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ABSTRACT 

Participants made judgments about time-to-contact (TTC) with a prediction-

motion (PM) task while performing Cooper and Shepard's (1973) cued and non-cued 

mental rotation task. Using a dual task paradigm, participants mentally rotated an 

alphanumeric character either before or during the time the object disappeared in the PM 

task. I assumed that mental rotation occurred either before or during the time imagery 

was used in PM tasks. Although there were no effects of interference on the PM task, 

response times to mentally rotate the character increased as a function of character 

orientation (peaking at 180 degrees) in the non-cued mental rotation condition but not in 

the cued condition. This finding indirectly supports the notion of a bottleneck process 

whereby participants are able to store the characteristics of the rotated character and 

postpone mental rotation until completion of the PM task; thus increasing response time 

to identify the rotated character. 

Moreover, underestimation errors observed in prior studies of PM tasks were not 

present at large TTC values (6 s) when either the distance or integrated distance and 

velocity of the object was updated following the disappearance of the object in a PM task. 

Results suggest that PM tasks involve imagery processes rather than or in addition to 

optical TTC information and that observer's may internalize the object's visible motion 

using a memory representation of the object's motion after it disappears. 

In summary, the results suggest that imagery processes are involved in judgments 

of TTC in PM tasks. Further, imagery processes appear to either decay or become 
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inefficient at large values of actual TTC. Distance and integrated distance and velocity 

cues are potentially useful in updating observer's internal representations in such 

situations. Therefore, it is important to determine the relative contributions of optical 

TTC and cognitive operations that underlie TTC judgments in PM tasks. This research 

has applications to occupations that demand the ability to make spatial judgments 

involving moving objects. For example, the recent docking collision of the Russian 

spaceship Progress with the Spektr module of Mir was potentially a result of human error 

in accurately judging virtual contact. In this manual docking maneuver, the commander 

must rely on multiple sources of information, some of which may overburden limited 

processing resources. Automation of certain aspects of the manual docking procedure 

could serve to reduce cognitive processing load and potentially reduce the probability of 

human error. 
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CHAPTER I 

INTRODUCTION 

Visual Information about TTC 

The ability to estimate the time remaining before an object reaches a person or 

particular place appears to be important in a variety of real-world tasks such as driving a 

car or crossing the street. Time-to-contact (TTC) has typically been defined as the time 

remaining before an object contacts the self or another object (Lee, 1974). Information in 

the optic array specifies when an object will reach or pass a designated target or hit the 

observation point (Bootsma & Oudejans, 1993; Lee, 1974, 1976; Tresihan, 1990, 1991). 

For example, Lee (1974) demonstrated that information about when an approaching 

object will reach the observation point is specified optically by tau. Tresilian (1991) 

described a similar tau-like variable for TTC in transverse motion scenes (i.e., lateral 

motion; see Figure 1). 

Empirical support for the notion that observer's can use or are sensitive to optical 

information about TTC has been suggested in various tasks (Schiff & Detwiler, 1979; 

Schiff & Oldak, 1990; Schiff, Oldak, & Shah, 1993; Savelsbergh, Whifing, & Bootsma 

1991; Bootsma & Oudejans, 1993). For example, Schiff and Detwiler (1979) reported 

that, in a prediction motion (PM) task, estimates of TTC increased as actual TTC values 

increased; this suggests that observer's are sensifive to optical TTC information. In a PM 

task, an object moves toward a stationary target and disappears at some point in its 
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Figure 1. Optical information for lateral and approach motion trajectories. 

In Panel A, the object moving toward point p depicts the optical angle a subtended at the 
point of observation. In Panel B, the object moving toward the point of observation 
depicts the opfical angle 0 at the current distance Z (Bootsma & Oudeians, 1993). 

Panel A: TTC (from last visible frame) = (a) / (a*), where 
(a) = angle between object and contact point 
(a*) = temporal derivative of (a) 

Panel B: TTC (from last visible frame) = (0) / (0*), where 
(0) = angle between two points 
(0*) = temporal derivafive of (0) 
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mofion trajectory. Participants respond at the fime they think the object would contact the 

target. Although Schiff and Detwiler (1979) found a linear relationship between 

estimated and actual TTC, estimates of TTC were increasingly underestimated as actual 

TTC increased from 2 s to 10 s. Underestimation errors have been replicated in other 

studies using large TTC values (e.g., McLeod & Ross, 1983; Schiff & Oldak, 1990; 

Schiff, Oldak, & Shah, 1993; Caird & Hancock, 1994) and questions the efficiency with 

which optical TTC is used and whether it is the primary source of information used by 

observers to estimate TTC. Indeed, recent studies suggest that cognitive operations may 

contribute to estimates of TTC in addition to optical TTC information (Tresilian, 1995; 

DeLucia & Liddell, in press; DeLucia & Novak, in press). 

Tresilian (1995) proposed that cognitive processes are used to estimate TTC in 

prediction-motion (PM) tasks. In PM tasks, the time between the object's disappearance 

and its virtual contact is the object's actual TTC (also the blackout duration). Cognitive 

processes are implicated in the PM task because the response occurs in the absence of 

visual information (Schiff & Oldak, 1990; Tresihan, 1995; Jagacinski, Johnson, & Miller, 

1983). Tresilian (1995) suggested that following the initial extraction of perceptual 

information from an object's visible motion in PM tasks, cognitive processes potentially 

influence TTC judgments during the period when the object is no longer in view. 

Cognitive processes that are potentially involved in such judgments include, an internal 

cognitive model of the object's motion, a cognitive clock process, imagery, and memory 

(Jagacinski et al., 1983; Tresilian, 1995; DeLucia & LiddeU, in press; Rosenbaum, 1975; 

McLeod & Ross, 1983). 
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Jagacinski et al. (1983) suggested that a cognitive representation or internal model 

is developed when extrapolating the motion of an object that disappears from view (e.g., 

a PM task). DeLucia and Liddell (in press) also considered the potential role of cognitive 

operations in PM tasks. They suggested that cognitive motion extrapolation (CME), 

which involves an internal cognitive representation of the object" s visible motion, is used 

following the disappearance of the object to extrapolate the motion of the object. 

Specifically, they proposed that participants intemalize an object"s visible motion in some 

manner, for example, with a cognitive model or memory representation which is used to 

extrapolate the object's motion after it disappears and to update the corresponding 

imagery of the motion. 

Rationale for the Dissertation 

The purpose of this research was to investigate the potential role of cognitive 

processes and the limits of such cognitive processes in judgments of TTC in PM tasks. 

Specifically, I assume that a cognitive model based on information provided in the optic 

array is used to extrapolate the object's motion after it disappears and to update the 

corresponding imagery of the motion (DeLucia & Liddell, in press). Cognitive 

representations of visual information (e.g., distance) within such a model may decay after 

an object is no longer visible and result in a decrement in performance. The observed 

increase in response error with larger TTC values is consistent with this idea and 

indirecfiy supports the notion that cognitive processes such as imagery (DeLucia & 

Liddell, in press) or memory (McLeod & Ross, 1983; Assaiante et al., 1989; Elliott & 
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Madalena, 1987) potentially involved in PM tasks are hmited or not used efficiently. The 

theoretical implication of such study is that cognitive processes potentially must be 

considered in models of perceived collision (Tresihan, 1995; DeLucia & Liddell, 1994: 

DeLucia & Blume, 1994; DeLucia & Liddeh, in press; DeLucia & Novak, 1997). 

Hvpotheses 

The proposed research is designed to test the following hypotheses: 

1. Imagery processes are used to extrapolate the motion of an object following its 

disappearance in a PM task. 

2. Cognitive representations of distance and integrated distance and velocity used in PM 

tasks decay fohowing the disappearance of the object. 

In my dissertation, I attempted to better understand potential cognitive processes 

presumably used in PM tasks by extending the selective interference paradigm used by 

DeLucia and Liddell (in press). Specifically, I used interference tasks that presumably 

require imagery (i.e., mental rotation; see Cooper and Shepard, 1973). Assuming that 

cognifive processing is a limited system (Broadbent, 1971), it should be possible to 

determine whether imagery processes required in an interference task demand the same 

limited imagery resources required in PM tasks. This is done by comparing performance 

on a primary task alone (e.g., PM task) with performance on a primary task and an 

interference task conducted simuhaneously (Kerr, 1973). If the interference task demands 

imagery processes that are also used in judging absolute TTC in a PM task, then 

performance accuracy is expected to deteriorate (Wickens, 1992). 
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Such a selective interference paradigm was used in Experiment 1 to determine 

whether cognifive processes such as imagery are used to esfimate TTC using a PM task. 

A lateral mofion PM task was used in which the object moved rightward across the 

display toward a "finish line." The interference tasks were presented following the 

disappearance of the object in the PM task. Various interference tasks were used in 

Experiment 1 that presumably required either visual or non-visual processes. It follows 

that performance on the PM task will deteriorate only in condifions where the PM task 

and the interference task demand common resources. Specifically in Experiment 1, one 

visual interference task required eye movements (VE) to identify whether a horizontal 

line displaced to the left edge of the display was solid or broken. A second visual 

interference task did not require eye movements (VNE) to identify whether a horizontal 

line was continuous or broken because the line trans versed the entire virtual display. 

Finally, a non-visual interference task (NV) was used in which participants judged the 

relative pitch of two tones. Certain assumptions relating to the processes involved in the 

different interference tasks and relating to the processes involved in the PM task were 

made when selecting the interference tasks and are discussed in the preface to Experiment 

1. 

In Experiment 2, participants performed a mental rotation interference task similar 

to that used by Cooper and Shepard (1973). The purpose of using this task was to 

determine whether mental rotation, which presumably requires imagery, interferes with 

potential imagery processes used when judging absolute TTC in a PM task. In Cooper 

and Shepard's (1973) task, alphanumeric characters were presented at different 
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orientations in the picture plane. Participants discriminated the normal versions of the 

characters from their backward or mirror-image versions. Cooper and Shepard (1973) 

reported an increase in RT as mental rotation of the stimulus increased from 0 to 180 

degrees. This finding might be interpreted as support for the idea that participants 

imagine the rotafion of the sfimulus through its trajectory (Shepard & Metzler, 1971; 

Cooper and Shepard, 1973; Finke & Shepard; 1986; Finke, 1989). Thus, I propose that 

the interfering mental rotation task will compete with imagery processes that are also 

presumably used to judge TTC in a PM task; thus judgment accuracy should decrease in 

the PM task (i.e., increase RTs). I further predicted that interference effects would be 

greatest at 180 degrees based on findings that RTs peaked at this orientation (Cooper & 

Shepard, 1973; Shepard & Metzler, 1971). 

Cooper and Shepard (1973) also reported that when participants were provided 

with an identity and orientation cue, they can mentally rotate an object prior to the 

presentafion of the test sfimulus (i.e., preparatory mental rotafion). In other words, when 

subjects already knew the identity and orientation of the forthcoming stimulus, RTs were 

virtually constant for all orientations; there was no effect of orientation on RT. 

Therefore, I also included a cued rotation condition in which information about identity 

and orientation provided participants with advanced information concerning the 

orientation of the subsequent stimulus prior to the mental rotation process. 

In the present study, a condition in which participants presumably performed 

mental rotation prior (i.e., cued rotafion condifion) to the blackout duration of a PM task 

was compared to a condifion in which participants performed mental rotafion during (i.e.. 
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non-cued rotation condifion) the blackout duration of a PM task. I predicted that when 

mental rotation is performed during the blackout duration in PM tasks the accuracy of 

TTC estimates would decrease. Further, if mental rotafion occurs before judgments of 

TTC then performance accuracy should not be affected. A control experiment was 

conducted prior to Experiment 2 in an attempt to replicate the cued and non-cued 

conditions in Cooper and Shepard's (1973) mental rotation experiment. 

Moreover, it is proposed here that if a mental representation of the initially 

extracted visual information about the object's motion trajectory (i.e., optical TTC, 

distance, velocity) decays following the disappearance of the object (see Tresilian. 1995; 

McLeod & Ross, 1983) then updating the decayed information should improve judgment 

accuracy. Thus in Experiment 3, participants were "primed" or "updated" with veridical 

information about the object's motion to see whether the accuracy of TTC estimates 

improved. To evaluate the type of information that is presumably extracted from the 

visible motion, participants were updated with either distance information alone or 

integrated distance and velocity information. Based on the findings of Assaiante et al. 

(1989), I expected that updating either distance or velocity information would improve 

performance in the PM task. Additionally, updates of velocity were predicted to improve 

performance more than updates of distance alone; this would be consistent with previous 

research that suggests an inability to integrate distance and velocity information results in 

cognitive capacity limits that contribute to errors in relative TTC judgments (see Law et 
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al., 1993). I predicted that if participants were updated with both distance and velocity 

information then such cognitive processing limits would be alleviated and accuracy of 

TTC estimates would improve. 
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CHAPTER II 

EXPERIMENT I 

Previous research has shown that the accuracy of TTC judgments in PM tasks 

decreases as actual TTC increases (Schiff & Detwiler, 1979; Schiff & Oldak, 1990). 

Although participants potentially use optical TTC information to judge TTC, this pattern 

of errors suggests that optical information is not used efficiently as TTC (and blackout 

duration) increases. Tresilian (1995) proposed that under conditions where objects are 

not continuously in view (e.g., PM task) cognitive factors may contribute to participants' 

judgments. The purpose of Experiment 1 was to determine the potential role of imagery 

processes in PM tasks. In an interference-task paradigm (see DeLucia & Liddell, in 

press) using a lateral motion trajectory, participants attempted to perform a PM task while 

simultaneously performing an interference task (e.g., mental rotation). In Experiment 1, 

there was a visual interference task requiring eye movements (VE), a visual interference 

task not requiring eye movements (NVE), and a non-visual interference task (NV) that 

was displayed during the blackout duration in a PM task. 

Roediger, Knight, and Kantowitz (1977) suggested that there are three 

assumptions that must be validated to determine potential effects in an interference-task 

paradigm. It was presumed that these assumptions were met in my dissertation research. 

First, the PM task must be shown to demand cognitive capacity. Although it is likely that 

judgments of TTC in a PM task involve cognitive processes (Tresilian, 1995; DeLucia & 

Liddell, in press), the nature of the involved processes are unknown. I assumed that 
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participants cognitively extrapolated the motion of an object following its disappearance 

in a PM task using imagery processes (DeLucia & Liddell, in press) and that PM tasks 

require cognitive capacity. Second, the interference task must also be shown to demand 

cognitive capacity. Based on Rosenbaum's (1975) research, I assumed that the VE 

condition required eye movements that reflect imagery processes used to track the 

imagined object following its disappearance. It should be noted that Peterken, Brown and 

Bowman (1991) reported results that contradicted the Rosenbaum's eye movement 

hypothesis. They found that position prediction of a moving object was unaffected by 

instructions that either encouraged or prevented eye tracking. Peterken et al. (1991) 

suggested that eye movements were not required to successfully predict the position of a 

moving object; however the efficacy of instructional variables is questionable because it 

is difficult to determine whether strategy changes are involved or whether the instructions 

are used at all. 

According to Roediger et al.'s (1977) final assumption, for interference effects to 

occur processes involved in the secondary task must draw on or disrupt a limited source 

of cognifive capacity that is used to perform the primary task. As applied to the present 

experiment, I assumed that leftward eye movements required in the VE task would 

disrupt visual tracking and underlying imagery processes used to cognitively extrapolate 

the motion of the object following its disappearance in the PM task (see Rosenbaum, 

1975; DeLucia & Liddell, in press). 

In the VNE and NV conditions, I assumed that eye-movements were not required 

to perform the tasks. For example, in the VNE condhion participants did not have to shift 
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the eyes because the visual discrimination stimulus transversed the entire visual display. 

In the NV condition, participants judged the frequency of a tone to be either high or low. 

Therefore, I predicted no interference effects when these tasks were performed during the 

blackout duration of the PM task. 

In general, I predicted that estimates of TTC would decrement (e.g., increase) in 

all interference conditions compared to the control condition; however, interference 

effects were expected to be greater in the VE condition than in the VNE and NV 

conditions. For example, I predicted that eye movements in the VE condition used to 

perform the second task would disrupt visual tracking of the object and underlying 

imagery processes used to cognitively extrapolate the motion of the object following its 

disappearance. It follows that the magnitude of interference would be greater in this 

condition than in interference conditions that do not disrupt imagery processes 

presumably used in the PM task. It should be noted that predictions specifying an 

increase in estimated TTC could be interpreted as an improvement in accuracy when TTC 

is otherwise underestimated (e.g., actual TTC of 6 s). I assumed that when cognitive 

processing becomes overloaded, a slowing of cognitive processing would occur. 

Therefore, an increase in estimated TTC in conditions that are typically underestimated 

will be considered a decrement in performance in the present study. 

12 
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Method 

Participants. Sixteen students at Texas Tech University received course credit for 

participation in the experiment. All participants had normal or corrected visual acuity 

and were naive as to the experimental hypotheses. 

Displavs. The displays were designed to approximate those used in previous 

studies (Schiff & Oldak, 1979; DeLucia & Liddell, 1994). Computer simulations were 

created with a 486/50 MHZ computer and presented with 640 x 350 resolution at a speed 

of 23.41 frames/s on a 35.56 cm (14-in.) monitor. Displays consisted of perspective 

black-on-white drawings of an object that moved laterally across the display. 

Control Displavs. In a control condition, participants judged TTC in a PM task. 

A .115 deg X .779 deg rectangle moved rightward toward a 6.136 deg tall "finish" pole. 

The object and finish pole were located on a 22.620 deg wide horizontal "road" that was 

displaced 3.093 deg below the virtual center of the display. A schematic representation of 

the control scenes is depicted in Figure 2. 

Lateral motion was selected based on DeLucia and Liddell's (in press) finding that 

the pattern of errors obtained with IP and PM tasks were similar in some conditions 

(implicating CME), especially with lateral motion. Therefore, it was important to use a 

lateral motion trajectory if eye-movements in the VE task were predicted to disrupt CME 

and related imagery processes in the PM task. 

The object remained stationary for 1 s before it moved at a constant velocity for 2 

s and then disappeared. On the last visible frame, the actual TTC of the object with the 

finish line was either 3.2 s or 6 s. The TTC was defined as the fime between the object's 

13 
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Figure 2. Example schemafic of the control displays used in Experiment 1. 

In panel A, the object was stationary for 1 s then moved for 2s before disappearing. 
On the last visible frame, the actual TTC of the object with the finish line was either 
3.2 s or 6 s. Panel B shows the display after the disappearance of the object 

14 

uaa^attm •m 3 



.%?^ 

disappearance and the time at which the object would have contacted the finish pole. It 

was important that the scenes maximized the probability that participants relied on 

cognitive processes; thus relafively long values of TTC (e.g., blackout durafion) were 

used (see Tresilian, 1995). 

Following the methods used in prior TTC studies, actual TTC was crossed with 

the distance of the object from the pole when it disappeared. The object disappeared at 

either a near or far distance from the finish line and will be referred to as the object's 

"final distance." One purpose of manipulating final distance was to reduce the 

probability that participants simply remembered the disappearance distance for a 

particular value of TTC. Thus the starting distance and the velocity of the object varied 

within each TTC condition. This permitted the use of several different velocities to 

generate the TTC values (Schiff & Detwiler, 1979). The use of two different distances 

within each level of TTC assured that objects in the 3.2 sec TTC condifion would not 

always have a faster velocity than objects in the 6 sec TTC condition. It should be noted 

that velocities in the near final distance condition were slower than those in the far final 

distance condition (i.e., velocity and TTC are partly confounded). The optical parameters 

of the moving object are shown in Table 1. 

Interference Displavs. In all interference conditions, participants performed a 

second task following the disappearance of the object in a PM task. The PM task used in 

the interference condhions was idenfical to the PM task used in the control condition 

except that a secondary task was conducted during the blackout durafion. 

15 
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Table 1: Experiment 1: Parameters of moving objects. 

TTC at the time 
of 

disappearance 

3.2 s 

3.2 s 

6s 

6s 

Final Distance 
at the time of 
disappearance 

near 

far 

near 

far 

Distance at the time 
of disappearance in 
feet and degrees of 

visual angle 

20.3 ft 

40.6 ft 

20.3 ft 

40.6 ft 

2.33 
deg 
4.65 
deg 
2.33 
deg 
4.65 
deg 

Velocity at the fime of 
disappearance in ft/sec and 

deg/sec of visual angle 

6.32 
ft/s 

12.64 
ft/s 
3.39 
ft/s 
6.79 
ft/s 

0.72 deg/s 

1.45 deg/s 

0.39 deg/s 

0.78 deg/s 

Note: Virtual viewing distance = 500 ft 

16 
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A 400 MHZ tone occurred 769 ms following the disappearance of the object in 

the PM task. The tone alerted participants to the onset of the interference task. The 

onset of the interference task was 1.28 s after the disappearance of the object in the PM 

task; approximately 500 ms after the tone. It was important that the interfering stimuli in 

the interference tasks did not mask optical information that participants extract from the 

visible trajectory of the moving object. Therefore, the interfering stimuli were presented 

at least 100 msec following the disappearance of the object to avoid backward masking 

effects (Weisstein & Haber, 1965). Backward masking effects occur when stimuli are 

presented in rapid succession and the visibility of the first pattern is reduced by the rapid 

presentation of the second stimulus (Olzak & Thomas, 1981). 

