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ABSTRACT  

 

To safely maneuver through the environment, people have to make accurate 

judgments of collision (Cutting, Vishton & Braren, 1995). Such judgments may have to 

be made when one or more objects are present in a scene, and when the objects are of 

different sizes (e.g., DeLucia, 2004). Prior research has overlooked two important types 

of collision judgments; judgments of whether a moving object would collide or stop 

moving before colliding with a target when the moving object is either small or large, and 

judgments of which object would collide with a target when two moving objects of 

different sizes are present in a scene. Lee (1976) showed mathematically that the 

information about the potentiality of a collision is specified veridically in the optic array 

by the optical parameter tau-dot, and hence observers can rely on tau-dot to make 

judgments of collision. This has been referred to as the tau-dot hypothesis (Kim, Effken 

& Carello, 1998). However, results from other studies have indicated that judgments of 

collision may be affected by biases in the perceived velocity of motion (Andersen, 

Cisneros, Atchley & Saidpour, 1999). Such a pattern of judgments has been explained 

with the constant deceleration model (Andersen et al., 1999). When motion is in the 

frontoparallel plane, the size of a moving object induces biases in its perceived velocity 

(Brown, 1931). Therefore, in three experiments the effects of size on two types of 

judgments of collision were examined; judgments of which moving object would collide 

with a stationary target and judgments of whether a moving object would collide with a 

stationary target. Results indicated that retinal size and tau-dot affected such judgments, 

suggesting that multiple sources of visual information could affect judgments of collision. 

Theoretical implications for the tau-dot hypothesis (Lee, 1976) and the constant 
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deceleration model (Andersen et al., 1999) have been discussed. In addition, practical 

implications for the design of collision avoidance warning systems in vehicles, and for 

driver education and training have been discussed.  
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CHAPTER I 

INTRODUCTION 

While moving through the environment it is important for people to make accurate 

judgments of collision (Cutting, Vishton & Braren, 1995). Prior research has investigated 

different types of collision judgments, such as judgments of when a collision will occur 

(Gray & Regan, 1998; McLeod & Ross, 1983; Schiff & Detwiler, 1979; Schiff & Oldak, 

1990), judgments of which object will arrive sooner (DeLucia, 1991a; DeLucia, 2005; 

Todd, 1981) and judgments of whether a collision will occur (Andersen, Cisneros, 

Atchley & Saidpour, 1999; Andersen, Saidpour, Cisneros & Atchley, 2000; Barbet, 

Meskali, Berthelon, Mottet & Bootsma, 2006; Bootsma & Craig, 2003; DeLucia, 1995; 

DeLucia, Bleckley, Meyer & Bush, 2003).   

Importantly, judgments of collision may have to be made about objects of varying 

sizes, and also when more than one object is present in a scene (DeLucia, 2004). For 

example, while carrying out an overtaking maneuver, a driver has to avoid a collision 

with the lead vehicle and also with the on-coming vehicle. The lead vehicle may be a 

small motorcycle and the oncoming vehicle may be a large truck. It has been suggested 

that to avoid a fatal collision in this situation, the driver must judge when a collision will 

occur between the lead vehicle and the oncoming vehicle (e.g., Gray, 2004).  

Similarly, in a different scenario, while approaching a stationary lead vehicle, a driver 

has to accurately control the deceleration rate to stop safely behind the lead vehicle, 

which could be a truck or a motorcycle. Here, the driver has to make an accurate 

judgment about whether he or she will collide with the lead vehicle or stop moving 

before colliding with the lead vehicle (e.g., Andersen et al., 1999). Furthermore, to safely 

cross lanes, and maneuver through dense traffic conditions where vehicles of different 
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sizes move at different rates of acceleration and deceleration, drivers have to make 

judgments about which vehicle has a potentiality for a collision (i.e., which vehicle will 

collide with the self).  

Therefore it is necessary to study different types of collision judgments and how the 

sizes of moving objects might affect such judgments. Relatedly, prior studies have 

investigated how the size of moving objects affect judgments of which object will collide 

first (DeLucia, 1991a) and judgments of when a collision will occur (Caird & Hancock, 

1994). However, prior studies have not investigated how the size of moving objects 

affects judgments of which object will collide with a target, nor have prior studies 

investigated how the size of moving objects affects judgments of whether an object will 

collide with a target (but see, DeLucia, 2005). More importantly, it has been suggested 

that before judging when a collision will occur, it is important to judge whether a 

collision will occur (DeLucia et al., 2003). Therefore, the primary purpose of this 

dissertation is to study how the size of moving objects affects two types of collision 

judgments; judgments of which object will collide with a target, and judgments of 

whether an object will collide with a target. Next, the different sources of visual 

information that observers may use to make such judgments is explained.  

Tau-dot  

Lee (1976, 1980) showed mathematically that the information regarding an object’s 

time-to-collision (TTC) is specified in the pattern of light that reaches an observer’s eye. 

As shown in Figure 1, when an object approaches the observer, the time remaining until 

the object and the observer will collide is specified by the ratio of the optical size of the 
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approaching object to its rate of optical expansion. This higher-order optic invariant was 

named tau (Lee, 1976, 1980).  

 

Figure 1. Optical specification of the time-to-collision (TTC) between an object and an 

observer (top view). A is the angle subtended at the eye by the object’s optical contour.  

is the rate of change of the that angle. D is the distance between the observer and the 

object, and V is the velocity at which the object is approaching the observer. 

 

In addition, it was shown that the first temporal derivative (or the rate of change) of 

tau, which was labeled tau-dot, specifies information about whether an observer is on a 

collision course with another object (Lee, 1976). In other words, Lee (1976) suggested 

that tau-dot specifies information about whether an observer will collide with an object or 

stop moving before colliding with the object (e.g., a lead car).  

Specifically, Lee (1976) showed that as a driver approaches a lead car, when the 

value of tau-dot is equal to -1.0 (i.e., tau-dot = -1.0), the conditions correspond to a 

constant velocity approach (no deceleration), and hence the driver will crash in to the 

lead car. If held constant, then theoretically any value of tau-dot that is greater than -1.0, 

A 

D 

V 

EYE 

TTC = D/V = A/A 

A 
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but less than 0 (i.e., -1.0 < tau-dot < 0), will bring the driver to a full stop (zero-velocity) 

when he or she reaches the lead car.  

However, when the value of tau-dot is greater than -1.0, but less than -0.5 (i.e., -1.0 < 

tau-dot < -0.5), then the rate of deceleration required to avoid a collision will be infinite 

in the final moments of approach (Lee, 1976; Rock & Harris, 2006). Because 

decelerating at an infinite rate is impossible for any physical object, Lee (1976) proposed 

that practically when the value of tau-dot is greater than or equal to -1.0, but less than -

0.5, (i.e., -1 < = tau-dot < -0.5), a collision will occur. When the value of tau-dot is 

greater than -0.5 (i.e., tau-dot > -0.5), a collision will not occur (Lee, 1976; Rock & 

Harris, 2006). This has been commonly referred to as the tau-dot hypothesis (Bootsma & 

Craig, 2003; Kim, Effken & Carello, 1998; Kim, Turvey & Carello, 1993).  

In summary, Lee (1976) suggested that tau-dot veridically specifies whether a 

collision will occur between an observer and an approaching object (e.g., a lead car). 

Therefore, if observers rely on tau-dot, they can accurately judge whether they will 

collide with an object based on whether the value of tau-dot is greater than or less than -

0.5 (Kim et al., 1993; Lee, 1976). Also, they can control their braking behavior to avoid a 

collision with an object by maintaining the value of tau-dot greater than -0.5 (Lee, 1976; 

Rock & Harris, 2006; Yilmaz & Warren, 1995).    

Prior studies have examined observers’ sensitivity to tau-dot and the results were 

typically consistent with the tau-dot hypothesis. Such studies investigated participants’ 

sensitivity to tau-dot during active control (braking) of self motion in depth (Fajen, 

2005a, 2005b; Rock & Harris, 2006; Rock, Harris & Yates, 2006; Yilmaz & Warren, 

1995), while making passive judgments of the severity (hard or soft) of an upcoming 
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collision (Kim et al., 1998; Kim et al., 1993), and while making passive judgments about 

whether a decelerating object would collide with a stationary target (Bootsma & Craig, 

2003) or with the observer (Barbet et al., 2006).   

Motion in the Frontoparallel Plane 

In prior studies that investigated whether observers use tau-dot to make judgments of 

collision, the depicted motion was typically in depth. However, tau-dot is still available 

when motion is in the frontoparallel plane (Bootsma & Craig, 2003; Kim et al., 1998). As 

shown in Figure 2, when an object approaches another object in the frontoparallel plane, 

the time-to-collision between the two objects is specified by tau, which is the ratio of the 

optical gap between the two objects to the rate of constriction of the optical gap (Bootsma 

& Oudejans, 1993; DeLucia & Meyer, 1999). Therefore, the rate of change of this tau, 

tau-dot specifies whether the moving object will collide with the stationary target 

(Bootsma & Craig, 2003). If tau-dot is less than -0.5 (i.e., tau-dot < -0.5), a collision will 

occur, and if tau-dot is greater than -0.5 (i.e., tau-dot > -0.5), a collision will not occur 

between the two objects (Bootsma & Craig, 2003). 

Also, it is important to note that regardless of whether motion is in depth, or in the 

frontoparallel plane, tau-dot specifies information about collisions independent of the 

lower order parameters such as the size or velocity of a moving object (Bootsma & Craig, 

2003; Kim et al., 1998; Lee, 1976). Therefore if observers rely only on tau-dot to make 

judgments of collision, the size or velocity of moving objects should not affect such 

judgments. However, recent studies have shown that biases in perceived velocity affect 

judgments of collision and Andersen et al. (1999) proposed the constant deceleration 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

6 

model to explain how biases in perceived velocity affect judgments of collision. This is 

considered next.     

 

Figure 2. Optical specification of the time-to-collision between a moving object X, and a 

stationary target Y, when motion is in the frontoparallel plane. D is the distance between 

the two objects and V is the velocity at which object X is moving towards the stationary 

target Y. B is the optic gap between the two objects and the rate of change of that optic 

gap is   . 

 

Constant Deceleration Model 

According to the constant deceleration model (Andersen et al., 1999), when a 

decelerating observer approaches a stationary target in depth, the observer assumes that 

the rate of deceleration of observer motion is constant (Andersen at al., 1999). Further, 

the observer determines whether a collision will occur with the stationary target based on 

the equation  

Ddiff = dv – ds  

where dv is the distance the decelerating observer will travel before coming to a full stop, 

ds is the distance between the observer and the stationary target, and Ddiff is the mentally 

computed difference between the two judged distances (Andersen et al., 1999). If dv is 

greater than ds (i.e., dv > ds) observers will judge that a collision will occur. In contrast, if 

X 

TTC = D/V = B/B 

D 

V 

B EYE 

Y 

B 
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dv is less than ds (i.e., dv < ds) observers will judge that a collision will not occur 

(Andersen et al., 1999). In other words, if Ddiff is positive (i.e., Ddiff > 0) observers will 

judge that a collision will occur. In contrast, if Ddiff is negative (i.e., Ddiff < 0) observers 

will judge that a collision will not occur (Andersen et al., 1999).     

In addition, and more importantly, according to the constant deceleration model, 

when an observer moves toward a stationary target in depth, they judge dv based on the 

velocity and deceleration of observer motion (Andersen et al., 1999). Therefore, when the 

perceived velocity of observer motion is relatively faster, the judged distance that the 

decelerating observer will travel before coming to a full stop (dv) will be relatively 

higher.   

Furthermore, according to the constant deceleration model, observers judge ds based 

on the size distance invariance hypothesis (Andersen et al., 1999; Kilpatrick & Ittelson, 

1953). The implication of the size-distance invariance hypothesis is that if the retinal size 

of a stationary target is relatively larger, then the perceived distance between the observer 

and the stationary target (ds) will be relatively smaller (Andersen et al., 1999).    

In short, Andersen et al. (1999) proposed that if dv is greater than ds, Ddiff will be 

positive (i.e., Ddiff > 0). Also, when the value of ds is constant, if the value of dv is 

relatively higher, the proportion of collision responses between an observer moving in 

depth and the stationary target will be relatively higher (Andersen et al., 1999). This 

proposal was supported by the findings from Andersen et al.’s (1999) study.  

In their study, participants were shown computer-simulated scenes that depicted the 

forward motion of an observer toward three stationary stop signs. After traveling at a 

constant velocity for a period of time, the observer started to decelerate at a constant rate. 
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While in some trials the rate of deceleration of observer motion was sufficient to avoid a 

collision with the stationary stop signs (non-collision events), in other trials the rate of 

deceleration was insufficient to avoid a collision (collision events). Importantly, in the 

non-collision events the value of tau-dot was greater than -0.5. In contrast, in the 

collision events the value of tau-dot was less than -0.5 (Andersen et al., 1999).   

In addition, the retinal sizes of the stationary stop signs were manipulated to be either 

small or large. This variable was included to manipulate the perceived distance between 

the observer and the stationary stop signs (ds). Specifically, consistent with the size 

distance invariance hypothesis (Kilpatrick & Ittelson, 1953), Andersen et al. (1999) 

hypothesized that as the retinal size of the stop signs increase observers would perceive 

that the distance between them and the stop signs decrease.   

Further, the edge rate was either low or high. Edge rate is defined as the number of 

discontinuities that flow over the retina in a period of time, and it provides a moving 

observer with information about his or her speed (Denton, 1980; Dyre, 1997). 

Specifically, as the edge rate increases, the perceived speed of observer motion also 

increases (Andersen et al., 1999; Denton, 1980; Dyre, 1997). Therefore, Andersen et al. 

(1999) hypothesized that as the edge rate increased, observers would perceive the 

velocity of observer motion to increase. Consequently the perceived distance the 

decelerating observer would travel before coming to a full stop (dv) would also increase 

(Andersen et al., 1999).   

The scene disappeared after the observer started to decelerate, but before the observer 

came to a full stop or reached the location of the stationary stop signs. After the scene 
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disappeared, participants had to report whether a collision would occur between the 

decelerating observer and the stationary stop signs (Andersen et al., 1999).  

Andersen et al. (1999) hypothesized that if observers rely only on tau-dot to make 

judgments of whether a collision will occur, the proportion of collision responses should 

be higher for the collision events (i.e., when tau-dot is less than -0.5) compared with the 

non-collision events (i.e., when the value of tau-dot was greater than -0.5). In addition, 

such responses should not be affected by lower order parameters such as size of the 

stationary target or perceived speed of observer motion because tau-dot specifies 

information about a collision independently of such lower order parameters. In contrast, 

if judgments of whether a collision will occur are affected by such lower order 

parameters, then such results will be inconsistent with the tau-dot hypothesis and 

consistent with the constant deceleration model (Andersen et al., 1999).      

The results indicated that the proportion of collision responses was higher for the 

collision events (i.e., when the value of tau-dot was less than -0.5) compared with the 

non-collision events (i.e., when the value of tau-dot was greater than -0.5). This indicated 

that observers relied on tau-dot to make judgments of collision. However, when the 

retinal size of the stationary stop signs was relatively larger or when the edge rate was 

relatively higher, the proportion of collision responses was relatively higher (Andersen et 

al., 1999). Therefore, Andersen et al. (1999) concluded that when the perceived distance 

between the observer and the stationary stop signs was shorter, or when the perceived 

velocity of observer motion was faster, the proportion of collision responses was higher. 

This pattern of results was not consistent with the tau-dot hypothesis and was consistent 
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with the constant deceleration model (Andersen et al., 1999). In short, observers use 

multiple sources of information to make judgments of collision (see also DeLucia, 2004).  

Motion in the Frontoparallel Plane 

Prior studies have not investigated whether judgments of collision in the 

frontoparallel plane are consistent with the constant deceleration model. First, it is 

important to note that in contrast to motion in depth, while making judgments of collision 

in the frontoparallel plane, judgments about the distance between the observer and the 

moving object (ds) is irrelevant. This is because under such conditions observers make 

judgments of whether a decelerating object will collide or stop moving before colliding 

with a stationary target, rather than with the observer (or the self). 

Second, according to the constant deceleration model, judgments of collision should 

be affected by biases in the perceived velocity of moving objects. Specifically, if the 

perceived velocity of a moving object is faster, the proportion of collision responses 

should be higher. When motion is in depth, edge rate affects perceived velocity and 

consequently the proportion of collision responses. When motion is in the frontoparallel 

plane, a factor that affects the perceived velocity of a moving object is the size of the 

moving object; smaller objects are perceived to move faster compared with larger objects 

(Brown, 1931; Distler, Gegenfurtner, Van Veen & Hawken, 2000).  

Therefore, if such biases in the perceived velocity that are induced by the size of a 

moving object affect judgments of collision between a moving object and a stationary 

target, such results will be consistent with the constant deceleration model. In the next 

section, the manner in which size of a moving object affects the perception of its velocity 

is discussed.  
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Effect of Size on Perception of Velocity  

Prior studies have reported effects of the size of a moving object on the perception of 

its velocity when motion was restricted to the frontoparallel plane (e.g., Brown, 1931; 

Distler et al., 2000). For example, studies have demonstrated that as the retinal size of an 

object decreases, its perceived velocity increases (Brown, 1931; Distler et al., 2000). In 

other words, objects with smaller retinal sizes are perceived to move faster compared 

with objects with larger retinal sizes.  

While some studies have associated such biases in perceived velocity only with the 

retinal size of the moving object (e.g., Brown, 1931; Distler et al., 2000; Sokolov & 

Pavlova, 2003), other studies have associated such biases in perceived velocity with the 

perceived weight of the moving object (e.g., Hubbard, 1997; Kozhevnikov & Hegarty, 

2001). Specifically, studies have reported that people perceive an object with a smaller 

retinal size to be lighter in weight compared with an object with a larger retinal size (e.g., 

Ellis & Lederman, 1993; Hubbard, 1997). More importantly, researchers have suggested 

that such biases in the perceived weight of a visual stimulus affect observers’ judgments 

of its motion and consequent displacement in the frontoparallel plane (Hubbard, 1997; 

Kozhevnikov & Hegarty, 2001).   

For example, in a study conducted by Kozhevnikov and Hegarty (2001) participants 

were shown displays that depicted decelerating motion of a small or a large object in the 

upward direction. The size of the object was varied to manipulate its weight. After a 

period of motion, the scene was vanished from view. The participants’ task was to report 

the final position of the object when the scene vanished (Kozhevnikov & Hegarty, 2001).   
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The results indicated that the participants’ memory for the final position of the 

moving object was displaced further along its trajectory than was correct (Kozhevnikov 

& Hegarty, 2001). Such results were consistent with the phenomenon known as 

representational momentum (e.g., Freyd, 1987; Hubbard, 1997). More importantly, the 

results indicated that participants’ memory for the final position of the small object was 

displaced further along in its trajectory compared with the large object (Kozhevnikov & 

Hegarty, 2001). Based on these results, Kozhevnikov and Hegarty (2001) suggested that 

observers’ judgments of the motion of objects were biased by naïve-impetus beliefs 

according to which lighter objects appear to move upward faster compared with heavier 

objects. As a result, they suggested that naïve-impetus beliefs biased participants’ 

memories for the final disappearance position of a moving object (Kozhevnikov & 

Hegarty, 2001).      

In summary, findings from prior studies suggest that the size of a moving object, be it 

retinal size per se, or perceived weight, affects the perception of its velocity when motion 

is restricted to the frontoparallel plane. Such findings have implications for the constant 

deceleration model (Andersen et al., 1999) because according to the model, biases in 

perceived velocity of moving objects affect judgments of collision (e.g., Andersen et al., 

1999). 

Limitations of Prior Research 

Prior studies that investigated observers’ sensitivity to tau-dot were primarily 

restricted to judgments of whether a collision will occur (Andersen et al., 1999; Andersen 

et al., 2000; Bootsma & Craig, 2003). However, none of these studies investigated how 

the size of a moving object affected such judgments. For example, in Andersen et al.’s 
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(1999) study, the targets were stationary, and the observer moved in depth. In addition, in 

a study conducted by Bootsma and Craig (2003), participants were shown scenes in 

which an object moved toward a stationary target at a constant deceleration rate in the 

frontoparallel plane. After a period of time, the scene disappeared, and observers had to 

judge whether the object would collide with the stationary target or stop moving before 

collision. Results indicated that observers typically relied on tau-dot to make such 

judgments, because when the value of tau-dot was less than -0.5, observers judged that a 

collision will occur, and when the value of tau-dot was greater than -0.5, observers 

judged that a collision will not occur. However, the size of a moving object was not 

manipulated. This is a major limitation in prior research.  

In addition, studies have not investigated what sources of visual information 

observers use to judge which object will collide with a common target when two objects 

move at constant but different deceleration rates toward the common target. It is 

important to note that under such conditions, tau-dot is available for each object, which 

specifies whether the object will collide with the common target. Therefore, if observers 

rely on tau-dot under such conditions, they should be able to make accurate judgments 

about which object will collide with the common target.  

In contrast, if one of the objects is smaller than the other object, observers may 

perceive the smaller object to be move faster than the larger object (e.g., Brown, 1931). 

Consistent with the constant deceleration model, if participants’ judgments of which 

object will collide with the stationary target are affected by such biases in perceived 

velocity, observers may not always be able to make accurate judgments of collision. 

Therefore, it is necessary to study the effects of size on two different types of judgments. 
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First, it is important to study how the size of moving objects affects judgments of which 

object will collide with a common stationary target when more than one decelerating 

object is present in a scene. Second, it is important to study how the size of a moving 

object affects judgments of whether it will collide with a stationary target. Observers may 

rely only on tau-dot, only on size, or on both sources of visual information to make such 

judgments.  

Summary and Purpose 

In summary, prior research has overlooked two important types of collision 

judgments; judgments of which object will collide with a target when the choice is 

between a small and a large object, and judgments of whether a collision will occur 

between a moving object and a target when the moving object is either small or large. 

Two major sources of visual information may affect such judgments; tau-dot and size. If 

size affects such judgments, it is necessary to tease apart the role of retinal size (Brown, 

1931) and perceived weight (e.g., Hubbard, 1997; Kozhevnikov & Hegarty, 2001) on 

such judgments because smaller objects are also perceived to be lighter objects (e.g., Ellis 

& Lederman, 1993; Hubbard, 1997).  

Therefore, the purpose of Experiment 1 is to study the role of tau-dot and size of 

moving objects on judgments of which object will collide with a target. The purpose of 

Experiment 2 is to study the role of tau-dot, retinal size and perceived weight of moving 

objects on judgments of which object will collide with a target. Finally, the purpose of 

Experiment 3 is to study the role of tau-dot and retinal size of moving objects on 

judgments of whether an object will collide with a target. 
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CHAPTER II 

EXPERIMENT 1  

Purpose 

The primary purpose of Experiment 1 was to examine the role of tau-dot and size of 

moving objects on observers’ judgments of which object would collide with a stationary 

target when motion is restricted to the frontoparallel plane. There are two main 

hypotheses in Experiment 1.    

Tau-Dot Hypothesis 

According to the tau-dot hypothesis, judgments of which object would collide with 

the stationary target are mediated by the value of tau-dot, and are independent of the size 

of a decelerating object. Specifically, if tau-dot is less than -0.5 (i.e., tau-dot < -0.5) for 

an object, observers would judge that object to collide with the stationary target, 

regardless of the size of the object.  

Constant Deceleration Model Hypothesis 

According to the constant deceleration model hypothesis, judgments of which object 

would collide with the stationary target are affected by biases in the perceived velocity of 

the moving object. Because the size of a moving object affects perceived velocity, 

according to the constant deceleration model hypothesis, judgments of which object 

would collide with the stationary target could be biased by the size of the moving object.  

Method 

 

Participants 

 

Twelve undergraduate students (6 females, 6 males; M = 24.5 years old, range = 19 - 

40) at Texas Tech University participated in the experiment for course credit in an 
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introductory psychology class. All participants reported having normal or corrected 

visual acuity, and were naïve as to the hypothesis of the experiment.   

Displays 

Computer simulations were generated by a HPd325 AMD Athalon 2.13 GHz 

computer with a NVIDIA GeForce4 MX graphic card. The scenes were updated at 18 

frames / sec on a 42 cm monitor in 1024 x 768-pixel resolution. Illumination in the room 

was limited to the monitor’s output.  

As shown in Figure 3 and Figure 4, the scenes depicted the simultaneous decelerating 

upward motion of an optically small sphere and an optically large sphere. Both spheres 

moved toward a rectangular stationary target.  

 

Figure 3. Experiment 1. Schematic representation of a scene depicting two spheres with 

no texture moving toward a black rectangular stationary target. Motion was upward.  
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Figure 4. Experiment 1. Schematic representation of a scene depicting two spheres with 

an unfamiliar purple checkerboard texture moving toward a black rectangular stationary 

target. Motion was upward.  

 

At the beginning of every scene, the leading edges of the small and large spheres 

were at the same distance from the stationary target. The following aspects of the scene 

were manipulated in Experiment 1.   

Optical Size of the Colliding Sphere  

 

In every scene, only one of the two spheres actually collided with the stationary 

target. The other sphere stopped moving before colliding with the stationary target. The 

optical size of the colliding sphere was either large or small. The diameter of the 

simulated large sphere was 120 virtual units (vu), and that of the small sphere was 24 vu. 

Hence the ratio of the diameters of the large sphere to the small sphere was 5:1. This ratio 

is larger than that used by Brown (1931) and Distler et al. (2000), which was 3:1 to 

demonstrate the effects of retinal size on perceived velocity.  
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This independent variable was included because prior studies have reported that the 

optical size of an object affects the perception of its velocity when motion is in the 

frontoparallel plane (e.g., Brown, 1931; Distler et al., 2000). In addition, according to the 

constant deceleration model, such biases in perceived velocity affect participants’ 

judgments of collision (e.g., Andersen et al., 1999). Therefore, the optical size of the 

colliding sphere was manipulated to examine whether differences in the perceived 

velocity of the small and large moving spheres affects judgments of which sphere would 

collide with the stationary target. A Pilot Experiment reported in Appendix B confirmed 

that participants perceived the small sphere to move faster compared with the large 

sphere.  

In short, in one half of the trials, the small sphere collided with the stationary target, 

while in the other half of the trials the large sphere collided with the stationary target. 

Furthermore, the sphere that collided with the stationary target moved at an initial 

velocity of 36 vu/s, and decelerated at a rate of 2.56 vu/s
2
 after the first frame. With such 

a deceleration rate, the sphere reached zero velocity (stopped moving) only when its 

leading edge reached a distance of 20 vu past the inner edge of the stationary target. 

