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ABSTRACT 

Subjective contours provide an opportunity to explore 

the limits of correspondence matching in motion. A new 

class of subjective contour which is a by-product of motion 

processing is examined within the context of the dual 

process models of retinal motion processing proposed by 

Braddick (1980) and A.nstis (1980), as well as the more 

recent first-order/second-order formulation proposed by 

Cavanagh and Mather (1989). These kinetically induced 

figures are created by displacing a surface defined by dots 

which change randomly from frame to frame over a static 

random dot background. Despite the fact that local form 

information is uncorrelated throughout the motion sequence, 

the resulting phenomenal percept is that of a "sparkling" 

surface which translates across the background. The results 

of five experiments were not, however, fully consistent with 

predictions based on either model. An extension of the 

criteria necessary for the long-range system to be operative 

would accommodate the data within the context of the short

range/long-range model, whereas a more detailed definition 

of the properties and relationships between second-order 

attributes would accommodate the data within the framework 

of the first-order/second-order model. 
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CHAPTER 1. 

GENERAL INTRODUCTION 

" ... this universe is NOT a universe of points, with time 
flowing along irrespective of the points, but rather this is 
a UNIVERSE OF EVENTS, -everything that happens, happens at a 
certain place AND at a certain time." 

Lillian Lieber 
"The Einstein Theory of Relativity" 

"It is only change that is at work here." 

Richard Wilhelm 
"The I Ching Book of Changes" 

As light from the environment impinges upon the retina, 

a pattern of stimulation is created on its surface. This 

pattern continually changes both as the environment changes 

at a single vantage point, and as the retina is presented 

with different vantage points of the environment. Rather 

than perceiving a broken series of points of light and dark 

which sporadically appear in disconnected positions in 

space, we perceptually organize these fluctuations in the 

retinal pattern as coherent representations of singular 

forms and objects when either they, or we, change position 

in space. The matching of retinal patterns as they change 

over time is referred to as the "correspondence problem" of 

motion: In fact, it is not a "problem" for the visual 

system, but to those who ask how is it done. To preserve 

continuity, we must in some way recognize certain properties 

of the retinal pattern as corresponding to the same forms 



and objects as positions in space alter. But which 

properties? Under what circumstances? And what 

are the rules for combining different properties? 

Subjective, or illusory contours are described 
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as edges which are perceived in the absence of a consistent 

spatial discontinuity. In essence, subjective contours are 

edges that we "should" not be able see. That we do perceive 

them at all is a clue from our visual system about which 

proximal properties are important for correspondence to 

occur, as well as the limits to how they can be combined. 

In the most general sense, this paper is about what 

properties of the proximal stimulus (the pattern on the 

retina) correspond over time, and how. More specifically, 

the spatial and temporal characteristics that govern this 

process are explored using a special class of visual 

phenomena: Locally uncorrelated kinetic subjective 

contours. 

In Chapter 2 of this paper I present two current 

models of retinal motion processing, as well as describe a 

range of phenomena which are classified as subjective, or 

illusory contours. In Chapter 3, a previously unstudied 

class of kinetic subjective contour is introduced: Since 

the local information about motion in these forms is 

uncorrelated over time, the phenomenon is best explained by 

considering both the spatial and temporal attributes of the 

elements which induce the edge. How this contour may be 
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used to evaluate the models of motion earlier presented is 

also considered. Chapter 4 is devoted to describing a 

series of experiments which address the qualitative, 

spatial, temporal, and spatio-temporal parameters required 

to perceptually organize contours of this type, as compared 

to comparable figures which provide more consistent local 

motion information. Last, Chapter 5 consists of a general 

discussion of empirical findings in relation to the current 

models of retinal motion processing. 
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CHAPTER 2. 

LITERATURE REVIEW 

MODELS OF MOTION PROCESSING. 

To perceive motion we must integrate spatial change 

over time. The means by which this is accomplished, 

however, could be organized in a variety of ways. Two 

general classes of models will be considered here: One 

possibility is that information on different spatial scales 

is processed qualitatively differently, in parallel; another 

possibility is that different types of information are 

sampled at all spatial scales, and processed in parallel. 

Parallel processes which are qualitatively different at 

short and long spatial and temporal ranges. 

Models in which different ranges of information (e.g. 

high and low spatial and temporal frequencies) are processed 

in qualitatively different ways have received widespread 

acceptance among contemporary vision researchers. Braddick 

(1974, 1980), Anstis (1978, 1980, 1985) and Larsen, Farrell, 

and Bundeson (1983) have postulated two separable motion 

pathways which engage in qualitatively different 

transformations of sensory information. While several 

criteria have been identified by which to discriminate 

between these two systems, the spatial and temporal limits 

that each is optimally sensitive to are central to the 



15 

distinction between them. First, the short-range system 

(Braddick, 1980) also referred to as the peripheral system, 

(Anstis, 1980) is characterized by optimal sensitivity to 

small spatial displacements. In contrast, the long-range 

system (Braddick, 1980) also referred to as the cognitive 

system, (Anstis, 1980) can integrate fairly large spatial 

excursions into coherent motion, the limits of which have 

been set from .125 degrees of arc (Braddick, 1974), .25 

degrees of arc (Anstis, 1983; 1985), to .5 degrees of arc 

(Finlay, Manning, Neil, and Fenelon, 1987). Presumably this 

difference occurs because the short-range system samples 

smaller areas of space. That is, if the size of the 

elements to be integrated is generally smaller, the amount 

of space required for a 100% displacement of a single 

element will also be smaller. 

Second, the short-range system is sensitive to changes 

within relatively short time intervals whereas the 

long-range system can interpolate changes that occur over a 

much longer time (Braddick, 1973; 1980). There has been 

considerable debate regarding the range of time within which 

the short-range system samples events. Braddick (1973) and 

Braddick and Baker (1985) found that short-range motion 

could not be detected at interstimulus intervals (ISIs) over 

lOOms (with a lOOms duration), however, minimum limits have 

been shown to increase with stimulus intensity (Dawson, 

1990) and frame duration (Baker and Braddick, 1985). While 
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there is no consensus on an exact temporal limit, there is 

some agreement that with change intervals longer than 100-

250ms the long-range system must be operative (Anstis, 1980; 

Baker and Braddick, 1985). 

While spatial and temporal attributes have been 

emphasized as the primary distinguishing features between 

the short and long-range systems, additional attributes have 

also been observed to occur primarily within one range or 

the other. For example, the short-range system requires 

only a shift in local elements to detect change, whereas the 

long-range system requires at least a texture based edge. 

Ramachandran, Rao, and Vidyasagar (1973) demonstrated this 

by presenting observers with a two frame sequence of forms 

which were isoluminant with a random dot background: While 

these forms shared a global contour defined by a texture 

difference, the point by point matches within the form were 

uncorrelated from frame to frame. Observers were, 

nevertheless, able to perceive the global form of the square 

moving from left to right as the frames were alternated. 

They argued that, since point by point correlation was 

impossible, observers must have been required to extract the 

global form before motion could be perceived. 

There is also evidence that motion aftereffects are 

obtained after adaptation when short-range information is 

available (Banks and Kane, 1972), whereas they are weak or 

absent when only long-range information is available (Anstis 
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and Mouldon, 1970). consistent with this, Mather, Cavanagh, 

and Anstis (1985) developed a bi-stable motion stimulus 

which appeared to move in one direction if the short-range 

interpretation dominated, and to move in the opposite 

direction if the long-range interpretation dominated. They 

found that adaptation to this type of stimulus always 

resulted in motion aftereffects consistent with a 

short-range interpretation of motion, independent of the 

perceived direction reported by observers. The authors 

originally interpreted this as evidence that both systems 

are simultaneously operative in parallel (but see page 23). 

In addition, the short-range system has been shown to 

be insensitive to dichoptic inputs, whereas the long-range 

system can respond to strictly cyclopean edges (i.e., no 

continuous luminance edge, just elements which correspond in 

position between left and right eyes). Braddick (1974) 

found that when alternating frames of a random dot 

kinematogram were presented to the left and right eyes, the 

perception of motion was lost. In addition, Pantle and 

Picciano (1976) also found that dichoptic presentation of a 

Ternus display (see Figure 1) resulted in perceptual 

grouping of the elements on a scale consistent with the 

spatial range of long-range system, while monocular viewing 

resulted in the perceptual grouping on the smallest scale of 

elements. 

Last, short-range motion appears to be achieved through 
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Figure 1. The Ternus display used by Pantle and Picciano 

(1973). Monocular viewing resulted in the phenomenal percept 

of the outer element "jumping" over the middle element, 

whereas dichoptic viewing resulted in the phenomenal percept 

of the group of elements translating from left to right. 
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matching contrast elements, independent of color. Pantle 

(1973) demonstrated that when random dot stimuli were 

presented within short-range motion parameters, the 

perceived direction of motion was dependent upon the 

contrast of potential match candidates, at the expense of 

disregarding color. In contrast, when the same stimuli were 

presented under long-range parameters, grouping by color 

matches did occur. consistent with this finding, 

Ramachandran and Gregory (1978) found that observers' 

perception of motion was greatly diminished when viewing 

color-contrast stimuli at equiluminance. 

Of course, under normal circumstances we must have 

access to both of these systems, and presumably favor 

information from one, particularly if input from the other 

is absent, sparse, or inconsistent. Anstis (1980) pointed 

out that both systems may be activated simultaneously at 

different spatial locations. For example, in the case of 

travelling kinetic edges (see Figure 2) the vertical motion 

of inducing bars is described as analyzed by the peripheral 

system, and the lateral motion of the emergent travelling 

waves analyzed by the cognitive system. He also specified 

the relation of the cognitive to the peripheral system as 

one in which the cognitive system could inhibit input from 

the peripheral system (at least in terms of the phenomenal 

percept): This is consistent with the work of Mather, 

Cavanagh, and Anstis (1985) with bi-stable stimuli 
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Figure 2. An example of kinetically induced travelling 

sinewaves: When the top and bottom sets of bars are put in 

opposing motion, an illusory sinewave appears to be moving 

from left to right. 
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(previously described); as well as Ramachandran's (1985) 

demonstration that texture properties of an illusory contour 

can suppress texture properties occupying the place in space 

which the contour temporarily appears to move in a 

long-range motion display. Gregory and Harris (1984), 

however, provided evidence that the presence of peripheral 

motion can in fact null the perception of stroboscopic 

(long-range) motion under some circumstances, which 

suggested that inhibition can occur in both directions. 

Dual-processes which operate in parallel at all spatial 

and temporal ranges. 