Visual Eve Movement (VE) Displavs. In the VE condition, participants reported 

whether a 2.177 deg wide horizontal line was continuous or interrupted. The line was 

displaced 2.704 deg below and 8.122 deg to the left of the center of the display. The 

interrupted line had a single .115 deg break in the center of the line and extended the 

same virtual distance as the continuous line. The displacement of the line to the left was 

assumed to require both eye movements and foveal vision to determine whether the line 

was continuous or interrupted. Fine details, such as a .115 deg gap, can only be detected 

in the foveal region of the retina which is between 1 and 2 degrees of visual angle 

(Hochberg, 1978). I assumed that eye movements were necessary to shift the fovea in 

order to detect the .115 deg break in the displaced line because it was 8.007 deg to the left 

of center. Additionally, the PM task presumably requires tracking of the imagined object 

17 
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(i.e., participants cannot fixate on both the displaced line and moving object at the same 

time). An example schematic representafion of the confinuous line in the VE displays is 

depicted in Figure 3. 

Visual No Eve Movement (VNE) Displavs. In the VNE condition, participants 

reported whether a horizontal line that transversed the enfire display was continuous or 

interrupted. It was assumed that participants could see the line while they presumably 

imagined the object continue in its path following its disappearance. The continuous and 

interrupted lines were displaced 2.704 deg below the center of the display and 2.292 deg 

above the road. The interrupted line had multiple .115 deg breaks that occurred every 

1.031 deg. In this visual interference condition, eye movements were not necessary to 

determine whether the line was continuous or interrupted because the line extended the 

entire distance of the display screen. A schematic representation of the interrupted line in 

the VNE displays is depicted in Figure 3. 

Non-Visual (NV) Displavs. In the NV condition, participants reported whether a 

tone was high or low in pitch. The high frequency of A was 900 MHZ and the low 

frequency was 100 MHZ. Thus, this interference tone (A) should be distinguished from 

the initial 400 MHZ tone that signaled the onset of the interference task. The duration of 

A was 514 ms and occurred 1.28 s following the disappearance of the object. All specific 

characteristics of the displays replicated those previously described with the exception 

that the tone occurred in place of the continuous or interrupted line. 

Design and Procedure. The participants viewed the displays binocularly from .61 

m in a dimly lit room. Head movements were minimized with a chin rest. All 
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Figure 3. Example schematics of the VE and VNE displays used in Experiment 1. 

Panel A depicts a VE display with a continuous-line interference stimulus. Panel B 
depicts a VE display with an interupted line interference stimulus. Panel C depicts a VNE 
display with a continuous line interference stimulus. Panel D depicts a VNE display with 
an interupted line interference stimulus 
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participants performed four blocks of trials that were counterbalanced using a digram-

balanced Latin square design. The purpose of counterbalancing the four blocks of trials 

with a digram-balanced Latin square design was to assure that potential transfer or 

practice effects from one task to another were minimized. Based on the construction of 

the Latin square design, each condition preceded and followed all other conditions 

(Keppel. 1982 pp. 372-378). A total of 16 orders were then randomly assigned among the 

participants. The resulting orders from the Latin square design are depicted in Table 2. 

In the control condition, participants judged TTC with a PM task (Schiff & 

Detwiler, 1979; Schiff & Oldak, 1990). Specifically, the participants were instructed to 

press the letter "F" on the computer keyboard when they thought the object would contact 

the finish line had it kept moving at the same speed after it disappeared. Judgments of 

TTC were measured as the time between the object" s disappearance and the participants' 

key response. In the interference conditions, participants performed the same PM task as 

in the control but then were prompted for their second response to the interference task 

with a message that read "Second response now." Participants pressed the left mouse key 

if they thought the line was continuous and press the right mouse key if they thought the 

line was interrupted. In the NV condition the participants reported whether the tone was 

low or high in pitch by pressing the left or right mouse key respectively. Specific 

instructions varied based on the interference condifion and can be found in Appendix C. 

Feedback was provided on the interference tasks so that participants were aware of then 

performance accuracy which should encourage them to perform the task. Feedback was 

not provided on the accuracy of TTC judgments in any of the conditions.' 
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Table 2: Experiment 1: Order of conditions in Latin square design. 

Subject # 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Block 1 

VE 
Control 

NV 
VNE 

Control 
VE 

VNE 
NV 
VE 

VNE 
Control 

NV 
VNE 
VE 
NV 

Control 

Block 2 

VNE 
VE 

Control 
NV 
NV 

Control 
VE 

VNE 
NV 
VE 

VNE 
Control 
Control 

VNE 
VE 
NV 

Block 3 

NV 
VNE 
VE 

Control 
VNE 
NV 

Control 
VE 

Control 
NV 
VE 

VNE 
NV 

Control 
VNE 
VE 

Block 4 

Control 
NV 

VNE 
VE 
VE 

VNE 
NV 

Control 
VNE 

Control 
NV 
VE 
VE 
NV 

Control 
VNE 
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Trials in which participants failed to respond, or responded prior to the 

presentation of the interference stimulus were not included in the analyses. Also, trials in 

which participants incorrecUy identified the interference stimulus were not included in the 

analysis because inaccurate responses on the interference tasks might imply that 

participants did not perform the interference task as instructed or were not paying 

attenfion to the stimulus. To familiarize participants with each task, ten practice trials 

were presented in the control condition and in all interference conditions. The practice 

trials were not included in statistical analyses. 

In summary, two TTC values (3.2 s and 6 s) were crossed with two final 

disappearance distances (near and far) and two discrimination stimuli (continuous and 

interrupted lines were used in VE and VNE; two tones were used in the NV condifion) for 

a total of eight unique scenes. The eight unique scenes were presented three times in a 

random order for a total of 24 trials, in each of the four conditions (96 total). 

Results 

A 2 X 2 X 4 ANOVA (TTC x final distance x interference task, with repeated 

measures all factors) was used to analyze the data. Significant main effects and 

interactions in the ANOVA model were analyzed using Tukey's HSD, and analyses of 

simple-main effects.^ Omega squared (Q") was used to compute treatment magnitude: 

treatment effects accounting for less than 1 % of the variance were not discussed unless 
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the effect was related to a priori hypotheses. Gender and order were included in 

preliminary analyses but were removed from the ANOVA model because there were no 

significant effects of these factors. 

Estimates of TTC. Complete ANOVA results are summarized in Appendix E. 

ANOVA indicated a significant main effect of TTC, F (1, 15) = 50.26, MSE = 1.49, p < 

.0001, a^= 14.30%, final distance, F (1, 15) = 44.61, MSE = 0.59, p < .0001, Of = 

4.65%, and their interaction, F (1, 15) = 12.69, MSE = 0.19, p < .0028, Q^ = 0.44%.^ 

Analysis of simple main effects indicated that, TTC estimates were greater in the 

far final distance condifion than in the near final distance when TTC was 3.2 s, F (1, 15) 

= 16.62, p < .0004, and 6 s, F (1, 15) = 57.27, p < .0001. Additionally, TTC estimates 

were greater in the 6 second TTC condition than in the 3.2 second TTC condition for both 

the near final distance condition F (1, 15) = 30.25, p < .0001, and the far final distance 

condition F (1, 15) = 61.95, p < .0001. There were no significant main effects or 

interactions involving task. The mean TTC estimates for each condition of final distance 

can be found in Table 3. 

TTC Percentage Estimates. Following prior studies, analyses using percentage 

conversions were computed to "render comparable the judgment of events of different 

durafion" and will be referred to as TTC percentage estimates (Schiff & Oldak, 1990). 

To compute TTC percentage estimates, the RT of the TTC estimate was divided by the 

actual TTC value. For example, a subject judging a 3.2 s TTC as 4 s receives a score of 

125%, whereas a judgment of a 6 s TTC as 4 s receives a score of 67% (Schiff & Oldak, 

1990). 
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Table 3: Experiment 1: Mean TTC estimates for each condition of final distance. 

TTC 

3.2 (s) 
6(s) 

Near Final Distance 

3.68 (0.02) 
4.57 (0.31) 

Far Final Distance 

4.13 (0.24) 
5.40 (0.35) 

Note: ± 1 standard error of the mean in parentheses. 
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Although there was an absence of the predicted effect of interference task on 

estimated TTC. this effect was significant in analyses using TTC percentage estimates as 

the dependent variable. Complete results based on TTC percentage estimates are 

summarized in Appendix E. A 2 x 2 x 4 ANOVA (TTC x final distance x interference 

task, with repeated measures on all factors) indicated a significant main effect of TTC, F 

(1,15) = 205.28, MSE = 686.78, p < .0001, Q£ = 37.39%, and final distance. F (1, 15) = 

36.33, MSE = 367.68, p < .0001. Qi= 0.95% and a significant interacfion between TTC 

and interference task, F (3, 45) = 3.70, MSE = 92.39, p < .0259, Qi= 0.20%. Analysis of 

simple main effects indicated a significant effect of interference task in the 3.2 second 

condition, F (1, 45) = 4.31, p < .0084, but not in the 6 second TTC condition F (1. 45) = 

0.95, p < .4246. The lack of an interference effect in the 6 s condition was unexpected 

because cognitive load in the 6 s condition was presumed higher than in the 3.2 s 

condition because TTC is typically underestimated at large values of actual TTC; 

however this result should be interpreted with caution because the omega squared 

accounted for less than one percent of the explained variance. 

Tukey's tests were conducted to compare the interference tasks in the 3.2 s TTC 

condition independently of the 6 s condition. All Tukey's tests were evaluated using p < 

0.05; family wise error was computed for six orthogonal comparisons of interference task 

(p < 0.265).^ Results indicated that the NV interference condition was significantly 

different from the control condition; however, there were no significant differences 

among the VE, VNE, and NV condifions. The means indicated that TTC percentage 
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estimates in all of the interference conditions was higher than percentage accuracy in the 

control condition, however, there were no significant differences between any of the 

interference tasks. This result contradicts my prediction that the VE condifion would 

interfere with performance in the PM task more than the VNE and NV conditions. 

TTC Percentage Error. To compute TTC percent error, TTC percent estimate was 

subtracted from 100%. The absolute value of this measure determines the magnitude of 

error for TTC percent estimates. For example, a subject judging a 3.2 s TTC as 4 s 

receives an error score of 20%, whereas a judgment of a 6 s TTC as 4 s receives an error 

score of 33%. 

Dependent t-tests were computed to determine whether percent error was 

significantly different from zero. In all combinations of TTC and interference task, 

percent error was significantly different from zero. Results from the dependent t-tests 

indicated that estimates in the control condition and in all interference conditions were 

not accurate. The dependent t-tests are shown in Table 4. T-tests also indicated that the 

absolute magnitude of error in the interference tasks was not significantly different 

between the 3.2 s and 6 s TTC conditions except in the NV condition, t = 2.66, df = 15; 

however, the error rates were always greater in the 3.2 s condifion. Mean TTC 

percentage esfimates and percentage error for each level of TTC in each interference 

condifion can be found in Table 4. 

Percentage Accuracv on Interference Task. The absence of an effect of the 

interference tasks on estimated TTC may indicate that cognitive processes (e.g., imagery 

processes) are not involved in the PM task. However, interference could be reflected in a 
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Table 4: Experiment 1: Mean TTC error and t-tests for each condition of interference 
task. 

TTC% 
estimates 

3.2 (s) 
6(s) 

TTC % error 

3.2 (s) 
6(s) 

Dependent t-
tests 
3.2 (s) 
6(s) 

Control 

121.50(7.51) 
81.10(5.59) 

Control 

28.06(5.21) 
21.51 (3.14) 

Control 

t=5.16; p<.001 
1=6.58; p < .001 

VE 

125.78(6.78) 
79.59(4.81) 

VE 

29.65 (4.83) 
18.87(3.28) 

VE 

t=6.49; p < .001 
t=5.18;p<.001 

VNE 

133.28(9.53) 
83.89(6.78) 

VNE 

38.89(5.19) 
21.69(3.48) 

VNE 

t=5.48; p<.001 
t=5.58; p < .001 

NV 

139.21 (10.51) 
87.84(7.27) 

NV 

44.10(5.40) 
20.29 (3.56) 

NV 

t=5.18;p<.001 
t=5.12;p<.001 

Note: ± 1 standard error of the mean in parentheses. 
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decrement in the mental rotation task. Participants may have performed the PM task at 

the expense of the interference task (see DeLucia & Liddeh. in press: Fortin et al., 1993; 

Wickens, 1992). Thus, percent accuracy was analyzed for performance on the 

interference tasks. 

Percent accuracy on the interference tasks was computed by dividing the number 

of correct responses by the total number of trials. The overall mean percent correct on the 

VE, VNE, and NV interference tasks was 99.0%, 100.0%, and 100.0%, respecfively. A 2 

X 2 X 3 ANOVA (TTC x final distance x interference task, with repeated measures on all 

factors) failed to indicate a significant main effect of any factors. 

Regression Analvses. Regression analyses were used to evaluate the relationship 

between estimated TTC and actual TTC. The slope in the control condition alone was 

.40, which was lower than those reported in previous research (McLeod & Ross, 1983: 

.58; Schiff & Detwiler, 1979: .61). The slope in the VE, VNE and NV conditions were 

.33 , .34 , and .36 respectively. T-tests were conducted on the difference between each 

interference slope and the control slope. To compute t-tests on the difference between 

two slopes, the mean slope for each participant was computed in each of the interference 

and control conditions. The mean and standard error of the differences between the 

compared conditions were then used to compute a dependent t-test. Results failed to 

indicate significant differences. 
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Discussion 

There are at least three possible explanations for the lack of significant differences 

between the VE condition and the VNE and NV conditions. First, it can be argued that 

eye movements can operate independentiy of visual attention. For example, it is possible 

that eye movements can be executed while visual attention remains fixed (Klein, 1980). 

Thus, participants may have been able to quickly move the eyes to identify the 

interference sfimulus while continuing to imagine the motion of the object. 

Second, it is possible that the interference tasks used in Experiment 1 minimally 

interfered with cognitive resources required in the PM task and that any disruption of 

imagery processes used in judging TTC was negligible. This is consistent with the high 

performance accuracy on the interference tasks, thus the minimal demands of the 

interference tasks may not have affected imagery processes in the PM task. It should also 

be noted that if the interference tasks did not require cognitive processes then the 

assumpfion that the interference task requires cognitive capacity was violated (Roediger, 

etal., 1977). 

Finally, it is possible that imagery processes in the PM task were disrupted by 

requiring eye movements in the VE condition, but that compensatory or corrective eye 

movements were made in an attempt to anticipate the future position of the moving object 

in its trajectory. In this scenario, the corrective eye movement might have been displaced 

slighfiy ahead of the veridical posifion of the moving object and resulted in TTC 

esfimates that were slighfiy faster than esfimates without such correcfions. Although 

there were not significant differences in estimates among the three interference condifions 
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it was surprising that the VE condition had the shortest RT. Compensatory eye 

movements may account for this unexpected finding although there were no significant 

effects of task on estimates of TTC. 
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CHAPTER HI 

CONTROL EXPERIMENT 

In Experiment 1, it is possible that the lack of interference effects in the PM task 

might have been due to minimal demands on imagery processes. Experiment 2 was 

designed to further invesfigate the potenfial role of imagery processes in PM tasks and to 

overcome the potential weaknesses of Experiment 1. Specifically, a mental rotation 

interference task that presumably requires imagery processes (Shepard & Metzler, 1971; 

Shepard & Cooper, 1973; Finke, 1989) was used. Specifically, participants performed a 

condition in which a character was presumably mentally rotated during the fime that 

imagery occurs in a PM task and was compared with a condition in which a character was 

presumably rotated before participants used imagery in a PM task. I will refer to these 

different conditions as non-cued and cued rotation respectively. 

Prior to performing Experiment 2, a control experiment was conducted in an 

attempt to replicate the results of the cued and non-cued rotation conditions of Cooper 

and Shepard's (1973) with the visual displays I used in Experiment 2, and to determine 

whether participants performed preparatory mental rotation in the cued rotafion condition. 

Non-Cued Mental Rotation 

Cooper and Shepard's (1973) participants judged whether a rotated character was 

in a normal or reflected posifion (e.g.. Figure 4 depicts normal and reflected posifions at 
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Figure 4. Examples of character orientation and character position. 

Panel A shows a normal letter "L" at a 0 degree orientation. Panel B shows a normal 
letter "L" rotated at 180 degrees. Panel C shows a reversed letter "L" at a 0 degree 
orientafion. Panel D shows a reversed letter "L" at a 180 degree orientafion. 
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0 and 180 deg) and RT was measured. Results indicated that RTs increased as the 

character orientation deviated from 0 deg (upright) and peaked at 180 deg (upside down). 

The response curve was symmetric about 180 deg, suggesting that parficipants were able 

to rotate the character in either a clockwise or counterclockwise direcfion. I assumed that 

to perform the non-cued mental rotation, participants rotated an internal representafion of 

the character after the character was presented and compared this representation with a 

representation of the character in its normal position. 

Following the logic of Cooper and Shepard (1973), I hypothesized that when 

participants are required to perform mental rotafion (e.g., imagery) during the time at 

which imagery processes are presumably used in the PM task estimates of TTC will 

degrade or increase. That is, assuming imagery processes are used to estimate TTC 

during the blackout duration in a PM task, mental rotation of the character is presumed to 

demand similar imagery processes that are used in the PM task. Thus interference effects 

were expected and the accuracy of TTC judgments should decrease (i.e., increase in 

esfimated TTC) as the stimulus rotates from 0 to 180 degrees. An increase in estimated 

TTC is predicted because imagery processes are most likely to be involved when the 

blackout durafion exceeds a few seconds; thus creating a bottleneck process that results in 

a delayed response. Potenfial interference effects in the non-cued rotation condifion are 

expected to be greatest at a 180 degree orientation because the magnitude of imagined 

rotation is presumed to be longest in durafion at this orientation (Cooper & Shepard, 

1973). 
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Cued Mental Rotation 

On some of the trials in Cooper and Shepard's (1973) study, participants were 

shown the identity of the alphanumeric character and an arrow that cued the orientation of 

the character before the test sfimulus appeared. Cooper and Shepard (1973) found that 

RTs decreased when participants were given increased amounts of preparation time. 

SpecificaUy, results showed that there was no significant effect of orientation; this 

suggests that the cue was used to mentally rotate the character prior to the appearance of 

the test character. Figure 5 shows the response curves reported by Cooper and Shepard 

(1973). 

In cued mental rotation, participants presumably know the identity and 

forthcoming orientation prior to the presentation of the test character. Participants are 

given prior information about the identity and orientation of the forthcoming character; 

therefore, preparatory mental rotation can be performed before the presentation of the 

test character (Cooper & Shepard, 1973). Therefore, in my study I hypothesized that 

there would not be interference effects in the cued mental rotation condition. In other 

words, mental rotation in the cued condition is performed before the time imagery is 

presumably used in the PM task. 

Method 

Participants. Eight students at Texas Tech University had the same characteristics 

as in Experiment 1, 
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Schematic representation of Cooper and Shepard's 
(1973) cued and non-cued conditions 
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Figure 5. Cooper and Shepard's (1973) interaction of orientation and cue conditions. 

35 



ff^f- • -'»̂ 1 

Displavs. An object remained stationary for 1 s, then moved rightward toward a 

finish line at a constant velocity for 2 s. As in Experiment 1, the object disappeared 

ehher 3.2 s or 6 s from the finish pole at a near or far distance from the finish pole. A 

3.437 deg high x 1.146 deg wide alphanumeric character was presented in a normal or 

reflected position. The characters were presented in the center of the display at various 

orientafions (0, 90, 180, 270 degrees) about the depth axis. The midpoint of the width of 

the character was 3.492 deg from the finish pole. The placement of the character was 

chosen to minimize potenfial effects of eye- movements due to the different 

disappearance distances of the objects; however, there were no effects of eye movements 

in Experiment 1. Nevertheless, the character was placed in the path of the object at the 

midpoint between the finish pole and the average disappearance distance of the moving 

objects. 

Non-cued condition displays. In the non-cued condition, a rotated letter that was 

in a normal or reflected position appeared after the moving object disappeared in the PM 

task. The character appeared 1.5 s following the disappearance of the object; the 

character's duration was 1.0 s. The stimulus duration of the character was selected so that 

participants had enough time to encode and rotate the character (Cooper & Shepard, 

1973) while leaving sufficient fime to judge TTC when required in Experiment 2. 