Therefore, the mean value of tau-dot for the colliding sphere was less than -0.5.  

In contrast, the sphere that stopped moving before colliding with the target moved at 

an initial velocity of 36 vu/s, and decelerated at a rate of 3.05 vu/s
2
 after the first frame. 

With such a deceleration rate the sphere reached zero velocity (stopped moving) when its 

leading edge reached a distance of 20 vu in front of the inner edge of the stationary target. 

Therefore, the mean value of tau-dot for the non-colliding sphere was greater than -0.5.    
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Viewing Duration   

Each scene was presented for a 6 s or 5 s duration. The scene always disappeared 

before a collision actually occurred or before a decelerating sphere came to a full stop. 

The rationale for including viewing duration as an independent variable is described 

below.  

When the rate of deceleration is constant, the distance traveled by an object 

decelerating at a slow rate will always be more than the distance traveled by an object 

decelerating at a fast rate. In short, the distance traveled within a specific temporal 

window will be confounded with the deceleration rate. This is unavoidable when 

studying accelerating or decelerating motion (e.g., Calderone & Kaiser, 1989).  

However, because participants were not provided feedback on their responses in 

Experiment 1, there were no a-priori reasons to expect that participants would learn to 

respond based on the distance traveled before the scene disappears. Nevertheless, by 

including viewing duration as an independent variable the scenes included a wider range 

of distances traveled by the spheres before the scene disappeared. This was expected to 

reduce the possibility that participants would base their responses solely on whether the 

object moved a long or short distance before the scene disappeared.   

It is important to note that either the viewing duration or the distance traveled before 

the scene disappeared could have been manipulated, but not both, because manipulating 

one directly affects the other. Therefore, the viewing duration was manipulated because 

prior research suggests that with longer viewing durations participants should be better 

able to detect the rate of change of velocity (e.g., Tresilian, 1991), and extract relevant 

optical information to make judgments of collision (Bootsma & Craig, 2003). 
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Finally, 5 s was selected as the relatively shorter viewing duration to assure that the 

minimal scene duration was adequate for participants to detect a deceleration in the 

motion of the spheres. This was confirmed with a Pilot Experiment reported in Appendix 

B.    

Texture  

 As mentioned earlier, the purpose of Experiment 2 was to determine whether the perceived 

weight of moving objects affect judgments of collision. Therefore, familiar objects with 

different retinal sizes and familiar weights were simulated in Experiment 2. To do so, familiar 

textures were added to the spheres. However, before adding familiar texture to the spheres in 

Experiment 2, it was essential to determine how the addition of texture per se affected such 

judgments. Specifically, it was essential to determine whether the addition of an unfamiliar 

texture changes the manner in which size affects judgments about which object would collide 

with the stationary target. This was the reason for including texture as an independent variable 

in Experiment 1. Therefore in Experiment 1, the spheres in a scene were completely purple in 

color, and hence had no texture (Figure 3) or were textured with an unfamiliar purple 

checkerboard pattern (Figure 4).  

Position of the Optically Small Sphere  

 The position of the optically small sphere was counterbalanced across trials. Specifically, 

the optically small sphere was either on the left side, or on the right side of the large sphere.    

Procedure 

 The participants viewed scenes in which a small sphere and large sphere moved 

simultaneously, in the upward direction, toward a stationary target. Participants were 

provided with the following information. First, they were informed that in some of the 

scenes the small sphere would collide with the stationary target while the large sphere 
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would stop moving before colliding with the stationary target, and in some scenes, the large 

sphere would collide with the stationary target while the small sphere would stop moving 

before colliding with the stationary target. Second, they were informed that the scene 

would disappear before a sphere collides with the stationary target or stops moving before 

collision.   

 Finally, participants were told that their task was to judge which sphere would collide 

with the stationary target. They were instructed to press the left mouse button if they judged 

that the sphere on the left side of the screen would collide with the stationary target, and to 

press the right mouse button if they judged that the sphere on the right side of the screen 

would collide with the stationary target. They were instructed to provide their response 

only after the scene disappeared. For further details on the instructions provided to 

participants in Experiment 1, please refer to Appendix D. After completing the experiment 

participants were asked to complete a subjective questionnaire, included in Appendix G.  

 Before starting with the experimental trials, participants were shown two demonstration 

scenes. These scenes did not disappear before one sphere collided and the other sphere 

stopped moving before colliding with the stationary target. In the first scene, the small 

sphere collided with the stationary target while the large sphere stopped moving before 

colliding with the stationary target. In the second scene, the large sphere collided with the 

stationary target while the small sphere stopped moving before colliding with the stationary 

target. Participants viewed these scenes without being asked to provide judgments.   

 After viewing the two demonstration scenes, participants were provided with practice 

trials containing untextured spheres. Participants were not provided feedback on their 

responses during practice trials or experimental trials to discourage participants from using 
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any artificial response strategies (e.g., DeLucia & Novak, 1997). For example, Tresilian 

(1995) suggested that feedback loops may lead to higher level attentional modulation in 

perceptual tasks. In addition, Benguigui, Ripoll and Broderick (2003) suggested that to 

study the ability of the visual system to extrapolate acceleration or deceleration trajectories, 

it is essential to not provide feedback on performance. Therefore no feedback was provided 

to participants.  

 Overall, there were 16 unique scenes [2 (optical size of the colliding sphere) X 2 

(viewing duration) X 2 (texture) X 2 (position of the optically small sphere)]. Participants 

were shown scenes with no texture in the first block, followed by the scenes with 

unfamiliar texture. Such a procedure in which scenes were shown in an increasing order of 

complexity was necessary to reduce any potential response biases and carry-over effects. 

For example, if participants view textured scenes first, it is possible that their judgments of 

more simple scenes, with no texture may be biased (e.g., DeLucia, 2005). Therefore, 

simple scenes with no texture were shown first, followed by relatively more complex 

scenes with unfamiliar texture. Such a procedure is consistent with prior research that 

examined how the presence of texture affected judgments of collision (e.g., DeLucia, 

2005). The general scene parameters have been tabulated in Table 1. 
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Table 1. General scene parameters 

Size 

Viewing 

duration 

(s) 

Initial 

dist 

(vu) 

Initial 

optic 

gap 

(deg) 

Dec 

rate
 

(vu/s
2
) Collision 

Final 

dist 

(vu) 

Final 

optic 

gap 

(deg) 

Mean 

tau-dot 

Small 5 232 13.23 2.56 Yes 88.04 5.04 -0.6 

Small 5 232 13.23 3.05 No 93.70 5.36 -0.4 

Small 6 232 13.23 2.56 Yes 65.75 3.77 -0.6 

Small 6 232 13.23 3.05 No 74.00 4.24 -0.4 

Large 5 232 13.23 2.56 Yes 88.04 5.04 -0.6 

Large 5 232 13.23 3.05 No 93.70 5.36 -0.4 

Large 6 232 13.23 2.56 Yes 65.75 3.77 -0.6 

Large 6 232 13.23 3.05 No 74.00 4.24 -0.4 

Note. Initial dist is the distance between the leading edge of the sphere and the inner edge of the 

stationary target at the beginning of a scene. Initial optic gap is the optic gap between the 

leading edge of the sphere and the inner edge of the stationary target at the beginning of a 

scene. Dec rate is the deceleration rate. Final dist is the distance between the leading edge of 

the sphere and the inner edge of the stationary target when the scene disappears. Final optic gap 

is the optic gap between the leading edge of the sphere and the inner edge of the stationary 

target when the scene disappears. Mean tau-dot was calculated based on the values of tau-dot 

on every frame until the scene disappears. 
 

 Within each block of trials, each scene was replicated four times and presented in a 

random order. None of the scenes were repeated before all the unique scenes were shown. 

In addition, half of the participants were shown the scenes in a reverse order compared with the 

other half of the participants.  

 The dependent variable was the percentage accuracy of response. The percentage 

accuracy of response was defined as the ratio of [(number of correct responses / the total 

number of trials) X 100].   
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Predictions 

Predictions for Binomial Probabilities 

 

If results from the binomial probabilities indicate that the percentage accuracy of 

response is better than chance probability, such results could be considered as support for 

the tau-dot hypothesis and the constant deceleration model hypothesis. The reasoning is 

two-fold. First, according to the tau-dot hypothesis, observers should rely on the value of 

tau-dot to make accurate judgments of collision (e.g., Bootsma & Craig, 2003). In 

Experiment 1 responses are considered to be accurate if percentage accuracy of response 

is better than chance probability. Second, although the constant deceleration model 

hypothesis makes no specific predictions about the accuracy of collision judgments, if 

one assumes that an ideal observer accurately judges dv (without being affected by biases 

in the perceived velocity of moving objects), percentage accuracy of response should be 

better than chance probability. Therefore, if percentage accuracy of response is better 

than chance probability, it could imply that observers are relying on tau-dot or that they 

are accurately judging dv resulting in accurate judgments of collision. In short, if 

percentage accuracy of response is better than chance probability the tau-dot hypothesis 

and the constant deceleration model hypothesis cannot be teased apart.    

Importantly, only the tau-dot hypothesis makes specific predictions about accuracy of 

collision judgments; the constant deceleration model hypothesis does not. Therefore, if 

percentage accuracy of response is not better than chance probability, such findings can 

be interpreted as support against the tau-dot hypothesis. Also, percentage accuracy can be 

examined when collapsed across all levels of the independent variables and also at each 

level of the optical size of the colliding sphere.  
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Collapsed Across All Levels of the Independent Variables 

 

If observers always judge the small sphere to collide with the target regardless of the 

value of tau-dot, the overall percentage accuracy of response should not be different from 

chance probability. This is because the small sphere collided only in one half of the trials. 

In the other half the large sphere collided. Such results would indicate that observers did 

not rely on tau-dot to make judgments of collision. Instead, such results would indicate 

that observers relied exclusively on the size of the sphere to make judgments of collision. 

These findings would not be consistent with the tau-dot hypothesis.  

At Each Level of Optical Size of the Colliding Sphere 

 

If observers always judge the small sphere to collide with the target regardless of the 

value of tau-dot, percentage accuracy of response should be significantly less than chance 

probability when the optical size of the colliding sphere is large. This is because 

perceived velocity of the large sphere is lower than the small sphere. As a result dv would 

be lower for the large sphere compared with the small sphere. Hence, the proportion of 

collision responses would be lower for the large sphere. In other words, even when the 

large sphere is the actual colliding sphere, participants would judge the small sphere to 

collide because the perceived velocity of the large sphere is lower than that of the small 

sphere. Thus, the percentage accuracy of response should be significantly less than 

chance probability when the optical size of the colliding sphere is large. Such results 

would not be consistent with the tau-dot hypothesis and would be consistent with the 

constant deceleration model hypothesis.   

It is also important to note that when the optical size of the colliding sphere is small, a 

percentage accuracy of response that is better than chance probability can be interpreted 
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as support for the tau-dot hypothesis and the constant deceleration model hypothesis. 

This is because when the optical size of the colliding sphere is small, the value of tau-dot 

would be less than -0.5 and the value of dv would be higher for the small sphere. 

Therefore, when percentage accuracy of response is better than chance probability for the 

small colliding sphere, the tau-dot hypothesis and the constant deceleration model 

hypothesis predict the same outcome and hence, cannot be teased apart.  

In summary, if the percentage accuracy of response is better than chance probability 

(when collapsed across all levels of the independent variables or at each level of the 

optical size of the colliding sphere) such results could be considered as consistent with 

both the tau-dot hypothesis and the constant deceleration model hypothesis. If overall 

percentage accuracy of response is not different from chance probability such results 

would indicate that observers did not rely on tau-dot and that they relied exclusively on 

the optical size of the object. At each level of optical size of the colliding sphere, if 

percentage accuracy is not different from chance probability such results would indicate 

that observers did not rely on tau-dot but an exclusive reliance on optical size can not be 

concluded. Finally, if percentage accuracy is less than chance probability at a given level 

of optical size of the colliding sphere, such results would indicate that observers did not 

rely on tau-dot and that they relied exclusively on the optical size of the object.  

Predictions for ANOVA 

 

If results are consistent with the tau-dot hypothesis there should be no effect of any 

independent variable on mean percentage accuracy of response. In contrast, if results are 

consistent with the constant deceleration model hypothesis there should be a significant 

effect of optical size of the colliding sphere. Specifically, if judgments are affected by the 
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size of the moving objects, the percentage accuracy should be lower when the optical size 

of the colliding sphere is large compared with small. This is because larger objects are 

perceived to move more slowly compared with smaller objects (Brown, 1931). Therefore, 

even when the large sphere is the actual colliding sphere, participants should judge the 

small sphere to collide because they would perceive the small sphere to be moving faster, 

and hence have a higher dv compared with the large sphere. As a result, mean percentage 

accuracy should be lower when the optical size of the colliding sphere is large compared 

with small. Such results would be consistent with the constant deceleration model 

hypothesis.  

Results  

The mean percentage accuracy of response was analyzed with a 2 X 2 X 2 X 2 X 2 X 

2 (gender X order of trials X optical size of the colliding sphere X viewing duration X 

texture X position of the optically small sphere) mixed ANOVA with gender and order of 

trials as the between subject variables. All other variables were manipulated as a within 

subjects variable.  

In addition, binomial probabilities were calculated to determine whether percentage 

accuracy of participants’ responses was significantly better than chance probability. 

Binomial probabilities were based on the null hypothesis that in 50% of the trials, the 

participants will accurately identify the sphere that would collide with the stationary 

target, and in 50% of the trials, they will not accurately identify the sphere that would 

collide with the stationary target (e.g., DeLucia, 2005).  
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Results of ANOVA 

A significant effect of gender or order of trials was not found. Hence these variables 

were removed from the model, and the results of the remaining 4-way ANOVA are 

reported. Results indicated a significant main effect of optical size of the colliding sphere, 

F(1,11) = 22.87, p < .0007, ω
2
 = .33. Calculation of ω

2
 was consistent with the procedure 

described in Dodd and Schultz (1973). As represented in Figure 5, the mean percentage 

accuracy of response was lower when the optical size of the colliding sphere was large 

compared with small.   

Optical Size of the Colliding Sphere

Small Large

M
ea

n
 P

er
ce

n
ta

g
e 

A
cc

u
ra

cy
 o

f 
R

es
p

o
n

se

0

20

40

60

80

100

 

Figure 5. Results of Experiment 1. Main effect of optical size of the colliding sphere on 

mean percentage accuracy of response. Error bars indicate + 1 standard error of the mean. 

 

There was also a significant main effect of position of the optically small sphere, 

F(1,11) = 14.96, p < .003, ω
2
 = .02, and a significant two-way interaction between optical 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

29 

size of the colliding sphere and the position of the optically small sphere, F(1,11) = 

17.58, p < .002, ω
2
 = .04. As represented in Figure 6, analyses of the simple main effects 

indicated that the mean percentage accuracy of response was lower when the optical size 

of the colliding sphere was large compared with small when the small sphere was present 

on the left side of the screen, F(1,14.14) = 8.83, p < .02, and also when the small sphere 

was present on the right side of the screen, F(1,14.14) = 35.56, p < .0001.  
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Figure 6. Results of Experiment 1. Interaction between optical size of the colliding 

sphere and position of the small sphere. Error bars indicate + 1 standard error of the 

mean. 

 

However, the effect of position of the optically small sphere was significant only 

when the optical size of the colliding sphere was large, F(1,20.82) = 32.33, p < .0001. 

Specifically, when the optical size of the colliding sphere was large, mean percentage 

accuracy of response was higher when the small sphere was present on the left side of the 
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screen compared with when it was present on the right side of the screen. An effect of 

position of the optically small sphere was not predicted and hence, was a surprising 

finding. Moreover, the effect of size was significant at both levels of position. Therefore, 

a significant effect of position has negligible implications for the study.  

Finally, as the viewing duration increased from 5 s to 6 s, the mean percentage 

accuracy of response improved. However, this improvement was not significant in 

Experiment 1.  

Results of Binomial Probabilities 

Binomial probabilities were calculated to determine whether the percentage accuracy 

of response was significantly better than chance probability for the small and the large 

spheres. As represented in Table 2, firstly, the results indicated that the overall percentage 

accuracy of response (when collapsed across all levels of the independent variables) was 

significantly better than chance probability (p < .0001). Further analyses indicated the 

percentage accuracy of response was significantly better than chance probability only 

when the optical size of the colliding sphere was small (p < .0001).   
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Table 2. Experiment 1. Results from the binomial probability calculations 

Condition 

Percentage 

Accuracy (%) Accuracy of Response 

Overall 73.79 Better than chance probability 

Colliding sphere, small 93.49 Better than chance probability 

Colliding sphere, large  54.08 Not different from chance probability 

Note. The mean value of tau-dot until the scene disappeared was less than -0.5 for the colliding 

sphere, and greater than -0.5 for the sphere that stopped moving before colliding with the 

stationary target. The overall percentage accuracy is the percentage accuracy of response when 

collapsed across all levels of the independent variables. Percentage accuracy for the small 

colliding sphere and the large colliding sphere was computed by collapsing percentage 

accuracy across all other levels of the independent variables.  

 

Discussion 

The results from Experiment 1 indicated that observers could be relying on multiple 

sources of information such as tau-dot and optical size of moving objects to judge which 

object would collide with a target. Results from the binomial probabilities indicated that 

the overall percentage accuracy of response (when collapsed across all levels of 

independent variables) was significantly better than chance probability. Such results 

could be considered as support for the tau-dot hypothesis and the constant deceleration 

model hypothesis. However, the results do not provide any support for an exclusive 

reliance on size.  

Importantly, the binomial probabilities indicated that percentage accuracy of response 

failed to reach statistical significance when the optical size of the colliding sphere was 

large. Such results indicate that when the participants’ task was to judge which object 

would collide with the stationary target they did not rely on tau-dot to make such 

judgments when the optical size of a colliding sphere was large. If observers relied on 

tau-dot, they should have accurately judged the large sphere to collide, and the 
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percentage accuracy of response should have been better than chance probability. Thus, 

such results are not consistent with the tau-dot hypothesis.  

Finally, the results from the ANOVA indicated that the mean percentage accuracy of 

response was lower when the optical size of the colliding sphere was large compared with 

small. Such results are not consistent with the tau-dot hypothesis. Instead, such results are 

consistent with the constant deceleration model hypothesis according to which, biases in 

perceived velocity affect judgments of collision. Specifically, because perceived velocity 

of the large sphere was lower than the small sphere, dv (judged distance that an object 

will travel before coming to a full stop) in the equation Ddiff = dv – ds was lower for the 

large sphere compared with the small sphere. Hence, the proportion of collision responses 

was lower for the large sphere. In other words, even when the large sphere was the actual 

colliding sphere, participants judged the small sphere to collide because the perceived 

velocity of the large sphere was lower than that of the small sphere. As a result, the mean 

percentage accuracy of response was lower when the optical size of the colliding sphere 

was large compared with small.  

In summary, when making judgments of which object would collide with a stationary 

target, an overall percentage accuracy of response that is significantly better than chance 

probability indicates that observers could be relying on tau-dot or accurately judged dv to 

make such judgments of collision. However, the results also indicate that biases in 

perceived velocity that are induced by the size of the moving objects could affect such 

judgments. Specifically, the mean percentage accuracy of response was lower when the 

colliding sphere was large compared with small. Furthermore, the results indicated that 

under certain conditions observers did not rely on tau-dot to make judgments of collision. 
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For example, when tau-dot specified that a collision would occur for a large object, 

percentage accuracy of response was not significantly different from chance probability 

indicating that observers did not rely on tau-dot to make judgments of collision under 

such conditions. In short, results from Experiment 1 indicate that observers could be 

relying on multiple sources of information such as tau-dot and the optical size of moving 

objects to judge which object would collide with a target.   
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CHAPTER III 

EXPERIMENT 2  

The results from Experiment 1 indicated that the size of an object affects judgments 

of which object would collide with the stationary target. However, from the results of 

Experiment 1 it is unclear whether it was size or perceived weight that affected the 

percentage accuracy of such judgments. For example, Brown (1931) reported that small 

objects are perceived to move upward faster compared with large objects. Kozhevnikov 

and Hegarty (2001) suggested that small objects are perceived to move upward faster 

because they are perceived to be lighter than large objects. However, an important 

limitation in prior studies that suggested that perceived weight affected judgments of 

motion is that in these studies the weight of the moving object was manipulated only by 

varying the retinal size of the moving object (e.g., Hubbard, 1997; Kozhevnikov & 

Hegarty, 2001). Therefore the role of retinal size on such judgments was not ruled out.  

One method to overcome this critical limitation is to simulate familiar objects. This is 

because prior research has suggested that observers are able to differentiate between light 

and heavy objects even without haptic exploration when the objects are familiar (Klatzky, 

Lederman & Matula, 1991). Therefore, by simulating familiar objects with small and 

large retinal sizes, the specific roles of retinal size and perceived weight on judgments of 

which object will collide with a stationary target can be determined. This was the purpose 

of Experiment 2.  

Purpose 

A large truck is heavier than a small motorcycle. Similarly, a large bowling ball is 

heavier than a small tennis ball. Therefore, in real world situations, size is typically 

confounded with the weight of the object. Nevertheless, it is important to study whether it 
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is size or weight that affects observers’ judgments of collision. The findings from such 

studies will have two important implications. First, from a theoretical perspective, it will 

help to understand what sources of information (size or weight) people use to make 

judgments of collision. Prior researchers have suggested that size and perceived weight of 

an object affect the perceived velocity of a moving object (e.g., Brown, 1931; 

Kozhevnikov & Hegarty, 2001). However, studies have not teased apart the specific roles 

of retinal size and perceived weight on such judgments, or on judgments of collision. The 

latter is done here.  

Second, from a practical perspective, it will help to design collision avoidance 

warning systems in vehicles. For example, accident data indicate that there is a disparity 

in the accident rate for large vehicles compared with small vehicles (NHTSA, 2001). A 

large vehicle (e.g., a truck) is typically bigger in size and heavier in weight than a small 

vehicle (e.g., a motorcycle). However, it is still unclear whether it is the difference in the 

size or difference in the weight of large and small vehicles that results in such a disparity 

in the accident rate. Therefore, it is essential to tease apart the specific role of size and 

weight of an object on judgments of collisions. The practical implications will be 

elaborated in more detail in a later section.  

In short, even though in real-world conditions, size and weight are confounded, from 

a theoretical and practical perspective it is essential to determine whether people use the 

size or the weight of an object to make judgments of collision. Therefore in Experiment 

2, the weight of moving objects was varied to tease apart the specific roles of retinal size 

and perceived weight on judgments of which object will collide with the stationary target. 

There are two hypotheses in Experiment 2.  
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Tau-Dot Hypothesis 

According to the tau-dot hypothesis, judgments of which object would collide with 

the stationary target are mediated by the value of tau-dot, and are independent of the 

retinal size or perceived weight of a decelerating object. Specifically, if tau-dot is less 

than -0.5 (i.e., tau-dot < -0.5) for an object, observers will judge that object to collide 

with the stationary target, regardless of the retinal size or perceived weight of the object.  

Constant Deceleration Model Hypothesis 

According to the constant deceleration model hypothesis, judgments of which object 

would collide with the stationary target are affected by biases in the perceived velocity of 

the moving object. Because retinal size and weight of a moving object affect perceived 

velocity, according to the constant deceleration model hypothesis, judgments of which 

object would collide with the stationary target could be biased by the retinal size and 

perceived weight of the moving object. 

Method 

 

Participants 

 

Twelve undergraduate students (6 females, 6 males; M = 21.17 years old, range = 18 - 

35) at Texas Tech University participated in the experiment for course credit in an 

introductory psychology class. All participants reported having normal or corrected 

visual acuity, and were naïve as to the hypothesis of the experiment.  

Displays 

The displays were the same as in Experiment 1. However, familiar objects were 

simulated in Experiment 2. As shown in Figure 7 and Figure 8, visual textures were used 

to simulate familiar objects. Specifically, the spheres in the scene had the texture of a 
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marble and a bowling ball, or that of a marble and a beach ball. In the former condition, 

the large sphere (bowling ball) was relatively heavier than the small sphere (marble). In 

contrast, in the latter condition, the large sphere (beach ball) was relatively lighter than 

the small sphere (marble).  

 
Figure 7. Experiment 2. Schematic representation of a scene depicting two spheres with 

familiar textures of a marble and a bowling ball moving toward a black rectangular 

stationary target. Motion was upward. 
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Figure 8. Experiment 2. Schematic representation of a scene depicting two spheres with 

familiar textures of a marble and a beach ball moving toward a black rectangular 

stationary target. Motion was upward.   

 

In the computer simulations, the diameter of the simulated marble was 24 vu, and the 

diameter of the simulated beach ball and the simulated bowling ball was 120 vu. 

Therefore, the ratio of the diameters of the simulated large sphere (120 vu) to that of the 

simulated small sphere (24 vu) was 5:1. Finally, texture was not an independent variable 

in Experiment 2. Instead, weight of the optically large sphere was an independent 

variable.    

Weight of the Optically Large Sphere  

 When the weight of the optically large sphere in a scene was heavy, the texture present 

on the large sphere was that of a bowling ball. In contrast, when the weight of the optically 

large sphere in a scene was light, the texture present on the large sphere was that of a beach 

ball. In every scene, the small sphere had the texture of a marble.   



Texas Tech University, Anand Tharanathan, December 2008  

 

 

39 

This independent variable was essential to tease apart the role of retinal size and 

perceived weight of the decelerating objects on judgments of which sphere would collide 

with the stationary target. Specifically, with the inclusion of this variable, the displayed 

scenes always included spheres with a small retinal size and large retinal size. In addition, 

in one half of the scenes, the small sphere was relatively lighter than the large sphere 

(marble and bowling ball), while in the other half of the scenes the small sphere was 

relatively heavier than the large sphere (marble and beach ball). Therefore, effects of 

retinal size and perceived weight of the moving objects on judgments of collision could 

be teased apart. 

Actual Objects  

Actual objects were also used in the experiment. The diameter of the actual marble 

was approximately 1.8 inches. In contrast, the diameter of the actual beach ball and the 

bowling ball was approximately 8.6 inches. Therefore the ratio of the diameters of the 

large sphere to that of the small sphere was approximately 5:1. The physical weight of the 

marble, beach ball and the bowling ball were approximately 7 ounces, 1 ounce and 16 

pounds respectively.     

Procedure 

 The procedure was the same as Experiment 1. However, before participants viewed the 

scenes, they were shown an actual marble, beach ball and bowling ball. In addition, 

participants were told that the simulated scenes would represent the motion of those 

objects. This procedure is similar to prior studies that investigated time-to-collision 

judgments when the simulated objects were familiar (DeLucia, 2005).  