The general short-range/long-range model has, however, 

come into question. Cavanagh and Mather (1989) contended 

that research revealing differences between these two 

putative systems is not the result of a genuine processing 

difference,. but of the fact that different stimuli and 

different experimental paradigms are employed to explore 

short-range vs. long-range parameters. Furthermore, they 

show that the original criteria proposed to discriminate 

between the two systems have been demonstrated to be false, 

or in the very least, in need of revision in a variety of 

instances (re: spatial range, Nakayama and Silverman, 1984; 

re: temporal range, Mather 1989; re: motion aftereffects, 

von Grunau, 1986; re: 

Weisenfelder, 1992). 

dichoptic inputs, Prazdny, 1985; 

They offered an alternative 
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distinction between classes of retinal motion detection: 

first-order and second-order processes. They describe 

first-order attributes as image properties that can be 

described by first-order statistics, or differences in the 

average frequency of a particular value along a single 

dimension. This type of analysis could describe edges which 

are defined by luminance, and possibly color differences. 

They link these properties with the well described response 

characteristics of retinal ganglion cells which project to 

the LGN and striate cortex with little modification in 

response parameters (DeValois and DeValois, 1975). 

Second-order attributes are described image properties 

which cannot be identified prior to a comparison of at least 

two points. In this case, it is the average frequency by 

which pairs of intensity or color values occur together 

which define an edge. The pair members compared need not 

have the same value along the dimensions of luminance or 

color, so long as the co-occurrence of a single match type, 

or even a range of match types, is consistent. This type of 

analysis is required for texture segregation, movement, and 

binocular disparity. For example, in the case of texture 

segregation an element from one texture must be compared to 

at least one element in the area of a different texture; in 

the case of motion, at least one element at time one must be 

compared to another in time two; and in the case of 

stereopsis, at least one element perceived in the left eye 
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must be compared to another perceived in the right eye. By 

this definition, motion is always a second-order attribute 

per se, however a first-order motion process would be one 

which matches first-order attributes, whereas a second

order motion process matches second-order attributes. They 

link these processes with recently observed response 

characteristics of medial temporal and/or striate cortex 

cells which were shown to respond in the absence of 

first-order luminance and color information (Albright, 1978; 

Tanaka, 1989; Charles and Logothetis, 1989). 

Note that this model differs from the short-range/long

range model (Braddick, 1980; Anstis, 1980) in two important 

ways. First, they propose a type of analysis that is not 

specific to spatial scale; and second, while they postulate 

two different levels of analysis, they argue that there is 

no fundamental processing difference in the way first and 

second-order information is handled. That is, while first 

and second-order information are considered to be different 

data types, they each undergo the same transformations in 

the processing of motion. 

To investigate the notion that each level of analysis 

occurs across all spatial scales, they examined the spatial 

ranges necessary to make accurate judgments about the 

direction of motion with stimuli constructed from both first 

and second-order attributes. When a moving grating is 

viewed at a given distance through an aperture, there is a 
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minimum aperture size at which observers can no longer 

discriminate the direction of motion. They reasoned that if 

processing first-order and second-order attributes was 

actually analogous to short-range and long-range processing, 

then there should be a difference in the aperture size at 

which the direction of motion is no longer discriminable 

because second-order attributes would require long-ranqe 

processing, and as such, should have a larger spatial limit. 

If this were the case, it might be expected that the minimum 

aperture size required to discriminate the direction of 

motion would also be larger. contrary to this prediction, 

they found that there were no performance differences when 

observers viewed the two different types of stimuli (but see 

Victor, 1992). 

Cavanagh and Mather evaluated the proposal that the 

general modes of first and second-order analysis are 

qualitatively similar by exploring the perception of plaids 

constructed with first and second-order attributes. When a 

horizontal sinewave moving upwards is superimposed upon a 

vertical sinewave translating to the right, the resulting 

percept is that of a plaid-like pattern which moves upwards 

diagonally. The perceived trajectory of these stimuli can 

be predicted as a function of the direction and speed of the 

component gratings. Adelson & Movshon (1982) interpreted 

these findings as evidence that the profile of low-level 

directionally selective units was sUfficient to describe the 
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global percept. An alternative explanation is that the 

perception of plaids is derived from computing the direction 

and velocity of features which emerge from the combination 

of gratings as they are visually tracked (Welch, 1989). 

Cavanagh and Mather (1989) demonstrated that when plaid 

patterns constructed of second-order attribute sinewaves are 

created, the upward, diagonal drift remained. They argue 

that if the effect were strictly based on a summation of 

low-level velocity information of local luminance tokens, 

this should not have occurred because the plaids could not 

have been perceptually organized on that basis. Their 

findings are consistent with the notion that plaids are 

derived from the tracking of the features which emerge when 

the two gratings are superimposed. In addition, they 

suggest that the fact the phenomenon can be demonstrated 

with second-order stimuli at all is evidence for 

directionally selective detectors which respond to second

order attributes, as well as first-order luminance tokens. 

They also noted that the different temporal ranges 

reported for short and long-range displays may be an 

artifact of the spectral composition of the stimuli used. 

Experiments which study short-range limitations generally 

use random dot kinematograms which break down to primarily 

higher spatial frequencies, whereas experiments which 

explore long-range limits are prone to use forms in 

isolation, which generally would have at least a lower 
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fundamental frequency. They argue that if temporal 

resolution is correlated with spatial resolution, then this 

would account for the apparent temporal differences observed 

in much of this research. 

Psychophysical results have indicated that there may be 

differences in the perceived strength, and upper spatial 

limits for detecting motion between first and second-order 

stimuli. Cavanagh, Arguin, and von Grunau (1989) 

constructed cross-attribute stimuli by combining different 

visual attributes (such as color, binocular disparity, 

texture, or luminance level) to a disc separated briefly in 

space and time: They found that while such forms were 

clearly perceptible, observers rated the strength of the 

percept as only 75% as strong, and they shared a smaller 

displacement limit than forms constructed by shared 

attributes. 

In addition, this model can accommodate both stimuli 

which can be described in terms of a short-range/long-range 

model, as well as stimuli which would, by definition, not be 

visible if the short-range/long-range model described above 

is accurate. For example, the earlier findings reported by 

Mather et al (1985) in support of a short-range/long-range 

distinction, could just as easily be reinterpreted as a case 

in which competing first-order organizations occurred at 

different spatial scales, and the velocity of the smaller 

scale was more conducive to generating an aftereffect. This 
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explanation does not require that qualitatively different 

short and long-range processes be invoked at all. This 

model can also accommodate the "micro-balanced" stimuli 

developed by Chubb and Sperling (1988). Micro-balanced 

stimuli were explicitly designed such that the sum amount of 

Fourier energy presented in any given direction is zero. In 

this case, luminance based motion detectors for any given 

direction should not be stimulated in any sustained fashion, 

nevertheless, motion is perceived. 

The first-order/second-order model, however, has drawn 

criticism as well. First, it has been argued that the claim 

. that research distinguishing short and long-range systems is 

the result of different experimental paradigms is not 

uniformly the case (petersik, 1989). Second, the criticism 

that different systems for motion processing are an artifact 

of different stimulus types could be applied to the 

first-order/second-order distinction as well. The contrast 

between the two systems which they describe is also made on 

the basis of two different types of distal stimuli, while 

how those distal properties map onto proximal properties 

remains unspecified. Third, while they identify the locus 

of cell firing for first and second-order stimuli, the 

linkage between this and the nature of the phenomenal 

percept is weak. That is, save for a smaller upper 

displacement limit, the model does not make many clear 

behavioral predictions for differentiating between these two 



types of processing, or the consequences of inducing 

second-order motion via different second-order attribute 

types. 
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One means of investigating which class of models is the 

more useful descriptor of motion processing is to examine 

the limits of perceptual coherence of figures induced solely 

as a by-product of motion processing. 

CLASSES OF SUBJECTIVE CONTOURS. 

Subjective, or illusory contours were originally 

defined as edges which we perceive in the absence of any 

continuous spatial discontinuity. The following section 

describes the variety of ways in which such contours can be 

induced by not only spatial, but also temporal arrangements 

of the distal stimulus. 

Subjective contours induced by luminance changes. 

In the classic display first introduced by Kanisza, an 

illusory contour is "induced" by the configuration of 

adjacent elements (see Figure 3). Note that not only is a 

luminance change perceived where there is no discontinuity 

on the distal stimulus (you can demonstrate this to yourself 

by covering up the pac men and reexamining where the contour 

appeared to be), but also that the area within the 

sUbjective contour is perceived as lighter than the 

surrounding white field, while it is in fact equal in 
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Figure 3. An example of the Kanizsa triangle: The black "pac 

men" serve as spatial inducers for the sUbjective contour. 
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luminance to the midpoint between the "inducers" of the 

contour (the pac men on the Kanizsa triangle). It has been 

noted that increasing the distance between the elements, or 

decreasing the distance of the observers from such displays 

(increasing the visual angle) diminishes the effect 

considerably, which indicates that spatial properties of our 

receptive fields per se contribute to the perception of 

illusory contours (Halpern, 1981). 

subjective contours induced by stereoscopic cues. 

other work has demonstrated that sUbjective contours 

can be created not only by edges established through 

luminance changes, but also from edges established 

stereoscopically (Gregory & Harris, 1974; Harris & Gregory, 

1973; but see Prazdny, 1985): In this case, however, 

the effect is dependent upon the congruency of the 

stereoscopic cues with the implied occlusion of the inducing 

elements. That is, without stereoscopic information the 

inducing elements are perceived as in back of the illusory 

contour, and this depth stratification must be maintained 

for the effect to emerge with strictly stereoscopic edges. 

An exception to this constraint was demonstrated by 

Ramachandran and Cavanagh (1985) by adding a textured 

field with no binocular disparity to a display containing 

inducers with crossed disparity. One would predict that 

observers would see the inducers appear in front of the 
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background, with no sUbjective contour since the stereo 

depth arrangement would be inconsistent with what would 

occur by occluding objects. What they found, however, was 

that the part of the textured field which lay between the 

inducers was "captured" by the disparity of the inducers, 

and resulted in a subjective contour which appeared in front 

of the background. 

Subjective contours induced by occluding motion. 

Illusory edges can also be created by occluding motion 

of the inducers alone, that is, illusory edges emerge when 

elements sharing a common fate to form the shape of a known 

inducer (such as Kanizsa's pac men) move over a uniform 

texture field (Kellman & Loukides, 1987; Kellman & Shipley, 

1991). Prazdny (1986) effectively obtained subjective 

contours by presenting observers with inducers which changed 

their shape as they swept behind a hypothetical object. 