Four asymmetrical characters ("J," "4," "L," and "F") that can be presented in 

either a normal or reversed orientafion were constructed (Cooper & Shepard, 1973). 

Asymmetrical letters were chosen because symmetrical letters (e.g., "T") look the same in 

both normal and reversed orientafions. Several different alphanumeric characters were 
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used to reduce the probability that participants would memorize the letter positions (e.g., 

normal or reversed) at the rotated orientations. The stimuli were also chosen based on 

whether the disfinguishing features were on the left or right side of the character. The "J"" 

and "4" have features on the left side and the "L" and "F" have features on the right side. 

The purpose of using two characters with features on the right and two with features on 

the left was to further prevent parficipants from potentially memorizing feature locafions 

at different orientations or positions. An example schemafic representation of the non-

cued displays are depicted in Figure 6. 

Cued condition displavs. The characters used in the cued condition were identical 

to those used in the non-cued condition. However, in the cued rotation condition, 

participants were cued with the identity and orientation of the forthcoming character. The 

identity of the alphanumeric character was initially presented for a 2.0 s duration before 

the object began to move. The stimulus duration of the identity cue was selected in order 

to replicate Cooper and Shepard (1973). Following the visual presentation of the identity 

cue, a 3.437 deg arrow was displayed to cue the orientation of the forthcoming character. 

The duration of the orientation cue was 1.0 s. This replicated the orientation cue duration 

in Cooper and Shepard's (1973) study that indicated no effect of orientafion on RT. That 

is, participants presumably mentally rotated the image of the character in advance of its 

presentafion. In my displays, immediately following the presentafion of the orientafion 

cue, an object remained stafionary for 1.0 s, then moved for 2 s before disappearing either 

3.2 s or 6 s from the finish line (at a near or far disappear distance). An example 

schemafic representafion of the cued displays are depicted in Figure 7. 
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Figure 6. Schemafic representafion of non-cued displays. 

In panel A the object is stationary for 1 s and then moves for 2 s before disappearing. 
Panel B shows the test character (normal letter "L" at a 180 degree orientafion) that is 
presented during the blackout durafion of the PM task. Panel C shows the portion of the 
PM task in which participants presumably extrapolate the motion of the object, perhaps 
using imagery. 
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Figure 7. Schematic representafion of cued displays. 

Panel A shows the stafionary object with the idenfity cue. Panel B shows the stationary 
object with the orientafion cue pointing at 180 deg. In panel C, the object moves for 2 s 
before disappearing. Panel D shows the test character (normal letter "L" at a 180 degree 
orientation) that is presented during the blackout duration of the PM task. Panel E shows 
the portion of the PM task in which participants presumably extrapolate the motion of the 
object, perhaps using imagery. 
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Procedure and Design. The participants viewed the displays binocularly from .61 

m in a dimly lit room. Head movements were minimized u ith a chin rest. All 

participants performed both a cued and non-cued block of trials that were presented in a 

counter-balanced order. Participants did not perform TTC estimates in the Control 

Experiment. Feedback was provided on the accuracy of the cued and non-cued mental 

rotation tasks. 

The participants were told that the purpose of the control experiment was to judge 

how accurately they could judge whether the rotated character was in a normal or 

reflected position. Participants were further instructed to respond to the mental rotation 

task as quickly and as accurately as possible in an attempt to avoid speed-accuracy 

tradeoff. Complete instructions for the Control Experiment are included in Appendix C. 

Two TTC values (3.2 s and 6 s) were crossed with two disappearance distances 

(near and far), two character posifions (normal and reflected), four character orientafions 

(0, 90, 180, and 270 deg) and four characters ("L," "F," "J,"' and "4") for a total of 128 

unique scenes. The scenes were presented in a random order in each of the cued and non-

cued mental rotation condifions. Ten practice trials were presented but not included in 

the analyses. Trials in which participants failed to respond or responded prior to the 

presentafion of the character were omitted. 

Instrucfions for cued mental rotafion. In the cued mental rotation condition, 

participants were instructed that they would inifially see an idenfity cue and an orientation 

cue. The identity cue was a character that was always presented at an orientation of 0 

degrees. The orientafion cue was an arrow that pointed at orientafions of 0, 90, 180, or 
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270 degrees. Instructions specified that the direction of the arrow would cue the 

orientation of the forthcoming character. Following the presentation of the identity cue 

and orientation cue, the object began to move toward the finish pole. However, no 

mention was made of the PM task to the participants in the control experiment because 

they did not perform it. 

Instructions for non-cued mental rotation. In the non-cued mental rotation 

condition, participants were instructed that they would see an alphanumeric character on 

the screen that would be rotated at 0, 90, 180, or 270 deg and presented in either a normal 

or reflected position. The same stimuli was used as in the cued rotation condition except 

no there were no cues. No mention was made of the PM task. Participants verbally 

reported whether the test character was in a normal or reflected position. 

Error. In the control experiment, an error was made in the file that specified the 

order of the trials.^ In the non-cued condition, the scene that showed the character "J" in 

a reversed position at an orientation of 180 degrees was omitted and the scene that 

showed the character "4" in a reversed position at an orientafion of 0 degrees was shown 

twice. This error resulted in unequal cell means in the non-cued condition for orientation, 

and character type. Participants saw 33 trials at the 0 degree orientation, 32 at 90 degrees, 

31 at 180 degrees and 32 at 270 degrees. Further, participants saw 33 trials with the 

character "4," 32 with "F," 31 with "J" and 32 with "L." The impact of the error was that 

there was an unequal number of observations in cells containing orientation and character 

type. Cooper and Shepard (1973) did not find significant effects involving character and 

collapsed across this variable. Preliminary analyses of the control experiment indicated 
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there were not significant effects of character type; thus I also collapsed across character. 

After collapsing across character type, the error affected analyses involving orientation 

and interacfions with orientafion. 

Computation of harmonic means. Due to the unequal N resulting from the error, 

sample N was approximated by computing harmonic means using an unweighted means 

analysis (Kirk, 1995). The following steps were used to compute a harmonic mean using 

the unweighted means solution. The first step was to calculate the arithmetic means for 

each treatment condition. Next the harmonic mean of the cell sample sizes was 

calculated using Equation 1 where Nh is the harmonic mean, k is the number of treatment 

levels, and N is the sample size for the treatment cell. 

Nh = k / ((1/Nl) + (1/N2) + (1/Nk)) (1) 

After computing the harmonic mean, each treatment cell mean was multiplied by the 

harmonic mean to get an adjusted total for each level of every condition. The adjusted 

grand total and subtotals were computed by summing the adjusted treatment condition 

totals across variable levels (Kirk, 1995). The harmonic mean of sample sizes for 

orientation was 31.985 and for the combination of orientation and cue was 31.992. 

ANOVA using an unweighted means solution was conducted on orientation, cue, and 

their interaction. Results indicated a significant effect of orientation and cue; however, 
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their interacfion was not significant, thus replicafing results based on a generalized linear 

model (GLM) analysis. The adjusted totals for orientation and the interaction of cue and 

orientation are presented in Table 5. 

In summary, the cell means were adjusted to estimate what the outcome of the 

experiment would be if the treatment sample sizes were equal. Analyses then proceeded 

by calculating sums of squares in the typical manner using the adjusted totals and the 

harmonic mean. Sums of squares error is obtained by summing within cell variance for 

each cell of the design. 

Results 

The ANOVA program in SAS can not be used when unequal treatment N's are 

present, however, the GLM procedure can be used to analyze data sets with unequal cell 

sample size. In addition to unweighted means analysis, a 2 x 2 x 4 generalized linear 

model (GLM; cue x position x letter orientation with repeated measures on all variables) 

was used to analyze the data due to the unequal treatment N's. Cooper and Shepard 

(1973) did not find significant effects of character type and collapsed across this variable. 

Similarly, there were no significant effects of character in the present experiment; 

therefore, character type was not included in further analyses. Significant main effects 

and interacfions were analyzed using Tukey's HSD and analyses of simple-main effects. 

Gender and order were removed from the GLM model because there were no significant 

effects or interactions of these factors. 
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Table 5: Adjusted treatment totals for orientation and the interaction of cue and 
orientation. 

Orientation 

Odeg 
90 deg 
180 deg 
270 deg 

Mental Rotation 

Non-cued 
Non-cued 
Non-cued 
Non-cued 

Cued 
Cued 
Cued 
Cued 

Mean 

0.731 
0.981 
1.244 
0.980 

Orientation 

Odeg 
90 deg 
180 deg 
270 deg 

Odeg 
90 deg 
180 deg 
270 deg 

Adjusted Totals 

23.371 
31.367 
39.785 
31.342 

Mean 

0.848 
1.083 
1.479 
1.105 
0.614 
0.878 
1.009 
0.854 

Unadjusted Totals 

23.382 
31.382 
39.804 
31.357 

Adjusted Totals 

27.116 
34.661 
47.322 
35.365 
19.636 
28.087 
32.266 
27.333 

Unadjusted 
Totals 

27.123 
34.670 
47.334 
35.374 
19.641 
28.084 
32.274 
27.340 

Note: Adjusted totals for orientafion were multiplied by 31.985; adjusted totals for the 
interaction of orientation were multiplied by 31.992 based on computations of harmonic 
means to adjust sample N. 
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Reaction Time Data. RT in the control experiment was defined as the time 

between the presentation of the test character and the participants" button response to 

indicate whether the character was in a normal or reflected position. Results indicated a 

main effect of cue, F (1, 7) = 43.75, MSE = 0.08, p < .0003, Q} = 20.90%, orientation, F 

(3, 21) = 11.94, MSE = 0.09, p < .0001, 01= 19.26.%, and position, F (1, 7) = 14.42, 

MSE = 0.03, E < .0067, Q? = 2.21%. Cooper and Shepard (1973) also found a significant 

effect of position and reported that the normal position was idenfified consistenfiy faster 

than the reflected position. This finding was replicated in the present experiment. 

Cooper and Shepard (1973) found a significant interaction between cue and 

orientation; that is, when subjects were provided with identity and orientafion cues, RT 

curves did not vary as a function of stimulus orientation. Conversely, they found a 

significant effect of orientation in the non-cued condition. In the present experiment, the 

interaction between cue and orientation was not significant; however, the mean of the 

non-cued condition was always greater than in the cued condition at all orientations. This 

result suggests that participants were able to perform preparatory mental rotation when 

provided with idenfity and orientation cues in the cued condition; however, additional 

analyses are required to substantiate this suggestion (see trend and nonparametric 

analyses). Further, RT curves in the non-cued condition replicated the trend reported by 

Cooper and Shepard (1973). The mean RTs of the cued and non-cued condifions at each 

orientation are presented in Table 6. 
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Table 6: Control Experiment: Mean TTC estimates in the cued and non-cued conditions. 

Orientation 

Odeg 
90 deg 
180 deg 
270 deg 

Non-cued 

0.95 s (0.06) 
1.20 s (0.09) 
1.51 s(0.12) 
1.19 s (0.09) 

Cued 

.70 s (0.05) 

.93 s (0.10) 
1.04 s (0.10) 
.90s (0.11) 

Note: ± 1 standard error of the mean in parentheses. 
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Reaction time data also was analyzed using a parfial model GLM. In the partial 

model, the 0 deg orientation was not included in the model because it was considered a 

non-rotation condition. The partial model was conducted to determine whether an 

interaction of cue and orientation was significant when only rotation conditions are 

considered. As in the full model analyses, there were significant effects of cue, 

orientafion, and posifion. Results of GLM indicated a main effect of cue, F (1, 7) = 

18.66, MSE = 0.12, p < .0035, Q} = 16.43%, orientation, F (2, 14) = 8.16, MSE = 0.09, p 

< .0045, Qi= 9.21%, and position, F (1, 7) = 6.54, MSE = 0.03, p < .0377, Of = 1.27%. 

Again, analyses failed to indicate a significant interacfion of cue and orientation. 

Trend Analvses. Due to the lack of interaction between cue and orientation in RT 

analyses, trend analyses were conducted to evaluate the general form of the data using 

orientation as the orthogonal component. Trend analyses were computed on data 

collected in the control experiment to determine whether the quadratic component of the 

RT curves was significant in cued and non-cued condifions. The symmetrical curve 

reported in Cooper and Shepard's (1973) non-cued condition suggests that mean RTs 

increased and peaked at an orientation of 180 degrees; thus appearing quadratic in nature. 

In contrast, there was no effect of orientafion in Cooper and Shepard's (1973) cued 

condifion; RT curves did not vary as a funcfion of sfimulus orientafion. Based on 

Shepard and Cooper's (1973) results, I expected the quadratic component of the RT curve 

to be significant in the non-cued condifion and not in the cued condition. 

Trend analyses were conducted using a full model (orientation = 0, 90, 180 and 

270 degrees) and a partial model (orientafion = 90, 180 and 270 degrees) in both cued and 
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non-cued rotation condifions. The purpose of performing trend analyses on both the full 

and partial models was to look at the difference between the full model, which included a 

non-rotation condition (i.e., 0 degrees), and the partial model which excluded the 0 degree 

orientation. In other words, the trend analyses in the partial model were conducted to 

determine whether preparatory mental rotation occurs without considering non-rotation 

conditions (e.g., 0 degrees). This is important because preparatory rotation should not 

benefit performance in the cued 0 degree condifion compared to the non-cued 0 degree 

condifion; mental rotafion is not required in either condition. 

Full Model. In the cued condition, the linear component of the curve was 

significant, F (1, 7) = 8.06, MSE = 0.02, p < .0251, Of = 7.82%. Analyses also indicated 

that the quadratic component was significant, F (1, 7) = 9.95, MSE = 0.03, p < .0160, Q} 

= 11.55%. The cubic component of the curve was not significant. 

In the non-cued condition using the full model, both the linear, F (1, 7) = 13.65, 

MSE = 0.03, p < .0077, Q} =13.27% and quadratic, F (1, 7) = 49.92, MSE = 0.01, p < 

.0002, Of = 20.11 % components of the curves were significant. As in the cued condition, 

the cubic component of the curve was not significant. This finding contradicts the 

expected finding of a significant quadratic component in the non-cued condifion only. 

Figure 8 depicts the full model curve of response times for all orientations. 

Parfial Model. The data were also analyzed using a partial model. In the full 

model analyses, the significant quadrafic component in the cued condifion suggested that 

participants were not performing preparatory mental rotation; however, the full model 

48 



^ * 1 cMif/iiifxasi:' ' ^ " " " " " " • • " r ' - ' a W m - ¥ r — 

Cue and Orientation 

1.8 T 

1.6 

1.4 + 

I 1.2 + 
: ' 
(A 

§ 0.8 + 

i" 0.6 + 
^ 0.4 

0.2 + 

0 

-•—cued 

Hi— noncued 

90 

Orientation 

180 270 

Figure 8: Curve of cue and orientafion response curves 
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included a non-rotafion condifion. The partial model only included orientations that 

presumably require rotafion. There were three levels of orientation; thus only the linear 

and quadratic components of the curves were analyzed. 

In the cued condition, neither the linear, F (1, 7) = 1.72, MSE = 0.00, p < .2310, 

Q! = 0.12%, nor quadratic, F (1, 7) = 3.49, MSE = 0.02, p < .1038, Of = 3.55% 

components of the curves were significant. In the non-cued condifion, results indicated a 

significant quadratic component, F (1, 7) = 6.43, MSE = 0.08, p < .0389, Q} = 20.52%. 

There was not a significant linear component of the curve. The significant quadratic 

component in the non-cued condition and non-significant quadratic component in the 

cued condition suggest that imagined rotation processes differ in the cued and non-cued 

conditions. Specifically, the results of the partial model analyses imply that preparatory 

mental rotation occurred in the cued mental rotation condition. That is, results suggest 

that imagery in the cued mental rotation condifion occurred before the time imagery is 

presumably used in PM tasks in Experiment 2. 

Nonparametric Analvsis. To further evaluate the differences between the cued 

and non-cued condifions, nonparametric analyses were conducted. A sign test was 

computed to determine whether there were differences between RTs in the cued and 

non-cued condifions at each level of orientafion. For every participant in the control 

experiment, the mean of the cued condition was subtracted from the mean of the 

non-cued condifion at all levels of orientation. This resulted in 32 difference scores (8 

subjects X 4 orientations). For every participant at all levels of orientafion, the mean RTs 

in the non-cued condition exceeded the mean RTs in the cued condition. The sign test 
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indicated a significant difference between the cued and non-cued conditions when 

compared across all levels of orientation, Z = -5.48, df = 31, p < .0001. The reduction of 

RTs in the cued condhion implies that participants performed preparatory rotation and 

that imagery processes possibly occurred before the time that they are required in the PM 

task in Experiment 2. 

Percentage Accuracv Data. Percent accuracy was analyzed on the mental rotation 

task to compare error rates in the cued and non-cued conditions for each level of 

orientation. Analyses of RT data failed to indicate a significant interaction of cue and 

orientation; therefore, percent accuracy was analyzed to determine whether the interaction 

was present in performance accuracy. A decrement in performance in the non-cued 

rotation condition would suggest that processing demands were greater than in the cued 

condition and were expected to be greatest at an orientation of 180 deg. Accuracy was 

computed by dividing the number of correct responses by the total number of trials. 

Results indicated a main effect of orientafion, F (3, 21) = 4.57, MSE = 151.60, p < .0310, 

Q} = 2.07%. There was not a significant interaction of cue and orientation. The 

implication of this analysis is that error rates in the cued and non-cued rotation conditions 

are not suggestive of a differentiated processing load between the two conditions. 

Discussion 

There are several differences between the results of the present control experiment 

and Cooper and Shepard's (1973) experiment that may have accounted for the lack of 

replication of the interaction between the cued condition and orientation based on 
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ANOVA. First, my control experiment included displays for the PM task although 

participants were not required to esfimate TTC. More importantly, participants in Cooper 

and Shepard's (1973) study were required to retake trials that were incorrectly judged. It 

is possible that response fimes were longer in Cooper and Shepard's (1973) cued 

condition when there were errors in identifying whether the character was normal or 

reflected. Because error trials were retaken, RTs could have been shorter in their study 

because the trials on which errors were made were not analyzed and were retaken: 

however, in this scenario it is assumed that RTs are faster when errors are not made. In 

my control experiment, the most errors were made in the 180 degree condition which 

resulted in slightly higher RTs than reported by Cooper and Shepard (1973) in their 180 

degree orientation. This discrepancy might be eliminated if error trials were retaken in 

my control experiment. Further, the interaction of cue and orientation reported by Cooper 

and Shepard (1973) included four different cue duration conditions whereas the present 

experiment only included one cue duration. 

Although ANOVA did not indicate the predicted significant interaction between 

cue and orientation the 0 deg (non-rotation) condition was included in the model. Results 

of the partial model trend analysis suggested that the cued and non-cued conditions 

differed across orientation. The significant quadratic component of the response time 

curve in the non-cued condifion is consistent with Cooper and Shepard's (1973) effect of 

orientafion in their non-cued condition. The shape of the quadratic component of the 

curve in the non-cued condition depicts relatively slower response times in the 180 degree 

condition and faster response fimes in both the 90 and 270 degree orientations. Further, 
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the non-significant quadratic component of the response time curve in the cued condition 

suggests that participants performed preparatory rotation; thus replicating Cooper and 

Shepard (1973). 

The results of the nonparametric analyses provided further support that there were 

differences between the cued and non-cued conditions. A comparison of subject means 

showed that the non-cued condifion was always greater than the cued condition when 

compared at each orientafion. Further, participants were administered a post-

experimental questionnaire. When asked whether the non-cued or cued trials were more 

difficult to perform, all eight subjects reported that the non-cued trials were more difficult 

than the cued trials. A sign test computed on response frequencies indicated a significant 

difference on reported difficulty in the cued and non-cued conditions, Z = -2.52, df = 7, p 

<.0117. 

In summary, results of both a full and partial model ANOVA did not indicate a 

significant interaction of cue and orientation; thus, results did not appear to replicate 

Cooper and Shepard's (1973) reported findings. However, trend analyses performed on a 

partial model that did not include the 0 deg orientation indicated a significant quadratic 

component of the response curve in the non-cued condifion but not in the cued condition. 

Further, nonparametric analyses indicated that there were significant differences between 

the cued and non-cued rotafion condifions at all levels of orientafion. RTs were reduced 

in the cued condifion compared to the non-cued condition. Based on trend analyses and 

nonparametric analyses, results suggest that participants performed preparatory rotation in 

the cued condition. 
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CHAPTER IV 

EXPERIMENT II 

Based on results of the partial model trend analyses and the nonparametric sign 

tests conducted in the control experiment I assumed that participants used the identity and 

orientation cues in the cued rotafion condifion. Thus, in experiment 2, participants were 

required to perform the cued or non-cued mental rotafion task in conjunction with a PM 

task using a dual-task paradigm. That is, I assumed that in the cued rotation task that 

participants could begin mental rotation immediately following the identity and 

orientation cues (Cooper and Shepard, 1973). I also assumed that imagery processes 

involved in estimating TTC in the PM task occurred during the blackout duration. 