 Participants were provided with the following information. First, they were informed 
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that in some of the scenes a marble and beach ball would be present, while in some of the 

scenes a marble and a bowling ball would be present. Second, in some scenes the small 

sphere which is a marble would collide with the stationary target while the large sphere 

which could be a beach ball or a bowling ball would stop moving before colliding with the 

stationary target. In some scenes, the large sphere which could be a beach ball or a bowling 

ball would collide with the stationary target while the small sphere which is a marble would 

stop moving before colliding with the stationary target. Third, they were informed that the 

scene would disappear before one of the spheres collides with the stationary target or the 

other stops moving before collision. Finally, participants were instructed to press the left 

mouse button if they judged that the sphere on the left side of the screen would collide with 

the stationary target, and to press the right mouse button if they judged that the sphere on 

the right side of the screen would collide with the stationary target. They were instructed to 

provide their response only after the scene disappeared. For further details on the 

instructions provided to participants in Experiment 2 refer to Appendix E. After completing 

the experiment participants were asked to complete a subjective questionnaire included in 

Appendix H.     

 Before starting with the experimental trials, participants were shown four demonstration 

scenes. In these scenes the display did not disappear before one of the spheres stopped 

moving and the other sphere collided with the stationary target. In the first scene the marble 

collided with the stationary target while the beach ball stopped moving before colliding 

with the stationary target. In the second scene the beach ball collided with the stationary 

target while the marble stopped moving before colliding with the stationary target. In the 

third scene the marble collided with the stationary target while the bowling ball stopped 
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moving before colliding with the stationary target. Finally in the fourth scene, the bowling 

ball collided with the stationary target while the marble stopped moving before colliding 

with the stationary target. Participants viewed these scenes without being asked to provide 

any judgments. After viewing the four demonstration scenes participants were provided 

with practice trials containing untextured spheres. Participants were not provided feedback 

on their responses during practice trials or experimental trials.  

 Overall, there were 16 unique scenes [2 (position of the optically small sphere) X 2 

(viewing duration) X 2 (optical size of the colliding sphere) X 2 (weight of the optically 

large sphere)]. Each scene were replicated four times and presented in a random order. 

None of the scenes were repeated before all the unique scenes were shown. In addition, half 

of the participants were shown the scenes in a reverse order compared with the other half of 

the participants. The dependent variable was the percentage accuracy of response, as 

Experiment 1.  

Predictions 

The predictions are the same as in Experiment 1. In addition, if judgments of which object 

would collide with the stationary target are affected by the perceived weight of the moving 

objects, results of the ANOVA should indicate that the percentage accuracy is lower when 

the colliding sphere is large and heavy (bowling ball) compared with large and light (beach 

ball). This is because, consistent with naïve-impetus beliefs, heavy objects are perceived to 

move more slowly compared with light objects (Kozhevnikov & Hegarty, 2001). 

Therefore, when the colliding sphere is large and heavy (bowling ball), observers should 

judge less frequently that it would collide with the stationary target because it will appear to 

move slower than the relatively lighter marble. In contrast, when the colliding sphere is 
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large and light (beach ball), observers should judge more frequently that it would collide 

with the stationary target because it will appear to move faster than the relatively heavier 

marble. As a result, percentage accuracy should be lower when the colliding sphere is large 

and heavy (bowling ball) compared with large and light (beach ball). Such results would be 

consistent with the constant deceleration model hypothesis, according to which biases in 

perceived velocity affect judgments of collision.  

Results 

The mean percentage accuracy of response were analyzed with a 2 X 2 X 2 X 2 X 2 

X 2 (gender X order of trials X optical size of the colliding sphere X weight of the 

optically large sphere X viewing duration X position of the optically small sphere) mixed 

ANOVA with gender and order of trials as the between subject variables. All other 

variables were manipulated as within-subjects variables. In addition, similar to 

Experiment 1, binomial probabilities were calculated to determine whether percentage 

accuracy of participants’ responses was significantly better than chance probability.     

Results of ANOVA 

A significant effect of gender or order of trials was not found. Hence these variables 

were removed from the model, and the results of the remaining 4-way ANOVA are 

reported. Results indicated a significant main effect of optical size of the colliding sphere, 

F(1,11) = 19.04, p < .002, ω
2
 = .39. As represented in Figure 9, mean percentage 

accuracy of response was lower when the optical size of the colliding sphere was large 

compared with small.  
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Figure 9. Results of Experiment 2. Main effect of optical size of the colliding sphere on 

mean percentage accuracy of response. Error bars indicate + 1 standard error of the mean. 

 

There was also a significant main effect of viewing duration, F(1,11) = 5.61, p < .04, 

ω
2
 = .01. As represented in Figure 10, mean percentage accuracy of response was higher 

when the viewing duration was 6 s compared with 5 s. No other significant main effects 

or interactions were found.    
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Figure 10. Results of Experiment 2. Main effect of viewing duration on mean percentage 

accuracy of response. Error bars indicate + 1 standard error of the mean. 

 

Results of Binomial Probabilities 

 

Binomial probabilities were calculated to determine whether the percentage accuracy 

of response was significantly better than chance probability. Firstly, as represented in 

Table 3, the results indicated that the overall percentage accuracy of response (when 

collapsed across all levels of the independent variables) was significantly better than 

chance probability (p < .0001). Secondly, because the results from the ANOVA indicated 

a significant main effect of optical size of the colliding sphere, binomial probabilities 

were calculated to determine whether the percentage accuracy of response was better than 

chance probability for both sizes. Results indicated that the percentage accuracy of 

response was significantly better than chance probability when the optical size of the 

colliding sphere was small (p < .0001), and was significantly less than chance probability 
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when the optical size of the colliding sphere was large (p < .0005). Further, because the 

results from the ANOVA indicated a significant main effect of viewing duration, 

binomial probabilities were calculated to determine whether the percentage accuracy of 

response was better than chance probability for both viewing durations. Results indicated 

that the percentage accuracy of response was significantly better than chance probability 

when the viewing duration was 5 s (p < .0001) and also when the viewing duration was 6 

s (p < .0001).  

Table 3. Experiment 2. Results from the binomial probability calculations 

Condition 

Percentage 

Accuracy 

(%) Accuracy of Responses 

Overall 66. 50 Better than chance probability 

Colliding sphere, small 90.19 Better than chance probability 

Colliding sphere, large 42.80 Less than chance probability 

5 s Viewing duration 62.5 Better than chance probability 

6 s Viewing duration 70.49 Better than chance probability 

Note. The mean value of tau-dot until the scene disappeared was less than -0.5 for the 

colliding sphere, and greater than -0.5 for the sphere that stopped moving before colliding 

with the stationary target. The overall percentage accuracy is the percentage accuracy of 

response when collapsed across all levels of the independent variables. Percentage 

accuracy for the small colliding sphere and the large colliding sphere was computed by 

collapsing percentage accuracy across all other levels of the independent variables. 

Percentage accuracy for the 5s and 6s viewing durations were computed by collapsing 

percentage accuracy across all other levels of the independent variables.  

 

Discussion 

Similar to the results of Experiment 1, the results from Experiment 2 indicated that 

observers could be relying on multiple sources of information such as tau-dot and optical 
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size of moving objects to judge which object would collide with a target. Results from the 

binomial probabilities indicated that the overall percentage accuracy of response (when 

collapsed across all levels of independent variables) was significantly better than chance 

probability. Such results could be considered as support for the tau-dot hypothesis and 

the constant deceleration model hypothesis. However, the results from Experiment 2 

indicated a condition when observers relied exclusively on the size of the colliding sphere 

and not on tau-dot to make judgments of collision. Specifically, when the optical size of 

the colliding sphere was large percentage accuracy of response was significantly less than 

chance probability. If observers relied on tau-dot, they should have accurately judged the 

large sphere to collide, and the percentage accuracy of response should have been better 

than chance probability. Thus, such results are not consistent with the tau-dot hypothesis.   

Furthermore, the results from the ANOVA indicated that the mean percentage 

accuracy of response was lower when the optical size of the colliding sphere was large 

compared with small. Such results are not consistent with the tau-dot hypothesis. Instead, 

such results are consistent with the constant deceleration model hypothesis according to 

which, biases in perceived velocity affect judgments of collision. Specifically, because 

perceived velocity of the large sphere was lower than the small sphere, dv was lower for 

the large sphere compared with the small sphere. Hence, the proportion of collision 

responses was lower for the large sphere. In other words, even when the large sphere was 

the actual colliding sphere, participants judged the small sphere to collide because the 

perceived velocity of the large sphere was lower than that of the small sphere. As a result, 

the mean percentage accuracy of response was lower when the optical size of the 

colliding sphere was large compared with small.  
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The results also indicated that even though the percentage accuracy of response was 

significantly better than chance probability for both viewing durations, accuracy was 

higher when the viewing duration was 6 s compared with 5 s. Such results are consistent 

with prior suggestions that longer viewing durations help observers to better extract the 

optical information to make judgments of collision (e.g., Bootsma & Craig, 2003).  

Finally the results from Experiment 2 indicated that perceived weight did not affect 

judgments of which object would collide with the stationary target. Regardless of 

whether the large sphere was lighter or heavier than the small sphere, mean percentage 

accuracy was lower when the optical size of the colliding sphere was large compared 

with small. Such results indicate that when making judgments of which object would 

collide with a target, retinal size per se affects such judgments rather than the perceived 

weight of the moving object. Importantly, after completing the experiment, participants 

were asked to complete a subjective questionnaire in which they were asked to report the 

relative heaviness of the spheres. All participants reported that the bowling ball was the 

heaviest, and that the marble was heavier than the beach ball. The implication is that 

although participants could accurately differentiate among the weights of the spheres, the 

pattern of their collision judgments indicated that they did not rely on weight of a sphere 

to make judgments of collision.  

Such findings have important implications for prior research that suggests that 

perceived weight affects perceived velocity and judgments of motion (Hubbard, 1997; 

Kozhevnikov & Hegarty, 2001). In those studies, it was concluded that perceived weight 

of moving objects affected judged velocity (e.g., Kozhevnikov & Hegarty, 2001) and 

memory for the final position of the moving object (Hubbard, 1997; Kozhevnikov & 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

48 

Hegarty, 2001). However, in these studies weight was confounded with retinal size. 

Therefore, it is essential to study judgments of velocity and representational momentum 

when the objects present in a scene differ not only in retinal size, but also in perceived 

weight. This can be accomplished by simulating the motion of familiar objects.  

In summary, when making judgments of which object would collide with a stationary 

target, an overall percentage accuracy of response that is significantly better than chance 

probability indicates that observers could have relied on tau-dot or could have accurately 

judged dv to make accurate judgments of collision. Therefore, such findings could be 

interpreted as support for the tau-dot hypothesis and the constant deceleration model 

hypothesis. However, the results also indicated that biases in perceived velocity that are 

induced by the size of the moving objects could affect such judgments. Specifically, the 

mean percentage accuracy of response was lower when the colliding sphere was large 

compared with small. Furthermore, the results indicated that under certain conditions 

observers exclusively relied on the optical size and not on tau-dot to make judgments of 

collision. In short, results from Experiment 2 indicate that observers could be relying on 

multiple sources of information such as tau-dot and the optical size of moving objects to 

judge which object would collide with a target. Viewing duration also affected such 

judgments of collision. Finally, the results indicated that retinal size per se and not 

perceived weight affected such judgments. 
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CHAPTER IV 

EXPERIMENT 3 

 

Purpose 

The primary purpose of Experiment 3 was to study judgments of whether a collision 

would occur between a decelerating object and a stationary target when motion was 

restricted to the frontoparallel plane. Prior studies of such judgments did not determine 

whether the size of a moving object affected such judgments (e.g., Bootsma & Craig, 

2003; Kim et al., 2003). Therefore, the effects of the size of a decelerating object on 

judgments of whether it will collide with a stationary target were studied in Experiment 

3. There are two main hypotheses in Experiment 3.    

Tau-Dot Hypothesis 

 

According to the tau-dot hypothesis, judgments of whether a moving object would 

collide with a stationary target or stop moving before colliding with the target are 

mediated by the value of tau-dot, and hence, are independent of the size of a decelerating 

object. Specifically, if tau-dot is less than -0.5 (i.e., tau-dot < -0.5) observers should 

judge that the object would collide with the stationary target, and if tau-dot is greater than 

-0.5 (i.e., tau-dot > -0.5) observers should judge that the object would stop moving before 

colliding with the stationary target.  

Constant Deceleration Model Hypothesis 

 

According to the constant deceleration model hypothesis, judgments of whether a 

moving object would collide with a stationary target or stop moving before colliding with 

the target are affected by biases in the perceived velocity of the moving object. Because 

the size of a moving object affects perceived velocity, according to the constant 
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deceleration model hypothesis, judgments of whether a moving object would collide with 

the stationary target could be biased by the size of the moving object. 

Method 

 

Participants 

 

Twelve undergraduate students (9 females, 3 males; M = 24.08 years old, range = 20 - 

44) at Texas Tech University participated in the experiment for course credit in an 

advanced psychology class. Because gender was not significant in Experiment 1 and 

Experiment 2, gender was not balanced in Experiment 3. All participants reported having 

normal or corrected visual acuity, and were naïve as to the hypothesis of the experiment.  

Displays  

 

The displays were the same as Experiment 1. Because an effect of weight was not 

identified in Experiment 2, the weight of the moving spheres was not manipulated in 

Experiment 3. The independent variables in Experiment 3 are described below. 

Optical Size of the Sphere 

 

The optical size of the sphere was either small or large. The dimensions of the small 

and large spheres were the same as in Experiment 1.  

Viewing Duration and Texture  

The viewing duration and texture on the spheres were also manipulated as in 

Experiment 1. Specifically, the viewing duration of each scene was either 5 s or 6 s. In 

addition, the spheres in the first block of trials had no texture, and the spheres in the 

second block of trials had an unfamiliar purple checkerboard texture pattern.  
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Event 

The type of event was either a collision event or a non-collision event. The type of 

event was manipulated to study the role of tau-dot on judgments of whether a collision 

would occur. This is because in a collision event the value of tau-dot will always be less 

than -0.5, and in a non-collision event the value of tau-dot will always be greater than -

0.5 (e.g., Andersen et al., 1999; Bootsma & Craig, 2003; Lee, 1976).  

The deceleration rates of the spheres in Experiment 3 were also the same as in 

Experiment 1. Specifically, during the collision event, which comprised one half of the 

trials, the deceleration rate of the sphere was 2.56 vu/s
2
. With that deceleration rate, the 

sphere reached zero velocity (stopped moving) only when its leading edge reached a 

distance of 20 vu past the inner edge of the stationary target. Therefore, in the collision 

event, the mean value of tau-dot in a scene (until it disappeared) was -0.6, which is less 

than -0.5 (also see Table 1). 

In contrast, during the non-collision event, which comprised the other half of the 

trials, the deceleration rate of the sphere was 3.05 vu/s
2
. With that deceleration rate the 

sphere reached zero velocity (stopped moving) when its leading edge reached a distance 

of 20 vu in front of the inner edge of the stationary target. Therefore, in the non-collision 

event, the mean value of tau-dot in a scene (until it disappeared) was -0.4, which is 

greater than -0.5 (also see Table 1).  

Procedure 

 The participants viewed the same scenes as in Experiment 1. The scenes depicted the 

motion of a small and large sphere moving upward simultaneously toward a stationary 

target. However in Experiment 3, participants had to report whether a collision would 
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occur. To do so, they viewed each scene from Experiment 1 twice. During the first 

presentation, they judged only the sphere on the left side of the screen. During the second 

presentation they judged only the sphere on the right side of the screen. The probability that 

a sphere would collide with the stationary target was 50%.  

 Therefore, all participants completed two blocks of trials. In the first block of trials 

participants judged whether the sphere on the left side of the screen would collide with the 

stationary target or stop moving before colliding with the stationary target. In the second 

block of trials participants judged whether the sphere on the right side of the screen would 

collide with the stationary target or stop moving before colliding with the stationary target. 

This order was reversed for half of the participants.  

 Participants were provided with the following information. First, they were informed 

that in some of the scenes a small sphere would be present on the left side (right side for 

one half of the participants) of the screen, while in some of the scenes a large sphere would 

be present. Second, they were informed that in some scenes a collision would occur 

between the sphere and the stationary target, while in the other scenes the sphere would 

stop moving before colliding with the stationary target.  

 Third, they were informed that the scene would disappear before an actual collision 

occurs, or before the sphere stops moving. Finally, participants were instructed to press the 

left mouse button if they judged that the sphere would collide with the stationary target, and 

to press the right mouse button if they judged that the sphere would stop moving before 

colliding with the stationary target. They were instructed to provide their response only 

after the scene disappeared.  

 For specific instructions provided to participants in Experiment 3 refer to Appendix F. 
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After completing the experiment participants were asked to complete a subjective 

questionnaire included in Appendix G.  

 Before starting with the experimental trials, participants were shown demonstration 

scenes in which a small sphere or a large sphere collided with the stationary target or 

stopped moving before colliding with the stationary target. In these trials the scene did not 

disappear. Participants viewed these scenes without being instructed to make any 

judgments. After viewing the demonstration scenes, participants were provided with 

practice trials containing untextured spheres. Participants were not provided feedback on 

their responses during practice trials or experimental trials.   

 Overall, there were 16 unique scenes [2 (optical size of the sphere) X 2 (event) X 2 

(viewing duration) X 2 (texture)]. Also when judging a sphere on each side, participants 

were shown scenes with no texture first followed by scenes with an unfamiliar texture. 

Each scene was replicated four times and presented in a random order. None of the scenes 

were repeated before all the unique scenes were shown. In addition, half of the participants 

judged the sphere on the left side of the screen followed by the sphere on the right side of 

the screen, while the other half of the participants did it in the reverse order. Finally, half of 

the participants were shown the scenes in a reverse order compared with the other half of 

the participants.  

 The dependent variable was the percentage accuracy of response. The percentage 

accuracy of response was defined as the ratio of [(number of correct responses / the total 

number of trials) X 100].   
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Predictions 

Predictions for Binomial Probabilities 

 

Similar to the predictions from Experiment 1 and Experiment 2, if the percentage 

accuracy of response is better than chance probability such results could be considered as 

support for the tau-dot hypothesis and the constant deceleration model hypothesis. In 

contrast, for each type of event (collision event or non-collision event) if percentage 

accuracy of response is not different from chance probability such results would indicate 

that observers did not rely on tau-dot and that they relied exclusively on the size of the 

object. Further, within each type of event and each level of optical size of the sphere, if 

percentage accuracy is not different from chance probability such results would only 

indicate that observers did not rely on tau-dot. Finally, within each type of event and each 

level of optical size of the sphere if percentage accuracy is less than chance probability, 

such results would indicate that observers did not rely on tau-dot and that they relied 

exclusively on the size of the object.  

Predictions for ANOVA 

 

If the observers rely on tau-dot to make judgments of whether a collision would 

occur, there should be no effects of any independent variable on the percentage accuracy 

of response. However, if the observers rely on optical size of the moving object to make 

judgments of whether a collision would occur, the percentage accuracy of response 

should be lower for the large sphere during a collision event. This is because large objects 

are perceived to move more slowly (Brown, 1931), and hence will be (inaccurately) 

judged to stop moving before colliding, more compared with small objects when the 

value of tau-dot is less than -0.5 (a collision event). Further, the percentage accuracy 
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should be lower for the small sphere during a non-collision event. This is because, small 

objects are perceived to move faster (Brown, 1931) and hence will be (inaccurately) 

judged to collide more compared with large objects when the value of tau-dot is greater 

than -0.5 (a non-collision event).  

Results 

The percentage accuracy of response was analyzed with a 2 X 2 X 2 X 2 X 2 X 2 

[order of trials X order of judgment position (left side followed by right side or right side 

followed by left side) X optical size of the sphere X event X viewing duration X texture] 

mixed ANOVA with order of trials and order of judgment position as the between subject 

variables. All other variables were manipulated as within-subjects variables. Finally, 

binomial probabilities were conducted to determine whether the percentage accuracy of 

participants’ responses was significantly better than chance probability. 

Results of ANOVA 

An effect of order of trials or order of judgment position was not significant. Hence 

these variables were removed from the model, and the results of the remaining 4-way 

ANOVA are reported. Results indicated a significant main effect of viewing duration, 

F(1,11) = 8.22, p < .02, ω
2
 = .01. Mean percentage accuracy of response was higher when 

the viewing duration was 6 s compared with 5 s. In addition, the two-way interaction 

between optical size of the sphere and event was significant, F(1,11) = 13.79, p < .004, 

ω
2
 = .15. Analyses of the simple main effects indicated that there was an effect of optical 

size of the sphere during a collision event, F(1,16.15) = 13.90, p < .002, and also during a 

non-collision event, F(1,16.15) = 8.56, p < .01. As represented in Figure 11, during the 

collision event, the mean percentage accuracy was lower when the optical size of the 
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sphere was large compared with small. In contrast, during the non-collision event, the 

mean percentage accuracy was lower when the optical size of the sphere was small 

compared with large.  

The effect of event was significant when the optical size of the sphere was small, 

F(1,21.46) = 11.34, p < .003, and also when the optical size of the sphere was large, 

F(1,21.46) = 5.25, p < .04. Specifically, when the optical size of the sphere was small, the 

mean percentage accuracy was lower for the non-collision event compared with the 

collision event. In contrast, when the optical size of the sphere was large, the mean 

percentage accuracy was lower for the collision event compared with the non-collision 

event.  
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Figure 11. Results of Experiment 3. Interaction between optical size of the sphere and 

event. Error bars indicate + 1 standard error of the mean.   
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The two-way interaction between viewing duration and event was significant, F(1,11) 

= 5.10, p < .05, ω
2
 = .03. Analyses of the simple main effects indicated that there was an 

effect of viewing duration only for the collision event, F(1,22) = 8.73, p < .008. As 

represented in Figure 12, mean percentage accuracy was higher when the viewing 

duration was 6 s compared with 5 s. In addition, the effect of event was significant only 

when the viewing duration was 6 s, F(1,22) = 4.55, p < .05. Mean percentage accuracy 

was higher for the collision event compared with the non-collision event.  
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Figure 12. Results of Experiment 3. Interaction between viewing duration and event. 

Error bars indicate + 1 standard error of the mean.  

 

Results of Binomial Probabilities 

To determine whether the percentage accuracy of response was significantly better 

than chance probability, binomial probabilities were calculated. As represented in Table 

4, the results indicated that the overall percentage accuracy of response (when collapsed 
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across all levels of the independent variables) was significantly better than chance 

probability (p < .0001). Also, when analyzed separately, the percentage accuracy of 

response was significantly better than chance probability for collision events (p < .0001) 

and for non-collision events (p < .0001).  

Table 4. Experiment 3. Results from the binomial probability calculations 

Condition 

Percentage 

Accuracy (%) Accuracy of Responses 

Overall 61.75 Better than chance probability 

Collision event  63.67 Better than chance probability 

Non-collision event  59.82 Better than chance probability 

Collision event, small 

sphere 

75.00 Better than chance probability 

Collision event, large 

sphere 

52.34 Not different from chance probability 

Non-collision event, small 

sphere 

50.93 Not different from chance probability 

Non-collision event, large 

sphere 

68.71 Better than chance probability 

5 s viewing duration, 

collision event 

55.73 Better than chance probability 

5 s viewing duration, non-

collision event 

61.42 Better than chance probability 

6 s viewing duration, 

collision event 

71.61 Better than chance probability 

6 s viewing duration, non-

collision event 

58.22 Better than chance probability 

Note. The mean value of tau-dot until the scene disappeared was less than -0.5 for 

collision events, and greater than -0.5 for the non-collision events. The overall percentage 

accuracy is the percentage accuracy of response when collapsed across all levels of the 

independent variables. Percentage accuracy for each of the other cells was computed by 

collapsing the percentage accuracy across all other levels of the independent variables.  
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Further, because the results from the ANOVA indicated a significant interaction 

between optical size of the sphere and the event, additional analyses were conducted for 

the small sphere and the large sphere during the collision and non-collision events. The 

results indicated that during the collision event percentage accuracy was significantly 

better than chance probability only for the small sphere (p < .0001). In contrast, during 

the non-collision event, percentage accuracy was significantly better than chance 

probability only for the large sphere (p < .0001). Finally, because the results from the 

ANOVA indicated a significant interaction between viewing duration and the event, 

additional analyses were conducted for the two viewing durations during the collision and 

non-collision events. The results indicated that the percentage accuracy was significantly 

better than chance probability at both levels of event when the viewing duration was 5 s 

[collision event (p < .02); non-collision event (p < .0001)] and also when the viewing 

duration was 6 s [collision event (p < .0001); non-collision event (p < .002)].       

Discussion 

The results from Experiment 3 indicated that observers could have relied on multiple 

sources of information to make judgments of whether a moving object would collide or 

stop moving before colliding with the stationary target. Firstly, the percentage accuracy 

of response for the collision event and the non-collision event was significantly better 

than chance probability. Such results indicate that observers could have relied on tau-dot 

or could have accurately judged dv to make accurate judgments of collision. Therefore, 

such findings could be interpreted as support for the tau-dot hypothesis and the constant 

deceleration model hypothesis. Secondly, the results highlighted conditions in which 

observers did not rely on tau-dot. Specifically, as shown in Table 4, percentage accuracy 
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of response was not significantly different from chance probability during a collision 

event for the large sphere and during a non-collision event for the small sphere. Such 

results indicate that observers did not rely on tau-dot in these conditions. If they did, 

percentage accuracy should have been better than chance probability. Thus, such results 

are not consistent with the tau-dot hypothesis. However, it is also important to note that 

the results from the binomial probabilities provided no support for an exclusive reliance 

on optical size.  

Thirdly, the results from the ANOVA indicated that the optical size of the moving 

object affected judgments of whether a collision will occur. More specifically, the 

manner in which the size of a moving object affected mean percentage accuracy of 

response was mediated by the type of event. Specifically, when the value of tau-dot was 

less than -0.5 (collision event), mean percentage accuracy was lower for the large sphere. 

This is because observers perceived the large sphere to move slower than the small 

sphere (as demonstrated in a Pilot Experiment in Appendix B). Therefore, consistent with 

the constant deceleration model hypothesis, dv (distance traveled by the object before 

coming to a full stop) was lower for the large sphere compared with the small sphere. 

Consequently, compared with the small sphere, observers judged more frequently that the 

large sphere would stop moving before colliding with the stationary target, even though 

the value of tau-dot was less than -0.5 for the large sphere. As a result observers achieved 

lower mean percentage accuracy for the large sphere when the value of tau-dot was less 

than -0.5, a collision event.  

