Employing equivalent noise method could separate if the difference in 

performance is related to a change in internal noise or sampling efficiency. The 

result would also provide information on whether the slow and fast speed 

processing mechanisms are related or independent at the local and global visual 

processing stages.  
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9.0 Appendices 
 

9.1 Appendix 1: Information Sheets / Consent Forms and 
Ethics 

 

Information sheet 1  

 

    

                          Information Sheet for Adult Participants  

 

Project title: Characterisation of the Dorsal & Ventral Pathways Using 
External Noise Paradigm in Visually Normal and Abnormal Populations      
Investigators: Mahesh Raj Joshi; M.Phil, Ph.D. Candidate             

             Simon Jeon, Ph.D., Lecturer 

             Anita J. Simmers, Ph.D., Professor  

 
Introduction and study purpose 

You are invited to take part in a study about ‘‘Characterisation of the Dorsal & 

Ventral Pathways Using External Noise Paradigm’’ in Glasgow Caledonian 

University. The aim of the study is to investigate how different visual stimulus are 

perceived by human, specifically we want to understand how normal, typically 

developing children fare with adults on seeing motion or shape against irrelevant, 

noisy background information, we will be evaluating 24 adults and around 100 

children with normal vision in the study. The study will entail basic testing of your 

vision and an experiment using computer. Before you decide whether or not to take 

part, it is important for you to understand what participation in the study will involve 

for you. Please take time to read the following information carefully and contact us 

at the address below if you need more information.  
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What will I have to do if I take part? 

If you are interested in taking part, you will be asked to undergo a vision screening 

which will include testing your visual acuity (how well you can see distant objects) 

and stereo vision (ability to perceive depth). The visual screening will be followed 

by completing an experimental task presented on the computer screen. 

You will complete two separate tests watching patterns made up of small moving 

dots many times and respond by pressing appropriate keys on computer 

keyboard.  
 
Do I have to take part? 

No. It is up to you to decide whether or not to take part. You can stop taking part in 

the study at any time, without giving a reason. 
 
What are the possible disadvantages and risks of taking part? 

You may feel uncomfortable or tired after sitting in same position during the 

experiment. We can pause the experiment at any stage if you wish to take a rest in 

between. 
 
What are the possible benefits of taking part? 

The study likely will not help you directly.  However, the results should help our 

understanding on how humans perceive moving and static objects. This, in turn, is 

expected to be beneficial to the understanding how the human brain works.  
 
What will happen to the information that you give? 
Your results of experiment will be stored anonymously into our database with 

secured password. All data will be stored anonymously and only the researchers 

involved in this work will have access to the information. All data will be destroyed 

after 5 years of completion of the research project. 
 
Will my taking part in this study be kept confidential? 
Yes. Ethical and legal practice will be followed, and all of your information will be 

handled in confidence.   The responses that you provide will be treated 

confidentially. Your rights are protected under the Data Protection Act and any 

information that might identify you will not be shared outside of the research team.  

No identifying information will appear in any documents or in the final report. 
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What will happen to the results of the research study? 

The data will be analysed and will be available to a range of people, including 

scientists and researchers through written reports, presentations and journal 

publications. However, it will not be possible to identify any individual participant 

from these reports or publications. 
 
Who has reviewed the study? 

This study has been given approval by the School of Health and Life Sciences 

Ethics committee. Consent to take part in the study will be obtained by the 

researchers involved.    
 
What happens next? 
If you decide you are interested in participating in the study after reading this 

information sheet, please complete one copy of the consent form. If you would like 

to find out more about the research before participating please do not hesitate to 

contact.  

 

Investigator:                                                                Project Supervisor: 

Mahesh Raj Joshi                                                       Dr. Simon Jeon, Ph.D                 

Ph.D candidate                                                           Lecturer  

Department of Vision Sciences                                  Department of Vision Sciences 

Glasgow Caledonian University                                 Glasgow Caledonian University                                                                                                                                              

Email: Mahesh.Joshi@gcu.ac.uk                               Email: Simon.Jeon@gcu.ac.uk 

Telephone: 01413318316                                          Telephone: 01412731685 

 

Thank you for taking the time to read this study information sheet.  