Therefore in the cued condition, imagined rotation presumably occurs before imagery 

processes are required in the PM task. Specifically, the rotation of the character can 

proceed and is completed prior to the blackout duration in the PM task. Therefore, I 

predicted no effects of task interference in the cued rotation condition. In other words, 

potenfial imagery processes involved in judging TTC should not be interrupted when 

imagined rotation in the cued mental rotation task is performed prior to the blackout 

durafion. Although the PM task and rotation task both presumably require imagery, the 

processes are not required at the same time. 

In contrast, I assumed that when participants performed a non-cued mental 

rotation task they used imagery during the fime imagery processes are required in the PM 

task. Specifically, the imagined rotafion of the character in the mental rotafion task 
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occurs during the blackout durafion in the PM task. Based on these assumptions, I 

predicted that in the non-cued condifion, mental rotation would be performed during the 

blackout duration in the PM task and that effects of interference on TTC estimates should 

occur. Thus, if there are limits in cognitive processing capacity, a decrement in 

performance is expected in either the PM task or in the non-cued rotation mental rotation 

task. 

Method 

Participants. Twelve students at Texas Tech University had the same 

characteristics as in Experiment 1. 

Displavs. The displays used in Experiment 2 were the same as those used in the 

control experiment. Computer simulations and stimulus parameters were identical to 

those used in the control experiment. 

Procedure and Design. The participants viewed the displays binocularly from .61 

m in a dimly lit room. Head movements were minimized with a chin rest. All 

participants performed both cued and non-cued blocks of trials. In contrast to the control 

experiment, participants also performed a block of control trials which consisted of a PM 

task without the interpolated mental rotation task. 

Control condition. In the control condition, participants judged TTC using a PM 

task. The control condition was identical to the control condition used in Experiment 1. 

Objects were stationary for 1 s, moved for 2 s and disappeared ehher 3.2 s or 6 s before 
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contacting the finish pole. The participants were told to press the "F" key on the 

computer keyboard when they thought the object would reach the finish pole had it kept 

moving at the same speed after it disappeared. 

Cued mental rotation. In the cued rotation condition, participants were presented 

with identity and orientation cues that were identical to those used in the control 

experiment. Following the presentation of the identity cue and orientation cue, an object 

remained stationary for 1 s, moved for 2 s, and disappeared. After the object disappeared, 

a rotated letter that was in a normal or reflected orientation appeared 1.5 s following the 

disappearance of the object. The participants were told to press the "F" key on the 

computer keyboard when they thought the object would reach the finish line assuming 

constant velocity following the object's disappearance. 

The participants responded to the mental rotation task after they judged TTC in 

the PM. A visual message then prompted participants for the secondary response to the 

mental rotation task. The participants reported whether the test character was in a normal 

or reflected position. Participants pressed the left mouse key if the character appeared in 

its normal position and the right key if the character appeared in a reflected posifion. The 

response in the mental rotation condition was defined as the time between the initiafion of 

the TTC esfimate (i.e., pressing the "F" key) and the response inifiafion to judge the 

character's posifion (i.e., pressing the mouse button). Secondary response fimes to judge 

whether the character was normal or reflected were measured to determine whether 
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interference effects were evident in the rotation task. The participants were instructed to 

respond to the mental rotafion task as quickly and/or accurately as possible to optimize 

speed and accuracy in responding. 

Non-cued mental rotafion. The non-cued condition was identical to the cued 

condifion except that participants were not presented with the identity and orientation 

cues. In the non-cue rotafion condifion, an object was stafionary for 1 s and then moved 

at a constant velocity for 2 s. The participants were told to press the "F" key when they 

thought the object would reach the finish pole had it kept moving at the same speed after 

it disappeared. After the object disappeared, a rotated letter that was in a normal or 

reflected orientafion appeared 1.5 s following the disappearance of the object. In Cooper 

and Shepard's (1973) most difficult condifion (e.g., 180 degree rotafion), the average 

response time to mentally rotate the character was 1.0 s. After rotating the character, 

participants in Experiment 2 had approximately .7 s in the 3.2 s TTC condifion and 3.5 s 

in the 6 s TTC condifion before the object would have contacted the finish pole; this 

suggests that there was ample time to for character rotation to occur prior to estimated 

contact. After responding to the TTC task, a message prompted participants to respond to 

the mental rotafion task. The participants pressed the left mouse key if the letter appeared 

in its normal position and the right key if the letter appeared in a reflected position. The 

participants were again instructed to respond to the mental rotation task as quickly and/or 

accurately as possible. 

The order of the cued, non-cued and control conditions were counterbalanced 

among parficipants so that each condition preceded and followed all other condifions. As 
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in the control experiment, feedback was provided on performance accuracy in the 

interference task. No feedback was provided on the accuracy of TTC judgments. Two 

TTC values (3.2 s and 6 s) were crossed with two disappearance distances (near and far), 

two letter positions (normal and reflected), four letter orientations (0, 90, 180. and 270 

deg), and four characters ("L," "F," "J," "4") for a total of 128 unique scenes. The scenes 

were presented in a random order in each of the cued and non-cued mental rotation 

conditions. Ten practice trials were presented but not included in the analyses. Trials in 

which participants failed to respond or responded prior to the presentation of the character 

were omitted. 

Results 

Trials in which participants failed to respond, or responded prior to the 

presentation of the interference stimulus, were not included in the analysis. Significant 

main effects and interactions were analyzed with the same statistical tests used in the 

control experiment. Gender, order and character type were included in preliminary 

analyses but were removed from the ANOVA models because there were no significant 

effects or interactions of these factors. Cooper and Shepard (1973) did not find 

significant effects of character type. 

Estimates of TTC . Esfimates of TTC were measured by the fime between the 

disappearance of the moving object and the button press and was analyzed with ANOVA. 

In analyses involving comparisons of the control condition (e.g., PM task alone) and the 

interference condifions (i.e., cued and non-cued condifions), orientafion, character type, 
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and character position were removed from the model because these variables did not 

apply to the PM task in the control condition. Therefore, a 2 x 2 x 3 ANOVA (TTC x 

final distance x cue, with repeated measures on all factors) was used to analyze the data. 

Analyses included cue as a variable to determine whether there were differences between 

the interference conditions (i.e., cued and non-cued) and the control condition. In this 

case the control condifion was considered a non-interference condition. 

The ANOVA indicated a significant main effect of TTC, F (1, 11) = 33.50, MSE 

= 0.97, p < .0001, Of = 12.30%, final distance, F (1, 11) = 54.95, MSE = 0.26. p < .0001, 

Q} = 5.49%, and then interaction, F (1, 11) = 13.56, MSE = 0.08, p < .0036, Of 0.38%. 

Results also indicated a significant interacfion between TTC and cue, F (2, 22) = 15.00, 

MSE = 0.07, p < .0001, Q}_= 0.81%. Although omega squared accounted for less than 

one percent of the treatment variance in the interaction between TTC and cue, a simple 

main effect analysis was conducted. Results indicated that estimates in the 6 s TTC 

condition were significanfiy greater than esfimates in the 3.2 s condition in the control 

condition, F (1, 22) = 51.93, p < .0001, cued condition, F (1, 22) = 14.22, p < .0020, and 

in the non-cued condifion, F (1, 22) = 27.01, p < .0001. There were not significant effects 

of cue in either the 3.2 s or 6 s TTC condifions. Mean TTC estimates for each cue 

condifion can be found in Table 7. 

In further analyses, the control condifion was not included in the model in order to 

assess potenfial effects of orientafion in the cued and non-cued condifions. Initial 
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Table 7: Experiment 2: Mean TTC estimates in the cued, non-cued and control 

conditions. 

TTC 

3.2 s 
6s 

Non-cued 

3.63 (0.29) 
4.54 (0.42) 

Cued 

3.49 (0.30) 
4.15(0.43) 

Control 

3.12(0.24) 
4.40 (0.44) 

Note: ± 1 standard error of the mean in parentheses. 
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analyses failed to indicate a significant effect of character posifion and character type so 

they were removed from the model. Therefore, A 2 x 2 x 2 x 4 ANOVA (TTC x final 

distance x cue x orientafion, with repeated measures on all factors) was used to analyze 

the data. The ANOVA indicated a significant main effect of TTC. F (1, 11) = 29.74. 

MSE = 2.02, p < .0002, Of = 8.35%, final distance, F (1, 11) = 35.73, MSE = 1.01, p < 

.0001, n^ = 5.07%, and their interaction, F (1, 11) = 8.79, MSE = 1.27, p < .0128, Q^ = 

1.27%. Results also indicated a significant interacfion between TTC and cue, F (1. 11) = 

9.08, MSE = 0.16, p < .0118, Qf = 0.16%. 

Analysis of simple main effects indicated that TTC esfimates were greater in the 

far final distance condifion than in the near final distance for both the 3.2 second TTC 

condifion, F (1, 11) = 12.50, p < .0004, and the 6 second TTC condifion F (1. 11) = 24.63, 

p < .0001. Additionally, TTC estimates were greater in the 6 second TTC condition than 

in the 3.2 second TTC condition for both the near final distance condition F (1, 11) = 

22.70, p < .0006, and the far final distance condition F (1, 11) = 38.33, p < .0001. The 

mean RTs by TTC and final distance can be found in Table 8. 

Analysis of simple main effects was conducted on the interaction of TTC and cue 

although omega squared accounted for less than one percent of the treatment variance. 

Results indicated that TTC estimates were greater in the 6 second TTC condifion than in 

the 3.2 second TTC condifion for both the non-cued condifion F (1, 11) = 40.23, p < 

.0001, and the cued condifion F (1, 11) = 21.28, p < .0007. There were no significant 
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Table 8: Experiment 2: Mean TTC esfimates for each condition of final distance. 

TTC 

3.2 (s) 
6(s) 

Near Final Distance 

3.30 (0.27) 
3.99 (0.37) 

Far Final Distance 

3.81 (0.32) 
4.71 (0.46) 

Note: ± 1 standard error of the mean in parentheses. 
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effects of cued or non-cued tasks in either the 3.2 or 6 s TTC conditions (i.e., no 

interference effects); however, the means were greater in the non-cued condition in both 

levels of TTC (see Table 7). 

TTC Percentage Esfimates. As in Experiment 1, TTC judgments were converted 

to percent estimates of the actual TTC value to compare TTC values of different duration 

(Schiff & Oldak, 1990). A 2 x 2 x 3 ANOVA (TTC x final distance x cue (i.e., control, 

cued and non-cued mental rotation), with repeated measures on all factors) was used to 

analyze the data. The ANOVA indicated a significant main effect of TTC, F (1, 11) = 

302.85, MSE = 200.06, p < .0001, Q^ = 33.69%, and final distance, F (1, 11) = 60.72, 

MSE = 122.03, p < .0001, Of = 4.07%. Results also indicated a significant interaction 

between TTC and cue, F (2, 22) = 9.29, MSE = 100.88, p < .0015, Q i = 0.93%. 

Analysis of simple main effects were computed for the interacfion of TTC and cue 

although omega square accounted for less than one percent of the treatment variance. 

Results indicated that TTC percentage estimates were greater in the 3.2 second TTC 

condifion than in the 6 s TTC condifion in the cued condition, F (1, 11)= 198.18, p < 

.0001, the non-cued condifion F (1, 11) = 182.75, p < .0001, and the control condition, F 

(1, 11) = 85.41, p < .0001. There were no significant effects of cue in either the 3.2 s or 6 

s TTC conditions. 

As in analyses of esfimated TTC, the control cue condition was not included in 

further analyses in order to assess potenfial effects of orientation in the cued and non-cued 

conditions. Therefore, A 2 x 2 x 2 x 4 ANOVA (TTC x final distance x cue x orientation, 
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with repeated measures on all factors) was used to analyze the data. The ANOVA 

indicated a significant main effect of TTC, F (1, 11) = 245.23. MSE = 832.35, p < .0001, 

Qi= 36.69%, final distance, F (1, 11) = 37.04, MSE = 543.14, p < .0001. Of = 3.53%, 

and theh interaction, F ( l , 11)= 13.43, MSE = 45.97, p< .0037. Of = 0.10%. 

Analysis of simple main effects were computed although omega square accounted 

for less than one percent of the treatment variance. Results indicated that TTC percentage 

estimates were greater in the far final distance condition than in the near final distance 

condifion in the 6 second TTC condition F (1, 11) = 23.23, p < .0003. In contrast, TTC 

percentage estimates were greater in the near distance than in the far distance condition in 

the 3.2 second TTC condition, F (1, 11) = 47.16, p < .0001. Addifionally, TTC 

percentage estimates were better in the 3.2 s TTC condition than in the 6 s TTC condition 

at the near final distance condition F (1, 11) = 207.55, p < .0001, however; accuracy was 

better in the 6 s TTC than in the 3.2 s condition at the far final distance condition F (1, 

11) = 258.67, p < .0001. The finding that estimates were more accurate in the 6 s TTC 

condition may be related to the faster velocity used in the far distance scenes. Previous 

studies suggest that distance and velocity are not related to the accuracy of TTC 

judgments (Schiff & Detwiler, 1979; Schiff & Oldak, 1990); however, Schiff, Oldak, and 

Shah, (1992) reported that TTC accuracy increased when velocity increased. 

Results also indicated a significant interacfion between orientafion and final 

distance, F (3, 33) = 4.01, MSE = 42.46, p < .0154, QL= 0.07%. Analysis of simple main 

effects indicated that TTC percentage accuracy was greater at the far final distance than at 
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the near final distance at an orientation of 0 degrees, F (1, 33) = 32.89, p < .0001, 90 

degrees, F (1, 33) = 21.31, p < .0003, 180 degrees, F (1, 33) = 22.70, p < .0002, and 270 

degrees, F (1, 33) = 46.15, p < .0001. Orientation was significant only at the near final 

distance, F (3, 33) = 4.04, p < .0116. Tukey's tests were conducted on orientafion in the 

near final distance condition and indicated that the 180 deg (M = 91.84%) condition was 

significanfiy greater than the 270 deg (M = 86.62%) and 0 deg (M = 86.10%) condifions. 

The 90 deg condifion (M = 88.66%) was significanfiy different from the 180 deg 

condifion but was not significanfiy different from the 0 deg and 270 deg condifions. 

As in Experiment 1, TTC percent esfimates were subtracted from 100% to obtain 

TTC percentage error. The absolute value of this measure determines the magnitude of 

error for TTC percent estimates. Dependent t-tests were computed to determine whether 

percent error was significantly different from zero. In all combinations of cue and 

orientation, percent error was significantly different from zero; this suggests that 

estimates were inaccurate. Further, t-tests indicated that the absolute magnitude of error 

in the cued and non-cued rotation conditions was not significantly different when 

compared at each level of orientation. 

TTC Regression Analvses. Regression analyses were used to look at the 

relationship between esfimated and actual TTC. Slopes were computed to compare the 

slopes of the cued and non-cued rotafion condifions and to compare slopes with prior 

studies of TTC using a PM task. The slope in the control condifion was .24 which was 

substanfially lower than those reported in previous research (McLeod & Ross, 1983: .58; 

Schiff & Detwiler, 1979: .61). 
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The slope in the non-cued and cued conditions was .22 , and .31 respecfively. A 

t-test was conducted between slopes of the cued and non-cued mental rotation tasks to 

evaluate potenfial interference effects. Results indicated that the slope in the cued 

condifion was not significanfiy different from the slope in the non-cued condition, i_= 

1.98, df_= 11, (tcriticai = 2.20); thus implicafing no interference effects. In comparison to 

prior studies, the reported slopes were substantially lower in both the cued and non-cued 

condifions and in the control condifion. It is possible that the smaller slopes indicate a 

decrement in performance; however, it is not clear why performance compared to prior 

studies would decrease in the control, cued, and non-cued condhions. 

Mental Rotation Percentage Accuracv Data. Analyses of the PM task failed to 

indicate interference effects; therefore, accuracy on the mental rotation task was evaluated 

to determine whether interference effects were present in the mental rotation task. 

Percent accuracy on the mental rotation tasks was computed by dividing the number of 

correct responses by the total number of trials and mulfiplying by 100. A 2 x 2 x 2 x 4 

ANOVA (TTC X final distance x cue x orientation, with repeated measures on all factors) 

was used to analyze the data. 

The ANOVA indicated a significant main effect of orientation, F (3, 33) = 8.81, 

MSE = 516.43, p < .0048, CP = 12.09%. Resuhs also indicated a significant interaction 

between TTC and cue, F (1, 11) = 8.67, MSE = 46.75, p < .0133, Qi= 0.36%. There was 

no effect of cue at either level of TTC; however, analysis of simple main effects indicated 

that percentage accuracy was greater in the 6 s TTC condition (M = 88.26%) than in the 

3.2 s TTC condition (M = 85.71%) in the cued condition, F (1, 11) = 47.16, p < .0001. 
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Further, percentage accuracy was greater in the 3.2 s TTC condifion (M = 89.42) than in 

the 6 s TTC condifion (M = 87.86%) in the non-cued condifion , F (1, 11) = 4.50, p < 

.0466. One possible explanafion for this finding in the non-cued condifion is that in the 

PM task, demands on imagery processes were greater in the 6 s TTC condifion than in the 

3.2 s condifion. Further, imagery processes were presumably required in the non-cued 

rotafion condition at the same fime as in the PM task. This increased load on imagery 

processes would therefore be expected to reduce accuracy in the non-cued mental 

rotafion. In the cued rotation condition, participants presumably performed preparatory 

rotation; however, the quick response required in the 3.2 s TTC condition may have 

disrupted the consohdation of the identity and orientation cues; reducing performance 

only at relatively short actual values of TTC. Again there was an absence of the predicted 

interaction between cue condition and orientation. 

Mental Rotation RT Data. RT was analyzed for performance on the mental 

rotation tasks. Following the response to the PM task, a secondary RT was measured to 

assess the time participants spent in identifying the whether the rotated character was in a 

normal or reflected position. The control condition was not included in the model 

because participants did not perform mental rotation in this condition. 

A 2 x 2 x 2 x 4 ANOVA (TTC x final distance x cue x orientation, with repeated 

measures on all factors) was used to analyze the data. The ANOVA indicated a 

significant main effect of TTC, F (1, 11) = 14.96, MSE = 0.07, p < .0026, Q^ = 1.15%. 

Results also indicated a significant interacfion between TTC and cue, F (1, 11) = 5.45, 

MSE = 0.11, p < .0396, Of = 0.54%. Analysis of simple main effects indicated that RT in 
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the mental rotation task was greater in the 3.2 second TTC condition than in the 6 second 

TTC condifion in the non-cued condifion F (1, 11) = 47.16, p < .0001. There were no 

significant effects of TTC in the cued condifion. Further, there were no significant effects 

of cue in either the 3.2 s or 6 s TTC conditions. 

There also was an interaction between orientafion and cue, F (3, 33) = 4.19. MSE 

= 0.11, p < .0189, Q}_= 1.17%. Analysis of simple main effects indicated a significant 

effect of orientation in the non-cued condition F (3, 33) = 3.32, p < .0251. Tukey's tests 

indicated that the 180 deg condifion was significanfiy different from the 0 deg condifion: 

however, there were no other significant differences among orientations in the non-cued 

condition. Thus, whether interference is reflected in secondary RTs in the mental rotation 

task is suggestive. The mean RTs for orientation and cue conditions can be found in 

Table 9 and Figure 9. The effect of orientation in the cued condition was not significant 

and there were no significant effects of cue at any level of orientation. 

Although not statistically significant, RTs were typically greater in the non-cued 

condifion than in the cued condifion for the rotated orientafions (e.g., 90, 180 and 270 

degrees). This finding is partially consistent with Shepard and Cooper's (1973) results. 

The reported effect of orientafion in the non-cued condhion and null orientafion effects in 

the cued condition was replicated; however, there were no effects of cue at any of the 

levels of orientation. 
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Table 9: Experiment 2: Mental Rotation RTs in the cued and non-cued conditions. 

Orientation 

0 (deg) 
90 (deg) 
180 (deg) 
270 (deg) 

Non-cued condition 

0.71 (0.13) 
0.88 (0.13) 
0.91 (0.15) 
0.77 (0.14) 

Cued condition 

0.82(0.11) 
0.66(0.17) 
0.81 (0.13) 
0.70(0.13) 

Note: ± 1 standard error of the mean in parentheses. 
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RTs on Mental Rotation Task - Cue and Orientation 
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Figure 9. Mean RTs for orientation and the cue conditions. 
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Discussion 

It was inifially predicted that interference effects would be detected in 

performance on the PM task. Based on multiple analyses, this predicfion was not 

supported. The lack of predicted effects when analyzing TTC measures suggest that there 

are not resource hmitations; and that imagery processes are apparently not required in the 

PM task during the blackout duration (the tasks can be performed in parallel). Further, 

the slopes computed in the cued and non-cued condition were lower than expected for 

lateral motion and were not significanfiy different. The reduction in slopes compared to 

prior studies suggests that performance deteriorated or there were limited resources 

available to perform both the PM task and mental rotation task; however, slopes were 

also small in the control condition and differences between the mean slopes in the cued 

and non-cued rotation conditions were expected to significantly differ. 