In contrast, when the value of tau-dot was greater than -0.5 (non-collision event), 

mean percentage accuracy was lower for the small sphere. This is because observers 
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perceived the small sphere to move faster than the large sphere (as demonstrated in a 

Pilot Experiment in Appendix B). Therefore, consistent with the constant deceleration 

model hypothesis, dv was higher for the small sphere compared with the large sphere. 

Consequently, compared with the large sphere, observers judged more frequently that the 

small sphere would collide with the stationary target, even though the value of tau-dot 

was greater than -0.5 for the small sphere. As a result observers achieved lower mean 

percentage accuracy for the small sphere when the value of tau-dot was greater than -0.5, 

a non-collision event. 

Fourth, an effect of viewing duration occurred for the collision event. Mean 

percentage accuracy was better when the viewing duration was 6 s compared with 5 s. 

Such findings are consistent with prior research that suggests that with a longer viewing 

duration, observers better extract the optical information to make perceptual judgments of 

collision (e.g., Bootsma & Craig, 2003).   

Finally, the results from Experiment 3 provide additional support for the results of 

Experiment 1 and Experiment 2. Specifically, the participant’s task in Experiment 1 and 

Experiment 2 was to judge which object would collide with the stationary target. Results 

from Experiment 1 and Experiment 2 indicated that mean percentage accuracy was lower 

when the optical size of the colliding sphere was large compared with small. Importantly, 

results from Experiment 3 indicated that when tau-dot specified that a collision would 

occur for the large sphere participants judged more frequently that the large sphere would 

stop moving before colliding, compared with the small sphere. Similarly, in Experiment 1 

and Experiment 2 (when participants judged which sphere would collide) when tau-dot 
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specified that the large sphere would collide, participants judged more frequently that the 

small sphere would collide.  
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CHAPTER V 

GENERAL DISCUSSION 

Prior studies have investigated different types of judgments of collision and the 

sources of information that affect such judgments. For example, prior research has 

examined judgments of which object would arrive at a location first (DeLucia, 1991a; 

DeLucia & Novak, 1997) and judgments of when a collision would occur (Caird & 

Hancock, 1994; McLeod & Ross, 1983; Schiff & Detwiler, 1979). The results from such 

studies indicated that multiple sources of information affect such judgments (DeLucia, 

2004), for example, tau (McLeod & Ross, 1983; Schiff & Detwiler, 1979), optical size 

(Caird & Hancock, 1993), optical expansion rate (Smith, Flach, Dittman, & Stanard, 

2001), relative size (DeLucia, 1991a; DeLucia & Novak, 1997) and familiar size 

(DeLucia, 2005).  

The first derivative of tau, tau-dot specifies information about the potentiality of a 

collision. Specifically, if an object is moving toward a target, and if the value of tau-dot 

is less than -0.5, a collision will occur, and if the value of tau-dot is greater than -0.5, a 

collision will not occur (Bootsma & Craig, 2003; Lee, 1976). Compared to the number of 

studies that have examined observers’ sensitivity to tau, very few studies have examined 

observers’ sensitivity to tau-dot. More specifically, prior studies of tau-dot have failed to 

investigate whether the size of moving objects affects judgments of which object will 

collide with a target when the choice is between a small and a large decelerating object, 

and judgments of whether a decelerating object will collide with a target when the object 

is either small or large. Tau-dot specifies the potentiality of a collision in both these 

cases. Also, prior studies have suggested that the sensitivity to tau-dot is an important 
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constraint to the evolution of locomotory capability in animals and that sensitivity to tau-

dot is important to maneuver safely through the environment (Kim et al., 1993).  

Therefore, in three experiments, the role of tau-dot and the optical size of moving 

objects on judgments of which object would collide with a stationary target, and 

judgments of whether an object would collide with a stationary target was investigated. 

The results have important theoretical and practical implications.  

Theoretical Implications 

The results from the three experiments have important theoretical implications, 

primarily in identifying the sources of visual information that people use to make two 

different types of judgments; judgments of which object will collide with a stationary 

target when the choice is between a small and a large decelerating object, and judgments 

of whether a decelerating object will collide with a stationary target when the object is 

either small or large. The results support findings from prior research on tau-dot 

(Bootsma & Craig, 2003; Kim et al., 1998) and also the constant deceleration model 

(Andersen et al., 1999). In short, the results indicated that observers could be relying on 

multiple sources of visual information to make judgments of collision (e.g., DeLucia, 

2004).  

Lee (1976) showed that tau-dot specifies information about the potentiality of a 

collision, and that a critical value of tau-dot = -0.5 mathematically divides an event in to 

a collision or non-collision event. If observers rely on tau-dot to make such judgments, 

the percentage accuracy of response should be better than chance probability. The results 

from Experiments 1 and 2 indicated that when two spheres decelerating at a constant rate 

were present in a scene, one with a value of tau-dot greater than -0.5 and the other with a 
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value of tau-dot less than -0.5, observers judged the sphere with a value of tau-dot less 

than -0.5 to collide with the stationary target. In addition, the results from Experiment 3 

indicated that when observers judged whether a decelerating sphere in a scene would 

collide or stop moving before colliding with a stationary target, they judged that the 

sphere would collide with the stationary target when the value of tau-dot was less than -

0.5, and judged that the sphere would not collide with the stationary target when the 

value of tau-dot was greater than -0.5. Taken together, the results from the three 

experiments could be considered as support for the tau-dot hypothesis (Bootsma & Craig, 

2003; Kim et al., 1998). Specifically, the findings could be considered as additional 

support for a critical value of tau-dot equal to -0.5 which in addition to mathematically 

dividing an event in to a collision and non-collision event, divides perceptual judgments 

in to collisions and non-collisions (e.g., Bootsma & Craig, 2003; Lee, 1976).  

However, it is also important to note that although the constant deceleration model 

makes no specific predictions about the accuracy of collision judgments, if one assumes 

that observers accurately judged dv, they will be accurate in their judgments of collision. 

As a result, the percentage accuracy of response would be better than chance probability. 

The implication is that during accurate performance, the tau-dot hypothesis and the 

constant deceleration model hypothesis cannot be teased apart.  

Importantly, results from Experiment 1, 2 and 3 indicated that there are conditions in 

which observers did not rely on tau-dot. For example, results from Experiment 2 

indicated that when the colliding sphere was large observers relied exclusively on the size 

of the object rather than the value of tau-dot. In addition, according to the tau-dot 

hypothesis, tau-dot specifies information about a collision independent of the size of a 
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moving object (Lee, 1976). Therefore, if observers rely only on tau-dot to make 

judgments of collision, there should be no effect of the size of moving objects on 

judgments of collision. In contrast, in all three experiments, the results from the ANOVA 

indicated a significant effect of optical size of a sphere on judgments of collision. Thus, 

such findings are not consistent with the tau-dot hypothesis.  

Also, prior research has suggested that large objects are perceived to move more 

slowly than small objects (Brown, 1931), and according to the constant deceleration 

model, biases in perceived speed affect judgments of collision. Specifically, if the 

perceived speed is lower, dv will be lower, which consequently will decrease the 

proportion of collision responses. Because relatively larger objects are perceived to move 

more slowly compared with relatively smaller objects, dv for the larger object will be 

lower than that of the smaller object.  

Therefore, based on the constant deceleration model hypothesis, it can be predicted 

that the large sphere will be judged to collide less frequently compared with the small 

sphere because large objects are perceived to move more slowly compared with small 

objects. The results from Experiments 1, 2 and 3 support such a prediction, and hence 

provide support for the constant deceleration model (Andersen et al., 1999).  

In summary, there are five new findings here which have important implications for 

the tau-dot hypothesis and the constant deceleration model. Firstly, prior research that 

examined observers’ sensitivity to tau-dot only investigated judgments of whether a 

collision would occur (Andersen et al., 1999; Andersen et al., 2000; Barbet et al., 2006; 

Bootsma & Craig, 2003), and not judgments of which object would collide with a target, 

when more than one object is present in a scene. Therefore, the first new finding is that 
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observers could be relying on tau-dot or on accurately judged dv to make accurate 

judgments of which decelerating object would collide with a target when more than one 

object is present in a scene. Secondly, prior research that studied observers’ sensitivity to 

tau-dot did not examine whether the size of moving objects affects judgments of 

collision. For example, in Andersen et al.’s (1999) study the targets were stationary. In 

Bootsma and Craig’s (2003) study, the size of the moving object was not manipulated. 

Similarly, in Barbet et al.’s (2006) study, the size of the lead vehicle was not 

manipulated. Therefore, the second new finding is that the size of moving objects affects 

judgments of which object would collide with a stationary target when more than one 

decelerating object is present in a scene. Thirdly, prior studies have demonstrated that 

observers rely on tau-dot to judge whether a collision would occur between a 

decelerating object and a stationary target when motion is in the frontoparallel plane (e.g. 

Bootsma & Craig, 2003). However, in these studies, size of the moving object was not 

manipulated. Therefore, the third new finding is that the size of a moving object affects 

judgments of whether a collision would occur between the decelerating object and a 

stationary target.  

Further, prior research has provided support for the constant deceleration model only 

when motion was depicted in depth (Andersen et al., 1999; Andersen et al., 2000). 

Therefore, the fourth new finding is that such support generalizes to motion in the 

frontoparallel plane.  

Finally, the results from Experiments 1, 2 and 3 indicate that even though tau-dot 

specifies information about the potentiality of a collision, observers do not rely only on 

tau-dot to make judgments of collision. Similarly, even though biases in perceived 
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velocity that are induced by the retinal size of a moving object affect judgments of 

collision, observers do not rely only on the retinal size of a moving object to make 

judgments of collision. Instead both tau-dot and retinal size could affect judgments of 

collision. Therefore, the fifth new finding is that when making judgments of which object 

would collide with a target or judgments of whether a decelerating object would collide 

with a target in the frontoparallel plane, observers could be relying on multiples sources 

of visual information to make such judgments of collision. More specifically, a 

percentage accuracy of response that is better than chance probability indicates that 

observers could be relying on tau-dot or on accurately judged dv to make accurate 

judgments of collision. Therefore, such findings can be interpreted as support for the tau-

dot hypothesis and the constant deceleration model hypothesis. However, the results also 

indicate that retinal size of a moving object affects accuracy of collision responses 

differently depending on whether the value of tau-dot is less than or greater than -0.5. 

When a collision is imminent (i.e., when a collision is supposed to happen) between a 

moving object and a target (tau-dot < -0.5), observers achieve lower percentage accuracy 

for a large decelerating object compared with a small decelerating object. In contrast, 

when a collision is not imminent (i.e., when a collision is not supposed to happen) 

between a moving object and a target (tau-dot > -0.5), observers achieve lower 

percentage accuracy for a small decelerating object compared with a large decelerating 

object. Such findings are not consistent with the tau-dot hypothesis. Instead, such 

findings are consistent with the constant deceleration model hypothesis because these 

findings indicate that biases in perceived velocity affected judgments of collision. In 

short, multiple sources of information could affect judgments of collision.  
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Role of Perceived Weight on Judgments of Collision and Implications for Research on 

Representational Momentum  

Prior research suggests that the perceived weight of an object affects judgments of 

motion and observers’ memories for the final position of a moving object (e.g., Hubbard, 

1997; Kozhevnikov & Hegarty, 2001). However, at least with regard to perceptual 

judgments of collision, results from Experiment 2 failed to indicate that perceived weight 

affects such judgments. Instead, judgments were affected only by the retinal size of a 

sphere.  

Such findings have important theoretical implications for prior research on 

representational momentum (e.g., Hubbard, 1997; Kozhevnikov & Hegarty, 2001). 

Specifically, in studies of representational momentum, the retinal size of a moving object 

was varied to determine how mass (weight) affected observers’ memories for the final 

position of the moving object. The rationale for manipulating retinal size to vary the mass 

of a moving object was based on the phenomenon of the size-weight illusion (Ellis & 

Lederman, 1993). According to the size-weight illusion, when unfamiliar objects are 

shown to observers, they perceive larger objects to be heavier than smaller objects (Ellis 

& Lederman, 1993). Therefore, when an effect of retinal size was identified in studies on 

representational momentum, it was concluded that mass (weight) of the moving object 

affected judgments of motion, and hence the memory for the final position of a moving 

object (e.g., Hubbard, 1997; Kozhevnikov & Hegarty, 2001).  

Researchers went even further to interpret such (possibly apparent) effects of mass 

(weight) with respect to Newton’s laws of physics and naïve impetus beliefs. For 

example, Hubbard (1997) stated that participants relied on the weight of moving objects 
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to make judgments that are generally consistent with Newton’s laws of physics. In 

contrast, Kozhevnikov and Hegarty (2001) asserted that participants relied on the weight 

of moving objects to make judgments that are consistent with naïve-impetus beliefs (see 

also, Dijksterhuis, 1965; Oberle, McBeath, Madigan & Sugar, 2006). In short, although 

researchers assert the importance of mass (weight) of moving objects on judgments of 

motion and memory for its final position, it is still under theoretical debate whether such 

effects of mass (weight) are consistent with laws of physics or naïve-impetus beliefs 

(Bertamini, 2002; Hecht, 2001; Hubbard, 1997; Kozhevnikov & Hegarty, 2001).     

However, before concluding that the weight of an object affects observers’ judgments 

of motion, it is essential to rule out the role of retinal size in such judgments. Prior studies 

of representational momentum have not done that. Instead, without ruling out the role of 

retinal size, researchers concluded that mass (weight) affects observers’ memory for the 

final disappearance position of a moving object. Therefore, based on prior research, it can 

only be concluded that retinal size affected such judgments; the role of weight in such 

judgments is still unclear.  

It also is important to note that while some studies have asserted that perceived 

weight affects judgments of motion and memory for the final position of a moving object 

(Hubbard, 1997; Kozhevnikov & Hegarty, 2001), other studies have stated otherwise 

(e.g., Cooper & Munger, 1993; Kerzel, 2006). In addition, Kaiser (1998) has suggested 

that the dynamics (description of motion with reference to the forces acting on objects) of 

an event cannot be perceived, especially when an observer is neither the agent nor the 

object in the event. More specifically, Kaiser (1998) asserted that the mass of an object is 

not directly perceived and hence the dynamics cannot be perceived (but see, Runeson & 
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Frykholm, 1981; Runeson & Frykholm, 1983). Therefore, consistent with Kaiser’s (1998) 

suggestion it would not be possible for observers to perceive how the weight (a force) of 

an object affects the deceleration rate or distance moved by an object. Importantly, the 

results from Experiment 2 support Kaiser’s (1998) suggestion.   

When retinal size and perceived weight were teased apart and studied separately in 

Experiment 2, the results indicated that only retinal size and not perceived weight 

affected judgments of which object will collide with the stationary target. The implication 

is that for judgments about moving objects, before interpreting effects of retinal size as 

effects of weight, and whether such effects are consistent with Newton’s laws of physics 

or naïve impetus beliefs, it is necessary to confirm that perceived weight affects 

judgments of motion and memory for the final position of a moving object. It is possible 

that in the representational momentum paradigm, differences in memory for the final 

position of a small object compared with a large object may only be due to a difference in 

the retinal size, and not due to a difference in perceived weight (or mass) of the moving 

objects. Experimental manipulations similar to those in Experiment 2 will be necessary to 

determine the specific roles of retinal size and perceived weight in the representational 

momentum paradigm.  

In summary, although in the size-weight-illusion, people may perceive large objects 

to be heavier (e.g., Ellis & Lederman, 1993), they may not rely on the weight of a moving 

object to make judgments of motion. Instead they may rely only on the retinal size of the 

object. The results from Experiment 2 are consistent with such a possibility, which is also 

consistent with Kaiser’s (1998) suggestion that the dynamics of an event may not be 

perceived because mass (or weight) is not directly perceived. Therefore, one should be 
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cautious about interpreting an effect of retinal size of moving objects as an effect of 

weight, especially if the role of retinal size is not ruled out. As indicated by the results of 

Experiment 2, at least with regard to perceptual judgments of collision, no effects of 

weight on such judgments were identified. Hence, no interpretations can be made with 

respect to Newton’s laws of physics or naïve impetus beliefs. 

Practical Implications 

It is important to note that the experiments in this dissertation utilized simple displays 

rather than driving simulations. Thus, results may not generalize to real-world driving 

conditions. Therefore, this section on practical implications is speculative.  

There is a disparity in the rate of accidents for larger vehicles such as trucks and 

school buses compared with smaller vehicles such as cars, and motorcycles (DeLucia et 

al., 2003; Eberts & MacMillan, 1985; NHTSA, 2001). Therefore, from a human factors 

perspective it is essential to understand the underlying reasons for such a disparity in the 

rate of accidents. Consequently, it is necessary to design collision-avoidance warning 

systems and training programs that can help drivers to reduce collisions and improve 

traffic safety (e.g., Miller & Huang, 2002). The results from Experiment 1-3 indicate 

differences in observers’ judgments of collision for large objects compared with small 

objects, albeit in the frontoparallel plane. If such findings can be generalized to motion in 

depth in future studies, they may have important implications for design and for driver 

education and training.  

Implications for the Design of Intelligent Collision-Avoidance Warning Systems 

Miller and Huang (2002) suggested that while designing collision-avoidance warning 

systems, it is essential to consider human limitations and capabilities. Consistent with 
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accident data (NHTSA, 2001), the results from Experiments 1, 2 and 3 indicate that 

humans are generally inaccurate in judging that a collision will occur when the size of the 

object is large, especially when a collision is imminent. Therefore, in a real traffic 

environment it is possible that drivers’ judgments about collisions with larger vehicles 

such as trucks or school buses may be less accurate, consequently leading to collisions 

with such large vehicles.  

The implication is that it will be beneficial to incorporate the size of an approaching 

vehicle as a factor in the design of algorithms for collision-avoidance warning systems. 

Specifically, using computer vision and effective collision-avoidance algorithms (e.g., 

Fletcher, Apostoloff, Petersson & Zelinsky, 2003), it will be more beneficial to provide a 

collision warning earlier when a large vehicle approaches a driver compared with a small 

vehicle. This will provide drivers with more time to initiate actions to avoid collisions 

with larger vehicles.  

 An important related question is how much earlier should a warning occur? To answer 

this question, it is necessary to consider other traffic aspects such as the deceleration rate 

and headway of an approaching vehicle. For example, it has been suggested that collision 

severity is proportional to kinetic energy (Lee, McGehee, Brown & Rayes, 2002). The 

kinetic energy of an approaching vehicle will be higher when the approach rate is faster. 

Also, the kinetic energy of a fastly approaching large truck will be higher than a small 

motorcycle approaching at the same rate. Therefore, from a safety perspective, it is 

essential to provide earlier warnings for larger approaching vehicles when the deceleration 

rate is faster.  

 Secondly, results from Experiments 1-3 indicate that observers are inaccurate in judging 
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the potentiality of a collision with a large object compared with a small object. In addition, 

to avoid a collision in a traffic environment, a driver has to cover relatively more distance 

when trying to maneuver away from a larger vehicle compared with a smaller vehicle. In 

short, a driver may be left with less time and gap (distance) when the approaching vehicle 

is large compared with small. Therefore, from a safety perspective, it is essential to provide 

earlier warnings for larger approaching vehicles, especially when the headway is near.  

  In conclusion, the implication is that the timing of a warning should be designed in such 

a manner so as to provide drivers with more time to initiate a collision-avoidance 

maneuver, especially when an approaching vehicle is large compared with small. In 

addition, when designing the timing of a warning, algorithms should factor in the 

deceleration rate and headway of the approaching vehicle. Future experiments should 

investigate how the deceleration rate and headway of large and small approaching vehicles 

affect accident-avoidance maneuvers. Results from such experiments will help to exactly 

determine how much earlier warnings should be provided for large approaching vehicles 

compared with small approaching vehicles.     

Furthermore, designing collision-avoidance systems in this manner has two important 

benefits. First, when a collision is imminent, it helps to overcome the limitation in drivers 

to make relatively less accurate judgments of potentiality of a collision with large 

vehicles. Second, when a collision is imminent, it works with the capability of drivers to 

make relatively more accurate judgments of potentiality of a collision with small 

vehicles. Therefore the functionality of such systems will be consistent with Lorenz and 

Parasuraman’s (2007) suggestion that automated systems may prove most effective under 

those conditions in which human performance is erroneous or less safe.  
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Another important and related question is should the computer do all the work from 

detecting a collision, deciding on an evasive action, and executing the evasive action to 

avoid the collision? Based on the prior research, the answer will have to be no. 

Specifically, it will be beneficial to design the timing of a warning appropriately, and 

make the driver initiate the actions to avoid collisions. This will keep the driver in the 

loop, and hence will avoid the out-of-the-loop syndrome, which could be a critical 

problem when humans interact with automated systems (Endsley & Kiris, 1995; Sarter & 

Woods, 1995). Therefore, keeping the driver as an integral part of the overall functioning 

of a human-automation system will help to maintain better situation awareness in 

dynamic environments (e.g., Endsley & Kiris, 1995), such as driving through traffic.  

Implications for Driver Education and Training 

The findings from Experiments 1-3 also have practical implications for driver 

education and training. Specifically, it will be beneficial to educate drivers about biases 

in the human perceptual system, and the potential effects of such biases on driving.  

For example, Eberts and MacMillan (1985) have suggested that it will be beneficial to 

educate drivers about perceptual limitations in human beings and how such limitations 

may transfer to the driving environment. Similarly, Horswill, Helman, Ardiles and Wann 

(2005) suggested that it may be beneficial to educate drivers about the limitation in 

humans to accurately perceive distance of an object, which may consequently lead to 

collisions. In short, researchers have suggested the importance of educating and training 

drivers about the limitations in the human perceptual system, especially on those which 

have important implications for traffic safety.  



Texas Tech University, Anand Tharanathan, December 2008  

 

 

76 

Based on the findings from Experiments 1-3 and consistent with suggestions by prior 

researchers (e.g., Eberts & MacMillan, 1985; Horswill et al., 2005), it may be beneficial 

to educate drivers on how judgments of collision are biased by the size of moving 

vehicles. Consequently, it will be useful to train drivers to take appropriate actions or 

remain cautious more under certain traffic conditions, for example, while following a 

large decelerating truck, or while initiating a left turn in front of an oncoming school bus 

that is slowing down as it approaches.  

However, before incorporating such educational and training procedures, it is 

essential to determine whether such procedures will help to reduce traffic accidents. 

Importantly, if such educational and training procedures eventually lead to less safe 

driving performance and more accidents, it will not be ideal to educate drivers about 

perceptual limitations and the implications of such limitations on driving performance. 

For example, education and training may lead drivers to unnecessarily think too much or 

over analyze a situation during real-world driving. Therefore, future studies should 

investigate how educating and training individuals about perceptual limitations affect 

their driving performance.  

In summary, from a human factors perspective it is critical to understand how drivers 

make judgments of collision, and to continue developing intelligent collision-avoidance 

warning systems and training programs that can reduce accidents and improve traffic 

safety (e.g., Horswill et al., 2005; Miller & Huang, 2002). More importantly, while 

designing automated collision-avoidance warning systems, it is important to keep the 

human in the loop and not to completely automate a system leaving the driver as a mere 

passive observer (Endsley & Kiris, 1995; Sarter & Woods, 1995). Findings from 
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Experiments 1-3 suggest that it will be beneficial to consider the size of an oncoming 

vehicle as an important aspect in the design of algorithms for automated collision-

avoidance warning systems, specifically to provide earlier warnings when an oncoming 

vehicle is large compared with small. 

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

78 

CHAPTER VI 

LIMITATIONS AND FUTURE DIRECTIONS  

 

There are several limitations in this study. Each limitation has been elaborated below 

with a rationale for including each of the specified conditions. 

Plane of Motion 

In all the scenes motion was restricted to the frontoparallel plane which is only a 

special case compared to motion in depth (e.g., Kim et al., 1998). However, prior 

research has asserted that it is important to investigate the factors that affect judgments of 

collision when motion is in the frontoparallel plane (Kim et al., 1998). Therefore, several 

studies in the past have investigated people’s judgments of velocity (e.g., Brown, 1931; 

Distler et al., 2000; Runeson, 1974), judgments of acceleration and deceleration (e.g., 

Brouwer, Brenner & Smeets, 2002; Calderone & Kaiser, 1989; Gottsdanker, Frick & 

Lockard, 1961; Rosenbaum, 1975; Schmerler, 1976) and judgments of collision (e.g., 

Bootsma & Craig, 2003; DeLucia & Meyer, 1999; Kim et al., 1998; Schiff & Oldak, 

1990) when motion was restricted to the frontoparallel plane. This was the first rationale 

for depicting motion in the frontoparallel plane.   

There also was an additional and more important rationale for restricting motion of 

the objects to the frontoparallel plane in all the scenes. Specifically, when motion is in the 

frontoparallel plane, if a large object and a small object are located at the same distance 

from a stationary target and move toward the stationary target at the same velocity, the 

optical gap (between the object and the stationary target) subtended on the observer’s eye 

and the rate of constriction of that optical gap will be the same for the large and the small 

object. In short, under such conditions, the optic flow pattern reaching the observer’s eye 
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is the same for the small and the large object. Also, ds (judged distance between the 

object and the stationary target) in the equation Ddiff = dv – ds, will be the same for the 

small and the large object.  

In contrast, when motion is in depth, if a large object and a small object are located at 

the same distance from an observer and move toward the observer at the same velocity, 

the optical size (subtended by the object on the observer’s eye) and the rate of expansion 

of the optical size will always be greater for the large object (e.g., DeLucia & Warren, 

1994). In short, under such conditions, the optic flow pattern will be more effective for 

the large object compared with the small object. Also, ds (judged distance between the 

object and the stationary target) in the equation Ddiff = dv – ds, will be greater for the 

small object. Therefore, to control for the optical pattern reaching an observer’s eye, and 

to clearly determine the role of size (retinal size or perceived weight) of a moving object 

on judgments of collisions, motion in all the scenes in my dissertation were restricted to 

the frontoparallel plane. Nevertheless, future research should investigate and identify the 

specific roles of retinal size and perceived weight of objects on judgments of motion and 

imminent collisions when motion is in depth.   

Direction of Motion 

In all the scenes motion was restricted to the upward direction in the frontoparallel 

plane. The primary rationale for restricting motion to the upward direction was because 

Newton’s laws of Physics and naïve-impetus beliefs make opposite predictions only 

when objects move upward against gravity (e.g. Kozhevnikov & Hegarty, 2001). 