Imagine turning a rectangle around 180 degrees on the 

picture plane in back of a triangle. As the rectangle 

changes orientation, so do the parts of the shape which are 

revealed. It is particularly interesting that this 

technique worked equally well when both a) the inducers and 

background were created from random dots which were equated 

for mean luminance, and b) the random dot pattern of the 

inducers changed in subsequent frames (there was a 2-5 frame 

sub-cycle within a 30 frame display). Overall, these 
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findings support the notion that regardless of how an 

inducer is established, forms organized in the correct 

spatial configuration are sufficient to generate sUbjective 

contours. 

Subjective contours induced from within the illusory edge. 

The examples of sUbjective contours we have consictered 

thusfar result from inducers which are elicited by either 

luminance changes, binocular disparity, or motion of 

equiluminant textures, and then arranged in a particular 

spatial configuration such that the apparent contour 

continues between the inducers. This definition can be 

broadened by describing "inducers" as any set of elements 

that are instrumental in creating an apparent contour in the 

absence of a continuous physical discontinuity. This 

definition includes the stereoscopic stimuli introduced by 

Julesz (1971) and Frisby (1980) in which sparsely populated 

random dot stereograms generate illusory contours 

surrounding the elements presented with disparity. In this 

case the relevant spatial configuration exists between the 

two eyes, and we can think of the inducing elements as lying 

along or within the area of the illusory surface rather than 

adjacent to it. 
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CHAPTER 3. 

A NEW CLASS OF SUBJECTIVE CONTOUR. 

As a general set of phenomena, sUbjective contours 

offer an opportunity to explore the underlying organization 

of the visual processes which evoke them. In this chapter, 

a new class of kinetic subjective contour which is ind~ced 

by moving elements from within the perceived boundary will 

be described, and the limits required for coherent motion of 

sUbjective surfaces created in this way will be related to 

the models of motion earlier introduced. 

Subjective contours induced by moving elements within the 

perceived edge. 

Recall that Prazdny (1986) generated spatially induced 

subjective contours by introducing occlusion cues in an 

isoluminant random dot field. In fact, the inducers which 

Prazdny (1986) used (a subset of random dots that changed 

pattern from one frame to the next in a cycle) can be 

thought of as a temporal analog to the subjective 

stereoscopic surfaces established by Julesz (1971) and 

Frisby (1980). This type of illusory contour is also a 

result of the configuration of elements along or within the 

area of the perceived illusory boundary, although it emerges 

as the elements spatially shift over time, rather than 

through the match of two disparate views at the same time. 
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Consider the simplest case of this phenomenon, as 

illustrated in Figure 4a. Notice that the spatial 

configuration of elements within the outlined bar area does 

not touch the edges to define the bar. Granted, we might 

speculate that the configuration of dots suggests a vertical 

form, but it is hardly specified by the dots. If we 

randomly change the configuration of the dots in each 

successive frame as is shown in Figure 4a to Figure 4b to 

Fig 4c, a single entity moving from left to right is seen 

when these frames are viewed in rapid sequence. While in 

this case, it is no surprise that the motion in the scene 

would be attributed to the only contrast elements available, 

it is not necessitated that they should be perceived as a 

coherent entity, rather than as separate dots following 

random trajectories at different velocities. Further 

imagine embedding these elements in a field of dots with a 

similar density: A single static view reveals nothing about 

what the form might be. If the dots within the hypothetical 

vector are displaced, however, a transparent contour that 

sweeps over the background is reported, despite the fact 

that the configuration of the dots within the hypothetical 

vector changes randomly from frame to frame (see Figures 4d 

through 4f. Note that the outline in the diagram is to 

identify the elements which change from frame to frame, it 

is NOT present in the actual stimulus). In these figures, 

which local points turn on and off from frame to frame is 
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Figure 4. A schematic example of a locally uncorrelated 

stimulus. Figures 4a. to 4c. denote movement of a general 

region from right to left: Note that the individual dots 

change configuration from frame to frame. Figures 4d. to 

4f. show the same configuration placed against a random dot 

background of equal density: The outlining bars are present 

only to identify the elements which move from frame to frame 

(i.e. they are not present in the actual display) . 
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random within the spatial limit of the bar area, and the 

probability of reproducing any configuration of the 

constituent dots from frame to frame is minuscule. One 

might argue, however, that the contours in Prazdny's 

experiment emerged as a result of repeating cycles of dots 

over a limited number of frames. To rule this possibility 

out, one need only generate a sequence in which a new random 

field of dots is presented in each successive frame. In 

such a stimulus, the local spatial configuration of the 

constituent dots within the area specified to move would be 

unpredictable, as well as the exact time at which a given 

dot within the contour is scheduled to be lIonll or lIoffll. If 

such a form could be perceived, it would not be defined by 

luminance changes, color differences, or texture changes, 

but must emerge solely as the result of motion processing. 

Such a case would provide an opportunity to better 

understand the limits of how perceptual units are matched in 

motion. The experiments which follow will utilize a locally 

uncorrelated kinetic sUbjective contour which retains 

continued random presentation of local points from frame to 

frame to examine the two models of retinal motion considered 

previously introduced. 

Overview. 

Ramachandran (1987) characterized the interaction of 

the short and long-range systems with a description of how 
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we view a leopard jumping from tree to tree in the jungle. 

We track the contour of the animals' body at the expense of 

suppressing any local motion of the spots (i.e., we do not 

register any fluctuations of the spots as they might ripple 

over the animals muscles as it moves). In the case of the 

kinematic subjective contour introduced here, it is the 

spots themselves which create the leopard l in that no 

explicit luminance, texture, or color edge is available to 

the observer in any given frame. It could be argued that if 

such a stimulus is perceptually organized into a coherent 

contour at all, this would pose a problem to the short

range/long range model. First, given that the local 

information (i.e., point by point) is uncorrelated, even if 

it were presented within short-range parameters, 

correspondence matches ought net be possible given the 

unpredictability of information which the short-range system 

would be reliant on. Second, it was stipulated that the 

long-range system requires at least a texture based edge for 

correspondence matching to occur. Given that these stimuli 

have identical textures on both sides of the perceived 

contour, once again, correspondence matches ought not to be 

possible. However, it remains conceivable that despite the 

fact that the individual points on the distal stimulus are 

This analogy was first offered by Dr. Felice Bedford of the 

Department of Psychology at the University of Arizona. 
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technically uncorrelated, some manner of local matching does 

occur proximally, for example constituent dots could be 

matched with the nearest dot in any direction on the x or y 

axis. If this were the case, we might expect to see 

information about the average distance of constituent dots 

reflected in the phenomenal percept. 

In contrast, the first-order/second-order distinc~ion 

between different types of motion processing proposed by 

Cavanagh and Mather (1989) would more easily accommodate 

perception of this type of phenomenon. While there may be 

no local correspondence of the constituent dots within the 

contour, the global area of activation could emerge as a 

second-order attribute. In turn, this second-order 

attribute is matched over time by second-order motion 

processes to result in a perceived contour. 

The first experiment in this paper establishes that 

under optimal circumstances observers can in fact 

perceptually organize locally uncorrelated figures as 

effectively as figures which provide consistent information 

regarding the constituent elements of the moving surface 

(locally correlated) . 

The second experiment in this paper examines whether 

there are qualitative differences in the perceived velocity 

between locally correlated and locally uncorrelated forms. 

It is possible that the manipulation of uncorrelating the 

position of local elements from frame to frame on the distal 
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stimulus does not result in an uncorrelated proximal 

stimulus. If point by point matching occurs when observers 

view these figures, we might expect that information 

regarding the mean distance of local matches would be 

integrated into velocity of the phenomenal percept. 

In the fourth, fifth, and sixth experiments the spatial 

and temporal limits of correspondence between stimuli which 

have local point by point correlation are compared to those 

which do not. If the classic short-range/long-range 

distinction is a viable model, we would expect to see a 

strong disadvantage for discriminating locally uncorrelated 

stimuli when short-range spatial and temporal information is 

present because the visual system should not be able to make 

accurate use of point by point matching. However, this 

disadvantage should disappear at larger spatial and temporal 

separations, as both correlated and uncorrelated stimuli are 

forced into a long-range solution. In fact, we would expect 

the ability to perceive either one to be impaired as there 

is no texture based edge available in either case. However, 

if the first-order/second-order distinction is a better 

descriptor for motion processing, we might expect to observe 

equivalent performance between the two stimulus types at any 

given spatial or temporal separation. 
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Hypotheses and Predictions. 

General Hypothesis 1: Perceived Coherence. 

If local correlation is not required for perception of 

a coherent contour, then under optimal circumstances at 

least, observers should be able to distinguish between two 

similar locally uncorrelated forms. 

General Hypothesis 2: Perceived Velocity. 

The absence of performance differences when making form 

discriminations under optimal conditions does not rule out 

the possibility that there are qualitative differences 

between whatever phenomenal percepts emerge from locally 

correlated and locally uncorrelated stimuli. In fact, it is 

possible that while the locations of constituent dots on the 

distal stimulus are statistically independent, spurious 

matches are nevertheless achieved proximally. If the 

combined local velocity of the constituent dots which induce 

the contour were shown to influence the perceived velocity 

of the global form, this would suggest that some manner of 

local matching has taken place. 

Short-range/Long Range Model. 

If short-range information is taken into account and 

this information enters into the velocity computation for 

the global form, then locally uncorrelated stimuli might be 

expected to appear slightly faster than locally uncorrelated 



stimuli. While the mean horizontal distance should be 

identical to that of locally correlated stimuli, an 

additional component of vertical translation would be 

required to make a successful match. 

First-order/Second-order Model. 

41 

The findings of Cavanagh et al (1989) regarding 

second-order plaids would suggest that there should be no 

difference between the perceived velocity of first and 

second-order stimuli which are constructed to have the same 

global velocity. However, while the locally correlated 

stimuli used in these experiments are based on matching of 

first order attributes (dots of light), they also have no 

luminance edge, and therefore also qualify as second-order 

attribute stimuli. Cavanagh et al (1989) and Cavanagh and 

Mather (1989) postulated that there are directionally 

selective units which are sensitive to second-order 

attributes, regardless of the means by which the attribute 

is established. Based on this, we would predict no 

differences in performance between locally correlated and 

locally uncorrelated stimuli. 

General Hypothesis 3: Spatial and Temporal Limits. 

Differences in the ability to perceptually organize 

locally correlated and uncorrelated forms as spatial and 

temporal separations increase should inform us about the 

scale upon which correspondence matches are made. That is, 
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if we do take advantage of consistent local information at 

small spatial excursions and brief temporal separations, 

then we would expect subjects to perform better with locally 

correlated stimuli when this information is made available. 

In addition, the spatial and temporal ranges at which 

correspondence matches occur (if they occur) could serve as 

a basis for discriminating between the descriptive value of 

the models of motion discussed. 

Short-range/Long-Range Model. 