 
 

 

 

 

 



 

223 
 

Consent Form 1 

Characterisation of the Dorsal & Ventral Pathways Using 
External Noise Paradigm in Visually Normal and 

Abnormal Populations   

CONSENT FORM (ADULT) 

 Please tick box 

 

1. I confirm that I have read and understood the information sheet dated  

for the above study and have had the opportunity to ask questions and 

have had these answered satisfactorily. 

 

2. I understand that my participation is voluntary and that I am free to  

withdraw at any time without giving any reason. 

 

3. I agree to take part in the above study. 

 

  

4. I understand that the results from this work may be published however  

this will be completely anonymous. 

 

___________________________ ____________ _______   

Name of participant      Date             Signature 

___________________________ ____________ _______               

Name of person taking consent      Date   Signature  
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Information Sheet 2    
                          

 

Information Sheet for Adult Participants 
 
Project title: Evaluation of Dorsal and Ventral Stream in Neurodevelopmental 

Disorders with Equivalent Noise Paradigm 
 
Investigators: Mahesh Raj Joshi; M.Phil, Ph.D. Candidate             

               Seong Taek Jeon, Ph.D., Lecturer 

               Anita J. Simmers, Ph.D., Professor  

     Nadia Northway, Ph.D., Senior Lecturer 

 

Introduction and study purpose 

You are invited to take part in a study at Glasgow Caledonian University which 

aims to the study how human perceive direction of motion (for example, in which 

direction are the car moving?) and orientation (for example, is the picture on the 

wall hung straight or tilted?). Specifically we want to understand how different 

individuals with a known neurodevelopmental disorder are from visually normal 

adults on seeing motion or orientation of objects against irrelevant, noisy or, 

‘cluttered’ background information.  

The study will involve a simple non-invasive computer based experiment. We will 

measure an individual’s sensitivity to different visual patterns, reflecting the 

different connected pathways between visual brain centres. Before you decide 

whether or not to take part, it is important for you to understand what participation 

in the study will involve for you. Please take time to read the following information 

carefully and contact us at the address below if you need more information.  

 

What will I have to do if I take part? 

If you are interested in taking part, we will ask you to watch a computer monitor 

attentively for a certain visual pattern. You will be required to respond as instructed 

to the pattern by pressing one of the computer mouse buttons or keypads per 

presentation of the pattern at a time.Testing will take approximately 45 minutes with 

as many breaks as you require. 
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Do I have to take part? 

No. It is entirely up to you to decide whether or not to take part. You can stop taking 

part in the study at any time, without needing to give a reason. 

 
What are the possible disadvantages and risks of taking part? 

You may feel uncomfortable or tired after sitting in same position for the duration of 

the experiment. We can pause the experiment at any stage if you wish to take a 

rest in between. 

 

What are the possible benefits of taking part? 

It is unlikely the study will help you directly. However, the results should help our 

understanding on how people with neurodevelopmental disorders perceive moving 

and static objects as compared to normal. This, in turn, is expected to be beneficial 

to the understanding how the human brain works and may provide a basis for 

future rehabilitative therapies. 

 

What will happen to the information that you give? 
The results of the experiment will be stored anonymously into a database with a 

secured password. All data will be stored anonymously and only the researchers 

involved in this work will have access to the information. All data will be destroyed 

after 5 years of completion of the research project. 

 
Will my taking part in this study be kept confidential? 

Yes. Ethical and legal practice will be followed, and all of your information will be 

handled in confidence.   The responses that you provide will be treated 

confidentially. Your rights are protected under the Data Protection Act and any 

information that might identify you will not be shared outside of the research team.  

No identifying information will appear in any documents or in the final report. 

 
What will happen to the results of the research study? 

The data will be analysed and will be available to a range of people, including 

scientists and researchers through written reports, presentations and journal 

publications. However, it will not be possible to identify any individual participant 

from these reports or publications. 

 



 

226 
 

Who has reviewed the study? 

This study has been given ethical approval by the School of Health and Life 

Sciences departmental committee. Consent to take part in the study will be 

obtained by the researchers involved.    

 

What happens next? 
If you are interested in participating in the study after reading this information sheet, 

please complete one copy of the consent form. If you would like to find out more 

about the research before participating please do not hesitate to contact.  