However, if participants performed the PM task at the expense of the mental 

rotation then interference effects are likely to be manifested in the mental rotation RTs or 

percent correct. Analyses involving percent accuracy on the mental rotation task did not 

indicate interference effects; however, there was a significant interaction of cue and 

orientation in analyses of mental rotation RTs. This finding suggests that the PM task 

and non-cued mental rotation can not be performed in parallel due to limits in imagery 

processing. That is, the PM task and non-cued mental rotafion task demand concurrent 

cognifive processes which are limited in capacity. In contrast, interference effects did not 
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occur in the cued rotafion condition because preparatory rotation presumably occurred in 

this condition and did not overlap imagery processes in the PM task; the processes were 

not demanded by the limited processing system at the same time. 

Analysis of the interaction of cue type and orientation also suggested that the 

demand for imagery processes in the non-cued rotation condition increased at an 

orientation of 180 deg. That is, interference increased as demands for limited imagery 

processes increased at 180 deg when performing the two tasks simultaneously. One 

possible explanation for the increased RT in the non-cued mental rotation task is that 

imagery required to mentally rotate the character was postponed until TTC was estimated 

in the PM task due to the increased demands placed on imagery processing. This 

postponement presumably resulted in longer RTs to judge the character as normal or 

reversed and did not impact estimates of TTC in the PM task. In this scenario, 

participants presumably encoded the identity, orientation, and position of the test 

character and stored this representation until TTC was estimated in the PM task. 

Following the estimation of TTC in the PM task, the representation of the character was 

then recalled and mentally rotated before its position was judged; thus accounting for 

increased RTs at rotated orientations. 
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CHAPTER V 

EXPEREVIENT III 

Assuming participants performed the PM task at the expense of the mental 

rotation task in Experiment 2, the significant interaction of cue and orientation in analyses 

of mental rotafion RTs suggests that the PM task and non-cued mental rotation can not be 

performed in parallel due to limits in imagery processing. Further, prior research has 

shown that parficipants typically underestimate TTC in lateral mofion trajectories when 

actual TTC values are long in PM tasks (Schiff & Oldak, 1990; DeLucia & Liddell, 

1994). Therefore, if participants indeed rely on imagery in the PM task, such findings 

suggest that the efficiency with which participants presumably imagined the motion of the 

object after it disappears declines with time. For example, a cognitive representation of 

the object's imagined motion may "decay" as the blackout duration increases (see 

Rosenbaum, 1975; McLeod & Ross). In other words, a mental representation of the 

object's imagined position and/or velocity might decay following the disappearance of the 

moving object. Such processing limitations are consistent with the increase in the 

magnitude of underestimation errors that occurs as blackout duration increases. 

Further, the results of Laurent and Thomson (1988) suggest that when visual input 

is occluded, subjects rely on a cognitive representation that is limited in duration to guide 

locomotion. Thomson (1983) initially suggested that the duration of the cognitive 

representation was approximately 8 s in duration. McLeod and Ross (1983) also 
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suggested that participants rely on a limited representation that persists for approximately 

8 s when judging TTC in a PM task. However, later research suggested that the 

representation may last for limited duration around 2 s (Assaiante. Marchland, & 

Amblard, 1989; Elliott & Madalena, 1987). 

Experiment 3 was designed to evaluate the potential role of duration limitations of 

cognitive representations presumably used in PM tasks. This was achieved by providing 

participants with visual information (i.e., an "update") about the distance or velocity of 

the object after it disappeared (i.e., during the blackout duration in a PM task). The 

distance update was a static snapshot of the veridical position of the object presented 

following its disappearance in a PM task. The velocity update consisted of two static 

snapshots of the position of the object; thus velocity presumably can be extracted from 

the two updates of the object's positions. If representations of the object's motion decay 

with time then such updates should improve estimates of TTC. Recall that Assaiante et 

al. (1989) found that participants performed much better when any type of visual sample 

was provided compared to the total darkness condition (e.g., analogous to the blackout 

duration in the PM task). Assaiante et al. (1989) concluded from their results that 

multiple static visual snapshots can be used to update a decaying representation of the 

environment. 

Based on the results of Assaiante et al., I hypothesized that updating imagery with 

veridical information about the moving object would improve performance in a PM task, 

especiahy at relatively long blackout durations (i.e., 6 s) when cognitive representations 

have presumably decayed. I further predicted that updates of integrated distance and 
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velocity would improve TTC accuracy more than updates of distance alone. Specifically, 

I predicted an interaction between TTC and update in which typical underestimation 

errors are reduced in the 6 s TTC condition when updates are presented. 

In a relative judgment (RJ) TTC task. Law et al. (1993) suggested that participants 

over-represent distance information and that the ability to integrate distance and velocity 

is constrained by cognitive resource limitations. Law et al. (1993) further argued that 

when cognitive capacity is limited, participants rely on distance information as a 

heuristical solution in relative TTC judgments. In other words, the inability to efficiently 

integrate distance and velocity information in judgments about TTC may be due to limits 

in cognitive processes. Therefore updates about integrated distance and velocity 

information should alleviate demands placed on cognitive resources compared with 

updates of distance alone, leading to more accurate judgments about TTC. However, it 

should be noted that Law et al. (1993) used a RJ task whereas I used PM tasks in the 

present experiments. 

Method 

Parficipants. Eight students at Texas Tech University had the same characteristics 

as in Experiment 1. 

Displavs. Computer simulafions and stimulus parameters were based on those 

used in Experiments 1. An object remained stationary for 1 s, then moved laterally at a 

constant velocity for 2 s. As in Experiment 1, the object disappeared either 3.2 s or 6 s 

from the finish line at either a near or far distance. Instead of presenfing an interference 
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task following the disappearance of the object, an update or "cue" was presented that 

provided either veridical distance or integrated distance and velocity information about 

the moving object, ft was important that the updates occurred late enough in the blackout 

durafion so the representafions potentially used in PM tasks had adequate time to decay. 

For example, if the update is provided to participants eariy in the blackout duration then 

the cognifive representation may not have yet decayed and would therefore not affect 

performance (see below). 

Distance Update Displavs. In the distance update trials, the position of the 

moving object was shown after the object disappeared. The distance update occurred at 

the object's veridical distance in its trajectory had it confinued at the same speed as before 

it disappeared. This was accomplished by presenfing a stafic representation of the object 

2.01 s following its disappearance. The sfimulus durafion of the distance update was 256 

msec. Figure 10 shows an example schematic of the distance update displays. 

Distance and Velocitv Update Displavs. In the integrated distance and velocity 

update trials, the distance and the velocity of the moving object was cued after the object 

disappeared. In this scenario, the object reappeared in two static positions in its veridical 

trajectory had it confinued at the same speed after it disappeared. The first static update 

occurred 1.75 s after the object disappeared and the second stafic update occurred 2.01 s 

after the object disappeared (or 0.26 s after the first update). The second update in the 

velocity update condition always occurred at the same fime as the distance-only update so 

that the remaining durafion before contact was consistent for both distance and integrated 
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Figure 10. Schemafic representafion of distance update displays. 

Panel A depicts the object is stationary for 1 s and then moves for 2 s. Panel B 
shows the blackout duration of the PM task. Panel C shows the static distance 
update of the moving object that was presented 2.01 s after the disappearance 
of the object. The update always depicted the veridical posifion of the object 
had it confinued moving at the same speed it was moving before it 
disappeared. 
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distance and velocity updates. The update duration for both the first and second update 

was 256 msec. Because the update durafion was short, it was possible that participants 

could miss presentafion of the cue. However, I assumed that participants would have 

their eyes focused in the general vicinity of the update position if they were imagining the 

object moving in its trajectory following its disappearance. 

The presentafion of two static updates presumably allowed participants to 

extrapolate the velocity of the object without providing veridical optical TTC information 

from the constricfion of the opfical gap between the object and finish pole. After 

encoding the location of the first update, the mofion of the object must be extrapolated 

(possibly using imagery or tracking processes) unfil the second update occurs. I assumed 

that participants could infer the velocity of the object by using the two update posifions 

and the fime between the two static updates. It was important that optical information 

that specified TTC was not available in the updates because judgments of TTC might be 

based on the updated TTC information instead of TTC information available in the initial 

2 s of the object's motion. This would make the comparison of the updated conditions to 

the control PM task invalid. An example schematic representation of the distance 

updates and the integrated distance and velocity updates is depicted in Figure 11. The 

optical parameters of the moving object and the updated object are shown in Appendix B. 

Distractors. As a manipulation check, distractor trials were embedded within the 

block of distance and velocity update trials to determine whether participants were indeed 

using the cues when estimafing TTC in the PM task. Updates that displayed the object 
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Figure 11. Schematic representafion of velocity update displays. 

The object is stafionary for 1 s and then moves for 2 s in Panel A. Panel B 
shows the blackout durafion of the PM task. Panel C shows the first update of 
the moving object. Panel D shows the second disappearance. Panel E shows 
the second update. 
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ahead of or behind its veridical position were predicted to result in underestimation or 

overestimation errors, respectively. Participants were naive to the presence of 

nonveridical cues and instructed that all updates were veridical. Therefore, if participants 

were encoding and using the cues then when presented these non-veridical updates of the 

object's position, the accuracy of estimated TTC should be reflected in their responses 

depending on whether the update was displaced forward or backward. 

The nonveridical updates appeared at a position that was laterally displaced either 

1 deg ahead of or behind the correct position. Assuming participants used the cues, I 

hypothesized that performance in the PM task would decrement when nonveridical cues 

were presented provided. That is, compared to estimates made with veridical updates, 

estimates of TTC were predicted to decrease when nonveridical updates were displaced 

ahead of the veridical position (i.e., underestimation of TTC) and increase when 

displacements were behind the object's true position (i.e., overestimation of TTC). 

Procedure and Design. The participants viewed the displays binocularly from .61 

m in a dimly lit room. Head movements were minimized using a chin rest. The 

participants were instructed to press the "F" key when they thought the object would 

contact the finish line had it kept moving at the same speed after it disappeared. 

Judgments of TTC were again defined as the fime between the object's initial 

disappearance and the fime at which the participants responded. The participants were 

told that the object would reappear in its trajectory had the object continued moving at the 

same speed after it disappeared. Participants were not told about the nonveridical 

displacement of the object in the distractor trials. Feedback was not provided on the 
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accuracy of TTC judgments. Participants also performed a separate block of control trials 

in a PM task whhout the updates. The control trials were presented in a separate block 

from the update trials so participants would not wait for updates to be displayed in the 

control trials; this could have artificially increased RTs in the control condition. 

Two values of TTC (3.2 s and 6 s) were crossed with two disappearance distances 

(near and far) and four update conditions (distance update, distance and velocity update, 

forward distractor, and backward distractor) for a total of 16 unique scenes. The 16 

unique scenes were presented four fimes in a random order for a total of 64 experimental 

trials. 

The control scenes were presented in a separate block from the update trials. Two 

values of TTC (3.2 s and 6 s) were crossed with two disappearance distances (near and 

far) for a total of four unique scenes. The four control scenes were presented four times 

in a random order for a total of 16 control trials. The order of the update and control 

blocks was counterbalanced among participants. In both blocks, ten practice trials were 

presented to participants to familiarize them with the PM task and with the different 

update types, but were not analyzed. The design was balanced for gender and order. 

Results 

Significant main effects and interacfions in the ANOVA model were analyzed 

using Tukey's HSD and analyses of simple-main effects. Gender and order were 

included in preliminary analyses but were removed from the ANOVA models because 

there were no significant effects of these factors. 
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Esfimates of TTC. A 2 x 2 x 5 ANOVA (TTC x final distance x update type, with 

repeated measures on all factors) indicated a significant main effect of TTC. F (1. 7) = 

145.57, MSE = 1.58, p < .0001, Qi= 61.96%, final distance, F (1, 7) = 48.91, MSE = 

0.18, p < .0002, Qf = 2.31%, and update type, F (4, 28) = 5.57, MSE = 1.06, p < .0020, 

Q^ = 5.28%. There was not a significant interacfion of TTC and update as predicted. 

The significant effect of update suggests that participants encoded and used the 

cues in their esfimates of TTC. Tukey's tests were computed to compare the update 

conditions. All Tukey's tests were evaluated using p < 0.05; the family wise error rate for 

the 10 orthogonal comparisons of update type was p < 0.401. Results indicated that mean 

esfimates in the backward distractor condifion (M = 5.64) were significantly greater than 

in the control condifion (M = 4.53) and in the forward distractor condition (M = 4.68); 

however, the control condition was not significantly different from the velocity update (M 

= 4.94), distance update (M = 5.10) and forward distractor conditions. Further, there 

were no significant differences between the velocity update, distance update, forward 

distractor and control conditions. The means suggest that participants only encoded the 

backward distractor cue and applied the non-veridical update to estimates of TTC: thus 

resulting in overestimation errors. 

TTC esfimates in the forward distractor condifion were not significantly different 

from those in the control condition. Underestimation errors were expected in both 

conditions; however, the magnitude of the underestimation error was expected to be 
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greater in the forward distractor condition than in the control condition. Upon further 

inspection of the means in the update conditions, the forward distractor had the lowest 

mean in both the 3.2 s (M=3.52 s) and 6 s (M= 5.85 s) TTC conditions. Although the 

forward distractor condition was not significantly different from the control condition, the 

means were significantly lower than those in the backward condition. 

Results further indicated an interaction between TTC and final distance, F (1, 7) = 

16.13, MSE = 0.13, p < .0051, Qf = 0.55%. Although omega squared accounted for less 

than one percent of the treatment variance simple main effects were analyzed. Analysis 

of simple main effects indicated that, TTC esfimates were greater in the far final distance 

condition than in the near final distance for the 6 second TTC condition, F (1, 7) = 11.14, 

p < .0093. Additionally, TTC estimates were greater in the 6 second TTC condifion than 

in the 3.2 second TTC condition at both the near final distance, F (1, 7) = 106.63, p < 

.0001, and the far final distance condition F (1, 7) = 157.52, p < .0001. Mean TTC 

estimates by TTC and final distance can be found in Table 10. 

A partial model ANOVA was used to analyze the esfimates of TTC without the 

distractor cues in the model. A 2 x 2 x 3 ANOVA (TTC, final distance, x update type, 

with repeated measures on all factors) indicated a significant effect of TTC, F (1, 7) = 

140.23, MSE = 0.92, p < .0001, 01= 57.44%, final distance, F (1, 7) = 45.30, MSE = 

0.12, p < .0003, n^ = 1.50% and then interaction, ¥_{\, 1) = 6.28, MSE = 0.19, p < 
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Table 10: Experiment 3: Mean TTC estimates for each condition of final distance. 

TTC 

3.2 (s) 
6(s) 

Near Final Distance 

3.66(0.19) 
5.83(0.41) 

Far Final Distance 

3.90 (0.20) 
6.53 (0.49) 

Note: ± 1 standard error of the mean in parentheses. 
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0.0407, Q^ = 0.50%. As in the fuU model analysis of esfimated TTC, there was no 

interacfion of TTC and update. The mean TTC estimates of TTC and update type can be 

found in Table 11. 

TTC Percentage Estimates. TTC judgments were converted to percent estimates 

of the actual TTC as in Experiment 1. A 2 x 2 x 5 ANOVA (TTC x final distance x 

interference task, with repeated measures on all factors) indicated a significant main 

effect of TTC, F (1, 7) = 81.89, MSE = 258.96, p < .0001, Of = 25.73%, final distance, F 

(1,7) = 46.91, MSE = 80.48, p < .0002, Q! = 4.54%, and update type, F (1, 7) = 5.91, 

MSE = 537.14, p < .0370, Qf = 12.96%. There was not a significant interacfion of TTC 

and update as predicted. 

Tukey's tests indicated that percentage esfimates in the backward distractor 

condition (M = 129.75%) were significantly greater than those in the velocity update (M 

= 117.75%), distance update (M = 112.85%), forward distractor (M = 107.42%) and 

control (M = 104.45%) conditions. There were not significant differences between the 

velocity, distance, forward, and control conditions. 

As with analyses of estimated TTC, a partial model ANOVA was used to analyze 

TTC percent esfimates without the distractor cues in the model. A 2 x 2 x 3 ANOVA 

(TTC X final distance x interference task, with repeated measures on all factors) indicated 

a significant main effect of TTC, F (1, 7) = 214.94, MSE = 58.16, p < .0001, Q^ = 

23.17%, and final distance, F (1, 7) = 58.02, MSE = 43.34, p < .0001, Q^ = 3.83%. As in 
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Table 11: Experiment 3: Mean TTC estimates in the control and update conditions. 

TTC 

3.2 (s) 
6(s) 

Control 

3.48 (0.31) 
5.58 (0.10) 

Distance Update 

3.93 (0.12) 
6.27 (0.24) 

Velocity Update 

3.67(0.10) 
6.20 (0.26) 

Note: ± 1 standard error of the mean in parentheses. 
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the full model analysis of TTC percentage estimates, there was not a significant 

interaction of TTC and update as predicted. 

TTC Percentage Error Data. TTC judgments were converted to percent error of 

the actual TTC as in Experiment 1. This analysis was conducted to determine the 

magnitude of error for TTC percent esfimates. This is important because there were both 

overesfimafion and underestimafion errors in the 6 s TTC condition; therefore, the 

absolute magnitude of error must be computed to determine relative accuracy. A 2 x 2 x 

3 ANOVA (TTC x final distance x update, with repeated measures on all factors) 

indicated a significant interaction of TTC and update type, F (2, 14) = 2061.37. MSE = 

110.65, p < .0131, Qf = 23.17%. Analysis of simple main effects indicated a significant 

effect of update type in the 6 s TTC condition, F (2, 14) = 15.23, p < .0001, but not in the 

3.2 s TTC condition. 

Tukey's tests conducted on update type in the 6 s TTC condition indicated that 

percent error in the control condition (M = 31.58%) was significantly greater than percent 

error in either the distance update (M = 13.69%) or velocity update (M = 13.05%) 

conditions. Percentage error in the distance and velocity update conditions were not 

significanfiy different. This finding suggests that both distance and integrated distance 

and velocity update conditions improved TTC accuracy compared to the control 

condition. 

Further, t-tests indicated that all update conditions were significantly different 

from zero; this suggests that responses were inaccurate in all update conditions. One 

potenfial explanation for this finding in the 6 s TTC condition is that the update cues 
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occurred 4 s before the object would have reached the finish pole. It is possible that the 

updated representafion decayed after it was initially updated. 

TTC Regression Analvses. Regression analyses were used to look at the 

relafionship between esfimated and actual TTC. Slopes were computed to compare the 

slopes of the update conditions with the control condition and to compare slopes with 

prior studies of TTC using a PM task. 

Results suggest that the relationship between estimated TTC and actual TTC 

depends on the information that was updated. The slope of estimated TTC in the control 

condifion was .70 , which was slighfiy higher than those reported in previous research 

(McLeod & Ross, 1983; Schiff & Detwiler, 1979; DeLucia & Liddell, in press; DeLucia 

& Novak, 1997). The slope of esfimated TTC in the update trials varied by condifion. 

The slope in the distance and distance and velocity update conditions were .78 and .84 

respecfively. The slopes slightly increased when the distance or velocity update was 

provided. 

T-tests were computed on the slopes to determine whether mean slopes differed 

among the update conditions. Slopes were calculated for each subject and the mean and 

standard error were computed. Dependent t-tests indicated that the control condition was 

significantly different from both the distance condition, t_= 2.53, df = 7, p < .040, (tcriticai = 

2.37), and the distance and velocity condition, t_= 3.03, df = 7, p < .019. There was not a 

significant difference between the two update conditions. The results indicated that 

performance improved when participants were provided with veridical information 

relating to the mofion of the object. 
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Discussion 

Analyses involving esfimates of TTC and TTC percentage estimates failed to 

indicate a significant interacfion between TTC and update type. However, analyses 

conducted on TTC accuracy supported the a priori hypothesis that cognifive 

representafions used to esfimate TTC in PM tasks decay during long blackout durations. 

Further, updates of either distance and velocity information served to reduce typical 

underestimation errors in the 6 s TTC condition when compared to the control condition; 

the magnitude of error was significantly reduced when these updates were provided. 

The finding that there was not a significant difference between the distance and 

velocity updates in the (6 s TTC) analysis of the difference scores suggests that 

participants were able to use both cues to effectively. This supports the conclusions of 

Assaiante et al. (1989) that multiple static visual snapshots can be used to update a very 

short-lasting representation of the environment but also suggests that a single update can 

also improve performance. Although this study was not designed to define the exact 

duration of cognitive representations potentially used in PM tasks, it appears that the 

representation lasts longer than 3.2 s. Cued estimates in the 3.2 s TTC condifion did not 

significantly differ from estimates in the control condition although means in the control 

condition were slightly overestimated. 