If the short-range/long-range model is correct, 

observers will perform better (speed and/or accuracy) when 

making discriminations between forms which are locally 

correlated as compared to those which are locally 

uncorrelated at small spatial and temporal separations. At 

large spatial and temporal separations there should be no 

performance difference. 

First-order/Second-order Model. 

If the first-order/second-order model is correct, 

observers will perform equally well when making 

discriminations between forms which are locally correlated 

as compared to those which are locally uncorrelated at small 

spatial and temporal separations. 
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CHAPTER 4. 

EXPERIMENTS. 

selection of Display Parameters. 

It should be noted that stimulus definitions used in 

these experiments differ from much of the classic research 

to explore the short and long-range processes. In the 

classic displays, observers toggled between two frames of 

random dot stimuli: Between frame one and frame two a 

subset of dots remained in the same configuration (e.g. the 

shape of a square) but were spatially displaced, whereas the 

remainder varied randomly in position. Observers were asked 

to adjust displacement increments of the dots which remained 

in a constant configuration until figural segregation was no 

longer possible. The stimulus type which was used in the 

experiments reported here did not permit use of this 

paradigm, as to do so would result in random motion upon 

random motion. However, this does not mean that spatial 

displacement could not be manipulated: Instead of finding 

the point at which stimulus segregation was no longer 

possible, how well subjects integrated spatial jumps at 

different distances was compared. 

In terms of temporal separations in the animation 

sequences, it would be possible to insert an interstimulus 

interval (lSI) between frames, rather than use an Stimulus 

Onset Asynchrony (SOA). However, an integration paradigm 
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was selected for the following reason: Increasing the lSI 

also changes the retinal persistence of the stimuli from 

frame to frame. For the stimuli used in these experiments, 

temporal intervals were manipulated not by inserting a blank 

frame of some duration, but by regulating the temporal 

schedule of spatial change. For example, in an animation 

sequence with a 50ms SOA, each frame with a given pattern of 

random dots in a specified region against a background of 

equal density was refreshed at the rate of 16.7ms, in the 

successive frame region specified to be spatially displaced 

was displayed after the third refresh (50ms). This type of 

display holds retinal persistence constant, but controls the 

rate of change. While this is a slightly different approach 

than that employed by Braddick (1973; 1974; 1980), 

nevertheless, the short-range/long-range model was intended 

to generalize to human visual perception under ordinary 

circumstances. In the "real world" we do not have ISIs, but 

a continuous view of the world during which objects change 

their place in space at different rates, much the same as 

the style of presentation described in these experiments. 
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Experiment 1: Demonstration of the phenomenon. 

Experimental Hypothesis 1: Discrimination between different 

shapes requires that the outer boundaries of the contours 

are clearly delineated: If locally uncorrelated subjective 

contours are not clearly defined, then observers should not 

be able to discriminate between two similar shapes with 

locally uncorrelated surfaces, as compared to performar~ce 

with locally correlated surfaces. The primary goal of this 

experiment was to confirm observers' ability to successfully 

perceptually organize these forms. The second goal was to 

determine optimal stimulus onset Asynchronies (SOAs) for the 

experiments that follow. 

Method 

Subjects. six undergraduate students from the 

University of Arizona participated as part of fulfillment 

for an introductory course in psychology. All Subjects had 

vision that was normal, or corrected to normal. 

stimuli. stimuli were constructed and displayed by an 

IBM XT with a Princeton monitor. Two-dimensional triangles 

and chevrons were created within a region of a larger random 

dot squares. Locally Correlated forms were constructed from 

dot patterns in which the constituent elements retained a 

constant configuration from frame to frame within the 

boundary of the form: The form was displaced such that it 

appeared to be a transparent surface which moved in front of 

the random dot background (see Figure 5a to 5c). Locally 
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Figure 5. Schematic examples of the Locally Correlated and 

Locally Uncorrelated stimuli used in Experiment 1: Note 

that as the figure translates, only the local dots occlude 

the random dot background, rather than the entire region 

inside the depicted rectangle. 
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Uncorrelated forms were constructed from dot patterns in 

which the constituent dots randomly changed configuration 

from frame to frame within the boundary of the form: The 

form was displaced such that it appeared to occlude the 

random dot background as it moved over it (see Figure 4d to 

4f). Each animation sequence had a total duration of 7.2 

seconds, with delays of 50, 250, or 501ms SOA between Poach 

frame. 

The square region subtended 6.28 degrees of visual 

angle horizontally and 5.71 degrees vertically. Each 

stimulus type contained 500 dots randomly distributed over 

the square region (2.2% fill) in four different random 

patterns. The triangle subtended 3.43 degrees of visual 

angle at its broadest points vertically and horizontally, 

whereas the chevron subtended only 1.72 degrees at its 

broadest point vertically. 

Design. A 2 x 3 within subject design with two 

repeated measure variables was used in this experiment. The 

independent variables were stimulus Type (Locally Correlated 

or Locally Uncorrelated), and SOA (50, 250, and 501ms). SOA 

was counterbalanced by block: Each of the six possible 

block orders was received by one subject. The dependent 

measures were accuracy and reaction time. 

Procedure. Prior to the experiment subjects were 

shown four examples of stimuli at each SOA, one example of a 

triangle and chevron, both correlated and uncorrelated. 
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During this time, the experimenter pointed out the 

difference between the shapes. A single trial consisted of 

the presentation of either a triangle or a chevron rotating 

in the picture plane for five seconds. Subjects were 

instructed to indicate which shape had appeared by pressing 

one of two mouse keys (left for chevron, right for triangle) 

as quickly as possible. Each subject completed a total of 

96 trials, with a short break after each 32 trials. No 

performance feedback was provided. 

Results. 

Error Rate. 

Response accuracy was compared by stimulus Type and 

SOA. The mean error rates and standard deviations for 

this discrimination task as a function of stimulus Type 

and SOA are shown in Table 1: While there were slightly 

fewer errors with Locally Correlated figures as compared to 

Locally Uncorrelated figures, in both cases the error rate 

was less than 10 percent. The variability in error rate 

was, however, somewhat higher among Locally Uncorrelated 

stimuli. As can be seen in Figure 6, the only point at 

which the means notably differed is at 250ms SOA. An 

omnibus ANOVA on the error rates yielded neither main 

effects of Stimulus Type or SOA, nor an interaction. 



Table 1 
Mean percentaqe of errors and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 1. 

SOA Locally Correlated Locally Uncorrelated 

MEAN E SD MEAN E SD 

50 2.606 2.350 3.643 5.006 

250 1. 562 2.612 5.725 5.006 

501 3.125 2.793 3.125 3.950 
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Figure 6. The mean percent errors for each stimulus Type as a 

function of SOA. 
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Reaction Time. 

The mean reaction times and standard deviations for 

correct responses in this discrimination task as a function 

of stimulus Type, and SOA are shown in Table 2. Figure 7 

illustrates that while there was no overall difference in 

accuracy, observers were faster overall at discriminating 

between the correlated shapes as compared to the 

Locally Uncorrelated shapes, and the difference in reaction 

time between stimulus types increased as the SOA increased. 

An omnibus ANOVA supported these trends, and revealed 

main effects of and stimulus Type (E (1, 5) = 13.10, 

p < .012), SOA (E (2,10) = 12.81, Q < .0003), and an 

interaction between stimulus Type x SOA (E (2, 10) = 4.51, Q 

< .04). Pairwise comparison of stimulus Types at each SOA 

indicate that this main effect was carried by the difference 

when viewing stimuli at the 501ms SOA (E (1, 5) = 16.61, Q < 

.01), while the differences at 50 and 250ms were not 

statistically significant (E (1, 5) = 4.23 Q < .09, and E 

(1, 5) = 5.35 Q < .07 respectively). 
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Table 2 
Mean reaction times (in seconds) and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 1. 

SOA Locally Correlated Locally Uncorrelated 

MEAN RT SD MEAN RT SD 
50 1.193 0.206 1.441 0.248 

250 1.839 0.445 3.298 1.421 

501 2.410 0.381 4.323 1.038 
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Figure 7. The mean reaction time to correctly identify each 

stimulus Type as a function of SOA. 



54 

Discussion. 

Analysis of Error Rates revealed that, overall, 

subjects were equally capable of making form discriminations 

when viewing stimuli which were Locally Correlated as they 

were viewing stimuli which were Locally Uncorrelated. These 

results pose a problem for the short-range/long-range model 

in that short-range information should not be adequate for a 

consistent motion signal, and long-range processes are 

described as requiring at least a texture based edge. 

That the overall reaction time increased with the SOA 

would generally be expected in that a longer time elapsed 

between frames, thus it should take subjects longer to see 

either stimulus type as SOA increased. However, the 

interaction between stimulus Type and SOA should be 

interpreted with care. In this experiment stimulus density 

was confounded by density and local correlation. That is, 

in the Locally Correlated forms, the moving surface was 

superimposed upon the background, which created a region 

which was slightly denser than the surrounding background 

area (however, form discriminations could not be made based 

on a single static view). This information, combined with 

the fact that subjects also had information about the 

relative occlusion of constituent dots to the field which 

appeared behind it, may have provided a performance 

advantage when viewing conditions were less than optimal 

(longer SOAs). This renders the interpretation of reaction 
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time differences between the groups difficult at best. 

In Experiments 2 through 5 a Locally Correlated 

stimulus was created which equated dot density of the 

background between each stimulus Type, as well as which 

disallowed local occlusion cues between constituent dots of 

the figure and the random dot background. 
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Experiment 2: Perceived Velocity 

It is, of course possible that the absence of accuracy 

and reaction time differences at short SOAs occurred because 

subjects were actually able to make some manner of local 

(point by point) correspondence matches, despite the fact 

that the locations of constituent dots on the distal 

stimulus were uncorrelated. Experiment 2 was directed to 

the question of whether local information is in fact taken 

into account in some way even though reliable correspondence 

matches ought not be possible. That is, it is conceivable 

that while the locations of constituent dots on the distal 

stimulus are statistically independent, spurious matches 

were nevertheless achieved proximally. 

Experimental Hypothesis 2: 

If local information is integrated into the overall 

computation of velocity, we would expect the Locally 

Uncorrelated forms to be perceived as faster than Locally 

Correlated forms which translate at the same rate globally. 

That is, to match the points of Locally Correlated stimuli, 

only a horizontal translation is required, whereas to match 

the points of Locally Uncorrelated stimuli, both a 

horizontal and vertical distance must be computed. If the 

mean distance of spurious local matches is taken into 

account, this should result in greater overall activation, 

and thus a faster perceived speed. 
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Short-range/Long Range Model. 