 

 

 

Investigator:                                                              Project Supervisor: 

Mahesh Raj Joshi                                                     Dr. Seong Taek Jeon, Ph.D                                 

Ph.D candidate                                                         Lecturer  

Department of Vision Sciences                                Department of Vision Sciences 

Glasgow Caledonian University                               Glasgow Caledonian University                                                                                                                                              

Email: Mahesh.Joshi@gcu.ac.uk                             Email: Simon.Jeon@gcu.ac.uk 

Telephone: 01413318316                                        Telephone: 01412731685 

 

 

Thank you for taking the time to read this study information sheet.  
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Consent Form 2 

Evaluation of Dorsal and Ventral Stream in 
Neurodevelopmental Disorders with Equivalent Noise 

Paradigm 

 

CONSENT FORM  

                       

Please tick box 

1. I confirm that I have read and understood the information sheet  

dated for the above study and have had the opportunity to ask 

questions and have had these answered satisfactorily. 

 

2. I understand that my participation is voluntary and that I am free 

to withdraw at any time without giving any reason. 

 

3. I agree to take part in the above study. 
 

  

4. I understand that the results from this work may be published 

however this will be completely anonymous. 

 

___________________________ ____________ __________         

Name of participant     Date   Signature  

 

    __________________________ ____________ __________   

    Name of person taking consent      Date  Signature  
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Ethics:  
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9.2 Appendix 2: Peer Reviewed Papers and Abstracts 
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36th European Conference on Visual Perception, Bremen, Germany, 25 – 29 
August 2013  

Joshi M, Jeon S T, 2013; "Characterisation of the Dorsal and Ventral 
Pathways Using External Noise Paradigm" Perception, 42 ECVP Abstract 
Supplement, page 210 
 
 - Poster presentation 

 

Current study evaluated the sensitivity to global motion and form perception which 

are presumably processed by two distinct visual pathways – dorsal and ventral 

respectively [Ungerleider and Mishikin, 1982, in: Analysis of Visual Behavior, 

Cambridge, MIT press] – in varying noise levels. We used Glass pattern [Glass, 

1969, Nature, 223, 578-579] and random dot kinematogram (RDK) to evaluate and 

compare each pathway directly by making the experimental parameters as 

equivalent as possible in both tasks. Four normal observers discriminated global 

direction of 500 moving dots or overall orientation of 250 dipoles from 12 o’clock. 

For each trial, direction/orientation of a dot/dipole was sampled from a normal 

distribution with one of the eight predetermined direction/orientation variances 

ranging from ±1° to ±120°, whereas the mean direction/orientation to be 

discriminated was determined by the 3-down-1-up staircase. When plotted against 

noise levels, the thresholds remained constant at low variances and started to 

increase as variance increased. Except for one observer, individual thresholds for 

Glass pattern were consistently higher than those for RDK across the different 

variance levels; mean log threshold ratio (Glass/RDK) was 1.503±0.24. In the 

future, functional mechanisms of both pathways will be quantitatively modelled 

with consideration of noise.  
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14th Annual Vision Sciences Society Meeting, Florida, USA, 16-21 May 2014. 
—  Poster presentation  

The British Congress of optometry and Vision Science, Cardiff, UK, 8-9 Sep 
2014. — Oral presentation 

Joshi M R, Simmers A J, Jeon S T; Limiting Factors in Form and Motion 
Perception: Shared locally, Differentiated Globally. Journal of 
Vision 2014;14(10):1418.  

The visual system is functionally differentiated into dorsal (motion) and ventral 

(form) pathways, owing to the limitations in previously employed stimuli analogous 

comparison of the outputs from these two streams has proven difficult. In the 

current study, we adapted the equivalent noise paradigm to (1) disentangle the 

effect of local and global limits on motion and form perception and (2) compare 

how those constraints manifest in the two pathways. Six visually normal observers 

estimated the mean direction or orientation (clockwise or counter-clockwise of 

vertical) of a field of moving dots (Random Dot Kinematogram; RDK), static 

dipoles (Glass Pattern; Glass), or dynamic dipoles (dynamic Glass pattern; 

dGlass) whose direction/orientations were drawn from normal distributions with a 

range of direction/orientation variances. Thresholds (τ) obtained after five sessions 

for each stimulus condition showed a consistent pattern across observers and 

external variance levels, where τGlass>τdGlass>τRDK. Overall, the average 

threshold ratios between the tasks were constant (1.13, 0.72, and 0.42 log units 

across external variance levels for τGlass /τRDK, τdGlass/τRDK, and 

τGlass/τdGlass, respectively), suggesting a parallel vertical shift in performance. 