Nevertheless, future studies should investigate judgments of collision when objects move 

leftward, rightward and downward in the frontoparallel plane.  
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Effects of Mass or Perceived Weight 

An effect of perceived weight on judgments of collision was not found in Experiment 

2. However, it is important to note that the motion of the spheres in Experiments 1-3 were 

not consistent with the manner in which mass affects deceleration rate of moving objects 

in the real world. Therefore, it is possible that in real-world conditions, people may rely 

on the mass or perceived weight of moving objects to make judgments of collision. To 

clearly understand the effects of mass or perceived weight on judgments of collision, it 

will be essential for future studies to investigate judgments of collision in more realistic 

environments when the motion of an object is more consistent with actual physical laws.  

Procedural Constraints for the Ratio of Size and Deceleration Rate 

Size 

Prior studies that reported differences in perceived velocity of small and large objects 

typically used a maximum ratio of 3:1 for large and small objects (e.g., Brown, 1931; 

Distler et al., 2000). However, in the three experiments reported here, the ratio of the 

dimensions of the large sphere and the small sphere was 5:1. The primary reason for 

using this ratio was the technical constraints in the software. Specifically, in Experiment 

2, familiar objects were simulated; a beach ball, a bowling ball and a marble. Initially 

other spheres were also considered, such as a basket ball, a baseball, a tennis ball, a 

soccer ball, a volley ball and a ping-pong ball. However, due to the technical constrains 

in the computer software used to simulate texture and shading, a beach ball, a bowling 

ball and a marble were used. The ratio of the dimensions of the beach ball or the bowling 

ball to that of the marble was also 5:1. Finally, from a practical perspective, such a ratio 

has important implications because a large truck or a school bus is typically more than 
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five times the size of a motorcycle, or a small car. More importantly, there is a disparity 

in the accident rate of large vehicles compared with small vehicles (NHTSA, 2001). 

Therefore, the ratio of the dimensions of the large object to that of the small object (5:1) 

has practical implications. Nevertheless, future research should investigate judgments of 

collisions with small and large objects that have ratios smaller than and larger than 5:1.  

Deceleration Rate 

The difference in the deceleration rates (2.56 vu/s
2
 and 3.05 vu/s

2
) was small. These 

deceleration rates were designed to keep the average values of tau-dot as -0.4 (non-

collision condition) and -0.6 (collision condition). Specifically, when the deceleration 

rate was 2.56 vu/s
2
, the average value of tau-dot before the scene disappeared was -0.6, 

and when the deceleration rate was 3.05 vu/s
2
, the average value of tau-dot before the 

scene disappeared was -0.4. These two values of tau-dot are consistent with values of 

tau-dot that have indicated significant differences in judgments of collision (e.g., 

Bootsma & Craig, 2003; Kim et al., 1998). 

Specifically, prior studies (e.g. Bootsma & Craig, 2003; Kim et al., 1998) have 

reported significant differences in participants’ judgments of collision whenever the value 

of tau-dot was less than -0.5 (e.g. -0.6) compared with when the value of tau-dot was 

greater than -0.5 (e.g. -0.4). For example, Kim et al (1998) showed that for motion in the 

frontoparallel plane, when the value of tau-dot was equal to -0.4, participants judged a 

collision to be soft, and when the value of tau-dot was equal to -0.6, participants judged a 

collision to be hard. In addition, Bootsma and Craig (2003) reported that for motion in 

the frontoparallel plane, when the value of tau-dot was less than -0.5, participants judged 

that a collision will occur, and when the value of tau-dot was greater than -0.5, 
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participants judged that a collision will not occur. In short, the values of tau-dot used in 

my experiments, -0.4 (non-collision condition) and -0.6 (collision condition) are 

consistent with values of tau-dot that have indicated significant differences in judgments 

of collision.  

More than two values of tau-dot were not used here to simplify the complexity of the 

experiments. Because only two values of tau-dot were used, only two deceleration rates 

were required. Nevertheless, future studies should investigate how objects of different 

sizes affect such judgments at extreme values of tau-dot.    

Passive Judgments of Collision 

It has been suggested that it is important to study passive judgments in isolation to 

determine whether participants are sensitive to information specified in the optic array 

(Kaiser, 1998). Therefore in all the experiments participants made passive judgments of 

collision; no action was involved. However, in the real world, to avoid collisions 

observers have to initiate actions. In short, the generalizability of the findings may be 

limited. Therefore, future studies should investigate how retinal size and perceived 

weight of moving objects affect participants’ actions while trying to avoid a collision. 

No Scenes of Objects with the Same Weight (Experiment 2) 

The primary purpose of Experiment 2 was to examine and tease apart the role of the 

perceived weight and retinal size of an object on judgments of which object will collide 

with a stationary target. From an experimental design perspective, for additional control, 

a scene in which a small sphere and a large sphere have the same weight could have been 

included. Therefore, if there is an effect of retinal size in such scenes, such an effect will 
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only be due to a difference in retinal size and not due to a difference in weight because 

the weight of the objects would be the same.  

However, such a scene was not included for three reasons. First, it is difficult to 

identify two familiar objects that have different sizes and the same weight. Second, the 

technical limitations of the software used to design the scenes limited the number of 

familiar objects that could be simulated. Third and most importantly, a control 

experiment that simulates two objects with the same weight and different retinal sizes 

was not necessary to tease apart the role of retinal size and perceived weight on 

judgments of collision. Instead, the effects of retinal size and perceived weight were 

teased apart solely with the scenes used in Experiment 2.  

Specifically, the optical size of the colliding sphere was manipulated in Experiment 2. 

In one half of the trials the optical size of the colliding sphere was small, and in the other 

half of the trials the optical size of the colliding sphere was large. In addition, the weight 

of the optically large sphere was manipulated in Experiment 2. In one half of the scenes, 

the large sphere was lighter than the small sphere (when a beach ball and a marble were 

present in a scene). In the other half of the scenes, the large sphere was heavier than the 

small sphere (when a bowling ball and a marble were present in a scene). If the mean 

percentage accuracy of response was significantly different when the weight of the 

optically large sphere was heavy compared with light, such results would indicate that 

perceived weight of an object affects such judgments.  

For example, if the mean percentage accuracy of response was higher when the 

optical size of the colliding sphere was large, but only when the weight of the large 

sphere was light (i.e., when a marble and a beach ball are present in a scene), and if the 
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mean percentage accuracy of response was higher when the optical size of the colliding 

sphere was small, but only when the weight of the optically large sphere was heavy (i.e., 

when a marble and a bowling ball are present in a scene), such results would indicate that 

perceived weight affects judgments of which object will collide with the stationary target. 

Specifically, such results would indicate that observers perceived the lighter of the two 

objects present in a scene to move upwards faster and hence collide more, which would 

be consistent with naïve-impetus beliefs (e.g., Kozhevnikov & Hegarty, 2001).  

In contrast, regardless of the weight of the optically large sphere, if the mean 

percentage accuracy of response is always lower when the optical size of the colliding 

sphere is large, such results would indicate that retinal size per se affected judgments 

about which object would collide with the stationary target. Such a pattern of judgments 

was obtained in Experiment 2. Specifically, regardless of whether the large sphere was 

heavier or lighter than the small sphere, mean percentage accuracy was always lower 

when the optical size of the colliding sphere was large compared with small. In addition, 

there was no effect of weight of the optically large sphere on mean percentage accuracy 

of response. Such results clearly indicate that only retinal size affected judgments of 

which object would collide with the stationary target. In short, an additional control 

experiment which simulated familiar objects of different sizes and the same weight was 

not necessary because the scenes used in Experiment 2 were sufficient to tease apart the 

role of retinal size and perceived weight on judgments of which object would collide with 

the stationary target.  

  



Texas Tech University, Anand Tharanathan, December 2008  

 

 

85 

REFERENCES 

 

Andersen, G. J., Cisneros, J., Atchley, P., & Saidpour, A. (1999). Speed, size and edge 

rate information for the detection of collision events. Journal of Experimental 

Psychology: Human Perception and Performance, 25, 256-279. 

 

Andersen, G. J., Saidpour, A., Cisneros, J. & Atchley, P. (2000). Age-related differences 

in collision detection during deceleration, Psychology and Aging, 15, 241-252.  

 

Barbet, C., Meskali, M., Berthelon, C., Mottet, D., & Bootsma, R. J. (2006). Effects of 

driving experience and age on the detection of upcoming collision. Travail Humain, 

69, 209-227.      

 

Benguigui, N., Ripoll, H., & Broderick, M. P. (2003). Time-to-contact estimation of 

accelerated stimuli is based on first-order-information. Journal of Experimental 

Psychology: Human Perception and Performance, 29, 1083-1101.  

 

Bertamini, M. (2002). Representational momentum, internalized dynamics, and 

perceptual adaptation. Visual Cognition, 9, 195-216.   

 

Bootsma, R. J., & Craig, C. M. (2003). Information used in detecting upcoming 

collisions. Perception, 32, 525-544. 

 

Bootsma, R. J., & Oudejans, R. R. D. (1993). Visual information about time-to-collision 

between two objects. Journal of Experimental Psychology: Human Perception and 

Performance, 19, 1041-1052. 

 

Brouwer, A. N., Brenner, E., & Smeets, J. B. J. (2002). Perception of acceleration with 

short presentation times: Can acceleration be used in interception? Perception & 

Psychophysics, 64, 1160-1168.    

 

Brown, J. F. (1931). The visual perception of velocity. Psychologische Forschung, 14, 

192-232. 

 

Caird, J. K. & Hancock, P. A. (1994). The perception of arrival time for different 

oncoming vehicles at an intersection. Ecological Psychology, 6, 83-109. 

 

Calderone, J. B. & Kaiser, M. K. (1989). Visual acceleration detection: Effect of sign and 

motion orientation. Perception & Psychophysics, 45, 391-394. 

 

Cavallo, V., & Laurent, M. (1988). Visual information and skill level in time-to-collision 

estimation. Perception, 17, 623-632.  

 

Charpentier, A. (1891). Experimental study of some aspects of weight perception. 

Archives de Physiologie Normales et Pathologiques 1.3, 22-135. 

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

86 

Cooper, L. A., & Munger, M. P. (1993). Extrapolating and remembering positions along 

cognitive trajectories: Use and limitations of analogies to physical motion. In N. 

Eilan, R. A. McCarthy, & B. Brewer (Eds.), Spatial Representation: Problems in 

philosophy and psychology, (pp. 112-131). Oxford: Blackwell.  

 

Cutting, J. E., Vishton, P. M., & Braren, P. A. (1995). How we avoid collisions with 

stationary and moving obstacles. Psychological Review, 102, 627-651.  

 

DeLucia, P. R. (1991a). Pictorial and motion based information for depth perception. 

Journal of Experimental Psychology: Human Perception and Performance, 17, 738-

748. 

 

DeLucia, P. R. (1991b). Small near objects can appear farther than large far objects 

during object motion and self motion: Judgments of object-self and object-object 

collisions. In P. J. Beek, R. J. Bootsma, & P. C. W. van Wieringen (Eds.), Studies in 

perception and action: Posters presented at the VIth international conference on 

event perception and action (pp. 94-100). Amsterdam: Rodopi. 

 

DeLucia, P. R. (1995). Effects of pictorial relative size and ground-intercept information 

on judgments of potential collisions in perspective displays. Human Factors, 37, 528-

538. 

 

DeLucia, P. R. (2004). Multiple sources of information influences time-to-contact 

judgments: Do heuristics accommodate limits in sensory and cognitive processes? In 

H. Hecht & G. J. P. Savelsbergh (Eds.), Advance in Psychology 135, Time-to-Contact 

(pp. 243-286). San Diego, CA: Elsevier.   

 

DeLucia, P. R. (2005). Does binocular disparity or familiar size information override 

effects of relative size on judgments of time to contact? The Quarterly Journal of 

Experimental Psychology, 58, 865-886.  

 

DeLucia, P. R. (in press). Critical roles for distance, task, and motion in space perception: 

Initial conceptual framework and practical implications. Human Factors. 

 

DeLucia, P. R., Bleckley, M. K., Meyer, L. E., Bush, J. M. (2003). Judgments of collision 

in younger and older drivers. Transportation Research: Part F, 6, 63-80. 

 

DeLucia.P. R., & Liddell, G. W. (1997). Cognitive motion extrapolation and cognitive 

clocking in prediction motion tasks. Journal of Experimental Psychology: Human 

Perception and Performance, 24, 901-914.  

 

DeLucia, P. R., & Meyer, L. E. (1999). Judgments of time to contact between two objects 

during simulated self motion. Journal of Experimental Psychology: Human 

Perception and Performance, 25, 1813-1833.  

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

87 

DeLucia, P. R., & Novak, J. B. (1997). Judgments of relative time-to-contact of more 

than two approaching objects: Toward a method. Perception & Psychophysics, 59, 

913–928.  

 

DeLucia, P. R., & Tharanathan, A. (2005). Effects of optic flow and discrete warnings on 

deceleration detection during car-following. In Proceedings of the Human Factors 

and Ergonomics Society 50
th
 Annual Meeting (pp. 1673-1676). Santa Monica, CA: 

Human Factors and Ergonomics Society. 

 

DeLucia, P. R., & Warren, R. (1994). Pictorial and motion-based depth information 

during active control of self motion: Size-arrival effects on collision avoidance. 

Journal of Experimental Psychology: Human Perception and Performance, 20, 783-

798. 

 

Denton, G. G. (1980). The influence of visual pattern on perceived speed. Perception, 9, 

393-402. 

 

Dijksterhuis, E. J. (1961). The mechanization of the world picture. New York: Oxford 

University Press.  

 

Distler, H. K., Gegenfurtner, K. R., Van Veen, H. A. H. C., & Hawken, M. J. (2000). 

Velocity constancy in a virtual reality environment. Perception, 29, 1423-1435.   

 

Dodd, D. H., & Schultz, R. F. (1973). Computational procedures for estimating 

magnitude of effect for some analysis of variance designs. Psychological Bulletin, 79, 

391-395.   

 

Dyre, B. P. (1997). Perception of accelerating self-motion: Global optical flow rate 

dominates discontinuity rate. Proceedings of the Human Factors and Ergonomics 

Society 41st Annual Meeting (pp. 1333-1337). Santa Monica: CA: Human Factors 

and Ergonomics Society.   

 

Eberts, R. E., & MacMillan, A. G. (1985). Misperception of small cars. In R. E. Eberts & 

C. G. Eberts (Eds.), Trends in Ergonomics / Human Factors II (pp. 33–39). 

Amsterdam: North-Holland.  

 

Ellis, R. R., & Lederman, S. J. (1993). The role of haptic versus visual volume cues in the 

size-weight illusion. Perception & Psychophysics, 53, 315-324. 

 

Endsley, M. R., & Kiris, E. O. (1995). The out-of-the-loop performance problem and 

level of control in automation. Human Factors, 37, 381-394.  

 

Epstein, W., & Cody, W. J. (1980). Perception of relative velocity: A revision of the 

hypothesis of relational determination. Perception, 9, 47-60. 

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

88 

Fajen, B. R. (2005a). Calibration, information, and control strategies for braking to avoid 

a collision. Journal of Experimental Psychology: Human Perception and 

Performance, 31, 480-501. 

 

Fajen, B. R. (2005b). The scaling of information to action in visually guided braking. 

Journal of Experimental Psychology: Human Perception and Performance, 31, 1107-

1123. 

 

Fajen, B. R., & Warren, W. H. (2003). The behavioral dynamics of steering, obstacle 

avoidance, and route selection. Journal of Experimental Psychology: Human 

Perception and Performance, 29, 343-362.   

 

Fletcher, L., Apostoloff, N., Petersson, L., & Zelinsky, A. (2003). Vision in and out of 

vehicles. IEEE Intelligent Systems, 8, 12-17.  

 

Freyd, J. J. (1987). Dynamic mental representations. Psychological Review, 94, 427-438. 

 

Freyd, J. J., & Finke, R. A. (1984). Representational momentum. Journal of 

Experimental Psychology: Learning, Memory, and Cognition, 10, 126-132.  

 

Freyd, J. J., & Finke, R. A. (1985). A velocity effect for representational momentum. 

Bulletin of the Psychonomic Society, 23, 443-446. 

 

Gogel, W. C. (1969). The effect of object familiarity on the perception of size and 

distance. Quarterly Journal of Experimental Psychology, 21, 239-247.   

 

Gogel, W. C., & Mertens, H. W. (1968). Perceived depth between familiar objects. 

Journal of Experimental Psychology, 77, 206-211.  

 

Goodale, M. A., & Milner, A. D. (1992). Separate visual pathways for perception and 

action. Trends in Neuroscience, 15, 20-25.  

 

Gottsdanker, R., Frick, J. W., & Lockard, R. B. (1961). Identifying the acceleration of 

visual targets. British Journal of Psychology, 52, 31-42.  

 

Gray, R. (2004). The use and misuse of visual information for “go/no-go” decisions in 

driving. In D. A. Hennessy and D.L. Wiesenthal (Eds). Contemporary Issues in Road 

User Behavior. (pp. 123-132). Nova Science Publishers Inc. 

 

Gray, R., & Regan, D. (1998). Accuracy of estimating time to collision using binocular 

and monocular information. Vision Research, 38, 499-512. 

 

Hecht, H. (2001). Regularities of the physical word and the absence of their 

internalization. Behavioral and Brain Sciences, 24, 608-617.   

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

89 

Hershenson, M., & Samuels, S. M. (1999). An airplane illusion: apparent velocity 

determined by apparent distance. Perception, 28, 433-436.  

 

Horswill, M. S., Helman, S., Ardiles, P., & Wann, J. P. (2005). Motorcycle accident risk 

could be inflated by a time to arrival illusion. Optometry and Vision Sciences, 82, 

740-746. 

 

Hubbard, T. L. (1995a). Cognitive representation of motion: Evidence for 

representational friction and gravity analogues. Journal of Experimental Psychology: 

Learning, Memory, and Cognition, 21, 241-254. 

 

Hubbard, T. L. (1995b). Environmental invariants in the representation of motion: 

Implied dynamics and representational momentum, gravity, friction, and centripetal 

force. Psychonomic Bulletin & Review, 2, 322-338. 

 

Hubbard, T. L. (1996). Representational momentum, centripetal force, and curvilinear 

impetus. Journal of Experimental Psychology: Learning, Memory, and Cognition, 22, 

1049-1060.    

 

Hubbard, T. L. (1997). Target size and displacement along the axis of implied 

gravitational attraction: Effects of implied weight and evidence for representational 

gravity. Journal of Experimental Psychology: Learning, Memory, and Cognition, 23, 

1484-1493.   

 

Hubbard, T. L. (1998). Some effects of representational friction, target size, and memory 

averaging on memory for vertically moving targets. Canadian Journal of 

Experimental Psychology, 52, 44-49.  

 

Hubbard, T. L. (1999). How consequences of physical principles influence mental 

representation: The environmental invariants hypothesis. In P. R. Killeen & W. R. 

Uttal (Eds.), Fechner day 99: The end of 20th century psychophysics. Proceedings of 

the 15th Annual Meeting of the International Society for Psychophysics (pp. 274-

279). Tempe, AZ: The International Society for Psychophysics.   

 

Hubbard, T. L., & Bharucha, J. J. (1988). Judged displacement in apparent vertical and 

horizontal motion. Perception & Psychophysics, 44, 211-221. 

 

Hubbard, T. L. & Courtney, J. R. (2006). Evidence suggestive of separate visual 

dynamics in perception and in memory. In L. Albertazzi (Ed.), Visual thought: The 

depictive space of the mind (pp. 71-98). Amsterdam: Benjamins Publishing 

Company.   

 

Intons-Peterson, M. J., & Roskos-Ewoldsen, B. B. (1989). Sensory-perceptual qualities of 

images. Journal of Experimental Psychology: Learning, Memory, and Cognition, 15, 

188–199.   

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

90 

Jones, L. A. (1986). Perception of force and weight: Theory and Research. Psychonomic 

Bulletin, 100, 29-42.  

 

Kaiser, M. K. (1998). The perception of dynamical constancies. In V. Walsh & J. 

Kulikowski (Eds.), Perceptual constancies (pp. 436-454). New York: Cambridge 

University Press. 

 

Kaiser, M. K., & Phatak, A. N. (1993). Things that go bump in the light: On the optical 

specification of contact severity. Journal of Experimental Psychology: Human 

Perception and Performance, 19, 194-202. 

 

Kelly, M. H., & Freyd, J. J. (1987). Explorations of representational momentum. 

Cognitive Psychology, 19, 369-401.   

 

Kerzel, D. (2006). Why eye movements and perceptual factors have to be controlled in 

studies on “Representational Momentum”. Psychonomic Bulletin & Review, 13, 166-

173. 

 

Kerzel, D., Hecht, H., & Kim, N.-G. (1999). Image velocity, not tau, explains arrival time 

judgments from global optical flow. Journal of Experimental Psychology: Human 

Perception and Performance, 25, 1540-1555.  

 

Kilpatrick, F. P., & Ittelson, W. H. (1953). The size-distance invariance hypothesis. The 

Psychological Review, 60, 223-231.  

 

Kim, N.-G., Effken, J. A., & Carello, C. (1998). Perceiving the severity of contacts 

between two objects. Ecological Psychology, 10, 93-127.  

 

Kim, N.-G., Turvey, M. T., & Carello, C. (1993). Optical information about the severity 

of upcoming contacts. Journal of Experimental Psychology: Human Perception and 

Performance, 19, 179-193.  

 

Klatzky, R. L., Lederman, S. J., & Matula, D. (1991). Imagined haptic exploration in 

judgments of object properties. Journal of Experimental Psychology: Learning, 

Memory, and Cognition, 17, 314-322.  

 

Kozhevnikov, M., & Hegarty, M. (2001). Impetus beliefs as default heuristics: 

Dissociation between explicit and implicit knowledge about motion. Psychonomic 

Bulletin and Review, 8, 439-453.  

 

Kubovy, M., & Epstein, W. (2001). Internalization: A metaphor we can live without. 

Behavioral and Brain Sciences, 24, 618-625.  

 

Lee, D. N. (1976). A theory of visual control of braking based on information about time-

to-collision. Perception, 5, 437-459. 

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

91 

Lee, D. N. (1980). The optic flow field: The foundation of vision. Philosophical 

Transactions of the Royal Society of London, B290, 169-179.  

 

Lee, D. N., Reddish, P. E., & Rand, D. T. (1991). Aerial docking by hummingbirds. 

Naturwissenschaften, 78, 526-527.  

 

Lee, J. D., McGehee, D. V., Brown, T. L., & Reyes, M. L. (2002). Collision warning  

timing, driver distraction, and driver response to imminent rear-end collisions in a  

high-fidelity driving simulator. Human Factors, 44(2), 314-334. 

 

Lorenz, B., & Parasuraman, R. (2007). Automated and interactive real-time systems. In 

F. Durso, R. Nickerson, S. Dumais, S. Lewandowsky, & T. Perfect (Eds.), Handbook 

of Applied Cognition, (pp. 415-441). New York: Wiley. 

 

McCloskey, M. (1983). Naïve theories of motion. In D. Gentner & A. Stevens (Eds.), 

Mental models (pp. 299-324). Hillsdale, NJ: Lawrence Erlbaum Associates.   

 

McCloskey, M., & Kohl, D. (1983). Naïve physics: The curvilinear impetus principle and 

its role in interactions with moving objects. Journal of Experimental Psychology: 

Learning, Memory, and Cognition, 9, 146-156.     

 

McLeod, R. W., & Ross, H. E. (1983). Optic flow and cognitive factors in time-to-

collision estimates. Perception, 12, 417-423.  

 

Miller, R., & Huang, Q. (2002). An adaptive peer-to-peer collision warning system. 55
th
 

IEEE Vehicular Technology Conference, 1, 317-321.  

 

Mork, K. S., & DeLucia, P. R. (2007). Visual information in judgments of head-on 

collisions. In Proceedings of the Human Factors and Ergonomics Society 51
st
 Annual 

Meeting (pp. 1555-1559). Santa Monica, CA: Human Factors and Ergonomics 

Society.  

 

National Highway Traffic Safety Administration (2001). Traffic safety facts 2000: A 

compilation of motor vehicle crash data from the fatality analysis reporting system 

and the general estimates system. Washington, DC: United States Department of 

Transportation.  

 

Oberle, C. D., Amazeen, E. L. (2003). Independence and separability of volume and mass 

in the size-weight illusion. Perception & Psychophysics, 65, 831-843.  

 

Oberle, C. D., McBeath, M. K., Madigan, S. C., & Sugar, T. (2006). The Galileo bias: A 

naïve conceptual belief that influences people’s perception and performance in a ball-

dropping task. Journal of Experimental Psychology: Learning, Memory, and 

Cognition, 31, 643-653.  

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

92 

Rock, P. B., & Harris, M G. (2006). Tau-dot as a potential control variable for visually 

guided braking. Journal of Experimental Psychology: Human Perception and 

Performance, 32, 251-267. 

 

Rock, P. B., Harris, M G., & Yates, T. (2006). A test of the tau-dot hypothesis of braking 

control in the real world. Journal of Experimental Psychology: Human Perception 

and Performance, 32, 1479-1484. 

 

Rosenbaum, D. A. (1975). Perception and extrapolation of speed and acceleration. 

Journal of Experimental Psychology: Human Perception & Performance, 1, 395-403.   

 

Runeson, S. (1974). Constant velocity: Not perceived as such. Psychological Research, 

37, 3-23.   

 

Runeson, S., & Frykholm, G. (1981). Visual perception of lifted weight. Journal of 

Experimental Psychology: Human Perception & Performance, 7, 733-740.   

 

Runeson, S., & Frykholm, G. (1983). Kinematic specification of dynamics as an 

informational basis for person and action perception: Expectation, gender recognition, 

and deceptive intention. Journal of Experimental Psychology: General, 112, 585-615. 

 

Sarter, N. B., & Woods, D. D. (1995). "How in the world did we ever get into that 

mode?" Mode error and awareness in supervisory control. Human Factors, 37, 5-19. 

 

Schiff, W., & Detwiler, M. L. (1979). Information used in judging impending collision. 

Perception, 8, 647-658.  

 

Schiff, W., & Oldak, R. (1990). Accuracy of judging time to arrival: Effects of modality, 

trajectory and gender. Journal of Experimental Psychology: Human Perception and 

Performance, 16, 303-316.  

 

Schmerler, J. (1976). The visual perception of accelerated motion. Perception, 5, 167-

185.     

 

Schwartz, R. (2001). Evolutionary internalized regularities. Behavioral and Brain 

Sciences, 24, 626-628. 

 

Sheppard, R. N. (1984). Ecological constraints on internal representation: Resonant 

kinematics of perceiving, imagining, thinking and dreaming. Psychological Review, 

91, 417-447.  

 

Smith, M., Flach, J., Dittman, S., & Stanard, T. (2001). Monocular optical constraints on 

collision control. Journal of Experimental Psychology: Human Perception and 

Performance, 27, 395-410.    