Spurious local matches would only be expected to occur 

within a limited spatial range at a temporal separation 

consistent with that scale. That is, from frame to frame 

new dots would appear which might be matched with those 

which were in the closest spatial proximity to dots which 

appeared in the prior frame. Therefore, Locally 

Uncorrelated stimuli presented at short-range temporal 

parameters will be perceived as faster than Locally 

Correlated stimuli presented under the same temporal 

parameters. 

First-order/Second-order Model. 

If, however, the velocity of the global form is 

computed on the basis of second-order features which emerge 

over time, the perceived global velocity of Locally 

Uncorrelated stimuli should be identical to that of Locally 

Correlated stimuli since the global velocity of both forms 

is identical. This outcome would be consistent with the 

finding of Cavanagh et al (1989) that the perception of 

second-order plaids was not driven strictly by low-level 

velocity information. Given this, we might expect to find 

the perceived velocity between these two different types of 

second-order (Locally Correlated and Locally Uncorrelated) 

stimuli to be the same as well. 



Method. 

Subjects. Twenty undergraduate students from the 

University of Arizona participated as part of fulfillment 

for an introductory course in psychology. The data of 
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two participants was excluded due to technical errors during 

the experimental session. All subjects had vision that was 

normal, or corrected to normal. 

Stimuli. In Experiment 1, Locally Correlated stimuli 

were created by specifying vectors which defined the form 

over a random dot background which was slightly less dense 

than that which was presented with Locally Uncorrelated 

forms (so that the overall number of dots was roughly 

equal). In this experiment (and all that follow) Locally 

Uncorrelated stimuli were constructed in the same way, 

however, Locally Correlated stimuli were created by holding 

the random seed which defined where the random dots were 

assigned within the area of the shapes to be identified 

constant. Instead of triangles and chevrons which rotated 

around the picture plane, in this experiment subjects viewed 

a sequence of bars which translated from left to right 

across the background square. Each stimulus type contained 

500 dots randomly distributed over the square region (2.2% 

fill) in four different random patterns. The overall size 

of the background was reduced from that in Experiment 1 to 

speed the time required to retrieve each animation sequence. 

This resulted in a background square area which subtended 4 
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degrees of visual angle horizontally, and 3 degrees 

vertically. The horizontal visual angle of the moving bars 

was 34 minutes of arc, and the area between each bar was 50 

minutes of arc. All stimuli advanced spatial position by an 

increment of 20 minutes of visual arc per frame. 

Design. A 2 x 2 x 3 x 6 mixed design with three 

repeated measure variables, and one within group variable 

was used in this experiment. The repeated measure variables 

were stimulus Type (Locally Correlated or Locally 

Uncorrelated), Pair Type (Same or Different), and SOA (50, 

100, and 250ms). Block Order was treated as a within group 

variable: Two subjects received each of the nine possible 

block orders. The dependent measure was choice frequency. 

Procedure. Prior to the experiment, subjects were 

verbally instructed that they would view several pairs of 

pictures, and that their task was to decide which member of 

each pair was moving faster (the first or the second to 

appear). They were told that the differences in speed were 

extremely small, and that given this, they might experience 

the task as difficult. They were, nevertheless, encouraged 

to make their best guess when in doubt, and informed that 

most prior subjects had actually performed better than they 

had predicted directly after the task. In addition, they 

were cautioned that using such strategies as counting the 

bars, or timing the display would be ineffective as the 

differences were so slight. Subjects were then shown four 
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sample stimulus pairs at each SOA (one of each Pair Type): 

The onset of each new pair was cued by a 500ms auditory 

beep, simultaneously accompanied by a small dot which 

appeared in the center of the screen. Each stimulus 

appeared for a 5 second duration, with a 5 second interval 

between the first and second pair member. Subjects viewed a 

total of 96 trials, with a short break after each block of 

24. Answer sheets were provided for subjects to circle 

their choice of which pair member appeared faster. 

Results. There were six Locally Correlated pairs (C -> 

C), and six Locally Uncorrelated pairs (U -> U) at each SOA. 

The means and standard deviations of the frequency which 

subjects selected position 1 as the faster pair member when 

viewing Same Pair Types are shown in Table 3. If there were 

a bias for either position 1 or 2, we would expect to see a 

mean frequency either well above or below six: In fact this 

was not the case for Same Pair Types (in that there was no 

apparent difference as a function of stimulus type, this 

data is presented together). 

There were six pairs in which the Locally Correlated 

stimulus appeared first (C -> U), and six pairs in which the 

Locally Uncorrelated stimulus appeared first (U -> C) at 

each SOA. The means and standard deviations of the 

frequency which subjects selected the Locally Uncorrelated 

stimuli as the faster pair member when viewing Different 

Pair Types are shown in Table 4. Note that as SOA 
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increased, the likelihood of subjects to select a Locally 

Uncorrelated stimulus as faster increased, whereas the 

variability decreased. 

Table 3 
Mean frequencies and standard deviations (out of a total of 
12 opportunities) of subjects' selection of the stimulus in 
position 1 as faster when the Pair Type was Same (C -> C or 
U -> U) at each SOA. 

SOA X FREQUENCY SD 
50 5.300 1.554 

100 5.653 1.275 

250 6.419 2.025 

Table 4 
Mean frequencies and standard deviations (out of a total of 
12 opportunities) of subjects' selection of Locally 
Uncorrelated stimuli as faster when the Pair Type was 
Different (C -> U or U -> C) at each SOA. 

SOA X FREQUENCY SD 
50 5.667 3.597 

100 5.972 3.256 

250 7.017 2.008 

However, as can be seen in Figures 8a to 8c, the 

preference for selecting Locally Uncorrelated stimuli as 

faster at the 250ms occurred primarily among subjects who 

viewed this block of trials first. The opposite trend 

occurred when subjects viewed the 50ms SOA last: Among 
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these subjects, there was a strong preference to select 

Locally Correlated stimuli as faster. 
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A Logistic Regression model for stimulus Type x Pair 

Type x position in Pair x SOA x Block Order was fit to 

choice frequency: All contrasts in the model were rejected 

at ~ < .0001. That is, no systematic variation in choice 

frequency could be identified as a function of these 

variables. However, the decrease in variability observed 

with Different Pair Types was significant between the 50ms 

and 250ms SOA, (Fmax = 2.81, ~ < .05). 

Discussion. 

It was hypothesized that if local information (some 

manner of point by point matching) is integrated into the 

overall computation of velocity, we would expect the Locally 

Uncorrelated forms to be perceived as faster when this 

information is available. The overall results of Experiment 

2 are inconsistent with this hypothesis. It is notable that 

the variability of choice frequency significantly diminished 

as SOA increased: Responses were more consistently in favor 

of Locally Uncorrelated stimuli as faster in this condition. 

The largest preference for rating Locally Uncorrelated 

stimuli occurred with subjects who viewed the 250ms SOA 

condition first. It is possible that there was a small 

increase in perceived velocity at that SOA alone, but that 

subjects who received the 50 and lOOms SOA condition first 

adopted a more conservative decision criterion with 
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experience. It is of equal interest that the opposite 

preference was shown among subjects who viewed stimuli at a 

50ms SOA last: This would be consistent with the hypothesis 

that subjects were less likely to select Locally 

Uncorrelated stimuli as they gained experience with the 

task, but is inconsistent with the prediction that spurious 

local matching would be more likely to occur under short

range temporal parameters. If anything, this finding 

suggests that having inconsistent short-range information 

available may have influenced the computation for velocity 

so as to make Locally Uncorrelated stimuli appear slower. 

Clearly, these last points must be taken as speculation 

in the absence of statistically significant differences. 

It is noteworthy that only one of the 18 subjects inquired 

after the experiment if, in fact, all pairs were the same 

speed. That is, most of the subjects either a) believed 

that there were actual differences in speed, even if they 

did not believe they were accurate at detecting them, or b) 

genuinely perceived a velocity difference. In fact, two 

subjects spontaneously reported that the Locally Correlated 

stimuli appeared to move faster, and six reported that the 

Locally Uncorrelated stimuli appeared to move faster. 

It is possible, of course, that subjects arbitrarily 

used the superficial visual difference between the Locally 

Correlated and Locally Uncorrelated stimuli (the Locally 

Uncorrelated stimuli appear to IIsparkle ll ) as their decision 
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criterion when viewing Different Pair Types. If this were 

the case, we might expect to find that individual subjects 

consistently selected one or the other throughout all SOAs. 

This was not the case: Thirteen subjects switched from 

favoring one at one SOA, to favoring the other at some other 

SOA (the difference usually occurred between the 50ms and 

250ms conditions), whereas three subjects favored one 

stimulus type, but not exclusively throughout (i.e., they 

did not always select that stimulus type), and the remaining 

two subjects tended to report that roughly half and half 

were faster throughout. 

All in all, data yielded in Experiment 2 are consistent 

with cavanagh's findings regarding second-order plaids: 

There is no strong evidence that low-level velocity 

information influenced the perceived velocity of the 

phenomenal percept. However, it is logically possible that 

subjects were in fact engaging in local correspondence 

matches, but that the actual difference in perceived 

velocity were too small for subjects to accurately 

discriminate under any circumstances. That is, if it were 

possible to calculate a Locally Correlated control which was 

moving the same mean distance faster, it is conceivable that 

subjects would be unable to discriminate this velocity 

difference from the standard as well. It is also possible 

that a more sensitive response measure, such as a self

calibrated velocity matching task, would detect the 
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perceived differences which individuals' reported in a more 

easily interpreted pattern. 



69 

Experiment 3: Displacement limit 

The results of Experiment 1 indicated that observers 

are capable of perceptually organizing Locally Uncorrelated 

stimuli into coherent forms under optimal conditions. While 

the results of Experiment 2 are inconclusive regarding 

actual perceived differences in velocity at all SOAs, they 

clearly did not support the notion that observers would 

report this difference only under short-range limits. The 

following three Experiments explore the basic spatial and 

temporal parameters required to make accurate form 

discriminations with stimuli which are Locally Correlated as 

compared to those which are Locally Uncorrelated. 

Experimental Hypothesis 3: If the short-range/long-range 

model is correct, observers will perform better (speed 

and/or accuracy) when making discriminations between forms 

which are Locally Correlated as compared those which are 

Locally Uncorrelated at small spatial excursions (10 minutes 

of arc). In addition, there should be no performance 

difference at larger spatial excursions (40 minutes of arc). 

However, if the first-order/second-order model is 

accurate, observers should perform equally well at all 

spatial separations given that both stimulus types are 

organized by the second-order motion process. 



70 

Method. 

Subjects. Fifteen undergraduate students from the 

University of Arizona participated as part of fulfillment 

for an introductory course in psychology. The data of three 

of these participants was not used in the final analysis as 

they failed to meet a performance criterion of 80% correct 

responses overall. All subjects had vision that was normal, 

or corrected to normal. 