The magnitude of the difference scores in the update conditions were not 

significanfiy different from the control condifion in the 3.2 s TTC condifion. This result 

is not surprising because judgments of lateral motion are relatively accurate at shorter 
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values of TTC compared to longer TTC values. Therefore there was no reason to expect 

a decay in potential representations nor was there reason to expect that updates of 

veridical distance or velocity information would improve accuracy in the PM task. 
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CHAPTER VI 

GENERAL DISCUSSION 

I hypothesized that imagery processes are involved in TTC judgments in PM tasks 

and that cognhive representafions involved in such judgments decay following the 

disappearance of the object. The current research attempted to invesfigate these imagery 

processes and the limits of such processes that presumably contribute to errors in judging 

TTC in PM tasks. Specifically, Experiment 1 was designed to evaluate whether imagery 

processes contribute to TTC judgments when response initiation occurs seconds 

following the disappearance of the object in a PM task. A dual-task paradigm was used 

to determine whether a task that interferes with eye-movements that reflect imagery 

processes presumably used in PM tasks. Results did not implicate interference effects 

and failed to support my hypothesis. In analyses of TTC percent error, there was an 

significant interaction between TTC and task; results in the 3.2 s TTC condition indicated 

that performance in the NV interference condition was significantly worse than 

performance in the control condition, however there were no differences between the VE, 

VNE, and NV interference conditions. It remains unclear whether corrective eye-

movements contributed to my findings or whether the secondary stimulus discrimination 

tasks demanded imagery processes as assumed. 

As previously mentioned, the interference tasks in Experiment 1 may have 

violated the second assumption by Roediger et al. (1977) that states that the interference 

91 



*x- • •m 

task should require cognifive capacity. I assumed that imagery includes eye-movements 

to track the imagined object after it disappears and that disruption of eye-movements 

would also interrupt imagery processes. There was no a priori empirical support for the 

assertion that the sfimulus discriminafion task used in Experiment 1 requires cognifive 

processes. The concern of violating interference paradigm assumptions was addressed in 

Experiment 2 by using the mental rotation task. Mental rotation may require more 

cognifive capacity than the simple stimulus discrimination tasks used in Experiment 1. 

Therefore, Experiment 2 also used a dual-task paradigm and was designed to 

further investigate potential imagery processes in the PM task. A mental rotation task 

that is assumed to require imagery (Cooper & Shepard, 1973; Finke, 1989) was used as 

the secondary task in this experiment. Performance was predicted to decrement in the 

non-cued condition but not in the cued condition assuming preparatory rotation occurs in 

the cued mental rotation condition. Further, orientation was expected to interact with cue 

because (presumed) imagery duration increases and peaks at 180 degrees. There was no 

indication of interference effects in analyses of estimated TTC or TTC percent estimates 

for the PM task; however, analysis of RT to perform the mental rotation task indicated 

that RT increased in the mental rotation task (e.g., in the non-cued condition). This 

finding is not surprising if participants performed the PM task at the expense of the 

mental rotation task. These interference effects suggest that imagery processes are 

required of both tasks and they share limited processing resources. 

However, in contrast to limited resource explanations, it may be the case that 

imagery processes involved in the non-cued mental rotation condition were interfered 
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with by visuo-spatial processes or temporal processes presumably required in PM tasks. 

Although my experiments were designed to investigate the potential involvement of 

imagery processes in the PM task, I can not rule out the possibility that other processes 

are involved independently or interactively. The results of Experiment 2 should be 

interpreted with caution unfil the potential role of visuo-spatial and temporal processes 

potenfially involved in the PM task are more clear. It should be noted that Experiment 2 

was not designed to determine whether presumed cognitive processes involved in 

estimating TTC in the PM task are temporal or visuo-spatial in nature. An interaction of 

temporal and visuo-spatial processing components might best account for processing 

involved in PM tasks. Further study of the involvement of temporal and visuo-spatial 

processes would be useful. For a discussion of related research see DeLucia and Liddell 

(in press). 

In Experiment 2, it was assumed that if the mental rotation task interfered with a 

cognitive clock, there would be no difference between the cued and non-cued mental 

rotation conditions. However, Fortin and Breton (1995) showed that a task requiring 

mental rotation interfered with a temporal production task. Thus, in the non-cued rotation 

condition, the presumed visuo-spatial processing associated with mental rotation may 

have interfered with temporal (or a combination of visuo-spatial and temporal) processes 

involved in PM tasks. If so, cued mental rotation would not be expected to interfere with 

temporal-based processes potentially used in PM tasks because the processes do not occur 

in parallel. This alternative explanation can potentially account for the results. 
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Experiment 3 was designed to identify duration limits in cognitive representations 

potentially involved in PM tasks. Specifically, participants were provided with updates 

of either distance or distance and velocity information in an attempt to determine whether 

cognitive representations presumably involved in PM tasks are limited in duration. 

Analyses of TTC error in Experiment 3 are consistent with the notion that cognitive 

representations presumably used in PM tasks decay during the blackout duration. This 

representation can be updated with veridical information to reestablish the accuracy of the 

internal representation after it has decayed or become inefficient. Both distance and 

integrated distance and velocity cues were sufficient to update the inaccurate 

representafion and reduce underesfimafion errors that are typically found at relatively 

large values of TTC. This resuh is inconsistent with the findings of Law et al. (1993); 

however, the discrepancy might be accounted for by differences in processing required of 

PM and RJ tasks. Further research using a greater range of TTC values could contribute 

to our understanding of the durafion of the representation. It should be noted in 

Experiment 3 that RTs could have increased because participants were distracted or 

because they were trying to determine whether the update was veridical or a distractor. 

Although participants were not told about the distractor trials, further study to determine 

the specific processes involved in Experiment 3 is warranted. An attempt to replicate this 

study using only veridical updates and informing participants that trials are veridical 

would eliminate the possibility that RTs increased because of subject uncertainty. 
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Theoretical Implications 

In general, the results were mostly consistent with the notion that PM tasks 

involve CME with an underlying imagery component. Interference effects in Experiment 

2 were not evident in responses in the PM task; however, RTs in the mental rotation task 

were greater in the non-cued condition than in the cued condhion for the non-zero 

(mental rotafion) orientafions (i.e., 90, 180, and 270 deg). This finding partially 

replicated Cooper and Shepard's (1973) interaction of cue and orientation. Further, if 

imagery is used to extrapolate the motion of the object following its disappearance in PM 

tasks, the efficiency of such imagery processes must be questioned at long blackout 

durations when underestimation errors are common (Schiff & Oldak, 1990; DeLucia & 

Liddell, 1994). Indeed, the results of Experiment 3 suggest cognitive representations that 

potentially underlying imagery processes in the PM task can be updated with distance and 

integrated distance and velocity cues when TTC was 6 s. The limits of cognifive 

representafions presumably used to update imagery processes at long values of actual 

TTC should be further invesfigated. In summary, it is important to elucidate the relative 

contributions of opfical TTC and imagery processes in the PM task. Cognitive processes 

that contribute to PM tasks should be considered when developing a comprehensive 

model of TTC judgments. 

Limits 

It is important to point out several limits in the interpretation of my results. First, 

the displays and condifions used in the Control Experiment were shghtly different from 

95 



those used in Cooper and Shepard's study. Cooper and Shepard's (1973) participants did 

not see displays for a PM task and were required to retake error trials; they also included 

multiple cue durafions. These differences may partially account for the differences in 

results (i.e., limited replicafion of the interacfion between cue and orientation). 

Further, results in the Control Experiment where participants performed 

preparatory rotafion are only suggesfive. Results based on ANOVA did not indicate the 

predicted interaction of cue and orientation; whereas, trend analyses and nonparametric 

tests indicated at least a partial replicafion of Shepard and Cooper (1973). The reducfion 

of RTs in the cued condifion compared to the non-cued condition are only suggestive that 

preparatory rotafion occurred in the mental rotation task. 

In Experiment 2, there were no interference effects on the PM task; however, 

there was an interaction between cue and orientation in measures of RTs in the mental 

rotation task. Therefore, whether imagery processes are potentially involved in PM tasks 

is suggestive. I must also consider that performing two tasks simultaneously may have 

changed the strategy that participants used to perform each task. When performing a PM 

task in a dual-task paradigm participants may alter task strategies to most efficiently 

estimate TTC. Strategy changes must also be considered in Experiment 3. For example, 

the extrapolated trajectory of the object's motion prior to the update could be compared to 

second half of the trajectory after the presentation of the update cue. In this case, 

parficipants would be making comparafive judgments which are typically more accurate 

than absolute judgments. 
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Further, conclusions about the nature of processes involved in the PM task, from 

interference effects, cannot be made because it is possible that estimates of TTC in the 

PM task are characterized by processes that are either spatial, temporal , or a combination 

of the two. For example, parficipants might compute TTC using representations of the 

spafial properfies of the task with temporal processes as an implicit parameter. 

Altemafively, participants may rely on a cognifive clocking process independently of 

spatial representations. 

In Experiment 3 was not designed to disfinguish whether underesfimafion errors at 

long values of actual TTC were a result of inefficient imagery processing or whether 

cognitive representations of optical TTC, distance, and velocity decay. One must also 

consider that cognitive representations of opfical TTC, distance, and velocity might be 

used to update imagery processes. That is, participants might use cognifive 

representations of optical TTC, distance, and velocity to continually update imagery 

processing during the blackout duration in the PM task. If such inputs into imagery 

processing are nonveridical, or contain an error component, then imagery processes 

would be expected to be increasingly ineffective as the blackout duration increases in the 

PM task. 

Finally, it should be noted that in Experiment 3 increases in TTC estimates were 

interpreted as an improvement in performance accuracy; however, increases in TTC 

estimates could also be interpreted as a decrement in performance. For example, 

cognitive processing could be slowed as participants encoded and incorporated the visual 

updates of distance and velocity into imagery processing. In this scenario, estimates of 
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TTC would be expected to increase due to the encoding and processing of the updates. It 

should be noted that in Experiment 1 and Experiment 2, increases in TTC were 

interpreted as a decrement in performance. Therefore, increases in TTC estimates in 

condifions which TTC is typically underestimated should be interpreted with caution. 

Applications 

The research in this dissertafion has applicafions to occupafions that demand the 

ability to make spafial judgments involving moving objects. For example, truck drivers 

must make decisions about moving automobiles that are not confinuously visible. In such 

situations, the driver must attend to mulfiple information sources and make decisions that 

should be based on a veridical representation of the moving objects. If imagery processes 

are involved in judging TTC then it may be possible that job performance could be 

improved by assessing dynamic spatial ability or imagery ability when screening job 

applicants. Schiff and Oldak (1990) administered a battery of pencil and paper spatial 

ability measures and found no relationship to TTC estimates. It has yet to be determined 

whether dynamic tests of spatial ability or imagery ability correlates with TTC judgments. 

Additionally, multiple job tasks that are performed in parallel should not 

simultaneously involve spatial, temporal or other imagery-based processes because limits 

in cognifive processing can adversely affect performance (Wickens, 1992). Further, if 

limits in cognitive processing affect performance in spatial judgments involving moving 

objects then portions of the task could be automated to reduce demands on cognitive 

processing. For example, the recent docking collision of the Russian space ship Progress 
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with the Spektr module of Mir was potentially a result of human error in accurately 

judging virtual contact. In this manual docking maneuver, the commander must rely on 

mulfiple sources of information, some of which may overburden limited processing 

resources. Automafion of certain aspects of the manual docking procedure could serve to 

reduce the cognitive processing load and potentially reduce the probability of human 

error. 
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ENDNOTES 

In all experiments, participants who reported use of a "counfing strategy" were 
included in the analyses although they were explicitly instructed not to rely on cognifive 
strategies or prior knowledge. Participants who report counfing have not been considered 
in prior studies; however, it would be useful to invesfigate strategy differences in the 
future. 

Observed F rafios that are based on repeated measures designs often violate the 
homogeneity assumpfions. Under these circumstances, the actual crifical values of the F 
distribufion are larger than those listed in the F table when the nuh hypothesis is true. 
The Geisser-Greenhouse correction assumes the presence of maximal heterogeneity. 
Geisser-Greenhouse corrections were applied in all ANOVA tests that involved repeated 
measures variables with more then two levels (Keppel, 1982). 

^ Although Q} accounted for less than one percent of the variance, tests of simple 
main effects were conducted for all significant interactions. These interactions were not 
discussed unless directly related to a priori hypotheses. 

'^ Familywise error was computed when multiple pairwise comparisons were 
made. The familywise error rate considers the probability of making one or more type I 
errors in the set of comparisons being evaluated (Keppel, 1982). 

^ A similar error affected Experiment 2; however, the error was corrected and the 
experiment was rerun. All future references to Experiment 2 refer to the corrected 
version of the experiment. 
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APPENDIX A 

EXTENDED LITERATURE REVIEW 

Perception of TTC 

The fime before something reaches a person or a contact point is referred to as 

time to contact (TTC). TTC has been extensively researched over the years and there has 

been considerable interest in what perceptual information is used in perceptual estimation 

of TTC (Tresilian, 1991). A popular hypothesis conceming the operation of perceptual 

processes when judging TTC is the tau hypothesis (Lee, 1976; Tresilian, 1995). The tau 

hypothesis concems the type of information that is thought to be perceptually extracted 

when judging TTC. 

The "Tau-Function" Notation 

Lee (1976) specified a simple notation to describe tau. In the tau-function 

notafion, if (a) is a time varying quantity and (a') is the temporal derivafive of that 

quantity then the tau funcfion of (a), specified as (a*), is defined as (a) / (a*) and has the 

dimension of fime. This function is sometimes referred to as the tau-margin (see 

Tresihan, 1995). 

Approach Motion 

Lee (1976) demonstrated that informafion about when an approaching object will 

reach a designated target is specified optically by tau. For tau to specify an actual time to 
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contact, the condifions of constant velocity and object rigidity must be met (Tresilian, 

1991). For example, a surface patch defined by two points on an object's surface 

subtends a solid angle (a) at the point of observafion (O) based on the distance and size 

of the object relative to O. As the object approaches O, the rate of dilation of (a) is 

defined as (a*) and can be conceived as the rate of separation of the images of the two 

surface points projected at O. The reciprocal of the relative rate of the dilation of (a) 

subtended at O by two points on the surface of the object is equal to TTC of the object 

with O (Tresilian, 1991). In Equation 1, opfical TTC for an object approaching a 

stationary observer is mathematically specified. 

TTC = (a) / (a*), where (1) 

(a) = angle between two points, 

(a*) = temporal derivative of (a). 

Lateral Motion 

Tresilian (1991) described a similar tau-like variable for TTC in transverse motion 

scenes (i.e., lateral motion). When an object approaches a contact point in the transverse 

plane, optical TTC is specified by the angle subtended by the retinal distance between the 

object and a contact point (0) (i.e., opfical gap size) divided by its rate of change (0') 

(Tresilian, 1991). In Formula 2, opfical TTC for an object moving in a transverse 

trajectory is mathematically specified. 
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TTC (from last visible frame) = (0) / (0'), where 

(0) = angle between object and contact point, 

(0*) = temporal derivafive of (0). 

(2) 

Prediction Mofion Tasks 

Laboratory studies of the ability to estimate TTC often use tasks that can be 

categorized into two groups: relafive judgment (RJ) and coincidence anficipation (CA) 

tasks (Tresilian, 1995). In RJ tasks, parficipants indicate which of one or multiple targets 

will arrive first after they disappear (Tresilian, 1995; DeLucia & Novak, 1997). In the 

CA task, participants make a simple response (e.g., press a button) at the same fime a 

moving object is predicted to arrive at a contact point. The response must coincide 

temporally with the target's estimated arrival at the contact point. One such CA task is 

referred to as a prediction motion (PM) task. In PM tasks, an object moves toward a 

stationary target and disappears at some point in its motion trajectory. Participants 

respond at the time they think the object would contact the target. Cognitive processes 

have been implicated in the PM task because the response occurs in the absence of visual 

informafion (Schiff & Oldak, 1990; Tresilian, 1995; DeLucia & Liddell, in press). 

TTC Effects 

Empirical support for the use of optical TTC in PM tasks has been shown in 

several studies. Schiff and Detwiler (1979) used filmed displays of approaching objects 
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to invesfigate opfical TTC potentially used in anticipating collisions in the PM task. In 

their displays, an object's mofion was visible during the inifial portion of its trajectory 

and disappeared from 1 s to 10 s before virtual contact with the self (Schiff & Detwiler, 

1979). The participants pressed a button when they thought the object would reach the 

contact point if it continued at the same speed in its trajectory. Results indicated that 

response fimes increased as actual TTC increased. Schiff and Detwiler (1979) thus 

suggested that subjects were sensifive to opfical TTC. 

McLeod and Ross (1983) showed participants film clips of moving automobiles 

that approached a stationary car. Participants were instmcted to imagine that they were 

inside the moving car and to watch the stafionary car as they appeared to approach it. 

After completion of the film, which terminated prior to contact, participants predicted 

when they thought their body would have reached the back of the stationary car assuming 

constant velocity and direction. McLeod and Ross (1983) also found that esfimated TTC 

increased as actual TTC increased; thus replicating Schiff and Detwiler (1979). Increases 

in estimated TTC as actual TTC increases has been reported in numerous other studies 

(e.g., Schiff and Oldak ,1990; DeLucia and Liddell, in press; Caird & Hancock, 1994: 

Cavallo & Laurent, 1988) 

Underestimation Errors 

Opfical TTC does not seem to account for results of all prior studies of TTC 

judgments in PM tasks (Tresihan, 1995). Although Schiff and Detwiler (1979) found 

increases in response time as actual TTC values increased, esfimates of TTC were 

109 

FW«i»»^* iB»W^l^P* i • i W i » « ^ i W « W w w w w r ^ | « i W 



• & • 

increasingly underestimated as TTC values increased from 2 s to 10 s. Tresilian (1995) 

reported that in PM tasks, TTC was typically underestimated at an average of about 60% 

of the actual TTC value for approach motion. Further, the variability of participants' 

responses also increased as TTC increased. Underestimation errors in responses have 

been replicated in other studies using large TTC values (e.g., Schiff, Oldak, & Shah, 

1993; McLeod & Ross, 1983; Schiff & Oldak, 1990; Caird & Hancock, 1994) and 

renders quesfionable the notion that optical TTC is an efficient source of visual 

informafion used in judging TTC. 

Traiectory Effects 

Schiff and Oldak (1990) reported effects of motion trajectory on judgments of 

TTC that also might be interpreted as limits in the use of optical TTC in PM tasks. Schiff 

and Oldak (1990) had participants judge objects that moved along approaching, oblique, 

and lateral trajectories. Lateral motion events were judged more accurately than the other 

mofion trajectories (Schiff & Oldak, 1990). 

Schiff and Oldak (1990) discussed three potenfial explanations for differences in 

judgments between approach and lateral mofion. First, the transformation rate of optic 

expansion in approach trajectories is geometrically nonlinear. In other words, an object at 

a near distance has a faster rate of opfic expansion than the same object at a far distance. 

In contrast, the rate of change of the constricfion of the opfical gap in lateral trajectories is 

approximately linear. This may account for differences in performance accuracy across 

trajectories because observers may not use linear and nonlinear changes equally well. 
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Second, it is possible that threshold factors account for differences in judgments 

of lateral and approach mofion events. That is, optical changes in approach motion are 

determined by the distance of the approaching object from the point of observafion. Hills 

(1980) noted that opfical changes can be difficult to detect in approach trajectories when 

the object is at a far distance compared to those in lateral trajectories. For example, the 

same physical displacement of an object 2(X) meters away has a greater optical change in 

a lateral trajectory than in an approach trajectory; thus changes in visual angle are greater 

in the lateral trajectory than in the approach trajectory. 

Finally, Schiff and Oldak (1990) suggested that the differences in judgments of 

lateral and approach motion may be related to the use of different strategies or visual 

information. For example, in lateral motion events subjects may estimate distance (d) 

and velocity (v) and compute TTC by dividing (d) by (v). Although, the computafion of 

TTC by dividing (d) by (v) has not received empirical support in approach trajectories 

(Schiff & Detwiler, 1979; McLeod & Ross, 1980), distance and velocity are "salient" 

variables in lateral mofion events (Schiff & Oldak, 1990). That is, distance and velocity 

can easily be extracted to judge TTC in lateral trajectories although optical TTC 

information is also available. In summary, it is possible that perceptual systems use 

different informafion sources (e.g., opfical TTC, distance, velocity) across mofion 

trajectories even when veridical optical informafion is equally available in both events. 