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

93 

Sokolov, A. N., Ehrenstein, W. H., Pavlova, M. A., & Cavonius, C. R. (1997). Motion 

extrapolation and velocity transposition. Perception, 26, 875-889.  

 

Sokolov, A., & Pavlova, A. (2003). Timing accuracy in motion extrapolation: Reverse 

effects of target size and visible extent of motion at low and high speeds. Perception, 

32, 699-706.   

 

Spurr, R. T. (1969). Subjective aspects of braking. Automobile Engineer, 59, 58-61.  

 

Todd, J. T. (1981). Visual information about moving objects. Journal of Experimental 

Psychology: Human Perception and Performance, 7, 795-810.  

 

Todorovic, D. (2001). Is kinematic geometry an internalized regularity? Behavioral and 

Brain Sciences, 24, 641-651.   

 

Tresilian, J. T. (1991). Empirical and theoretical issues in the perception of time to 

contact. Journal of Experimental Psychology: Human Perception and Performance, 

17, 865-876.  

 

Tresilian, J. T. (1995). Perceptual and cognitive processes in time-to-contact estimation: 

Analysis of prediction-motion and relative judgments tasks. Perception & 

Psychophysics, 57, 231-245.    

 

Wann, J. P., Edgar, P., & Blair, D. (1993). Time-to-contact judgment in the locomotion 

of adults and preschool children. Journal of Experimental Psychology: Human 

Perception and Performance, 21, 996-1014.    

 

Yilmaz. E. H., & Warren, W. H. (1995). Visual control of braking: A test of the tau-dot 

hypothesis. Journal of Experimental Psychology: Human Perception and 

Performance, 21, 996-1014.   

 

Zohary, E., & Sittig, A. C. (1993). Mechanisms of velocity constancy. Vision Research, 

33, 2467-2478. 

 

 

 

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

94 

APPENDIX A 

EXTENDED LITERATURE REVIEW  

To safely move though the environment, it is essential for people to make accurate 

judgments of collision (Cutting et al., 1995). Therefore, prior studies have examined how 

people make judgments of heading (Cutting, et al., 1995; Fajen & Warren, 2003), 

judgments of when a collision will occur (Cavallo & Laurent, 1988; Gray & Regan, 

1998; McLeod & Ross, 1983; Schiff & Detwiler, 1979; Schiff & Oldak, 1990), 

judgments of which object will arrive sooner (DeLucia, 1991a; DeLucia, 1991b; 

DeLucia, 2005; DeLucia & Novak, 1997; Todd, 1981), and judgments of whether a 

collision will occur (Andersen et al., 1999; Andersen et al., 2000; Barbet et al., 2006; 

Bootsma & Craig, 2003; DeLucia et al., 2003).   

In addition, people have to interact with objects of varying sizes, and hence it is 

essential to make accurate judgments of collision with objects of varying sizes (e.g., 

DeLucia, 1991a). Furthermore, judgments of collision may have to be made when more 

than one object is present in a scene (DeLucia, 2004). Therefore, prior studies have 

investigated how size of an object affects relative time-to-collision judgments when the 

objects present in the scene were of different sizes (e.g., DeLucia, 1991a; DeLucia, 2005; 

DeLucia & Novak, 1997). However, prior studies have overlooked two types of collision 

judgments; judgments of which object will collide with a target when more than one 

object of different sizes are present in a scene, and judgments of whether a moving object 

will collide with a target when the moving object is small or large. Importantly, DeLucia 

et al. (2003) suggested that before judging when a collision will occur it is essential to 

judge whether a collision will occur. Therefore, the primary focus of my dissertation is to 
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examine these two types of judgments. There are several sources of information 

observers may use to make such judgments.  

Tau-dot 

Lee (1976, 1980) showed mathematically, that when the self is moving in depth 

towards a target, the information regarding the time-to-collision between the self and the 

object is specified in the optic array by the ratio of the optical size of the approaching 

object to its rate of optical expansion. He named this ratio, an optic invariant, tau (Lee, 

1976, 1980). Tau accurately specifies the information about time-to-collision only when 

the velocity of motion is constant (Tresilian, 1991). However, when the observer is in 

decelerating motion, Lee (1976) showed mathematically that the rate of change of tau, 

which he named tau-dot, specifies the information about whether the decelerating 

observer will collide with the target. Specifically, when a driver is approaching a lead car 

at a constant velocity, the value of tau-dot will be equal to -1.0 (i.e., tau-dot = -1.0). 

Under such conditions, the driver will crash in to the lead car. Theoretically, when held 

constant, if the value of tau-dot is greater than -1.0, but less than 0 (i.e., -1 < tau-dot < 0), 

the driver will come to a full stop (zero velocity) when he or she reaches the lead car.  

When the value of tau-dot is greater than -1.0, but less than -0.5 (i.e., -1 < tau-dot < -0.5), 

the driver will be required to decelerate at an infinite rate of deceleration in the final 

moments of approach. However, it is impossible for any physical object to decelerate at 

an infinite rate (Kaiser & Phatak, 1993; Lee, 1976; Rock & Harris, 2006). 

Therefore, Lee (1976) proposed that practically when an observer (e.g., a driver) 

approaches a target (e.g., a lead car) under decelerating motion, when the value of tau-dot 

is less than -0.5, (i.e., tau-dot < -0.5), the observer will collide with the target. In contrast, 
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when the value of tau-dot is greater than -0.5, (i.e., tau-dot > -0.5), the observer will stop 

moving (i.e., reach zero velocity) before reaching the location of the target. Finally, when 

the value of tau-dot is equal to -0.5, (i.e., tau-dot = -0.5), the observer will stop moving 

when he or she reaches the location of the target.  

Furthermore, Lee (1976) proposed that because tau-dot is directly available from the 

optic array, and because tau-dot veridically specifies information about a collision, 

drivers during car following can adjust their braking to avoid a collision by maintaining 

the value of tau-dot greater than -0.5. A reliance on tau-dot to make judgments of 

collision has been labeled as the tau-dot hypothesis (e.g., Kim et al., 1998; Kim et al., 

1993) and prior research has supported the tau-dot hypothesis. This is reviewed next.   

Studies that Support the Tau-Dot Hypothesis 

The studies that tested the tau-dot hypothesis can be divided into studies that 

examined active control of self motion, and studies that examined passive judgments of 

collisions. Each will be considered separately.  

Active Control of Self Motion 

Spurr (1969) gathered the deceleration profiles of skilled drivers as they stopped at 

pre-determined points from different speeds up to 100 km/hour. The results indicated that 

drivers typically braked harder as the speed of the vehicle was higher. Also, Lee (1976) 

noted that although the results from Spurr’s (1969) study were indicative that the drivers 

started braking when the time-to-collision reached a certain marginal value, it was not 

possible to determine those values from his deceleration profiles.  

Yilmaz and Warren (1995) were the first to report that during active control of self 

motion, participants’ braking behavior were consistent with the tau-dot hypothesis. In 
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their study, participants viewed displays which simulated self motion towards a stationary 

target while the observers actively controlled their braking, and hence their deceleration 

(Yilmaz & Warren, 1995).   

There were four specific conditions in Yilmaz and Warren’s (1995) study. The first 

condition was labeled air-variable size. In this condition, the displays simulated an 

observer approaching a stationary target in empty space, and the size of the target was 

varied. Therefore, this condition provided information about tau-dot, tau, optical 

expansion rate and optical size (Yilmaz & Warren, 1995). The second condition was 

labeled air-constant size. This condition was the similar to the first condition, except that 

the distal size of the stationary target was held constant (Yilmaz & Warren, 1995). The 

third condition was ground-variable size. This condition provided tau-dot, tau, optical 

expansion rate, optical size, size, distance and velocity. Specifically, in this condition, the 

scenes depicted a horizon and ground surface with texture, but the distal size of the 

stationary target was varied between trials (Yilmaz & Warren, 1995). The final condition 

was ground-constant size. This condition was similar to the third condition, except that 

the distal size of the stationary target was held constant (Yilmaz & Warren, 1995).   

The authors (Yilmaz & Warren, 1995) hypothesized that successful braking in the 

first condition would indicate that a tau-dot strategy was sufficient, if not necessary. 

However, if the performance differed, or improved with the presence of additional 

information about distance, size and velocity, then this would indicate the dependence on 

spatial variables, and hence would weaken the tau-dot hypothesis. In short, the authors 

hypothesized that if there was no difference in braking performance with the presence 
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and absence of spatial variables, it indicates a strong reliance on the tau-dot strategy 

(Yilmaz & Warren, 1995).   

Participants were shown the scenes, blocked across conditions. The air-variable size 

and air-constant size conditions were included in one block, and the ground-variable size 

and ground-constant size conditions were included in a different block. The participants’ 

task was to brake so that they would stop as close as possible to the stationary target. The 

participants received a high-pitched tone if they crashed with the stationary target 

(Yilmaz & Warren, 1995). The results indicated that regardless of the presence of spatial 

information, participants’ brake adjustments revolved around a value of tau-dot that was 

approximately equal to -0.5. Specifically, when the value of tau-dot was less than -0.5, 

participants increased their braking, and when the value of tau-dot was greater than -0.5, 

participants decreased their braking. In short, the results provided support for the tau-dot 

hypothesis (Yilmaz & Warren, 1995).   

Similar studies were conducted by Fajen (2005a, 2005b) and Rock and Harris (2006). 

The results from these studies also were generally consistent with the findings from the 

study by Yilmaz and Warren (1995), and hence the tau-dot hypothesis (Lee, 1976). In 

addition, Wann, Edgar & Blair (1993) reported that as human participants approached a 

surface in a variety of running and touching tasks, their deceleration profiles were 

generally consistent with a constant tau-dot equal to -0.45 to -0.5.  

Further, Lee, Reddish and Rand (1991) reported that as humming birds approached a 

feeding tube, they controlled the last 100 ms of their approach by maintaining their 

deceleration profile at a mean value of tau-dot equal to -0.71. Importantly, Lee et al. 

(1991) noted that such a deceleration profile (tau-dot < -0.5) is necessary for the 
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humming birds to enter the feeding tube, rather than stopping at (tau-dot = -0.5), or 

before it (tau-dot > -0.5). In summary, results from prior studies indicate that when 

motion was in depth, and self motion was actively controlled, people and animals 

adjusted their braking in a manner that was consistent with the tau-dot hypothesis. 

Passive Judgments of Collisions 

After Lee (1976) provided a mathematical description of tau-dot, Kim et al. (1993) 

conducted the first set of experiments to examine whether participants were sensitive to 

tau-dot, and whether participants rely on tau-dot to make judgments of imminent 

collisions. However, rather than examining if participants could judge whether a collision 

will occur, Kim et al. (1993) examined if participants could perceive the severity of an 

upcoming collision (hard or soft), and whether such judgments were mediated by tau-dot.  

The authors assumed that a critical value of tau-dot would parse the optic flow field 

into two distinct information stages (Kim et al., 1993). Specifically, they hypothesized 

that when tau-dot is greater than or equal to -0.5, (i.e., tau-dot >= -0.5; “safe” condition), 

participants should perceive a collision as soft, and when tau-dot is less than -0.5, (i.e., 

tau-dot < -0.5; “unsafe” condition), participants should perceive a collision as hard (Kim 

et al., 1993). Relatedly, Kim and his colleagues conducted studies in which motion was 

depicted in depth (Kim et al., 1993) and also when motion was restricted to the 

frontoparallel plane (Kim et al., 1998). Each will be considered separately.  

Motion in depth. In a study conducted by Kim et al. (1993), participants viewed 

scenes in which a square region in the center of the screen, which comprised of 300 

yellow dots, expanded in accordance with a chosen value of tau-dot. The values of tau-
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dot varied between -0.1 and -1.0. They varied the initial starting distance and initial 

velocity of the approaching dot pattern (Kim et al., 1993).  

The approaching dot pattern was shown for a variable period of time, after which the 

scene disappeared. The viewing duration was also varied. However, when the scene 

disappeared, the square was always of the same size, and the displays terminated before 

the contact point. Participants’ task was to report whether the resulting collision was soft 

or hard (Kim et al., 1993).   

The results indicated that participants partitioned their perceptual responses around a 

value of tau-dot that was equal to -0.5 (i.e., tau-dot = -0.5). However, it was also noted 

that when the value of tau-dot was equal to -0.5 (i.e., tau-dot = -0.5), participants did not 

reliably perceive a soft collision (Kim et al., 1993). Therefore Kim et al. (1993) suggested 

that to perceive a soft collision tau-dot had to be greater than -0.5, and therefore, more 

safe. Additionally, with a subsequent experiment, Kim et al. (1993) showed that 

participants’ judgments of the severity of a collision were based on tau-dot, rather than 

on any local variations on the screen, such as the terminal velocity, or terminal 

acceleration before the scene disappeared (Kim et al., 1993). In short, the authors (Kim et 

al, 1993) concluded that their results were consistent with the tau-dot hypothesis.  

Kaiser and Phatak (1993) argued against Kim et al.’s (1993) proposal. Specifically, 

Kaiser and Phatak (1993) asserted that while identifying optical variables that specify 

information about collisions it is important to have a good understanding of the 

relationships among the dynamic, kinematic and optical variables that are specified by 

the physical variables in the environment. For example, they argued that some of the 

approaches simulated by a constant value of tau-dot resulted in deceleration profiles that 
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were practically impossible, although it was kinematically specifiable (Kaiser & Phatak, 

1993).   

Specifically, Kaiser and Phatak (1993) noted that the deceleration profiles of actual 

physical systems such as automobiles do not indicate the use of constant tau-dot values 

while decelerating. Also, based on Lee’s (1976) mathematical analysis, it can only be 

concluded that tau-dot specifies information about whether a collision will occur; not the 

severity of an upcoming collision (also see, Andersen et al., 1999).  

Furthermore, Barbet et al. (2006) conducted a study in which older or younger drivers 

with varying levels of driving experience were shown several different scenarios in which 

the self approached a lead car at a constant deceleration rate. Only in half of the 

conditions, the deceleration rate was sufficient to avoid a collision. Participants were 

instructed to report whether a collision would have occurred after the scene disappeared 

(Barbet et al., 2006). The results indicated that driving experience did not affect 

judgments, while older adults had difficulty in detecting upcoming collisions. However, 

the results indicated that judgments were based on the optical variable tau-dot (Barbet et 

al., 2006). In short, prior studies that examined observers’ sensitivity to tau-dot while 

motion was depicted in-depth provided support for the tau-dot hypothesis.  

Motion in the frontoparallel plane. The study conducted by Kim et al. (1993) and 

Barbet et al. (2006) simulated motion in depth. Therefore, tau was defined as the ratio of 

the optical size of the approaching object to its rate of optical expansion; and tau-dot was 

defined as the rate of change (or the first temporal derivative) of tau.  

However, when the observer is a spectator and views an object moving towards 

another stationary target in the frontoparallel plane, there still exists information in the 
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optic array about tau (Bootsma & Odejans, 1993) and hence, tau-dot (Bootsma & Craig, 

2003; Kim et al., 1998). Under such conditions, tau is defined as the ratio of the optical 

gap between the two objects to the rate of constriction of the optical gap (Bootsma & 

Odejans, 1993), and the rate of change of this tau is tau-dot (Bootsma & Craig 2003; Kim 

et al., 1998).  

Therefore, Kim et al. (1998) conducted a study in which the observer was a spectator 

and viewed an object approaching a stationary target in the frontoparallel plane. The 

displays simulated two squares, one moving toward the other at a constant value of tau-

dot. The values of tau-dot varied from -0.2 to -1.3. In addition, the initial velocity, 

truncation, gap size and the direction of motion (leftward or rightward) were manipulated 

(Kim et al., 1998).  

Similar to the earlier study conducted by Kim et al. (1993), participants judged 

whether the upcoming collision was soft or hard. The results indicated that the trials in 

which the value of tau-dot was less than -0.5 (i.e., tau-dot < -0.5), participants more 

frequently judged the collision as hard, and when the value of tau-dot was greater than or 

equal to -0.5 (i.e., tau-dot >=-0.5), participants more frequently judged the collision as 

soft (Kim et al., 1998). In short, their results were consistent with Lee’s (1976) proposal 

about the partitioning of information based on a critical value of tau-dot, and hence the 

tau-dot hypothesis (Kim et al., 1998).  

In the same study, Kim et al. (1998) also conducted experiments in which the object 

approached a stationary target at an oblique angle or along a curvilinear trajectory. The 

results from those experiments were also consistent with the tau-dot hypothesis. Finally, 

the authors induced observer motion, while a moving object approached a stationary 
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target, and asked participants to judge the severity of an upcoming collision between the 

moving object and the stationary target. The background scene was also manipulated 

(Kim et al., 1998). The results indicated a main effect of tau-dot, and an unexplainable 

fifth order interaction between the variables. There were no other significant main effects 

or interactions (Kim et al., 1998). The authors concluded that even when global optic 

flow was available from observer motion, participants were well able to extract the 

relevant information required to judge the severity of contact, and that they relied on tau-

dot to make such judgments (Kim et al., 1998).   

Therefore, based on four experiments, Kim et al. (1998) made four specific 

conclusions. First, they concluded that participants were sensitive to tau-dot. Second, 

participants’ judgments of the severity of a collision were based on a critical value of tau-

dot. Third, participants’ judgments were consistent with the tau-dot hypothesis even 

when the moving object had an oblique or circular trajectory. Finally, the authors 

concluded that participants were able to extract the relevant information about the 

severity of a collision even in the presence of self motion, regardless of the type of 

background structure (Kim et al., 1998). 

Further, Bootsma and Craig (2003) conducted a study in which an object decelerated 

at a constant rate (rather than at a constant value of tau-dot) and moved toward a 

stationary target in the frontoparallel plane. The scene in which the decelerating object 

moved toward the stationary target was shown for a period of time, after which the scene 

disappeared. Participants’ task was to judge whether the object will collide with the 

stationary target. The results indicated that the proportion of collision responses was 
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higher when the value of tau-dot was less than -0.5 compared with when the value of tau-

dot was greater than -0.5. Therefore, such findings also supported the tau-dot hypothesis.  

In summary, findings from several studies have shown that observers rely on tau-dot 

to make judgments of collision, and hence provide support for the tau-dot hypothesis. 

However, other studies have reported findings which indicate that observers rely on 

visual sources of information other than tau-dot to make judgments of collision 

(Andersen et al., 1999; Andersen et al., 2000). This is reviewed next.  

Constant Deceleration Model  

Andersen et al. (1999) proposed the constant deceleration model to explain how 

people make judgments of collision. According to the constant deceleration model, 

participants base their judgments of whether a collision will occur based on a computed 

difference between two different judged distances; the distance the decelerating observer 

will travel before coming to a full stop (dv) and the distance between the observer and the 

stationary target (ds). Specifically, Andersen et al. (1999) laid out the equation as: 

Ddiff = dv - ds 

where Ddiff is the difference between the two judged distances. When Ddiff is positive (i.e., 

Ddiff > 0) participants will judge that a collision will occur between the decelerating 

observer and the stationary target. In contrast, when Ddiff is negative (i.e., Ddiff < 0) 

participants will judge that a collision will not occur between the decelerating observer 

and the stationary target (Andersen et al., 1999).   

In addition, the constant deceleration model suggests that observers assume the rate 

of deceleration of observer motion to be constant. Further, the model suggests that biases 

in perceived speed of self motion and biases in perceived distance between the observer 
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and the stationary target affect judgments of collision (Andersen et al., 1999). To 

specifically determine how perceived speed of observer motion and the perceived 

distance of the observer from a stationary target affect judgments of collision, Andersen 

et al. (1999) conducted a series of experiments.  

In their study, participants viewed computer simulated scenes which depicted forward 

self motion toward three stationary stop signs. After traversing at a constant velocity for 

over 6.5 s, an auditory tone was provided and the observer started to decelerate at a 

constant rate (Andersen et al., 1999). There were five events in Andersen et al.’s (1999) 

study. In the first two events, which were labeled as collision events, the observer came 

to a full stop after traversing one or two eye heights beyond the location of the stationary 

stop signs. In these collision events, the value of tau-dot was less than -0.5. In two of the 

three remaining events, which were labeled as safe stops, the observer came to a full stop 

when he or she reached a distance of one or two eye heights before the location of the 

stationary stop signs. In these non-collision events, the value of tau-dot was greater than -

0.5. Finally, in the last event, which was labeled as a perfect stop, the observer came to a 

full stop when he or she reached the stationary stop signs. In this condition, the value of 

tau-dot was equal to -0.5 (Andersen et al., 1999).   

Further, the initial velocity, size of the stop signs, final distance from the stop signs, 

and edge rate were manipulated in the study. Size of the stop signs was varied to 

manipulate ds, which is the perceived distance of the stop signs from the observer 

(Andersen et al., 1999). Specifically, according to the size-distance invariance hypothesis 

(Kilpatrick & Ittleson, 1953), participants will perceive a stop sign with a larger retinal 

size to be closer to them compared with a stop sign with a smaller retinal size. Consistent 
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with the size-distance invariance hypothesis, several studies have shown that larger 

objects are perceived to be closer objects (e.g., DeLucia, 1991a; Gogel, 1969; Gogel & 

Mertens, 1968).  

To manipulate the perceived speed of observer motion, edge rate was varied (e.g., 

Andersen et al., 1999; Denton, 1980; Dyre, 1997). Edge rate is defined as the number of 

discontinuities that flow over the retina in a period of time, and it provides a moving 

observer with information about his or her speed (Denton, 1980; Dyre, 1997). 

Specifically, as the edge rate increases, the perceived speed of observer motion also 

increases (e.g., Andersen et al., 1999; Denton, 1980; Dyre, 1997). Therefore Andersen et 

al. (1999) hypothesized that as the perceived speed of observer motion was higher, the 

perceived distance the deceleration observer will travel before coming to a full stop (dv) 

will be higher.   

The scene disappeared at a variable time after the observer started to decelerate. 

Participants’ task was to judge whether a collision would occur between the observer and 

the stationary target (Andersen et al., 1999). The results indicated that the proportion of 

collision responses was higher for the collision events, then the perfect stop, and then the 

safe stops. In addition, the proportion of collision responses was higher when the edge 

rate (perceived speed) was relatively higher, or when the size of the stop signs was 

relatively larger (Andersen et al., 1999).  

In other words, when the perceived speed of the observer motion was higher, or when 

the perceived distance of the observer from the stationary stop signs was shorter, the 

proportion of collision responses was higher. Therefore, the results were consistent with 

the constant deceleration model, which asserts that biases in perceived speed and 
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perceived distance between the observer and the stationary target affects judgments of 

whether a collision will occur (Andersen et al., 1999).  

Constant Deceleration Model when Motion is Restricted to the Frontoparallel Plane 

When people make judgments of whether a collision will occur between a 

decelerating observer moving in depth and a stationary target, judgments of the distance 

between the observer and the target (ds) are critical, which affects the proportion of 

collision responses (e.g., Andersen et al., 1999). In contrast, such judgments are 

irrelevant when motion is in the frontoparallel plane. Specifically when motion is in the 

frontoparallel plane, participants’ task is to judge whether a decelerating object will 

collide or come to a full stop before colliding with a stationary target rather than with the 

self. Also, when motion is in the frontoparallel plane, there are no a-prior reasons to 

predict that the perceived distance between the leading edge of a large object and a 

stationary target will be different from the perceived distance between the leading edge of 

a small object and the stationary target. In short, when motion is in the frontoparallel 

plane, judgments of the distance between a decelerating target and a stationary target and 

hence ds are irrelevant.    

Further, when an observer is moving in depth, edge rate information provides 

information about the observer’s speed of motion (Denton, 1980; Dyre, 1997), which 

affects the proportion of collision responses (Andersen et al., 1999). However, when 

motion is in the frontoparallel plane, a factor that affects the perceived velocity of a 

moving object is the size of the moving object (Brown, 1931; Distler et al., 2000). 

Therefore, similar to how higher edge rate, and hence higher perceived speed of observer 

motion led to a higher proportion of collision responses when motion was in depth (e.g., 
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Andersen et al., 1999), biases in perceived speed of small and large moving objects may 

affect the proportion of collision responses when motion is in the frontoparallel plane. In 

the next section, studies have been reviewed that examined the effects of size of a moving 

object on the perception of its velocity and displacement when motion was in the 

frontoparallel plane.   

Effects of Size of a Moving Object on Judgments of Velocity and Displacement  

This section is divided in to two sub-sections. In the first sub-section, those studies 

will be reviewed that varied the size of a moving object to examine the effects of retinal 

size on perceived velocity. In the second sub-section those studies will be reviewed that 

varied the size of a moving object to manipulate its perceived weight, and demonstrated 

effects of perceived weight on observers’ memory for the final position of the moving 

object. Also within the second sub-section, the manner in which the studies interpreted 

the effects of weight with respect to Newton’s laws of physics and naïve-impetus beliefs 

have been explained.  

Effect of Size on Perception of Velocity  

Prior research has demonstrated that the size of an object affects its perceived 

velocity when motion is in the frontoparallel plane (Brown, 1931; Distler et al., 2000; 

Epstein & Cody, 1980; Zohary & Sittig, 1993). Brown (1931) conducted one of the first 

experiments to study how size of an object affects perceived velocity. Participants were 

instructed to compare the velocity of a stimulus square with an edge of 0.8 cm with three 

different stimulus squares, with edges equal to 1.6 cm, 2.4 cm or 3.2 cm. The results 

indicated that when everything else remained the same, the perceived velocity decreased 

as the size of the moving stimulus increased. 
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In addition in a series of studies conducted by Sokolov and his colleagues (Sokolov, 

Ehrenstein, Pavlova & Cavonius, 1997; Sokolov & Pavlova, 2003), the time and accuracy 

of the motion extrapolation of small and large objects was examined. Specifically, a 

small or large sized object was shown to move in the horizontal direction towards a 

stationary target, at a slow, medium or fast velocity in the frontoparallel plane. After a 

variable viewing duration, the scene disappeared. Participants were instructed to judge 

when the moving object would reach the location of the stationary target (Sokolov et al., 

1997; Sokolov & Pavlova, 2003). In short, the paradigm is similar to the prediction 

motion paradigm used to study TTC judgments (e.g., DeLucia & Liddell, 1997; McLeod 

& Ross, 1983; Tresilian, 1995).  

The results from these studies indicated that the motion extrapolation time was 

typically longer than the actual time it took the moving objects to reach the stationary 

target. In other words, the motion extrapolation time was overestimated (Sokolov & 

Pavlova, 2003). Such results are not consistent with prior studies on time-to-collision 

judgments which have reported underestimations (e.g., Schiff & Detwiler, 1979).   