Stimuli. Locally Correlated and Locally Uncorrelated 

stimuli were constructed by the same general means as in 

Experiment 2, however in this experiment, one half of the 

bars had random dots scattered continuously over the surface 

from top to bottom, and one half had a break in the surface 

of every other bar in one of four locations (upper quarter, 

middle quarter above center, middle quarter below center, or 

lower quarter). 

The background square region subtended 8 degrees of 

visual angle horizontally and 6 degrees vertically. Each 

stimulus type contained 1000 dots randomly distributed over 

the square region (2.2% fill) in four different random 

patterns. continuous bars subtended 34 minutes of visual 

arc horizontally and 6 degrees vertically, with a 50 min arc 

horizontal separation between each bar. Bars with breaks in 

the surface shared the same dimensions save for a 34 min arc 

separation between the upper and lower regions of every 

other bar. One third of the stimuli made a spatial 
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excursion of 10 min arc per frame, one third made an 

excursion of 20 min arc per frame, and one third made an 

excursion of 40 min arc per frame. The total duration of 

each animation sequence was five seconds, with a 50ms SOA 

between each frame. 

Design. A 2 x 3 x 6 mixed design with two repeated 

measure variables, and one within group variable was used in 

this experiment. The repeated measure variables were 

stimulus Type (Locally Correlated or Locally Uncorrelated) , 

and Degree of Spatial Displacement (10, 20, and 40 minutes 

of arc). Block Order was treated as a within group 

variable: six different block orders were generated, each 

of which was received by two subjects. The dependent 

measures were accuracy and reaction time. 

Procedure. Prior to the experiment subjects were shown 

five examples of stimuli at each displacement limit, one 

example at each displacement limit had no break while the 

other four had a break in each of the four possible 

locations. During this time, the experimenter pointed out 

the location of the break when one occurred. Each trial 

consisted of one set of moving bars displayed for five 

seconds. subjects were instructed to decide whether or not 

there was a break in every other bar as quickly as possible 

while remaining accurate. There were a total of 96 trials, 

with a short break after each block of 32 trials. No 

performance feedback was provided. 
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Results. 

Error Rate. 

The mean percentage of errors and standard deviations 

as a function of stimulus Type (Correlated and Uncorrelated) 

and spatial Displacement are shown in Table 5. Figure 9 

illustrates that the differences between stimulus Types are 

small, however the overall the error rate increased slightly 

with the displacement rate. An omnibus ANOVA revealed no 

significant differences between Stimulus Type (E (1, 11) = 

0.6, 2 > .4558), or spatial Displacement (E (2, 22) = 

0.58, 2 > .5698) and in all conditions performance 

remained above 75% in all cells. 

Table 5 
Mean percentage of errors and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 3. 

min arc Locally Correlated Locally Uncorrelated 

MEAN E SO MEAN E SO 
10 20.312 16.238 15.625 11. 768 

20 23.437 19.962 18.750 9.231 

40 21. 375 15.869 22.375 19.300 
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Reaction Time. 

The mean reaction times and standard deviations for 

subjects to correctly identify the form function of stimulus 

Type, spatial Displacement are shown in Table 6: Note that 

the variability is greatest when subjects were viewing 

locally uncorrelated stimuli at a 10 min arc spatial 

displacement. Figure 10 shows that 1) overall, subjects 

were faster at making their choice when viewing Locally 

Correlated stimuli; and 2) reaction time did not increase 

until the 40 min arc spatial Displacement when subjects 

viewed the Locally Correlated stimuli, whereas there was a 

continuous increase in reaction time with spatial 

Displacement when subjects viewed the Locally Uncorrelated 

stimuli. 

An omnibus ANOVA revealed a main effect of stimulus 

Type (E (1, 11) = 11.13 2 < .007), but no main effect of 

spatial Displacement (E (2, 22) = 0.73, 2 > .49), or an 

Interaction between Stimulus Type and spatial Displacement 

(E (2, 22) =1.02, 2 > .377). Pairwise comparison of 

stimulus Types at each spatial Displacement indicate that 

this main effect was carried by the difference when viewing 

stimuli displaced at 20 min arc (E (1, 11) = 31.37, 2 < 

.0002), while the differences at the 10 and 40 min arc were 

not statistically significant (E (1, 11) = 1.93 2 < .19, and 

E (1, 11) = 3.92 2 < .073 respectively). The E value at 20 

min arc well exceeds the criterion demanded for a Bonferroni 
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correction for familywise error rate at Q < .01 

(two-tailed). 

Table 6 
Mean reaction times (in seconds) and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 3. 

min arc Locally Correlated Locally Uncorrelated 

MEAN RT SD MEAN RT SD 
10 2.562 0.709 2.820 0.967 

20 2.555 0.769 2.973 0.792 

40 2.776 0.758 2.967 0.806 
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Discussion. 

That there was no performance advantage with Locally 

Correlated stimuli at the smallest spatial excursion (10 min 

arc) is in apparent contradiction with the predictions of 

the short-rangejlong-range model. However, the lack of a 

significant difference at the largest spatial separation was 

predicted: It should be noted that accuracy was at 80% in 

this condition for both stimulus types, so this result is 

not an artifact of chance performance (i.e., if subjects 

were guessing for both stimulus types, there would be no 

reason to expect that they should guess better for one or 

the other). 

In contrast, the lack of a difference at 10 min arc, 

is consistent with predictions based on the 

first-orderjsecond-order model. That reaction time 

increased with at 20 min arc for Locally Uncorrelated 

stimuli, and decreased slightly for Locally Correlated 

stimuli does not, however, conform with the prediction that 

observers should behave similarly with two type of second

order attributes transformed by a uniform second-order 

motion process. 
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Experiment 4: Temporal limit 

Experimental Hypothesis 4: If the short-range/long-range 

model is correct, observers will perform better (speed 

and/or accuracy) when making discriminations between forms 

which are Locally Correlated as compared those which are 

Locally Uncorrelated when the temporal increment between 

frames is within previously defined short-range limits 

(i.e., less than 250ms). In addition, there should be no 

performance difference at longer temporal separations (i.e., 

greater than 250ms). 

In contrast, if the first-order/second-order model is 

accurate, observers should perform equally well with both 

Locally Correlated and Uncorrelated stimuli each temporal 

separation. 

Method. 

Subjects. Fourteen undergraduate students from the 

University of Arizona participated as part of fulfillment 

for an introductory course in psychology. The data of two 

of these participants was not used in the final analysis as 

they failed to meet a performance criterion of 80% correct 

responses overall. All subjects had vision that was normal, 

or corrected to normal. 

Stimuli. The stimuli used in Experiment 4 were 

identical in construction to those from Experiment 3 which 

made an excursion of 20 minutes of visual arc per frame, 

with the exception that the location of breaks on the bar 
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surface was reduced to the above the center in the middle 

quarter, the center, and below the center middle quarter of 

the surface. One fourth of the animation sequences had SOAs 

of 50ms, lOOms, 250ms, and 500ms each. The total duration 

of each animation sequence was five seconds. 

Design. This experiment incorporated a 2 x 4 x 4 mixed 

design with two repeated measure variables, and one within 

group variable. The repeated measure variables were 

stimulus Type (Locally Correlated or Locally Uncorrelated), 

and SOA (50, 100, 250, and 517ms). Block Order was treated 

as a within group variable: Twelve different block orders 

were generated, each SOA appeared in each block position (1, 

2, 3, or 4) three times. The dependent measures were 

accuracy and reaction time. 

Procedure. Prior to the experiment subjects were shown 

four examples of stimuli at each SOA, one example at each 

SOA was a continuous bar, whereas the other three had a 

break in each of the three possible locations. During this 

time, the experimenter pointed out the location of the break 

when one occurred. Each trial consisted of one set of 

moving bars displayed for five seconds. Subjects were 

instructed to decide whether or not there was a break in 

every other bar as quickly as possible while remaining 

accurate. There were a total of 96 trials, with a short 

break after each block of 24 trials. No performance 

feedback was provided. 
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Results. 

Error Rate. 

The mean error rates and standard deviations for this 

discrimination task as a function of stimulus Type, and SOA 

are shown in Table 7. Note that the greatest variability in 

either stimulus condition occurred the 250ms SOA, whereas 

the least variability occurred at 517ms. As can be se8n in 

Figure 11, the difference in mean percent errors between 

stimulus Types is small, and the error rate increased 

linearly with SOA. An omnibus ANOVA yielded no significant 

difference by stimulus Type (E (1, 11) = 0.08, Q > .789), 

but a main effect of SOA (E (3, 33) = 8.56, Q > .002). This 

effect was carried by a significant difference between the 

100 and 250ms conditions «E (1, 11) = 14.66, Q > .003). 

While there were no significant differences between paired 

comparisons of stimulus type at each SOA, it should be noted 

that the accuracy rate diminished to less than what one 

would predict for a binomial distribution in both the 250 

and 517ms conditions. 



Table 7 
Mean percentage of errors and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 4. 
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SOA Locally Correlated Locally Uncorrelated 

MEAN E SD MEAN E SD 
50 13.583 11.350 10.583 14.950 

100 19.667 19.817 22.667 19.030 

250 31.833 20.692 28.750 19.8:50 

517 34.083 10.210 28.750 11. 400 
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Figure 11. The mean percent errors for each stimulus Type as 

a function of SOA. 
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Reaction Time. 

The mean reaction times and standard deviations for 

observers to correctly identify whether the bars had a break 

in them as a function of stimulus Types, and SOA are shown 

in Table 8. Note that with Locally Correlated stimuli, 

variability tended to increase with SOA, whereas with 

Locally Uncorrelated stimuli, it decreased from the two 

shortest to the two longest SOAs. As Figure 12 indicates, 

subjects were faster to make a correct decision when viewing 

Locally Correlated stimuli regardless of the SOA. In 

addition, while reaction time generally increased with SOA, 

the sharpest increase occurred between 100 and 250ms. 



84 

Table 8 
Mean reaction times (in seconds) and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 4. 

SOA Locally Correlated Locally Uncorrelated 

MEAN RT SD MEAN RT SD 
50 3.333 0.950 3.800 1. 081 

100 3.466 1.125 3.836 1.054 

250 4.319 1.127 4.552 0.822 

517 4.259 1.146 4.732 0.902 
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An omnibus ANOVA revealed main effects of both 

stimulus Type (E (1, 11) = 22.61,2 < .0006), and SOA 

(E (1, 11) = 8.5,2 < .0003), as well as an interaction 

between Block Order and SOA (E (1, 11) = 6.17, 2 < .018). 