DeLucia and Liddell (in press) measured judgments of approach and lateral 

mofion using an interrupfion paradigm (IP; Cooper et al., 1987) to invesfigate whether the 

obtained pattem of responses would replicate extrapolation errors in prior studies of TTC 
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using a PM task (e.g., Schiff & Oldak, 1990). In the IP task, an object moves for a 

constant durafion and disappears for a variable durafion before reappearing. The 

reappearance occurs either at the correct posifion or at a position more or less advanced 

than the correct position (Cooper, 1989; Cooper, Gibson, Mowafy, & Tataryn, 1987). For 

lateral mofion, DeLucia and Liddell (in press) found that the pattem of responses 

measured with the IP task was similar to that reported with the PM task: the results were 

consistent with the relatively accurate judgments of lateral mofion compared with 

approach motion. With approach motion, the pattem of responses in the IP task indicated 

poor discrimination than that obtained with lateral mofion. One implication of this study 

are that differences in performance across motion trajectories may be related to 

differences in extrapolation processes. 

Gender Effects 

Research has indicated gender differences in the prediction of TTC in PM tasks. 

In general, results indicate men provide greater and more accurate arrival time estimates 

than females (McLeod and Ross, 1983; Schiff and Oldak, 1990). Schiff and Oldak 

(1990) found that gender effects were present with approach, lateral, and oblique motion 

trajectories. 

One potential explanafion for this gender difference has been explained by a 

difference in risk taking behaviors (Schiff & Oldak, 1990; Caird & Hancock, 1994); 

however, the generalization of the effect across motion trajectories that do not involve 

impending contact with the self implicates a more general perceptual-motor tendency 
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than risk to the self (Schiff & Oldak, 1990). Gender effects in estimation of TTC may 

instead relate to differences in spafial abilifies. Schiff and Oldak (1990) reported that 

men scored higher than women on measures of both spatial orientation and spatial 

visualization; however, neither measure adequately predicted TTC estimates. 

Cognitive Operations in Judgments of TTC 

Tresilian (1995) proposed that cognitive processes are used to estimate TTC in 

prediction-motion (PM) tasks. In PM tasks, the time between the object's disappearance 

and its virtual contact is the object's actual TTC (also the blackout duration). Cognitive 

processes are implicated in the PM task because the response occurs in the absence of 

visual information (Schiff & Oldak, 1990; Tresihan, 1995; Jagacinski, Johnson, & Miller, 

1983). Tresilian (1995) suggested that following the initial extraction of perceptual 

information from an object's visible motion in PM tasks, cognitive processes potentially 

influence TTC judgments during the period when the object is no longer in view. 

Cognitive processes that are potentially involved in such judgments include, an intemal 

cognitive model of the object's motion, a cognitive clock process, imagery, and memory 

(Jagacinski et al., 1983; Tresilian, 1995; DeLucia & Liddell, in press; Rosenbaum, 1975; 

McLeod & Ross, 1983). 

Intemal Models 

Jagacinski et al. (1983) suggested that a cognitive representation or intemal model 

is developed when extrapolating the motion of an object that disappears from view (e.g., 
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a PM task). In Jagacinski et al.'s (1983) study, participants viewed leftward movement of 

a vertical line and had to extrapolate the retum movement following the disappearance of 

the line. Participants pressed a key when they thought the target would have reached 

various prediction lines. There were three motion conditions; a constant acceleration 

condition, a constant velocity condition, and an acceleration plus coast condition. 

Jagacinski et al. (1983) reported that participants' extrapolations approximated an 

acceleration plus coast pattem instead of a constant velocity pattem. This finding 

suggests that the intemal model used by the participants was nonveridical and that the 

parameters of the nonveridical model specified an initial accelerafion phase followed by a 

constant velocity phase (Jagacinski et al., 1983). Such a model can account for 

underestimation errors in PM tasks but can not account for the increased magnitude of 

underestimation errors as TTC increases. For example, if the initial part of an object's 

hidden motion is perceived as accelerating and the later part is perceived as constant 

velocity, then underestimation errors should be expected at short TTC values because in 

the acceleration phase the object would be displaced ahead of its veridical position. 

However, the magnitude of underestimation errors should not increase as TTC increases 

because the acceleration phase is followed by a constant velocity phase and the magnitude 

of underestimafion error should remain constant. This scenario assumes that the 

accelerafion phase is consistent (e.g., always 1 s, or a percentage of the TTC) for all TTC 

values. 

DeLucia and Liddell (in press) also considered the potenfial role of cognitive 

operations in PM tasks and proposed two classes of cognitive processes. The first class 
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includes cognifive mofion extrapolation (CME) which involves an internal cognitive 

representafion of the object's visible mofion that is used following the disappearance of 

the object to extrapolate the mofion of the object. Others have also considered the 

potenfial role of CME in PM tasks (Schiff & Oldak, 1990; Tresilian, 1995; Jagacinski et 

al., 1983). The use of CME is not consistent with an ecological theory of percepfion. 

According to the latter, information is available in any porfion of an object's visible 

mofion trajectory and is useful even if the object disappears prior to contact (Schiff & 

Oldak, 1990). 

In the PM task, as designed in prior studies, it is difficult to determine whether 

judgments of TTC are based on intemal representations (e.g., intemal model) or real-

world information. Thus, Schiff and Oldak (1990) argue that "whether the spatio-

temporal gap being judged transforms the task into a cognitive one depends on one's 

theoretical viewpoint." Further, the use of a cognitive representation or model of the 

object's motion may be accompanied by imagery or eye movements (Rosenbaum, 1975). 

For example, participants may imagine the motion of the object after it disappears and 

track the imagined object using eye movements. 

Imagery 

Rosenbaum (1975) hypothesized that observer's may imagine the mofion of an 

object after its disappearance in PM tasks. In Rosenbaum's (1975) displays, a moving 

target disappeared behind a screen and participants were required to predict when the 

object passed behind a marker on the screen. Rosenbaum (1975) suggested two possible 

115 

. ^^> 



liYiTiT- T^tTiniiiiTiTrir ,V.VA . 

strategies that participants could use to extrapolate objects. In the first strategy, 

participants determine the rafio of exposed distance to hidden distance and then compute 

the time k would take for the object to transverse through the hidden distance. In other 

words, participants based their performance on optical information from the visible 

portion of the object's trajectory and applied such information to the portion of the trial 

when visible information was not available. In this strategy, eye movements during the 

hidden motion should be relatively independent of the actual motion of the object 

(Rosenbaum, 1975). 

In the second strategy, participants directly extend the visible portion of the 

object's motion possibly by relying on a form of imagery. Rosenbaum (1975) proposed 

that if participants used this strategy, then performance would not be affected by the ratio 

of exposed to hidden distance. Moreover, eye movements during hidden motion should 

mirror the "imagined" motion of the object. In general, Rosenbaum (1975) informally 

observed that participants' eye movements continuously followed the hidden motion of 

the object as if the object were still visible. However, eye movements in Rosenbaum's 

(1975) study were not consistent across experimental conditions or observer's, and were 

not objectively measured. Further, Peterken, Brown, and Bowman (1991) reported that 

when instmcted to imagine the object's motion following its disappearance TTC 

estimates were not different from when such instmctions were not provided. They 

suggested that eye movements were not required to accurately predict the position of an 

object in a PM task when participants were instmcted to either track the object or fixate 

on a static horizontal line located at the start or end of the motion trajectory. 
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DeLucia and Liddell (in press) also suggested that imagery and cognitive motion 

extrapolation are used in PM tasks. They proposed that parficipants intemalize an 

object's visible motion in some manner, for example, with a cognhive model or memory 

representation which is used to extrapolate the object's mofion after it disappears and to 

update the corresponding imagery of the motion. To evaluate the role of imagery in PM 

tasks, DeLucia and Liddell (in press) varied the visual information about the en\ ironment 

between the observer and the display. Specifically, participants viewed computer 

simulations of an object that approached the observation point for 2 s and then 

disappeared when h was either 2, 4, 6, 8, or 10 s from virtual contact: they pressed a key 

when they thought the object would have hit them. Some of the participants viewed the 

displays through an aperture in a dark room that minimized information about the 

environment between them and the display. The remaining participants viewed the 

displays in a fully-illuminated room without the aperture to provide optimal information 

about the environment such as the distance between them and the display. DeLucia and 

Liddell assumed that if participants mentally imagined the object moving through the 

environment after it disappeared then they would use extemal landmarks to keep track of 

the imagined object's posifion. Thus, DeLucia and Liddell predicted that performance 

would deteriorate when information about environmental cues were minimized with an 

aperture. 

Results suggested that the slope of the relafionship between estimated and actual 

TTC depended on viewing condifion. Although there was not a significant main effect of 

viewing condition when the data was analyzed with ANOVA, viewing condition 
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accounted for 8.58% of the variance. Addifionally. mean slopes were smaller (i.e., 

performance deteriorated) in the aperture viewing condition compared to the non-aperture 

viewing condifion. It should be noted however, that these results are only suggestive 

because although opfical TTC was the same in the aperture and non-aperture condifions, 

the implementation of the aperture could have affected the perception of TTC during the 

visible mofion of the object (DeLucia & Liddell, in press). 

In a separate experiment, DeLucia and Liddell (in press) used interference tasks 

that were designed to determine whether processes that underiie the PM task rely on 

visuo-spatial and temporal processes or only temporal processes. Visuo-spatial processes 

were assumed to involve cognitive mofion extrapolation with a visual component such as 

imagery. Participants performed a PM task in addifion to an interference task that was 

displayed during the blackout duration. Specifically, participants judged the relative 

duration of two visual or auditory stimuli. In the visual interference (V) condition, two 

horizontal parallel lines were presented and participants reported verbally whether the 

duration was longer for the lower or higher (spatially) of the lines. In the auditory 

interference condition (A), participants reported whether a low-pitched or high-pitched 

tone was longer in duration. 

DeLucia and Liddell (in press) proposed that there would be no difference in TTC 

accuracy or the interference task between the V and A interference conditions if the PM 

task only involved a temporal clocking process. In contrast, if the PM task involves 

cognitive motion extrapolation with a visual component such as imagery then there 

should be a greater deteriorafion of performance in V than in A. In other words, the PM 
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task performed simultaneously with either interference task should result in a decrement 

in performance compared with a PM task alone, and performance degradation should be 

greater in V due to the spatial nature of both the PM task and the V task. 

The results failed to indicate a significant effect of the interference task on 

estimated TTC; however, mean accuracy in the V task was significantly lower than in the 

A task. Although DeLucia and Liddell (in press) instmcted participants to consider the 

PM task and interference task equal in importance, it is possible that the PM task was 

considered primary and the interference task secondary. Interference effects could have 

been manifested in the interference task if participants considered the PM task primary 

and more difficult. In this scenario, limited cognitive resources are simultaneously 

required by both the primary and secondary task; cognifive processing is limited and 

results in a performance decrement. Further, accuracy was better when the V task was 

done alone than when the V task and PM task were done concurrently; this result was not 

replicated with the A task. DeLucia and Liddell (in press) attempted to design the V and 

A tasks to be comparable in difficulty; however controUing the difficulty of an 

interference task is not always simple. In a supporting experiment, participants 

performed the A and V tasks independently of the PM task and there was no difference in 

mean accuracy or mean difficulty ratings; thus suggesting that the tasks were similar in 

difficulty. 

119 



Cognifive Clock 

Tresihan (1995) suggested that observer's may use a cognifive clocking process in 

PM tasks. Specifically, Tresilian (1995) proposed that optical TTC information is 

extracted from the visible mofion of the object and that a cognifive clock process counts 

down the inifially estimated TTC. Response initiation occurs when the clock has counted 

down the fime (minus response execution). Further, variability in responses in PM tasks 

would be due to variability in the clocking process and uncertainty of the participant as to 

the accuracy of the response (Tresilian, 1995). The cognitive clock process can 

potenfially explain how response inifiafion is fimed to coincide with TTC estimates in 

PM tasks (Tresilian, 1995; DeLucia & Liddell, in press). 

DeLucia and Liddell (in press) also considered a class of cognitive processes that 

involves a cognifive clocking mechanism. Specifically, they evaluated whether the PM 

task involves CME or solely a cognitive clock that counts down TTC; they assumed that 

TTC estimates are based on optical TTC information. In one of their experiments, they 

used an interrupfion paradigm (see Cooper, 1989; Cooper, Gibson, Mowafy, & Tataryn, 

1987) to evaluate whether participants used CME rather than opfical TTC informafion in 

PM tasks. With this method, an object moved at a constant velocity and then disappeared 

for a variable durafion before reappearing at the correct posifion in its trajectory or at a 

posifion that was displaced more advanced or less advanced in its trajectory. Participants 

reported whether the object reappeared at the correct position in its trajectory assuming a 

constant velocity during the blackout. The IP task presumably requires participants to use 

CME. Participants were not told when or where the object would reappear; therefore. 
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Strategies involving a cognitive clock to count down time is not useful and TTC was not 

relevant (DeLucia & Liddeh, in press). Thus, DeLucia and Liddell (in press) reasoned 

that if participants used CME in the PM task, then the pattem of response errors in the IP 

and PM tasks would be similar. They evaluated whether responses were biased toward 

overshoots, undershoots, or correct reappearance positions. For example, bias toward 

overshoots in the IP task suggests that participants perceived the object further along in 

its trajectory than actual. If the same underlying extrapolation process was used in the 

PM task participants were predicted to underestimate TTC in the PM task. Bias toward 

undershoots in the IP task is consistent with oveiestimations of TTC in a PM task. 

Results indicated that in some conditions, the pattem of errors found with the IP 

task was similar to the pattem of errors found in the PM task. The consistency of errors 

across tasks was greatest with lateral motion and weaker with approach motion. DeLucia 

and Liddell concluded that their results were consistent with the use of CME rather than 

solely a cognitive clock based on optical TTC, in at least some conditions. However, they 

cautioned that discriminability (as measured by Weber fractions) was poorer in the IP task 

than in the PM task and may indicate that the two tasks are not limited by the same 

stimulus information and may rely on different processes. 

Memory 

McLeod and Ross (1983) suggested that in the PM task observers initially use 

optical flow information combined with a limited memory span of approximately 8 s. 

They showed participants film clips of automobiles that approached the observer and 
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disappeared before reaching a stafionary vehicle. The film clip was terminated when the 

approaching object was 100 m direcfiy behind the stationary vehicle. Participants were 

told to imagine they were inside the moving car and to call out "now" when they thought 

their body would have reached the back of the stationary car if they moved at the same 

speed and direcfion as in the film (i.e., simulation of real motion). Based on different 

auto velocities and final disappearance distances, TTC values of 9, 6, 4.5 and 3 s were 

used. McLeod and Ross (1983) also varied the viewing fime of the approaching 

automobiles to determine whether TTC estimates were based on information in the optic 

flow or on cognitive methods. In the cognitive method, participants compute TTC by 

esfimating the distance of the object and dividing it by the velocity (McLeod & Ross, 

1983; Schiff, Oldak, & Shah, 1993). They hypothesized that a cognitive method might 

take more time to use than the optical flow method. 

Results indicated that as actual TTC increased, underestimation errors increased 

and accuracy rapidly deteriorated after 8 s. Further, there was no effect of viewing time 

on TTC estimates. McLeod and Ross (1979) concluded that participants used 

information in the optic flow pattem combined with a limited memory span of about 8 s. 

One possible implicafion of these findings is that observer's estimates were based on 

optical TTC informafion and that this information decays in the absence of visual 

information. 

The potenfial role of representafional (e.g., memory) decay when visual 

informafion about TTC is removed has also been implicated in several locomotor studies. 

For example, Laurent and Thomson (1988) conducted experiments in which participants 
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walked to, and stepped on targets that were approximately 9 m away. After providing 

participants with a brief visual preview of the target location, they had either full vision, 

no vision, or several 300 msec visual snapshots that were provided either "in-phase" or 

"out-of-phase." In the in-phase condition, the 300 msec visual snapshots were provided 

every fime the participants' foot contacted the ground. In the out-of-phase condition, the 

300 msec visual snapshots were provided every time the participants' foot was in the 

swing portion of the step. Laurent and Thomson (1988) reported that neither the in-phase 

nor out-of-pha.se visual snapshot condifions significantly differed from the full vision 

condifion. In the no-vision condition participants' accuracy decreased, performance was 

more variable, and errors were in the direction of undershoots. Laurent and Thomson 

(1988) suggested that participants rely on a cognitive representafion that is "visual" in 

form and lasts for a duration of less than 8 s; this is consistent with the findings of 

McLeod and Ross (1983). 

Further, Elliott and Madalena (1987) introduced Thomson's (1980, 1983) no-

vision locomotor paradigm to manual aiming. In Thomson's (1980, 1983) no-vision 

paradigm, participants were briefly presented with a visual target located at a variable 

distance from the point of observation. Following the presentation of the target, 

observer's walked to the target following a period of no-vision. Elliott and Madalena 

(1987) noted that there was a potenfial confound between the distance of the target and 

the fime it takes a person to walk to the target in Thomson's studies. This is important 

because as distance increases in locomotor tasks it takes longer for a person to move to 

the target. In manual aiming tasks, there are no confounds of target distance and time to 
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reach the target as in locomotor studies because observers remain stationary. In Elliott 

and Madalena's (1987) participants pointed at the targets instead of walking to them in a 

full-vision condifion, a no-vision condifion, and in conditions where visual information 

was exfinguished 2, 5, or 10 s prior to response initiation. Results suggested that much of 

the informafion encoded about the environment disappeared in the first 2 s of visual 

occlusion. Based on these resuhs, Elliott and Madalena (1987) concluded that some sort 

of representafion of the environment persists and is useful for a brief period (less than 2 s) 

after visual occlusion. 

Other research also suggests that participants use a cognitive representation, 

possibly of the movement environment, to guide locomofion and is used when continuous 

visual information about the environment is not available (Assaiante, Marchland, & 

Amblard, 1989). For example, Assaiante et al. (1989) used two locomotor tasks to 

investigate the visual information necessary to control foot placement (i.e., walking 

across a horizontal ladder) and equilibrium (i.e., walking across a balance beam). In 

addition to a full vision condition and a darkness condition, Assaiante et al. (1989) 

manipulated both the frequency and duration of visual snapshots by using stroboscopic 

and intermittent light. 

The stroboscopic condifion consisted of brief flashes of light at frequencies 

ranging from 1 to 12 Hz and the intermittent condifion involved changing the frequency 

and flash durafion so that light always accounted for 25% of the total trial duration. The 

flash durafions in the six intermittent conditions varied from 21 ms to 250 ms. In the 

stroboscopic and high frequency intermittent condifions, it was assumed that participants 
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would sample stafic visual informafion. Conversely, it was assumed that participants 

could sample dynamic visual informafion in the lower intermittent flash conditions. In 

other words, short flashes of the motion environment were assumed to provide static 

information about the environment whereas longer flashes provide dynamic information. 

Results indicated that in low frequency conditions, long flash durations were necessary to 

accurately perceive the environment and guide foot placement. Results further suggested 

that the frequency of the snapshot was more useful in guiding the accuracy of foot 

placement than its duration. Finally, participants' foot placement was more accurate 

when any type of visual sample was provided compared to the total darkness condition. 

The results of Assaiante et al. (1989) suggested that multiple static visual snapshots can 

be used to update a representation of the motion environment that presumably decays 

with time. 

In sum, it is possible that mental representations of visual information decays 

when the response occurs seconds after an object disappears (McLeod & Ross, 1993; 

Laurent & Thomson, 1988: Assaiante et al., 1989; Elhott & Madalena, 1987); however, 

the duration of the represented information is unclear. Results suggest that represented 

information lasts between 2 s (Elliott & Madalena, 1987) and 8 s (McLeod & Ross, 1983; 

Laurent & Thomson, 1988). 

Relative Judgment (RJ) Tasks 

In RJ tasks, participants judge which of two objects would arrive first at a 

designated target. In RJ tasks, optical TTC is not necessary to judge arrival fime 
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(Tresilian, 1995). Any cue that enables a participant to discriminate which object will 

arrive first can be used to perform RJ tasks. It has been suggested that cognitive 

operafions potentially contribute to TTC judgments in RJ tasks (Tresilian, 1995) and may 

rely on separate abilifies than single-object absolute judgments (e.g.. PM task) (Law. 

Pellegrino, Mitchell, Fischer, McDonald, and Hunt, 1993). Research invesfigafing optical 

TTC in RJ tasks is summarized below. 

Distance and Velocity Cues 

Law et al. (1993) demonstrated that when other cues such as distance and velocity 

information are present, participants did not seem to use TTC information. Law et al. 