Nevertheless, it was observed that the accuracy of motion extrapolation was affected 

by the size and the velocity of the moving objects (Sokolov & Pavlova, 2003). 

Specifically, when the velocity was slow, the motion extrapolation time was more 

accurate for the large object compared with small object. The reverse was true at faster 

velocities (Sokolov & Pavlova, 2003). In short, these studies concluded that retinal size 

of an object affected perceived velocity and the extrapolation of its motion (Sokolov et 

al., 1997; Sokolov & Pavlova, 2003).     
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Furthermore, in a study conducted by Distler et al. (2000), the effect of size of 

moving objects on judgments of velocity was examined. Two simulated vehicles; one test 

vehicle and a standard vehicle were shown simultaneously on the screen in the 

frontoparallel plane. The test vehicle was 50%, 100% or 200% the size of the standard 

vehicle. The vehicles were positioned at one of three different distances from the self; 

11.7 m, 20.9 m, and 40.5 m. Both vehicles moved towards the center of the screen, and 

the scene disappeared 1 s after the onset of the second car’s motion. Participants were 

instructed to report which vehicle moved faster (Distler et al., 2000).  

The results indicated that the size of the vehicle exerted a strong effect on the 

perceived velocity. Specifically, the smaller vehicle was perceived to be moving faster 

than the standard sized vehicle (Distler et al., 2000). Based on such findings, the authors 

suggested that an underlying reason for biases in perceived velocity in the motion of 

small and large objects might be due to a difference in the distances traveled by small and 

large objects relative to their sizes within a specific temporal window (Distler et al., 

2000).  

For example, consider a small sphere that has a diameter of 2 units, and a large sphere 

that has a diameter of 10 units. Also consider that both the spheres move up in the 

frontoparallel plane at a rate of 2 units / sec. After 2 s, both the small and large spheres 

would have traveled a distance of 4 units. However, the small object would have traveled 

a distance (4 units) that is twice as much as its diameter (2 units), while the large object 

would have traveled a distance (4 units) that is less than half its diameter (10 units). 

Distler et al. (2000) suggested this to be one underlying reason for biases in perceived 

velocity of small and large moving objects.  
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In an additional experiment, Distler et al. (2000) included familiar size information on 

the vehicles. This experiment was included to examine the role of three important aspects 

on velocity perception; familiarity information, perceived distance of each vehicle from 

the self, and retinal size per se of a vehicle. The scenes simulated a test vehicle and a 

standard vehicle. The standard vehicle was a normal-sized Volks Wagon (VW) beetle. 

The test vehicle was a normal-sized VW beetle, an oversized VW beetle (280% the size 

of the normal-sized VW beetle) or a truck that was slightly larger than the oversized VW 

beetle. The test vehicles were positioned at a distance of 11.7 m, 20.9 m, or 40.5 m from 

the self. The participants were instructed to report which vehicle appeared to move faster 

(Distler et al., 2000).   

The results indicated that increasing the retinal size of a vehicle decreased the 

perceived velocity. Specifically, the normal-sized VW beetle was perceived to be moving 

the fastest, and the over-sized VW beetle was perceived to be moving the slowest. The 

truck was perceived to be moving slower than the normal-sized VW beetle, but faster 

than the over-sized VW beetle (Distler et al., 2000). In short, the results from the study 

conducted by Distler et al. (2000) indicated that the size of a moving object and 

familiarity with the object affected perceived velocity. Specifically, the results indicated 

that when familiarity information was absent, a small object was consistently perceived 

to be moving faster relative to a large object (Distler et al., 2000).   

In contrast, when familiarity information was included, this effect was not completely 

replicated. The normal-sized VW beetle was consistently perceived to be moving faster 

compared with the larger vehicles. However, the truck, which was slightly larger than the 

over-sized VW beetle was perceived to be moving faster relative to the over-sized VW 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

112 

beetle. In other words, even though the large truck was retinally larger than the large 

sized VW beetle, it was perceived to be moving faster than the large sized VW beetle. 

Based on such findings, the authors (Distler et al., 2000) suggested that prior knowledge 

about objects affects how human beings perceive the velocity of those objects (also see, 

Hershenson & Samuels, 1999). Specifically, the over-sized VW beetle was included as a 

control condition. Therefore, Distler et al. (2000) suggested that participants may have 

been more familiar with trucks rather than an over-sized VW beetle car, which is not a 

real or familiar vehicle. Such prior knowledge about objects might have been included in 

the processing of the sensory information. In short, it was concluded that experience and 

familiarity with objects affect relative-velocity judgments (Distler et al., 2000).  

An important aspect overlooked by the study conducted by Distler et al. (2000) was 

how the perceived weight of the vehicle might have affected perceived velocity. 

Specifically, the truck is heavier than a small VW beetle. Therefore, participants might 

have perceived the heavier vehicle to move slower than the lighter vehicle. Importantly, 

there is evidence to support such a proposal (e.g., Kozhevnikov & Hegarty, 2001).  

Effect of Perceived Weight on Judgments of Motion 

Based on prior studies, it is evident that retinal size of a moving object affects the 

perceived velocity of the object (Brown, 1931; Distler et al., 2000; Sokolov et al., 1997; 

Sokolov & Pavlova, 2003). However, a different set of studies have reported that 

participants use the retinal size of a moving object as a cue to its perceived weight (Ellis 

& Lederman, 1993; Hubbard, 1997).  

Relatedly, a series of studies that identified effects of size of a moving object on 

judgments of its displacement interpreted the effects of size of the moving objects on 
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such judgments as effects of perceived weight. For example, Kozhevnikov & Hegarty 

(20001) suggested that the perceived weight of a moving object (which was manipulated 

by varying the size of the object) affects a participant’s expectation about the object’s 

motion, which consequently affects the judged final position of the moving object.   

In this section, first, the rationale for manipulating weight of an object by varying its 

size will be explained. Second, a series of studies will be described that examined how 

perceived weight of an object (manipulated by retinal size) affected judgments of its 

displacements. Finally, the interpretation of weight on such judgments with respect to 

Newton’s laws of physics and naïve-impetus beliefs will be described.   

Varying Size to Manipulate Weight  

When participants are shown unfamiliar small and large objects of the same physical 

weight, before lifting the objects, participants expect the smaller object to be lighter than 

the larger object (Ellis & Lederman, 1993; Oberle & Amazeen, 2003). However, when 

participants actually lift the objects, there is a mismatch between the expected weight and 

the sensed weight. This mismatch between the expected and the sensed weight leads to an 

illusion which has been labeled the size-weight illusion (Charpentier, 1891; Ellis & 

Lederman, 1993; Jones, 1986; Oberle & Amazeen, 2003).     

Based on such reports that participants expect a smaller object to be lighter, Hubbard 

(1997) conducted an experiment in which participants were shown small or large objects, 

with no texture, moving on a computer screen. Participants were then instructed to report 

on a scale of 1 (not heavy) to 7 (very heavy), the perceived weight of the moving objects. 

Consistent with the predictions based on the size-weight illusion, participants, judged a 

smaller object to be lighter compared with a larger object (Hubbard, 1997).  
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Relatedly, studies were conducted to investigate whether the perceived weight of a 

moving object manipulated by the retinal size of the object, affected judgments of its 

motion (Hubbard, 1997; Kozhevnikov & Hegarty, 2001). The paradigm under which 

such studies were conducted is known as representational momentum (Freyd, 1987).   

Representational Momentum 

It has been suggested that knowledge about the principles that govern physical motion 

may affect the anticipation of the future position of a moving object (Freyd, 1987; 

Sheppard, 1984). For example, Kelly and Freyd (1987) suggested that the visual system 

extrapolates the future position of a moving object. This extrapolation has been attributed 

to a mental analogue of the object’s motion (Freyd & Finke, 1984, 1985) which displaces 

the representation of the moving object’s position further along the direction of motion. 

This distortion in memory has been labeled as representational momentum (Freyd & 

Finke, 1984).   

Freyd and Finke (1984) introduced the term representational momentum, which 

refers to both a phenomenon and a theory (Bertamini, 2002). When an observer is shown 

a scene in which an object is in motion, after the scene vanishes, they remember the final 

position of the moving object to be displaced along the direction of motion (see Hubbard 

& Courtney, 2006, for a detailed review). This distortion in memory is taken as an 

evidence for a change in the represented position of the moving target and the term 

momentum is used to represent a property of the representation, which is analogous to the 

property (i.e., momentum) of the physical world (Bertamini, 2002).  

In a set of studies conducted by Freyd and Finke (1984, 1985), participants viewed a 

series of static images that implied rotation of a rectangle. After presenting a series of 
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three static images, referred to as the inducing stimuli, the participants were presented 

with a fourth static image, which was referred to as the test stimulus. Participants’ task 

was to judge whether the test stimulus was at the same position as the final position of the 

inducing stimulus. The test stimulus was always concentrically similar to the probing 

stimuli, but varied in its position (Freyd & Finke, 1984, 1985).   

The results indicated that in a forced-choice task, participants were more likely to 

select a rectangle that was rotated further along the trajectory of implied motion 

compared with the one that was rotated slightly behind or at the true final position. It was 

also observed that the probability of selecting a rectangle that was rotated beyond the true 

final position increased as the velocity of the implied motion increased (Freyd & Finke, 

1985).  

Importantly, in physics momentum is defined as a product of an object’s mass and 

velocity. Therefore, as the mass or velocity increases, the momentum of the moving 

object also increases. Because Freyd & Finke (1985) found greater forward 

displacements in memory with increasing velocity, the phenomenon of representational 

momentum was suggested to be analogous to the physical principle of momentum.  

Relatedly, Hubbard and his colleagues (Hubbard, 1995a; Hubbard, 1997; Hubbard & 

Bharucha, 1988) extended the line of research on representational momentum to 

investigate the extent to which the phenomenon of representational momentum was 

analogous to physical momentum. Specifically Hubbard (1997) manipulated perceived 

mass by varying the size of the moving stimulus. It was hypothesized that analogous to 

physical momentum, when the perceived mass of the moving stimulus was higher the 

displacements in memory should also be higher (Hubbard, 1997).  
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Participants viewed displays in which small or large objects moved on a computer 

screen. After a period of time, the scenes disappeared. Participants’ task was to report the 

final position of the object when the scene disappeared by using a computer mouse 

pointer (Hubbard, 1997). Results indicated that the judged final position of larger targets 

that moved horizontally toward the left or toward the right were displaced further 

downward when compared with smaller targets. In addition, the judged final position of 

larger targets that were in descending motion was displaced further downward compared 

with smaller targets. Finally, the judged final position of larger targets that were in 

ascending motion was displaced less upward compared with smaller targets. In short, the 

displacement in the judged final position of moving objects was affected not only by the 

size of the object, but also by the direction of its motion (Hubbard, 1997).   

Based on such results, Hubbard (1997) noted that representational momentum was 

not completely due to an internalization of the laws of momentum. Instead, he suggested 

that the results indicated the presence of a separate representational principle, which he 

labeled representational gravity (Hubbard, 1997). Further, he suggested that 

representational gravity did not simply represent a constant distortion in the direction of 

gravitational attraction; instead, it represented an analogue of weight (Hubbard, 1997).  

In summary, Hubbard (1997) reported that observers perceived a larger moving 

object to be heavier, and that the perceived weight of a moving stimulus influenced the 

manner in which participants judged its displacement. Therefore Hubbard (1997) 

proposed that judged displacement might have a kinesthetic component. Hubbard (1997) 

also noted that such a proposal was consistent with a “motor theory of representation” 

which suggests that (non-visual) weight may be important in determining the 
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displacement of a visual target. For example, in a study conducted by Intons-Peterson and 

Roskos-Ewoldsen (1989) the results indicated that when participants had to imagine how 

long it will take them to traverse a given distance, they took longer when they imagined 

themselves to be carrying a heavier object compared with a lighter object.  

Based on the findings from the studies on representational momentum, there are two 

different explanations for how perceived weight affects judged displacements of moving 

objects. This is reviewed next.   

Newton’s principles of physics. Based on several studies (Hubbard, 1995a; 1996; 

1997; 1998) Hubbard (1995b; 1999) proposed the environmental invariants hypothesis. 

This hypothesis proposes that Newton’s physical principles that are invariant across our 

experience have been incorporated in to our representational system. Therefore, 

consistent with how Newton’s physical principles affect a physical object, the mental 

representation of an object is also subjected to the same physical principles such as 

momentum, friction, gravity and centripetal force (Hubbard, 1999).  

In addition, this hypothesis proposes that the invariant principles that are incorporated 

into our mental representation results in a bias in the representational system which 

automatically leads to an extrapolation of the represented physical object (Hubbard, 

1999). Hubbard (1999) suggested that such an extrapolation is consistent with the 

operation of the invariant physical principles (Hubbard, 1999). In short, the 

environmental invariants hypothesis proposes that the information regarding the forces 

and dynamics (e.g., weight of an object) are incorporated in to the mental representational 

system, which automatically affects participants’ judgments of the displacement of a 

moving target (Hubbard, 1999). 
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Naïve-impetus beliefs. Although the environmental invariants hypothesis seems 

parsimonious, several researchers have questioned this hypothesis (Bertamini, 2002) and 

the internalization of physical principles and regularities of the physical world 

(Bertamini, 2002; Hecht, 2001; Kubovy & Epstein, 2001; Schwartz, 2001; Todorovic, 

2001). Importantly, the results from an experiment conducted by Kozhevnikov and 

Hegarty (2001) indicated that the distortions in the judged position of a moving object is 

not consistent with physical principles of momentum; instead is consistent with naïve-

impetus beliefs (e.g., Dijksterhuis, 1961; McCloskey, 1983; McCloskey & Kohl, 1983).  

Participants were shown displays of a small or large circle in ascending and 

decelerating motion. After showing a scene for a period of time, it vanished. Participants 

had to judge the final position of the circle before the scene vanished. The results 

indicated that the forward displacement in memory was greater for the smaller object 

compared with the larger object (Kozhevnikov & Hegarty, 2001).  

It is important to note that Hubbard (1997) identified similar results, and attributed 

such effects to an internalization of weight of the moving object; specifically as 

representational gravity (Hubbard, 1997). However, Kozhevnikov and Hegarty (2001) 

argued that such results are not due to the internalization of actual physical principles; 

instead they argued that judgments were consistent with naïve-impetus beliefs.  

According to naïve-impetus principles, an object once set in motion, has an internal 

impetus, which keeps it in motion (Dijksterhuis, 1961; Kozhevnikov & Hegarty, 2001). 

In addition, a heavier object has a higher impetus compared with a lighter object. 

However, the impetus of a heavier object degrades much faster than a lighter object 

during ascending motion because gravity counteracts the role of impetus more for heavier 
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objects compared with lighter objects (Kozhevnikov & Hegarty, 2001). Importantly, in 

the study conducted by Kozhevnikov and Hegarty (2001) the pattern of judgments for the 

final position of the moving object was consistent with the naïve-impetus beliefs.   

Based on such findings, Kozhevnikov and Hegarty (2001) made two important 

suggestions. First, the authors suggested that people typically expect a lighter object to 

decelerate slower, and hence move upward faster compared with a heavier object. 

Second, the authors suggested that such biases in perceived velocity and deceleration rate 

affected judgments of the final position of a moving object (Kozehvnikov & Hegarty, 

2001).  

It is important to note that biases in perceived velocity were not specifically examined 

in the study conducted by Kozhevnikov and Hegarty (2001). Instead based on the 

findings on the judged displacements of small and large objects, the authors suggested 

that people may have perceived the lighter object to be moving upward faster, which was 

also consistent with naïve-impetus beliefs (Kozhevnikov & Hegarty, 2001).  

In summary, it has been asserted that the size of a moving object affects its perceived 

velocity. While studies on velocity perception suggested that such biases in perceived 

velocity were due to differences in retinal size (e.g., Brown, 1931), studies on 

representational momentum suggested that such biases in perceived velocity were due to 

differences in perceived weight of the moving object (e.g., Kozhevnikov & Hegarty, 

2001). Consequently studies that investigated effects of perceived weight of a moving 

object on judgments of its displacement interpreted the findings with respect to Newton’s 

principles of physics (i.e., the environmental invariants hypothesis) and naïve-impetus 

beliefs (Hubbard, 1997; Kozhevnikov & Hegarty, 2001).  
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It is important to note that findings from studies that demonstrated biases in perceived 

velocity based on differences in the size of a moving object, be it retinal size per se or 

perceived weight have important implications for the constant deceleration model, 

because according to the constant deceleration model biases in perceived velocity affect 

judgments of collision (Andersen et al., 1999). In contrast, the findings from such studies 

are irrelevant for the tau-dot hypothesis, because according to the tau-dot hypothesis, 

participants’ judgments of collision are mediated by the value of tau-dot, which specifies 

the information about a collision independent of the size or perceived velocity of moving 

objects.  
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APPENDIX B 

PILOT EXPERIMENTS 

There are two critical assumptions made in Experiment 1, Experiment 2 and 

Experiment 3. First, it is assumed that participants can detect deceleration in the sphere’s 

motion. Importantly, for participants to rely on tau-dot to make judgments of collision it 

is essential that they detect a deceleration in an object’s motion (e.g., Andersen et al., 

1999). Therefore it is critical that participants can detect a deceleration when the spheres 

are decelerating at the specific deceleration rates (2.56 vu/s
2
 and 3.05 vu/s

2
) used in the 

experiments.  

Second, it is assumed that participants perceive the small sphere as moving faster than 

the large sphere. Although prior studies have reported such differences in perceived 

velocity (e.g., Brown, 1931), it was essential to replicate such findings in this 

dissertation. In addition, the tau-dot hypothesis and the constant deceleration model 

hypothesis can be tested only if participants perceive a difference in the velocity of small 

and large spheres. The reasoning is as follows.  

If size affects perceived velocity, but does not affect relative judgments of collisions, 

such findings will support the tau-dot hypothesis, and indicate a limitation in the constant 

deceleration model. In contrast, if size affects perceived velocity, and also affects 

judgments of collision, such findings will support the constant deceleration model and 

indicate a limitation in the tau-dot hypothesis.  

To test these assumptions, two pilot experiments were completed. In the first pilot 

experiment it was examined whether participants could detect the deceleration of a 

moving sphere. In the second pilot experiment it was examined whether participants 

perceived a small sphere as moving faster than a large sphere.  
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Pilot Experiment 1: Detection of Deceleration 

In Experiment 1 and Experiment 2, a small sphere and a large sphere were present in 

every scene. Therefore, under such conditions, when making judgments of which object 

will collide with the stationary target, participants may rely on cues available in a scene, 

rather than the information that is specified in the optic array (e.g., DeLucia, 2004; 

Tresilian, 1995).  

Nevertheless, it is important to assure that the participants have the choice to rely on 

the information that is directly specified in the optic array. Specifically, it is critical that 

participants have the choice to rely on tau-dot to make judgments of collisions. Andersen 

et al. (1999) suggested that for participants to use tau-dot, it is essential that they detect a 

deceleration in the motion of the objects.     

To determine whether participants can detect deceleration per se in the motion of a 

sphere, it is essential to examine participants’ judgments when they have fewer 

possibilities to rely on cues to make such judgments (e.g., Tresilian, 1995). Therefore, it 

is essential to examine absolute judgments of deceleration, when only one sphere is 

present in a scene.  

If participants can accurately detect a deceleration when only one sphere is present in 

a scene, then it can be concluded that the deceleration rates used in Experiment 1, 

Experiment 2 and Experiment 3 are high enough for participants to detect a deceleration 

in the motion of the spheres. This was the purpose of Pilot Experiment 1.  

To specifically test whether participants can detect deceleration in the motion of the 

spheres a methodology similar to the one used by Andersen et al. (1999) was used. In 
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addition, it was examined whether the addition of unfamiliar texture to moving spheres 

affected detection of deceleration.  

Method 

Participants  

Twelve undergraduate students (6 females, 6 males; M = 20.58 years old, range = 18 - 

29) at Texas Tech University participated in the experiment for course credit in an 

introductory psychology class. All participants reported having normal or corrected 

visual acuity, and were naïve as to the hypothesis of the experiment.    

Displays 

Computer simulations were generated by a HPd325 AMD Athalon 2.13 GHz 

computer with a NVIDIA GeForce4 MX graphic card. The scenes were updated at 18 

frames / sec on a 42 cm monitor in 1024 x 768-pixel resolution. Illumination in the room 

was limited to the monitor’s output.  

Scenes depicted a decelerating sphere moving upward over a gray background, in the 

frontoparallel plane toward a rectangular stationary target that was black in color. Each 

scene was present for 5 s, after which it disappeared. It was assumed that for the same 

rate of deceleration, if participants can detect a deceleration in the motion of a sphere in 5 

s, they should be able to detect a deceleration when the viewing duration is 6 s. Thus only 

the 5 s viewing duration was included. This is consistent with the assumption made by 

Andersen et al. (1999). The manipulated aspects of the scene are described below.   

Size. The moving sphere was either small or large. The diameter of the large sphere 

was 120 vu, and that of the small sphere was 24 vu. Hence the ratio of the diameters of 

the large sphere to the small sphere was 5:1. This ratio is larger than the ratio of the 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

124 

dimensions of the smallest and the largest objects simulated by Brown (1931) and Distler, 

Gegenfurtner, Van Veen, and Hawken (2000), which was 3:1.  

Texture. The spheres either had no texture or an unfamiliar texture present on them. 

When no texture was present on the spheres, they were completely purple in color. When 

an unfamiliar texture was present on the spheres, they had a purple checkerboard pattern.  

Occurrence of the decelerating scene. A two-interval forced choice procedure was 

used in which participants were shown two sequentially presented displays (e.g., 

Andersen et al., 1999). In one of the scenes in the sequence, the sphere moved at a 

constant velocity, and in the other scene, the sphere moved at a constant deceleration rate.  

The occurrence of the decelerating scene was manipulated. In one half of the trials the 

decelerating scene occurred first in the sequence, and in the other half of the trials the 

decelerating scene occurred second in the sequence.  

When moving at a constant deceleration, the sphere’s velocity on the first frame was 

36 vu/s. Starting on the second frame, it started to decelerate at a rate of 2.56 vu/ s
2
, 

which was the slowest deceleration rate that was used in Experiment 1, Experiment 2 and 

Experiment 3. Hence, if participants were able to detect a deceleration for these scenes, it 

was assumed that they would be able to detect a deceleration when the rate was faster 

(3.05 vu/ s
2
). This assumption is consistent with the assumption made by Andersen et al. 

(1999).  

Further, it is important to note that when an object is moving at a constant velocity, 

within a specific temporal window (or viewing duration), it will travel a farther distance 

compared with when it is decelerating (e.g., Calderone & Kaiser, 1989). Such conditions 
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will occur only when the initial velocity is the same for the constant velocity and 

decelerating motion conditions.  

Therefore, participants could base their response on the final distance between the 

moving object and the stationary target. To avoid this confound, in Pilot Experiment 1, 

when moving at a constant velocity, the sphere moved at a rate of 29.7 vu/s. This specific 

velocity was chosen for two reasons.  

First, in 5 s (i.e., the duration of a scene), the distance traveled by the sphere that 

decelerated at a rate of 2.56 vu/ s
2
 was the same as the distance traveled by the sphere 

that moved at a constant velocity of 29.7 vu/s. Second, when the scene disappeared after 

5 s, the final distance from the stationary target was the same for the sphere that 

decelerated at a rate of 2.56 vu/ s
2
 and the sphere that moved at a constant velocity of 

29.7 vu/s. Therefore, participants could not rely on the total distance traveled by the 

sphere during a scene, or the final distance between the sphere and the stationary target, 

as a cue to the judge whether the sphere decelerated.  

Procedure  

 Participants viewed the displays with both eyes from a distance of 45.72 cm, and head 

movements were minimized with a chin rest. Each scene in a sequence was shown for 5 s, 

one after the other. The time interval between the disappearance of the first scene and the 

appearance of the second scene in each sequence was 350 ms.   

 The size and texture of the spheres remained the same for both scenes. The only 

difference between the two scenes in a sequence was the presence of deceleration in one of 

the scenes.   

 The participants’ task was to report the scene in which the sphere decelerated. They 
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were instructed to say “first” if they judged that the first scene depicted a deceleration, and 

to say “second” if they judged that the second scene depicted a deceleration. The 

experimenter recorded participants’ responses on a response sheet. Practice trials were 

provided, but were not analyzed. Also, participants were not provided feedback on their 

responses.     

 Overall, there were 8 unique sequences [2 (size) X 2 (texture) X 2 (occurrence of the 

decelerating scene)].  Each sequence was shown thrice, and presented in a random order. 

None of the sequences were repeated before all the unique sequences were shown.  

Results 

Binomial probabilities were used to determine whether participants’ detection of 

deceleration was significantly better than chance probability. Binomial probabilities are 

based on the null hypothesis that in 50% of the trials, the participants will accurately 

identify the scene in which the sphere decelerated, and in 50% of the trials, they will not 

accurately identify the scene in which the sphere decelerated, representing chance 

probability. Therefore, the obtained binomial probabilities helped to determine whether 

participants’ detection of deceleration was significantly better than chance probability 

(e.g., DeLucia, 2005).  

Binomial probabilities were calculated by collapsing the data across all the subjects 

and the occurrence of the decelerating scene. The results indicated that participants 

detected deceleration significantly better than chance when the sphere was small and had 

no texture (p < .0001), small and had unfamiliar texture (p < .0001), large and had no 

texture (p < .0001), and large and had unfamiliar texture (p < .0001). Therefore, based on 

these results it is concluded that the deceleration rates used in Experiment 1, Experiment 
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2 and Experiment 3 were high enough for participants to rely on tau-dot to make accurate 

judgments of collision.  

Pilot Experiment 2: Judgments of Which Sphere is Moving Faster 

The purpose of Pilot Experiment 2 was to examine biases in participants’ judgments 

of which of the spheres is moving faster when both the small and the large spheres are 

present in a scene. Such biases in perceived velocity have important implications for the 

constant deceleration model.  

Method 

Participants  

Twelve undergraduate students (4 females, 8 males; M = 22 years old, range = 18 - 

29) at Texas Tech University participated in the experiment for course credit in an 

introductory psychology class. All participants reported having normal or corrected 

visual acuity, and were naïve as to the hypothesis of the experiment.  

Displays  

The displays were similar to Experiment 1. Therefore, the independent variables in 

Pilot Experiment 2 were position of the optically small sphere, viewing duration, optical 

size of the faster sphere and texture. The optical size of the colliding sphere was renamed 

as optical size of the faster sphere in Pilot Experiment 2 because the colliding sphere’s 

deceleration rate was always slower (2.56 vu/s
2
), and hence it moved faster across the 

screen.   