Pairwise comparisons of stimulus types at each SOA yielded 

several values significant at 2 < .05, uncorrected (E (1, 

11) = 23.46,2 < .0005); E (1, 11) = 9.55,2 < .01; 1. (1, 

11) = 1.49 2 < .5; and E (1, 11) = 6.72 , 2 < .025 at 50, 

100, 250, and 517ms respectively), however, only the value 

at the 50ms SOA met the criterion for statistical 

significance after a Bonferroni correction for familywise 

error rate (2 < .01, two-tailed). Pairwise comparisons of 

differences between each SOA, regardless of stimulus Type, 

indicate that the main effect of SOA is carried by a 

difference between 100 and 250ms conditions (E (1, 11) = 

9.55, ~ < .01), but not between 50 and lOOms conditions (E 

(1, 11) = 0.56, ~ < .47), or 250 and 500ms conditions (E (1, 

11) = 0.49, 2 < .5). This difference also met the criterion 

for statistical significance after a Bonferroni correction 

for familywise error rate (2 < .05, one-tailed). To examine 

the effect of Block Order, data were grouped by which SOA 

subjects viewed first, second, third, or fourth: The only 

influence of order that was identified was as a function of 

which order was viewed first: As Figure 13 illustrates, if 
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stimuli with a lOOms SOA were viewed first, not only were 

their reaction times faster at all SOAs, but they were 

disproportionately faster in the lOOms SOA condition. 
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Discussion. Results indicate that subjects were 

equally accurate at making discriminations at all SOAs in 

both the Locally Correlated and the Locally Uncorrelated 

conditions. However, when their performance was above 

chance, they were significantly faster at making these 

decisions with Locally Correlated stimuli. These findings 

are consistent with the general short-range/long-range model 

on the basis of which is was predicted that a finer grain 

local information would be taken advantage of at short 

temporal intervals: Correlated stimuli offered more 

reliable information about the specific bounds of the 

contour. 

These findings are not consistent with what would be 

expected based on the first-order/second-order model: 

Second-order attributes presented at the same SOAs should be 

processed in the same manner, thus yield similar reaction 

times. 

Although the value obtained for the pairwise comparison 

at 5l7ms does not meet the criterion for statistical 

significance after a Bonferroni correction, nevertheless 

there is a trend in the opposite direction from that 

predicted by either model. However, it should be emphasized 

that subjects were not performing significantly above chance 



at this level, thus any differences are not easily 

interpreted. 
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Experiment 5: Displacement and Temporal limit 

Experimental Hypothesis 5: Experiment 3 explored the 

spatial limits required to view these two different stimulus 

types while holding the temporal separation constant, while 

Experiment 4 explored the temporal limits required while 

holding the spatial separation constant: One could argue, 

that these results are artifacts of the values which WAre 

held constant (i.e., a 50ms SOA, or a 20 min arc spatial 

separation yield results which do not generalize to other 

points on the continuum). In light of this, both spatial 

and temporal parameters were varied systematically in 

Experiment 5. The general hypotheses regarding short

range/long-range and first-order/second-order models are 

extended to this experiment as well: However in this case 

the greatest differences predicted by the 

short-range/long-range model would be expected when both 

spatial and temporal separations are small. 

Method. 

Subjects. Fifteen undergraduate students from the 

University of Arizona participated as part of fulfillment 

for an introductory course in psychology. The data from 

three participants was excluded because they failed to meet 

criteria of 65% accuracy overall, with at least 75% correct 

in their best condition, (the criterion of 80% accuracy 

adopted for Experiments 2 and 3 was lowered for this 

experiment as there was greater variation in the stimulus 



conditions per block). All subjects had vision that was 

normal, or corrected to normal. 
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stimuli. The stimuli used in Experiment 4 made spatial 

excursions of 20 minutes of arc per frame of the animation 

sequence: In Experiment 5 additional sequences which made 

spatial excursions of 10 and 40 minutes of visual arc per 

frame were created. One fourth of the animation sequences 

were displayed at SOAs of 50ms, lOOms, 250ms, and 500ms 

each. The total duration of each animation sequence was 

five seconds. 

Design. A 2 x 3 x 4 x 4 mixed design with three 

repeated measure variables, and one within group variable 

was used in this experiment. The repeated measure variables 

were stimulus Type (Locally Correlated or Locally 

Uncorrelated), Spatial Displacement (10, 20, 40 min arc), 

and SOA (50, 100, 250, and 517ms). Block Order was treated 

as a within group variable: Twelve different block orders 

were generated, each SOA appeared in each block position (1, 

2, 3, or 4) twice. The dependent measures were accuracy and 

reaction time. 

Procedure. Prior to the experiment subjects were shown 

three examples of stimuli at each SOA and spatial 

displacement, one example at each SOA was a continuous bar, 

whereas the other two had a break in two of possible three 

locations. While subjects did not view each break point at 

each spatial displacement and SOA, they viewed each break 



position an equal number of times. During this 

presentation, the experimenter pointed out the location of 

the break when one occurred. Each trial consisted of one 

set of moving bars displayed for five seconds. Subjects 

were instructed to decide whether or not there was a break 

in every other bar as quickly as possible while remaining 

accurate. There were a total of 96 trials, with a short 

break after each block of 24 trials. No performance 

feedback was provided. 
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Results. In that the number of observations per cell 

were fewer in this experiment, and the error rate was higher 

overall, several subjects yielded data for which there was 

an insufficient number of observations to compute a stable 

mean reaction time. In light of this, the data analysis was 

restricted to error rates. The mean error rates and 

standard deviations are shown in Tables 9a to 9c. Note 

that, with Locally Correlated stimuli variability tended to 

increase with SOA (with the exception of the 40 min arc 

condition), whereas with Locally Uncorrelated stimuli the 

variability decreased with SOA up to 250ms in all cases, and 

continued to decrease at 517ms in the 40 min arc condition. 
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Tables 9a to 9c 
Mean percentage of errors and standard deviations for 
Locally Correlated and Locally Uncorrelated conditions in 
Experiment 5 at 10, 20, and 40 min arc. 

9a. 

10 min arc 
Locally Correlated Locally Uncorrelated 

MEAN E SD MEAN E SD 
50 4.175 9.725 18.750 26.250 

100 10.425 19.800 20.825 23.425 

250 25.000 21. 300 39.040 15.550 

517 27.000 16.700 52.000 31.000 

9b. 

20 min arc 
Locally Correlated Locally Uncorrelated 

MEAN E SD MEAN E SD _ 
50 4.150 9.725 12.500 19.950 

100 14.575 16.725 12.500 16.850 

250 18.750 24.120 22.917 12.875 

517 37.500 32.850 33.250 19.450 

9c. 

40 min arc 
Locally Correlated Locally Uncorrelated 

MEAN E SD MEAN E SD 
50 25.00 23.825 20.825 29.825 

100 16.675 16.275 37.500 29.200 

250 33.250 34.275 39.500 34.475 

517 47.750 19.825 29.000 17.925 
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Differences as a function of stimulus Type are shown in 

Figure 14: Overall, subjects made fewer errors when viewing 

Locally Correlated stimuli. As can be seen in Figure 15, 

overall errors were highest at the 40 min arc Spatial 

Displacement, although the error rate was equally high at 10 

min arc in the Locally Uncorrelated condition. Figure 16 

illustrates that, overall, errors also increased with SOA. 

An omnibus ANOVA, however, yielded no main effect of 

stimulus Type (E (1, 11) = 3.56, ~ < .10), but did indicate 

main effects of both spatial Displacement (E (2, 22) = 6.25, 

~ < .0071), and SOA (E (3, 33) = 10.28, ~ < .0001). 

There was also a marginal interaction between Stimulus Type 

and spatial Displacement (E (2, 22) = 3.19, ~ < .061). This 

is shown in Figure 17a to 17c: Note that at a 10 min arc 

spatial excursion the difference between stimulus Type is 

greatest, and it gradually decreases as the spatial 

displacement increases. 

A three-way interaction between stimulus Type, Spatial 

Displacement, and SOA was also identified (E (6, 66) = 3.21, 

~ < .007). Figure 18a to 18d illustrates this relationship: 

Note that for Locally Correlated stimuli the error rate is 

lowest when the spatial and temporal separations are small, 

and greatest when the spatial and temporal separations are 
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Figure 17a. The mean percent errors as a function of stimulus 

Type and SOA at 10 min arc. 
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Figure 17b. The mean percent errors as a function of Stimulus 

Type and SOA at 20 min arc. 
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large, this relationship is reversed for Locally 

Uncorrelated stimuli. separate error analyses at each 

spatial Displacement revealed a significant difference 

between stimulus Type (E (3, 33) = 7.20, 2 < .0008), and SOA 

(E (1, 11) = 9.10, 2 < .012) at the 10 min arc spatial 

Displacement; SOA alone (E (6, 66) = 3.21, 2 < .007) at the 

20 min arc Spatial Displacement; and a stimulus Type x SOA 

interaction (E (3, 33) = 4.82, 2 < .007) at the 40 min arc 

spatial Displacement. Paired comparisons were conducted 

between stimulus Type at each Spatial displacement and SOA: 

There were no significant differences in the error rate as a 

function of stimulus Type at any SOA in either the 10 or 20 

min arc spatial Displacements; at the 40 min arc spatial 

Displacement, subjects were better at the task when viewing 

Locally Correlated stimuli at a lOOms SOA (E (1, 11) = 4.84, 

2 < .05), and subjects were marginally worse at the task 

when viewing Locally Correlated stimuli at a 517ms SOA (E 

(1, 11) = 4.11, 2 < .067). However, neither of these values 

meet the criterion for statistical significance established 

by a Bonferroni correction for familywise error rate (2 > 

.05) 

Discussion. It was hypothesized that if the general 

short-rangejlong-range model was an accurate predictor of 

performance, subjects would be significantly better at 

making form discriminations with Locally Correlated stimuli 

when the spatial and temporal separations were smallest, and 
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that performance at larger spatial and temporal separations 

would be equally poor for both stimulus conditions. It was 

found that subjects were better at making form 

discriminations with Locally Correlated stimuli at smaller 

spatial and temporal separations. This result is consistent 

with a short-range/long-range model, and in contradiction to 

predictions generated from the context of a first

order/second-order model. However, performance at the 

larger spatial and temporal separations was not uniformly 

poor: In fact, subjects were significantly better at making 

form discriminations with Locally Uncorrelated stimuli when 

the spatial and temporal separations were greatest. This is 

an interesting finding in that it does not conform with 

predictions generated by either the short-range/long-range 

or the first-order/second-order model. Additional 

consideration of this result will be reserved for the 

general discussion of overall findings in Chapter 5. 



CHAPTER 5. 

GENERAL DISCUSSION 

Summary of Predictions and Results. 