This pattern of result was confirmed by the mixed ANOVA where we found 

significant effect of the external variance (F6.03, 524.37= 185.33, p < 0.001) and 

the stimulus type (F2, 87 = 33.50, p < 0.001), but no interaction between them 

(F12.05, 524.37= 1.05, p > 0.1). Nested model comparisons where the thresholds 

were related to the external variances, internal noise, and the sampling efficiency 

revealed that change in performance between the tasks can be best described by 

the sole change in sampling efficiency with the internal noise remained invariable 

across tasks. Our findings provide a concurrent framework in which to consider 

global motion and form integration in human perception. This may prove valuable 

in diagnosing functional visual deficits in a range of developmental/cognitive 

disorders. 
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15th Annual Vision Sciences Society Meeting, Florida, USA, 15-20 May 2015. 

Joshi M, Simmers A, Jeon S; ''Deficits in integration of global motion and 
form in noise is associated with the severity and type of amblyopia'' Journal 
of Vision 2015;15(12):193. 

 
- Oral Presentation 

Motion and form processing along the functionally differentiated dorsal and ventral 

stream is reported to be abnormal in amblyopia; however limitations in previous 

stimuli have made analogous comparison of the outputs from these two streams 

difficult. In the current study, we characterise both functions in amblyopia using 

equivalent stimuli for fine global motion and orientation discrimination in the 

presence of noise. Anisometropic (n = 6) and strabismic (n = 6) amblyopes, and 

12 visually normal subjects monocularly estimated the mean direction of motion of 

random dot kinematogram (RDK) and orientation of Glass pattern (Glass), whose 

directions/orientations were drawn from normal distributions with a range of means 

and variances that served as external noise. Two levels of noise were tested to 

obtain direction/orientation discrimination threshold in the absence of noise then 

threshold variance at the multiples of the direction/orientation threshold. For all 

subjects the thresholds for Glass were higher than RDK. The direction/orientation 

thresholds were higher for amblyopic eye (AE) in the strabismic group compared 

to the fixing eye (FE) and normal observers (NE) but not for anisometropic group. 

The MANOVA for the strabismic group revealed significant effect of both eyes (p < 

0.01) and stimulus type (p < 0.01) but no interaction p > 0.1), with thresholds 

significantly higher for the AE than both FE and NE (ps < 0.05) on pairwise 

analysis. The MANOVA for the anisometropic group showed no significant effect 

of eyes p > 0.1) but a significant effect of stimulus type (p < 0.001) with no 

interaction p > 0.1). Our results show a deficit in motion and form perception only 

in subjects with dense strabismic amblyopia, irrespective of noise levels. The 

thresholds will be modelled to parse out the influence of local and global 

processing mechanisms in the respective streams. 
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38th European Conference on Visual Perception, Liverpool, United Kingdom, 
23 – 27 August 2015  

Jeon S T, Joshi M R, Simmers A; ''Noise reveals abnormal global integration 
of motion and form in strabismic amblyopia''. Perception, 2015; 44: 1-415 

 
 - Poster presentation 

Abnormal motion and form processing along the dorsal or ventral pathway has 

been reported in amblyopia. In the current study, we attempted to characterise 

visual processings in both pathways in amblyopia concurrently using equivalent 

stimuli in the presence of noise. 

Six anisometropes, six strabismics, and 12 visually normal observers monocularly 

discriminated the global direction of random dot kinematogram (motion) and 

orientation of Glass pattern (form) where individual direction or orientation of local 

elements were drawn from normal distributions with a range of variances that 

served as noise. Direction/orientation discrimination threshold without noise was 

measured first, followed by threshold variance measured at the multiples of the 

direction/orientation threshold. 

Overall, the form thresholds were higher than motion thresholds for all observers 

regardless of the noise levels. The thresholds were modelled to separate the effect 

of local and global processing in the respective pathways. The analyses showed 

that the anisometropic performance for both form and motion were identical to 

normal (p > .5). The strabismic performance for both form and motion were poorer 

than the normal eyes (p < .01). Nested model testing suggested the poorer 

performance of the strabismic eyes were due to the deficits in global integration, 

reflected in the lower efficiency parameter. 
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