Procedure 

The procedure was also similar to Experiment 1. However, after a scene disappeared, 

participants were instructed to report which of the two spheres in the scene was moving 
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faster across the screen. Participants were instructed to press the left mouse button if they 

judged the sphere on the left to be moving faster, and to press the right mouse button if 

they judged the sphere on the right to be moving faster.   

 Overall, there were 16 unique scenes [2 (position of the optically small sphere) X 2 

(viewing duration) X 2 (optical size of the faster sphere) X 2 (texture)]. Participants were 

shown the scenes with no texture first, and then the scenes with unfamiliar texture. This 

procedure is consistent with prior studies that examined the effects of texture on judgments 

of collisions (e.g., DeLucia, 2005).   

 Within each block of trials, each scene was replicated four times and presented in a random 

order. None of the scenes were repeated before all the unique scenes were shown. In addition, 

half of the participants were shown the scenes in a reverse order compared with the other half 

of the participants. The dependent variable was percentage accuracy of response. The 

percentage accuracy of response was defined as the ratio of [(number of correct responses / the 

total number of trials) X 100].   

Results  

The mean percentage accuracy of response were analyzed with a 2 X 2 X 2 X 2 X 2 

(order of trials X position of the optically small sphere X viewing duration X optical size 

of the faster sphere X texture) mixed ANOVA with order as the between subjects 

variable. All other variables were manipulated as within-subjects variables. A significant 

effect of order of trials was not found. Hence this variable was removed from the model, 

and the results of the remaining 4-way ANOVA are reported.  

Results indicated that the mean percentage accuracy of response was higher when the 

optical size of the faster sphere was small compared with large, F(1,11) = 8.22, p < .02, 

ω
2
 = .36. No other significant effects were identified. Therefore, the results indicated that 
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observers perceived the small sphere to move faster than the large sphere. This was true 

even when the large sphere was actually moving faster. Such results are consistent with 

prior findings (e.g., Brown, 1931; Distler et al., 2000).    
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APPENDIX C 

ADDITIONAL ANALYSES 

Prior research has suggested that there are two visual pathways in human beings, the 

dorsal pathway and the ventral pathway that serve two different functions (Goodale & 

Milner, 1992). Specifically, it has been suggested that to make conscious perceptual 

judgments, observers rely on the ventral pathway, and to carry out visually guided 

actions, observers rely on the dorsal pathway (Goodale & Milner, 1992).  

In addition, it has been suggested that a higher percentage accuracy of response in 

perceptual judgments such as relative time-to-collision judgments (DeLucia, 1991a) or 

judgments of whether an oncoming vehicle will collide with an observer (Mork & 

DeLucia, 2007) indicate a reliance on directly available visual information such as tau 

(DeLucia, in press). Further, DeLucia (in press), suggested that faster response times 

during deceleration detection tasks (DeLucia & Tharanathan, 2005) indicate a heavier 

reliance on directly available optic flow information to make such judgments (DeLucia, 

in press).  

The implication is that higher percentage accuracy of response and shorter response 

times during perceptual tasks indicate a reliance on directly available optic flow 

information, and hence a reliance on the dorsal pathway (DeLucia, in press). Therefore a 

correlational analysis between the mean percentage accuracy of response and the mean 

response time was conducted for Experiments 1, 2 and 3. A negative correlation between 

the mean response time and mean percentage accuracy of response would provide 

additional support to indicate that observers were relying on directly available optic flow 

information, specifically tau-dot, to make judgments of collision, and hence a reliance on 

the dorsal pathway.  
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In Experiments 1, 2 and 3 response times were calculated as the time between when a 

scene disappeared and the observer’s response. Pearson correlation coefficient was used 

to assess the relationship between the mean percentage accuracy of response and the 

mean response time. Results from the correlational analyses indicated that there was a 

significant negative correlation between mean percentage accuracy of response and mean 

response time, but only in Experiment 1, r(192) = -0.23, p < .001.  

Since a significant correlation between mean percentage accuracy and mean response 

time was identified in Experiment 1, a 2 X 2 X 2 X 2 (optical size of the colliding sphere 

X viewing duration X texture X position of the optically small sphere) repeated measures 

ANOVA was conducted on mean response time of Experiment 1. Results indicated a 

significant main effect of optical size of the colliding sphere, F(1,11) = 7.32, p < .03, ω
2
 

= .06, and a significant main effect of viewing duration, F(1,11) = 29.84, p < .0003, ω
2
 = 

.03. Mean response time was shorter when the optical size of the colliding sphere was 

small compared with large, and when the viewing duration was 6 s compared with 5 s. 

No other significant main effects or interactions were identified. Therefore, the results, of 

Experiment 1 suggest that observers may have relied less on directly available visual 

information, specifically tau-dot, to make judgments of which object will collide with a 

stationary target when the optical size of the colliding sphere was large compared with 

small and when the viewing duration was 5 s compared with 6 s. Such results are 

consistent with the results on mean percentage accuracy that were reported in Experiment 

1 earlier.  
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APPENDIX D 

INSRUCTIONS FOR EXPERIMENT 1 

 You will be shown computer-generated displays on the screen. The displays will 

simulate the decelerating motion of a small sphere and a large sphere moving upward 

toward a stationary target. Hereafter, when I refer to the motion of the spheres, I'm really 

referring to the computer's simulation of spheres’ motion. Your task is to judge which of 

the two spheres will collide with the stationary target. Press the left mouse button if the 

sphere on the left side of the screen will collide with the stationary target. Press the right 

mouse button if the sphere on the right side of the screen will collide with the stationary 

target.   

 Next, I will show you two examples of the scenes. First, I will show you a scene in 

which the small sphere will collide with the stationary target, while the large sphere will 

stop moving before colliding with the stationary target. Ready? 

 

1. SHOW THEM ONE SCENE (NO TEXTURE) IN WHICH THE SMALL 

SPHERE IS ON THE LEFT SIDE OF THE SCREEN AND COLLIDES 

INTO THE TARGET, WHILE THE LARGE SPHERE STOPS MOVING 

BEFORE COLLISION.  
 

 Next, I will show you a scene in which the large sphere will collide with the stationary 

target, while the small sphere will stop moving before colliding with the stationary target. 

Ready?  

 

2. SHOW THEM ONE SCENE (NO TEXTURE) IN WHICH THE SMALL 

SPHERE IS ON THE LEFT SIDE OF THE SCREEN (same as above). BUT 

IN THIS SCENE, THE LARGE SPHERE WILL COLLIDE WITH THE 

STATIOANRY TARGET WHILE THE SMALL SPHERE STOPS 

MOVING BEFORE COLLISION.  
 

 In short, in some scenes, only the small sphere will collide with the stationary target. 

In other scenes, only the large sphere will collide with the stationary target. Also, note 

that in some trials, the small sphere will be on the left side of the screen and the large 

sphere will be on the right side of the screen. In other trials the small sphere will be on 

the right side of the screen, and the large sphere will be on the left side of the screen.  

 Also, in the real trials, the moment at which the spheres collide with the stationary 

target or stop moving before colliding with the stationary target will not be shown. 

Instead, the scene will disappear before these events occur. Your task is to judge which 

sphere will collide with the stationary target. Press the left mouse button if the sphere on 

the left side of the screen will collide with the stationary target. Press the right mouse 

button if the sphere on the right side of the screen will collide with the stationary target. 

Please provide your response only after the scene disappears. After you provide your 

response, I will press the space bar to proceed to the next trial.   

Any questions? We will begin with some practice trials.  

 

AFTER PRACTICE 
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 We will now begin the real trials. There will be several blocks of trials, and after each 

block, you will have a rest period. However, if you need to rest period before each block 

ends, please let me know. Ready? 

START EXPERIMENTAL TRIALS  

 

AFTER FIRST BLOCK (NO TEXTURE SCENES)  

 

 In the next set of scenes, the spheres in the scenes will have texture on them. Your task 

is still the same. That is to judge which of the two spheres will collide with the stationary 

target. Press the left mouse button if the sphere on the left side of the screen will collide 

with the stationary target. Press the right mouse button if the sphere on the right side of 

the screen will collide with the stationary target.   

 In some scenes, only the small sphere will collide with the stationary target. In other 

scenes, only the large sphere will collide with the stationary target. Also, note that in 

some trials, the small sphere will be on the left side of the screen and the large sphere will 

be on the right side of the screen. In other trials the small sphere will be on the right side 

of the screen, and the large sphere will be on the left side of the screen.  

 Also, the moment at which the spheres collide with the stationary target or stop 

moving before colliding with the stationary target will not be shown. Instead, the scene 

will disappear before these events occur. Your task is to judge which sphere will collide 

with the stationary target. Press the left mouse button if the sphere on the left side of the 

screen will collide with the stationary target. Press the right mouse button if the sphere on 

the right side of the screen will collide with the stationary target. Please provide your 

response only after the scene disappears. After you provide your response, I will press the 

space bar to proceed to the next trial. Any questions? We will start with the trials now. 

Ready? 

 

START EXPERIMENTAL TRIALS 
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APPENDIX E 

INSRUCTIONS FOR EXPERIMENT 2 

 You will be shown computer-generated displays on the screen. The displays will 

simulate the decelerating motion of a small sphere and a large sphere moving upward 

toward a stationary target. Hereafter, when I refer to the motion of the spheres, I'm really 

referring to the computer's simulation of spheres’ motion. Your task is to judge which of 

the two spheres will collide with the stationary target. Press the left mouse button if the 

sphere on the left side of the screen will collide with the stationary target. Press the right 

mouse button if the sphere on the right side of the screen will collide with the stationary 

target.  

 

SHOW PARTICIPANTS THE ACTUAL MARBLE, BEACH BALL AND 

BOWLING BALL 
 

 This is a beach ball, a marble and a bowling ball (point out to the spheres). The real 

trials will simulate the motion of these spheres. Next, I will show you four examples of 

the scenes. First, I will show you scenes in which a marble and beach ball are present. In 

the first scene, the marble will collide with the stationary target, while the beach ball will 

stop moving before colliding with the stationary target. Ready? 

 

3. SHOW THEM ONE SCENE IN WHICH THE MARLE IS ON THE LEFT 

SIDE OF THE SCREEN AND COLLIDES INTO THE TARGET, WHILE 

THE BEACH BALL STOPS MOVING BEFORE COLLISION.  
 

 Next, I will show you a scene in which the beach ball will collide with the stationary 

target, while the marble will stop moving before colliding with the stationary target. 

Ready?  

 

4. SHOW THEM ONE SCENE IN WHICH THE MARBLE IS ON THE LEFT 

SIDE OF THE SCREEN (same as above). BUT IN THIS SCENE, THE 

BEACH BALL WILL COLLIDE WITH THE STATIONARY TARGET 

WHILE THE MARBLE STOPS MOVING BEFORE COLLISION.  
 

 Now, I will show you scenes in which a marble and a bowling ball are present. In the 

next scene, the marble will collide with the stationary target, while the bowling ball will 

stop moving before colliding with the stationary target. Ready? 

 

5. SHOW THEM ONE SCENE IN WHICH THE MARLE IS ON THE LEFT 

SIDE OF THE SCREEN AND COLLIDES INTO THE TARGET, WHILE 

THE BOWLING BALL STOPS MOVING BEFORE COLLISION.  
 

 Next, I will show you a scene in which the bowling ball will collide with the stationary 

target, while the marble will stop moving before colliding with the stationary target. 

Ready?   
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6. SHOW THEM ONE SCENE IN WHICH THE MARBLE IS ON THE LEFT 

SIDE OF THE SCREEN (same as above). BUT IN THIS SCENE, THE 

BOWLING BALL WILL COLLIDE WITH THE STATIONARY TARGET 

WHILE THE MARBLE STOPS MOVING BEFORE COLLISION. 
 

 In short, in some scenes only the small sphere which is a marble will collide with the 

stationary target. In other scenes only the large sphere, which could be a beach ball or a 

bowling ball, will collide with the stationary target. In addition, in some trials, the small 

sphere which is a marble will be on the left side of the screen and the large sphere, which 

could be either a beach ball or a bowling ball, will be on the right side of the screen. In 

other trials the small sphere which is a marble will be on the right side of the screen, and 

the large sphere which could be a beach ball or the bowling ball will be on the left side of 

the screen.  

 Also, in the real trials, the moment at which the spheres collide with the stationary 

target or stops moving before colliding with the stationary target will not be shown. 

Instead, the scene will disappear before these events occur. Your task is to judge which 

sphere will collide with the stationary target. Press the left mouse button if the sphere on 

the left side of the screen will collide with the stationary target. Press the right mouse 

button if the sphere on the right side of the screen will collide with the stationary target. 

Please provide your response only after the scene disappears. After you provide your 

response, I will press the space bar to proceed to the next trial.   

Any questions? We will begin with some practice trials. Ready? 

 

AFTER PRACTICE 

 We will now begin the real trials. There will be several blocks of trials, and after each 

block, you will have a rest period. However, if you need to rest period before each block 

ends, please let me know. Ready? 
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APPENDIX F 

INSRUCTIONS FOR EXPERIMENT 3 

 You will be shown computer-generated displays on the screen. The displays will 

simulate the decelerating motion of a small sphere and a large sphere moving upward 

toward a stationary target. Hereafter, when I refer to the motion of the spheres, I'm really 

referring to the computer's simulation of spheres’ motion. Your task is to judge whether 

the sphere on the left (right for one half of the participants) side of the screen will 

collide with the stationary target or whether it will stop moving before it collides with the 

stationary target. Press the left mouse button if the sphere will collide with the stationary 

target. Press the right mouse button if the sphere will stop moving before it collides with 

the stationary target.   

 Next, I will show you four examples of the scenes. First, I will show you a scene in 

which a small sphere will be present on the left (right for one half of the participants) 

side of the screen and will collide with the stationary target. Ready?  

 

1. SHOW THEM ONE SCENE (NO TEXTURE) IN WHICH THE SMALL 

SPHERE IS ON THE LEFT SIDE (RIGHT SIDE FOR ONE HALF OF 

THE PARTICIPANTS) OF THE SCREEN AND COLLIDES WITH THE 

TARGET.  
 

 Next, I will show you a scene in which a small sphere will be present on the left (right 

for one half of the participants) side of the screen and will stop moving before it 

collides with the stationary target. Ready?  

 

2. SHOW THEM ONE SCENE (NO TEXTURE) IN WHICH THE SMALL 

SPHERE IS ON THE LEFT SIDE (RIGHT SIDE FOR ONE HALF OF 

THE PARTICIPANTS) OF THE SCREEN AND DOES NOT COLLIDE 

WITH THE TARGET.  
  

 Next, I will show you a scene in which a large sphere will be present on the left (right 

for one half of the participants) side of the screen and will collide with the stationary 

target. Ready?  

 

3. SHOW THEM ONE SCENE (NO TEXTURE) IN WHICH THE LARGE 

SPHERE IS ON THE LEFT SIDE (RIGHT SIDE FOR ONE HALF OF 

THE PARTICIPANTS) OF THE SCREEN AND COLLIDES WITH THE 

TARGET.  
 

 Next, I will show you a scene in which a large sphere will be present on the left (right 

for one half of the participants) side of the screen and will stop moving before it 

collides with the stationary target. Ready?  

 

4. SHOW THEM ONE SCENE (NO TEXTURE) IN WHICH THE LARGE 

SPHERE IS ON THE LEFT SIDE (RIGHT SIDE FOR ONE HALF OF 

THE PARTICIPANTS) OF THE SCREEN AND DOES NOT COLLIDE 

WITH THE TARGET. 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

137 

 

 In short, in some scenes, a small sphere will be present on the left (right for one 

half of the participants) side of the screen. In other scenes, a large sphere will be 

present on the left (right for one half of the participants) side of the screen. In 

addition, in some scenes, the sphere present on the left (right for one half of the 

participants) side of the screen will collide with the stationary target. In other scenes, 

the sphere present on the left (right for one half of the participants) side of the 

screen will stop moving before it collides with the stationary target.  

 Also, in the real trials, the moment at which the sphere collides with the stationary 

target or stops moving before it collides with the stationary target will not be shown. 

Instead, the scene will disappear before these events occur. Your task is to judge if the 

sphere on the left (right for one half of the participants) side of the screen will collide 

with the stationary target or whether it will stop moving before it collides with the 

stationary target. Press the left mouse button if the sphere will collide with the stationary 

target. Press the right mouse button if the sphere will stop moving before it collides with 

the stationary target. Please provide your response only after the scene disappears. After 

you provide your response, I will press the space bar to proceed to the next trial.   

Any questions? We will begin with some practice trials.  

 AFTER PRACTICE 

 We will now begin the real trials. There will be several blocks of trials, and after each 

block, you will have a rest period. However, if you need to rest period before each block 

ends, please let me know. Ready? 

 

AFTER FIRST BLOCK (NO TEXTURE SCENES)  

 

 In the next set of scenes, the sphere on the left (right for one half of the participants) 

side of the screen will have texture on it. Your task is still the same. That is to judge if the 

sphere on the left (right for one half of the participants) side of the screen will collide 

with the stationary target or stop moving before it collides with the stationary target. 

Press the left mouse button if the sphere will collide with the stationary target. Press the 

right mouse button if the sphere will stop moving before it collides with the stationary 

target.    

 In some scenes, a small sphere will be present on the left (right for one half of the 

participants) side of the screen. In other scenes, a large sphere will be present on the left 

(right for one half of the participants) side of the screen. In addition, in some scenes, 

the sphere present on the left (right for one half of the participants) side of the screen 

will collide with the stationary target. In other scenes, the sphere present on the left (right 

for one half of the participants) side of the screen will stop moving before it collides 

with the stationary target.  

 Also, in the real trials, the moment at which the sphere collides with the stationary 

target or stops moving before it collides with the stationary target will not be shown. 

Instead, the scene will disappear before these events occur. Your task is to judge if the 

sphere on the left (right for one half of the participants) side of the screen will collide 

with the stationary target or stop moving before it collides with the stationary target. 

Press the left mouse button if the sphere will collide with the stationary target. Press the 

right mouse button if the sphere will stop moving before it collides with the stationary 
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target. Please provide your response only after the scene disappears. After you provide 

your response, I will press the space bar to proceed to the next trial. Any questions? We 

will start the trials now. Ready? 

 

START SCENES WITH TEXTURE 

 

AFTER FIRST RUN 

 

 Now, you will do the same task, but judge whether the sphere on the right side (left 

side for one half of the participants) of the screen will collide with the stationary target 

or whether it will stop moving before it collides with the stationary target. Press the left 

mouse button if the sphere on the right (left side for one half of the participants) side of 

the screen will collide with the stationary target. Press the right mouse button if the 

sphere on the right (left side for one half of the participants) side of the screen will stop 

moving before it collides with the stationary target. Please provide your response only 

after the scene disappears. Also, the spheres in the next set of scenes will have no texture 

on them. Any questions?  Ready? 

START SECOND RUN WITH NO TEXTURE SCENES 

 

AFTER NO TEXTURE SCENES 

 

 In the next set of scenes, the sphere on the right (left for one half of the participants) 

side of the screen will have texture on it. Your task is still the same. That is to judge if the 

sphere on the right (left for one half of the participants) side of the screen will collide 

with the stationary target or stop moving before it collides with the stationary target. 

Press the left mouse button if the sphere will collide with the stationary target. Press the 

right mouse button if the sphere will stop moving before it collides with the stationary 

target. Please provide your response only after the scene disappears. Any questions?  

Ready?  
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APPENDIX G 

QUESTIONNAIRE FOR Experiment 1 and Experiment 3 

 

Exp#:___  Subj #____  Date____   Acuity____Gender____Order PLBa___ Order 

PLBb___ Age_____ CB_____ 

 

 

1. Did the objects appear to be two-dimensional (2-D) figures, or three-dimensional (3-D) 

objects?  

 

                2D               3D 

 

2. Did you notice that the objects decelerated while moving?  

 

                YES               NO 

 

3. List any specific characteristics of the scene that you attended to most frequently. 

 

 

4.  Overall, how confident are you about your judgments? 

 

No                                                            Extremely 

Confidence ____________________________________ Confident 

1  2  3  4  5 

      

             

5. Did you experience any discomfort while viewing the scenes (e.g., headache, 

dizziness, nausea, etc.)? 

 

                YES               NO 

 

  (If "YES" please describe symptoms on the back of this page) 

 

6. Please note other comments here or on the back of this page. 
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APPENDIX H 

QUESTIONNAIRE FOR EXPERIMENT 2 

 

Exp#:___  Subj #____  Date____   Acuity____Gender____Order A___ Order B___ 

Age_____ CB_____ 

 

 

1. Did the objects appear to be two-dimensional (2-D) figures, or three-dimensional (3-D) 

objects?  

 

                2D               3D 

 

2. Did you notice that the objects decelerated while moving?  

 

                YES               NO 

 

3. List any specific characteristics of the scene that you attended to most frequently. 

 

 

 

4. Please describe how you made judgments of which of the two spheres will collide with 

the stationary target.  

 

 

 

5. Did the simulated familiar objects look real? 

 

 YES    NO 

 

6. Which of the two spheres is physically HEAVIER (circle your answer)? 

 

BEACH BALL  BOWLING BALL   NOT SURE 

 

 

7. Which of the two spheres is physically HEAVIER (circle your answer)? 

 

MARBLE   BOWLING BALL  NOT SURE 

 

 

8. Which of the two spheres is physically HEAVIER (circle your answer)? 

 

MARBLE   BEACH BALL   NOT SURE  
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10. Did you use the weight of the sphere as a cue to make your judgments of which of the 

spheres would collide with the stationary target? 

 

  YES               NO 

 

11.  Overall, how confident are you that your judgments of the scene in which the sphere 

decelerated were accurate? 

 

No                                                            Extremely 

Confidence ____________________________________ Confident 

1  2  3  4  5 

      

             

12. Did you experience any discomfort while viewing the scenes (e.g., headache, 

dizziness, nausea, etc.)? 

 

                YES               NO 

 

  (If "YES" please describe symptoms on the back of this page) 

 

13.  Please note other comments here or on the back of this page. 
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APPENDIX I 

INSRUCTIONS FOR PILOT EXPERIMENT 1 

 

 You will be shown computer-generated displays on the screen. The displays will 

simulate the motion of a sphere in the upward direction. Hereafter, when I refer to the 

motion of the sphere, I'm really referring to the computer's simulation of sphere’s motion.  

 

 Each trial will consist of two scenes shown one after the other. Specifically, you will 

see a scene in which a sphere moves upward, and then the scene will disappear. Then, 

after a very brief interval, a second scene will appear in which a sphere moves upward.  

 

 Your task is to report the scene in which the sphere decelerated as it moved upward. In 

other words, your task is to report the scene in which the sphere slowed down as it moved 

upward. After the end of each trial, which is a sequence of two scenes, please say out 

aloud “First” if you judged that the sphere decelerated in the first scene, and say 

“Second” if you judged that the sphere decelerated in the second scene. After you provide 

your response, I will press the space bar to proceed to the next trial.  

 

Any questions? 

 

We will begin with eight practice trials.  

 

AFTER PRACTICE 

 

 We will now begin the real trials. There will be three blocks of trials, and after each 

block, you will have a rest period. However, if you need to rest period before each block 

ends, please let me know. Ready?  
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APPENDIX J 

INSRUCTIONS FOR PILOT EXPERIMENT 2 

 

 You will be shown computer-generated displays on the screen. The displays will 

simulate the motion of two spheres moving in the upward direction. Hereafter, when I 

refer to the motion of the spheres, I'm really referring to the computer's simulation of 

spheres’ motion.  

 

 After a period of time, the scene will disappear. Your task is to judge which of the two 

spheres in the scene was moving faster. Press the left mouse button if the sphere on the 

left side of the screen was moving faster, and press the right mouse button if the sphere 

on the right side of the screen was moving faster. 

 

After you provide your response, I will press the space bar to proceed to the next trial.  

 

Any questions? 

 

We will begin with some practice trials.  

 

AFTER PRACTICE 

 

 We will now begin the real trials. There will be three blocks of trials, and after each 

block, you will have a rest period. However, if you need to rest period before each block 

ends, please let me know. Ready? 

 



Texas Tech University, Anand Tharanathan, December 2008  

 

 

144 

APPENDIX K 

QUESTIONNAIRE FOR PILOT EXPERIMENT 1 

 

Exp#:___  Subj #____  Date____   Acuity____Gender____Order Exp1a___ Order 

Exp1b___ Age_____ CB_____ 

 

 

1. Did the objects appear to be two-dimensional (2-D) figures, or three-dimensional (3-D) 

objects?  

 

                2D               3D 

 

2. Did you notice that the objects decelerated while moving? If NO, go to Question# 6.  

 

                YES               NO 

 

3. Was it easier to detect a deceleration of the moving object when texture was present or 

absent?  

 

                PRESENT              ABSENT 

 

4.  Was it easier to detect a deceleration of the moving object when the object was small 

or large?  

 

                SMALL          LARGE 

 

5. List any strategies that you used to make your judgment about the scene in which the 

sphere decelerated.  

 

 

 

6. List any specific characteristics of the scene that you attended to most frequently. 

 

 

7.  Overall, how confident are you that your judgments of the scene in which the sphere 

decelerated were accurate? 

 

No                                                            Extremely 

Confidence ____________________________________ Confident 

1  2  3  4  5 

      

             

8. Did you experience any discomfort while viewing the scenes (e.g., headache, 

dizziness, nausea, etc.)? 

 

                YES               NO 
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  (If "YES" please describe symptoms on the back of this page) 

 

 

9.  Do you know the specific objective of this experiment? If yes, please explain.  

 

 

 

10.  Please note other comments here or on the back of this page.  
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APPENDIX L 

QUESTIONNAIRE FOR PILOT EXPERIMENT 2 

 

Exp#:___  Subj #____  Date____   Acuity____Gender____Order PLBa___ Order 

PLBb___ Age_____ CB_____ 

 

 

1. Did the objects appear to be two-dimensional (2-D) figures, or three-dimensional (3-D) 

objects?  

 

                2D               3D 

 

2. Did you notice that the objects decelerated while moving?  

 

                YES               NO 

 

3. List any specific characteristics of the scene that you attended to most frequently. 

 

 

4.  Overall, how confident are you about your judgments? 

 

No                                                            Extremely 

Confidence ____________________________________ Confident 

1  2  3  4  5 

      

             

5. Did you experience any discomfort while viewing the scenes (e.g., headache, 

dizziness, nausea, etc.)? 

 

                YES               NO 

 

  (If "YES" please describe symptoms on the back of this page) 

 

7. Please note other comments here or on the back of this page. 