General Hypothesis 1: Perceived Coherence. 
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If local correlation is not required for perception of 

a coherent contour, then under optimal circumstances at 

least, observers should be able to distinguish between two 

similar locally uncorrelated forms. 

Overall, results of Experiment 1 indicate that subjects 

can make form discriminations well above chance when viewing 

Locally Uncorrelated stimuli. In addition, subjects were no 

more accurate at making these discriminations when viewing 

Locally Correlated stimuli that provided additional 

information regarding local occlusion. Results regarding 

reaction time in this experiment are interpreted with 

caution because of this difference between the stimulus 

types. 

General Hypothesis 2: Perceived Velocity. 

The absence of performance differences when making form 

discriminations under optimal conditions does not rule out 

the possibility that there are qualitative differences 

between whatever phenomenal percepts emerge from locally 

correlated and locally uncorrelated stimuli. If the 

combined local velocity of the elements influence the 

perceived velocity of the global form, this would suggest 

that some manner of local matching has taken place. 
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Overall, subjects in Experiment 2 reported no 

differences in the perceived velocity of Locally Correlated 

and Locally Uncorrelated forms. Results can be interpreted 

from the framework of the short-range/long-range model as a 

case in which inconsistent short-range information was 

discarded or suppressed by the long-range system, similar to 

findings reported by Ramachandran (1985). However, thjs 

would delegate the perceptual organization of these forms to 

the long-range system, which is described as requiring at 

least a texture based edge. 

These results are consistent with those reported by 

Cavanagh and Mather (1989), in which they found no 

qualitative differences in the perception of first and 

second-order plaids, thus we would not expect to observe any 

differences between two second-order stimuli either. 

While there appeared to be effects of Block Order and 

SOA, interpretation of these findings must remain 

speculative in the absence of statistically significant 

differences. 

General Hypothesis 3: spatial and Temporal Limits. 

Short-range/Long Range Model. 

If the short-range/long-range model is correct, 

observers will perform better (speed and/or accuracy) when 

making discriminations between forms which are locally 

correlated as compared to those which are locally 

uncorrelated at small spatial and temporal separations. At 



large spatial and temporal separations there should be no 

performance difference. 

First-order/Second-order Model. 
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If the first-order/second-order model is correct, 

observers will perform equally well when making 

discriminations between forms which are locally correlated 

as compared to those which are locally uncorrelated at all 

spatial and temporal separations. 

spatial Limits. 

In Experiment 3, there were no differences in overall 

accuracy between the two stimulus conditions. While there 

was no difference in the speed of form discrimination at the 

smallest spatial displacement (10 min arc), there was a 

speed advantage with Locally Correlated stimuli at the 20 

min arc displacement. These results are consistent with 

predictions based on the first-order/second-order model. 

However, there is at least one possible explanation which 

could account for this performance parity and remain 

consistent with the short-range/long-range model: While the 

stimuli were constructed to display a new random pattern 

each frame, due to the small spatial excursion, the odds of 

any given dot impinging upon the same place in the retinae 

are somewhat higher given the amount of area which could 

overlap in the entire form. That is, while the distal 
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stimulus may have been uncorrelated from frame to frame, in 

fact, spurious point by point matches may have occurred 

proximally. This would result in percept of less coherence 

than a fully correlated form, but nonetheless create a 

stronger signal than would be expected strictly on the basis 

of stimulus organization. In addition, there was no 

difference at the largest displacement when performance 

remained above chance, which is consistent with the 

prediction generated on the basis of this model. 

Temporal Limits. 

Once again, in Experiment 4 there were no differences 

in overall accuracy between the two stimulus conditions. 

subjects were significantly faster at making form 

discriminations with Locally Correlated stimuli at both the 

50 and lOOms SOA conditions, but not at the 250 and 5l7ms 

SOA conditions. This result is consistent with predictions 

based on the short-range/long-range model. That overall 

latency increased sharply at 250ms is also consistent with 

the general consensus that, regardless of some flexibility 

in the temporal limit of the short-range system, roughly 

after 250ms, long-range processing must take over. 

Spatio-Temporal Limits. 

In Experiment 5, subjects made significantly fewer 

errors in form discrimination with Locally Correlated 
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stimuli at short spatial and temporal separations. 

Once again, this is consistent with predictions based on the 

short-range/long-range model. However, the finding that 

subjects made significantly fewer errors in form 

discrimination with Locally Uncorrelated stimuli at large 

spatial and temporal separations is not consistent with 

either model. 

The approach taken by Chubb and Sperling (1988) offers 

a framework from which this unexpected result may be 

explained. Recall that a micro-balanced stimulus is one in 

which the Fourier energy sums to zero in any given 

direction. Micro-balanced stimuli are a subset of a more 

general class of stimuli which are referred to as "drift

balanced". In drift-balanced stimuli, the Fourier energy of 

the local components also sums to zero in any given 

direction, although a larger spatial window which can be 

described in Fourier terms can be identified as moving in a 

consistent direction. Both types of stimuli used in these 

experiments had the same fundamental frequency (the outer 

boundary of the global form). However, the Locally 

Correlated stimuli used in these experiments were not drift

balanced, constituent dots sent a consistent signal 

regarding the direction of motion. In contrast, the Locally 

Uncorrelated stimuli used in these experiments ~ drift

balanced, and as such could only be tracked on the basis of 

the global contour which emerged as a second-order property. 
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At short spatial and temporal separations, Locally 

Correlated stimuli should have created a stronger motion 

signal as the local components were consistent, and could be 

tracked within that spatio-temporal range. At large spatial 

and temporal separations, subjects were forced to track the 

largest Fourier component (the global contour) in both 

Locally Correlated and Locally Uncorrelated stimuli. 

However, since the Locally Uncorrelated stimuli signalled a 

new set of random points within the surface of the form for 

each frame, over time, more points around the edge of the 

spatial window would have been activated than in the Locally 

Correlated condition: This would result in a stronger 

signal of the fundamental Fourier component. 

Overview. 

If one is willing to accept the alternative 

interpretation of findings in Experiment 3, the overall 

reaction time results are more consistent with the short

range/long-range model than the first-order/second-order 

model. However, the experimental hypotheses were framed in 

ter;lS of accuracy as well. The fact that we are able to 

perceive stimuli which possess uncorrelated short-range 

information in the absence of an explicit luminance or 

texture based edge at all is problematic for the short

range/long-range model. That is, if the short-range system 

cannot make correspondence matches, the long-range system is 
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left to accomplish this task by default. If the long-range 

system reguires at least a texture based edge to operate, 

then the Locally Uncorrelated stimuli used in these 

experiments should not have been visible under any 

circumstances. If one extends the requirement for the long

range system to include "temporal edges" defined by contrast 

elements, the model remains viable, but in lieu of this, 

such stimuli are anomalies which fall outside the bounds of 

this description of motion processing. 

In contrast, the first-order/second-order model can 

easily account for the stimulus type explored in these 

experiments, as well as those developed by Prazdny (1985; 

1986), and Chubb and Sperling (1988). Two central points 

distinguish this from the short-range/long-range model: 

First, the same type of processing occurs at all spatial 

scales; and second, there is nothing fundamentally different 

about the type of processing that occurs with stimuli which 

can be identified on the basis of first or second-order 

features. Cavanagh et al (1989) offered evidence that 

certain types of second-order stimuli could be comparably 

salient as first-order stimuli in specific circumstances, 

and found that intra-attribute stimuli were equally salient 

regardless of the types of attributes which were combined to 

create them (luminance, color, texture, relative motion, and 

stereoscopic cues). Based on these findings they concluded 

that there must be some type of motion detector which is 
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responsive to spatio-temporal proximity alone. However, 

Cavanagh and Mather (1989) also pointed out that the body of 

results in support of a short-range/long-range dichotomy 

were an artifact of the spectral composition of the stimuli 

used. In these experiments, Locally Correlated and 

Uncorrelated stimuli shared the same texture, the same mean 

luminance, and the same velocity of the global form. In 

that the Locally Uncorrelated stimuli were drift-balanced, 

they did not, however, share the same mean Fourier energy. 

That is, the direction of motion for Locally Correlated 

forms could be described by a full set of frequencies, 

whereas Locally Uncorrelated forms were restricted to 

information regarding the fundamental frequency alone (the 

size of the spatial window). In this case, the performance 

difference observed need not reflect qualitatively different 

short and long-range systems, but selective responses to 

different Fourier compositions. 

Herein lies what is not necessarily a weakness of the 

general first-order/second-order formulation, but of the 

degree to which it has been specified. That is, there are 

many means through which second-order attributes can be 

achieved (in these experiments relative motion with 

correlated and uncorrelated local information, some other 

possibilities are binocular disparity, texture, flicker 

rate) and the emergent properties of each may have different 

perceptual consequences (e.g. result in different Fourier, 
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or Non-Fourier descriptions upon which basis the form may be 

tracked). If this were the case, we would expect to find 

performance differences based on the spatial and temporal 

limits of those emergent features, rather than assume that 

the boundaries established by different means are equivalent 

at some second-order level of representation. 

Conclusions. 

The primary findings of this series of experiments were 

that 1) observers were capable of perceptually organizing 

surfaces in the absence of local spatial and temporal 

correlation, 2) there was no reliable difference in the 

perceived velocity between Locally Correlated and Locally 

Uncorrelated forms, 3) observers were faster at making form 

discriminations when consistent local information was 

available at short spatial and temporal increments, and 4) 

observers demonstrated a performance advantage with Locally 

Uncorrelated forms at large spatial and temporal 

separations. 

Neither of the general models considered were fully 

satisfactory in accommodating these results. The short

range/long-range model has dominated research paradigms and 

discussion of retinal motion processing for close to two 

decades: It was built on sound empirical observations, but 

has been fraught with controversy in the absence of any 

apparent absolute limits, and a somewhat weak set of 
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supporting criteria for distinguishing between the two 

postulated systems. More recently, the first-order/second

order model has gained considerable attention in that it 

easily accommodates classes of stimuli which were anomalous 

to the short-range/long-range model, and is consistent with 

the general cooperative computational approach (uniform 

operators at different spatial scales, qualitatively similar 

processes at different levels). However, contrary to the 

assertion of cavanagh and Mather (1989), the data presented 

in this paper are inconsistent with the notion that all 

second-order attributes are equivalent as correspondence 

tokens, a priori. In conclusion, while their general model 

is in many ways more inclusive, and more flexible than the 

short-range/long-range formulation, it may prove fruitful to 

articulate a means by which potential emergent features of 

second-order tokens can be equated: If this were 

accomplished, assessing the general claim that second-order 

features are processed independent of the attributes from 

which they were defined would be more easily evaluated. 
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