(1993) employed a verbal precue/postcue manipulafion in this relafive TTC judgment 

task. Specifically, the participants were instmcted to judge velocity, distance, or relative 

arrival fime either before (precue) or after (postcue) the initiation or termination of the 

trial. In both the precue and postcue condition, participants were cued with one of three 

cues: "WINNER," "FASTER," or "CLOSER" which indicated that they were to judge 

which object was winning (relative arrival fime judgment), faster (velocity judgment), or 

closer (distance judgment) respecfively. In the precue condition, processing demands 

were presumably reduced by providing the subjects with cues before the RJ task. In the 

postcue condition, processing demands were presumably increased because subjects had 

to concurrenfiy process informafion relating to judgments of relafive velocity, distance, 

and relative time until the postcue was presented following the trial. 
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Results indicated that judgments of velocity and arrival time were significanfiy 

affected by the precue/postcue manipulafion. That is, both sensitivity (d) to relati\e 

velocity judgments and accuracy in judging relative arrival-time decreased in the post-

cue condition in comparison to the pre-cue condition. The results were interpreted as 

support for capacity limits in cognitive processing. Law et al. (1993) proposed further 

that such capacity limits in cognitive processing were due to difficulties in integrating 

multiple sources of informafion (e.g., distance and velocity). 

Size Arrival Effects 

DeLucia (1991) also provided empirical support for the potential involvement of 

cognifive processes in RJ tasks. In this study, parficipants judged whether a large far or a 

small near computer-generated approaching object would contact them first. The results 

showed that a large far object appeared to hit the viewpoint before a small near object that 

was specified by time-to-contact information to reach the contact point first and suggests 

that relative size can override mofion-based information in relative TTC judgments. 

This size-arrival-effect was also demonstrated in an acfive collision avoidance task 

(DeLucia & Warren, 1994). Tresilian (1995) hypothesized that DeLucias size-arrival-

effect implicates the use of cognitive processes in judging TTC and that it can be 

interpreted as the use of image size as a heuristical cue. 
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Set Size Effects 

In typical studies of TTC with RJ tasks, displays contain only two objects. 

DeLucia and Novak (1997) measured relafive TTC judgments of either two. four, six or 

eight approaching objects to evaluate whether estimates are consistent with limited-

capacity cognitive processing. Results indicated that judgment accuracy was most 

efficient (Barlow, 1978) with two-object displays. This suggests that with smaller set 

sizes, participants may be relafively more efficient at using more sources of visual 

information. Further, accuracy was above chance with eight object displays and dl was 

greater with eight-object displays than with two. In general, response times were greater 

in eight-object displays than with two-object displays. The implicafions of the study are 

that the number of objects in the optic array may affect the speed and effectiveness of 

relative judgments and that optic expansion information and processing load must be 

considered in models of perceived colhsion. 

Feedback 

Empirical support for individual differences in judging TTC has been provided in 

experiments where participants were provided feedback to integrate velocity and distance 

informafion (see Fischer, Hickey, Pellegrino, and Law 1994). Law et al. (1993) and 

Fischer et al. (1994) found significant effects of feedback on performance in RJ tasks 

provided the feedback specified to participants the importance of integrating 

distance/velocity informafion. Fischer et al. (1994) proposed that potential benefits from 

feedback are related to capacity limits in processing dynamic spatial ability: however. 
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they also noted that providing feedback can alter participants' strategies (see also 

DeLucia & Novak, 1997) by stressing the importance of integrating distance and velocity 

over a distance heuristic. 

Interceptive Actions 

It has been suggested that the contribution of cognitive operations to judgments 

about TTC may depend on task variables. Specifically, Tresilian (1995) proposed that 

observers extract TTC information from the optic array when performing fast interceptive 

actions (lA) and that such tasks are not influenced by cognitive operations. The lA tasks 

are characterized by brief execution times, brief target viewing times, initiation of 

movement at small TTCs, initiation of movement when TTC information is available, 

and high levels of practice (Tresilian, 1995). The lA tasks include a variety of real-world 

tasks such as catching balls (Savelsbergh, Whhing, and Bootsma, 1991), driving (Lee, 

1976), and mnning (Warren, Young & Lee, 1986; Tresihan, 1995). 

Savelsbergh, Whiting, and Bootsma (1991) recorded movement initiation 

response times as subjects grasped for approaching balls. Some of the approaching balls 

deflated during the approach trajectory making the relative rate of optic expansion 

ambiguous in judging contact. It was hypothesized that if an optical variable such as 

optical tau is used to accurately judge TTC, then grasping responses would be delayed for 

the deflating stimuli because optical information specified a later arrival time for the 
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deflating balls than for stimuli that provided accurate pattems of optic expansion. Indeed, 

results indicated that grasping responses were delayed with the deflating stimuli; thus 

suggests that opfical tau is used to esfimate TTC. See Wann (1996) for criticisms. 

Direct and Cognifive Methods of Judging TTC 

Empirical support for a direct method of judging TTC was provided by Schiff, 

Oldak, and Shah (1993). According to the direct method of judging TTC, tau is direcfiy 

available in the optic flow field and unequivocally specifies TTC. That is, information 

about optical TTC is theoretically available at any point in an object's visible motion 

trajectory. Participants typically press a button to estimate when an object would contact 

the self or a reference point. In contrast, indirect theories of TTC suggest that observers 

estimate the distance and velocity of a moving object and cognitively compute TTC. 

Schiff, Oldak, and Shah (1993) asserted that estimates of distance and velocity 

might be indirectly used to cognitively compute arrival time because distance divided by 

velocity is equal to TTC. Thus, Schiff, Oldak, and Shah (1993) compared TTC 

judgments based on a direct estimate method of judging TTC (e.g., see Schiff & Detwiler, 

1979; McLeod & Ross, 1983; Schiff & Oldak, 1990) with TTC judgments based on 

indirect verbal estimates of distance (d) and velocity (v) (e.g., see Scialfa, Kline, Lyman, 

& Kosnik, 1987). Participants in the direct judgment condifion viewed films of 

approaching automobiles that disappeared and pressed a button when they thought the 

automobile would contact them. Participants in the indirect judgment condition viewed 
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the same films and were required to estimate the velocity and distance of each car at the 

time of disappearance. TTC esfimates in the indirect condition were calculated from each 

participants' distance and velocity esfimates. The results indicated indirect judgments 

based on estimates of velocity and distance were less accurate than judgments based on 

direct estimates. Schiff, Oldak, and Shah (1993) concluded that subjects direcfiy perceive 

TTC rather than using a cognitive method of computing arrival time from distance and 

velocity information. 

Summary 

To summarize, the perception of TTC has evaluated using three classes of tasks 

that appear to involve optical TTC information: CA tasks (e.g., PM task), RJ tasks, and 

lAs. PM and RJ tasks were described and empirical results were reviewed. There are 

differences in each of these tasks and whether results relating to the use of optical TTC 

can generalize from task to task is questionable (Tresilian, 1995). Further, the potential 

role of cognitive processes in these tasks is unclear. PM tasks, RJ tasks, and lAs differ in 

a number of ways that potentially impacts the information used and whether certain 

information types are processes (Tresilian, 1995). 
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APPENDIX B 

STIMULUS CALCULATIONS 

Table 12: Experiment 1 stimulus parameters. 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

finish line 
position in ft 

75 
75 
75 
75 

velocity of moving 
object in ft/fr. 

0.290 
0.145 
0.542 
0.271 

initial distance of moving 
object to finish line in ft 

54.27 
27.10 
66.10 
33.01 

initial visual 
angle of optical 
gap 

6.213 
3.105 
7.563 
3.781 

velocity of 
moving object in 
ft/s 

6.77 s 
3.39 s 
12.66 s 
6.33 s 

final distance moving object 
to finish line in ft 

40.64 
20.29 
40.62 
20.27 

final visual angle of 
optical gap 

4.654 
2.324 
4.652 
2.323 

time of 
visible 
motion 

2.01 s 
2.01 s 
2.01 s 
2.01 s 

TTC based 
on visual angle 
calculation 

6.003 
5.985 
3.213 
3.201 

Key 
5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

ttc = 6; final distance = far 
ttc = 6; final distance = near 
ttc = 3.2; final distance = far 
ttc = 3.2; final distance = near 

*Frame rate = 23.36 frames/s 
*Viewing distance in virtual space = 500 ft 
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Table 13: Control Experiment and Experiment 2 sfimulus parameters / Non-cued scenes 

scene 
name 

d6f0n* 
d6n0n* 
d3f0n* 
d3n0n* 

scene 

d6f0n* 
d6n0n* 
d3f0n* 
d3n0n* 

scene 

d6f0n* 
d6n0n* 
d3f0n* 
d3n0n* 

finish line position 
in ft 

25 
25 
25 
25 

initial distance of 
moving object to 
finish line 

54.27 
27.10 
66.10 
33.01 

initial visual angle 
of optical gap 

6.213 
3.105 
7.563 
3.781 

velocity of moving 
object in ft/fr 

0.290 
0.145 
0.542 
0.271 

final distance of 
moving object to 
finish line 

40.64 
20.29 
40.62 
20.27 

final visual angle 
of optical gap 

4.654 
2.324 
4.652 
2.323 

velocity of 
moving 
object in ft/s 

6.77 s 
3.39 s 
12.66 s 
6.33 s 

time of 
visible 
motion 

2.01 s 
2.01 s 
2.01 s 
2.01 s 

TTC based on visual 
angle calculation 

6.003 
5.985 
3.213 
3.201 

Key 
d6f0n* 
d6n0n* 
d3f0n* 
dSnOn 

ttc=6; final distance=far; position=normal 
ttc=6; final distance=near; position=normal 
ttc=3.2; final distance=far; posifion=normal 
ttc=3.2; final distance=near; posifion=normal 

*Frame rate = 23.36 frames/s 
*Viewing distance in virtual space = 500 ft 
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Table 14: Control Experiment and Experiment 2 stimulus parameters / Cued scenes 

scene 

c6f0n* 
c6n0n* 
c3f0n* 
c3n0n* 

scene 

c6f0n* 
c6n0n* 
c3f0n* 
c3n0n* 

scene 

c6f0n* 
c6n0n* 
c3f0n* 
c3n0n* 

finish line position in 
ft 

25 
25 
25 
25 

initial distance of 
moving object to 

finish line 

54.27 
27.10 
66.10 
33.01 

initial visual angle of 
optical gap 

6.213 
3.105 
7.563 
3.781 

velocity of moving 
object in ft/fr 

0.290 
0.145 
0.542 
0.271 

final distance of 
moving object to 

finish line 

40.64 
20.29 
40.62 
20.27 

final visual angle 
of optical gap 

4.654 
2.324 
4.652 
2.323 

velocity of 
moving 

object in 
ft/s 

6.77 s 
3.39 s 
12.66 s 
6.33 s 

time of visible 
motion 

2.01 s 
2.01 s 
2.01 s 
2.01 s 

TTC based on visual angle 
calculation 

6.003 
5.985 
3.213 
3.201 

Key 
c6f0n* 
c6n0n* 
c3f0n* 
c3n0n 

ttc=6; final distance=far; posifion=normal 
ttc=6; final distance=near; position=normal 
ttc=3.2; final distance=far; posifion=normal 
ttc=3.2: final distance=near; posifion=normal 

*Frame rate = 23.36 frames/s 
*Viewing distance in virtual space = 500 ft 
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Table 15: Experiment 3 stimulus parameters 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

scene 

5sl6f 
5sl6n 
5sl3fc 
5sl3nc 

finish line position 
in ft 

75 
75 
75 
75 

initial distance 
moving object to 

finish line 

54.27 ft 
27.10 ft 
66.10 ft 
33.01 ft 

initial visual angle 
of optical gap 

6.213 deg 
3.105 deg 
7.563 deg 
3.781 deg 

distance of 
velocity update 
from finish line 

27.010 ft 
13.470 ft 
15.148 ft 
7.534 ft 

velocity of moving 
object in ft/fr 

0.290 
0.145 
0.542 
0.271 

final distance 
moving object to 

finish line 

40.64 ft 
20.29 ft 
40.62 ft 
20.27 ft 

final visual angle of 
optical gap 

4.654 deg 
2.324 deg 
4.652 deg 
2.323 deg 

distance of distance 
update from finish 

line 

28.750 ft 
14.340 ft 
18.400 ft 
9.160 ft 

time of visible 
motion 

2.01 s 
2.01 s 
2.01 s 
2.01 s 

TTC based on visual angle 
calculation 

6.003 s 
5.985 s 
3.213 s 
3.201 s 

distance of fonward 
distractor from finish line 

26.488 ft 
12.078 ft 
16.138 ft 
6.898 ft 

distance of backward 
distractor from finish 

line 

31.012 ft 
16.602 ft 
20.662 ft 
11.422 ft 

*Frame rate = 23.36 frames/s 
*Viewing distance in virtual space = 500 ft 
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APPENDIX C 

INSTRUCTIONS TO PARTICIPANTS 

Experiment 1 Instmctions 

The aim of this study is to determine how accurately you can predict when an 
approaching object would reach a predefined "finish line." We will use computer-
generated display which simulates the mofion of objects (show appropriate drawing and 
define object, finish pole). The object will remain stafionary for 1 second before it begins 
to move. Then, at some point during hs movement, the object will disappear. 

Standard Schiff task 

Your task is to press the "F" key when you think the object would reach the 
"finish pole" if it kept moving at the same speed as it was on the computer screen. 

Solid/Dotted long line 

Your first task is to press the "F" key when you think the object would reach the 
"finish pole" if it kept moving at the same speed as it was on the computer screen. 
However, there is a second task. After the object disappears, you will hear a tone. 
Following this tone, a second visual stimulus will be presented. The stimulus will be 
either a continuous horizontal line, or an intermpted horizontal line (show with picture). 
Your second task is to report whether the line is continuous or intermpted. Remember 
that first you must press the F key to indicate exactly when the moving object would 
reach the finish line. After you press the F key, a message will appear that says "Second 
Response Now." At that point, press the left mouse button if the line is continuous, and 
the right mouse button if the line is intermpted. 

Solid/Dotted short line to the left 

Your first task is to press the "F" key when you think the object would reach the 
"finish pole" if it kept moving at the same speed as it was on the computer screen. 
However, there is a second task. After the object disappears, you will hear a tone. 
Following this tone, a second visual sfimulus will be presented. The sfimulus will be 
either a continuous horizontal line, or an intermpted horizontal line (show with picture). 
This sfimulus will be located to the far left of the screen. You must move your eyes to 
view this sfimulus. Your second task is to report whether the line is continuous or 
intermpted. Remember that first you must press the F key to indicate exactly when the 
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moving object would reach the finish line. After you press the F key, a message will 
appear that says "Second Response Now." At that point press the left mouse button if the 
line is confinuous, and the right mouse button if the line is intermpted. 

Low or High Tone 

Your first task is to press the "F" key when you think the object would reach the 
"finish pole" if it kept moving at the same speed as it was on the computer screen. 
However, there is a second task. After the object disappears, you will hear a tone. 
Following this first tone, a second tone will occur. The second tone will be either a low-
pitched tone or a high- pitched tone. Your second task is to report whether the second 
tone is low pitched or a high pitched. Remember that first you must press the F key to 
indicate exacfiy when the moving object would reach the finish line. After you press the F 
key, a message will appear that says "Second Response Now." At that point press the left 
mouse button if the tone was low in pitch, and the right mouse button if the tone was high 
in pitch. 

[Demonstrate low and high pitched tone. The first trial is a low tone; the second is 
a high tone. Then the pracfice trials follow.] 

Base your judgments on the appearance of the objects rather than on cognitive 
strategies or prior knowledge. There are four blocks of trials. Each will take about 5 
minutes. 

The experiment should last approximately 30 minutes. This experiment is self-
paced and you will press the spacebar on the keyboard to progress through the 
experiment. Do you have any questions? 

We will begin with 10 practice trials. At the end of pracfice a message will say 
"Rest period— press c to continue." At this point please stop. 

To summarize, press the "F" key at the exact time that you think the object would 
reach the "finish pole," had it kept moving after it disappeared. Remember that the object 
maintains the same speed after it disappears. You should try to respond as quickly and 
accurately as possible. 

ADD FOR SECOND-TASK BLOCKS: 

After you press the F key a message will appear that says "Second Response 
Now." At this point you will press the left mouse button if the [insert A below] and the 
right mouse button if the [insert B] below. 
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Long solid/dashed lines: 
A. line is continuous 
B. line is intermpted 

Short solid/dashed lines located to the left: 
A. line is confinuous 
B. line is intermpted 

Remember that the line will be located to the far left and you will have to move your eyes 
to see it. 

Tones: 
A. the second tone is low in pitch 
B. the second tone is high in pitch 

PLACE EMDEX CARDS WHICH DEFINE LEFT AND RIGHT RESPONSES UNDER 
MONITOR. 

DURING PRACTICE: GIVE VERBAL FEEDBACK ON THE INTERRUPTION 
BLOCKS "correct" or "incorrect" 

AFTER PRACTICE: Any quesfions? To begin, press the C key 3 fimes. 

AFTER SUBJECT IS DONE: Check to see how accurate the second response was. If 
subjects gets more than 1 wrong on the second task, ask them if they are paying attention 
to the second stimulus or whether the wrong button was pressed. Tell them that they 
should do both tasks as quickly and accurately as possible. 
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Control Experiment Instmctions 

NON-CUED MENTAL ROTATION TASK 

The aim of this study is to determine how accurately you can judge the posifion of 
an alphanumeric character. We will use a computer-generated objects to simulate the 
task. 

You will see an alphanumeric character on the screen. The characters used in this 
experiment will be the letters "L," "J," "F," and the number "4." The characters will be 
rotated at 0, 90, 180, or 270 degrees about the z-axis and will appear in either a normal or 
reflected position. 

Your task is to determine whether the character is in a normal or reflected 
position, regardless of the orientafion of the character. 

*explain that they are to say "normal" or "reflected" 

Here are examples of the characters in the four possible orientations in both a 
normal and reflected position. Cue cards have been labeled for you in case you forget 
what your response. 

*Show example cards of all stimuli at all orientations (16 cards) 
*Show example scene in a timeline 

Remember that you first must report whether the character appeared in a normal 
or reflected position. It is not necessary to wait for the termination of the character before 
judging its position. 

CUED MENTAL ROTATION TASK 

The aim of this study is to determine how accurately you can judge the posifion of 
an alphanumeric character. We will use a computer-generated objects to simulate the 
task. 

In this block of trials, an alphanumeric character will initially appear on the screen 
and then disappear. The characters used in this experiment will be the letters "L," "J," 
"F," and the number "4." 

*Show cue card of letters on the road with stafic object 
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Following the disappearance of the character, an arrow will appear at one of four 
orientafions before disappearing. The orientation of the arrow will be 0, 90. 180, or 270 
degrees. 

*Show cue card of arrow orientations with stafic object 

You will then see an additional character on the screen that is identical to the 
character that was previously presented. This second character will be rotated at the same 
orientafion that the arrow was presented. In other words, the arrow will point in the same 
direction that the top of the forthcoming will appear. Therefore the arrow provides 
advanced informafion about the forthcoming orientation of the second character. This 
second character will appear in either a normal or reflected position. 

Your task is to determine whether the character is in a normal or reflected 
posifion, regardless of the orientafion of the character. 

*Show example cards of all sfimuli at all orientafions (16 cards) 
*Show example scene in a fimeline 

Remember that you first must report whether the character appeared in a normal 
or reflected posifion. It is not necessary to wait for the termination of the character before 
judging its position. 

Base your judgments on the appearance of the objects rather than cognifive 
strategies or prior knowledge. 

There are two blocks of trials. Each wiU take about 30 minutes. 

[*for interference tasks* I will give you feedback on the secondary task but not on the 
judgment of the object's contact fime] 

The experiment should last approximately 60 minutes. This experiment is self-
paced and you will press the spacebar on the keyboard to progress through the 
experiment. Do you have any questions? 

We will begin with 10 practice trials. At the end of practice a message will say 
"Rest period—press c to confinue." At this point please stop. 

To summarize, report whether the alphanumeric character was displayed in a 
normal or reflected position. You should try to respond as quickly and accurately as 
possible. 
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GIVE VERBAL FEEDBACK ON THE INTERRUPTION BLOCKS "Normal" or 
"Reflected" 

AFTER PRACTICE: Any questions? To begin, press the "C" key three times. 
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Experiment 2 Instmctions 

CONTROL PM TASK 

The aim of this study is to determine how accurately you can predict when a 
moving object would reach a predefined "finish line." We will use a computer-generated 
object which simulates the mofion of objects. 

^Show appropriate drawing and define object, finish pole 

The object will remain stationary for 4 seconds before it begins to move. Then, at 
some point during its movement, the object will disappear. Your task is to press the "F" 
key when you think the object would reach the "finish pole" if it kept moving at the same 
speed as it was on the computer screen. 

NON-CUED MENTAL ROTATION TASK 

The aim of this study is to determine how accurately you can predict when a 
moving object would reach a predefined "finish line." We will use a computer-generated 
display which simulates the mofion of objects. 

*Show appropriate drawing and define object, finish pole 

The object will remain stationary for 4 seconds before it begins to move. Then, at 
some point during its movement, the object will disappear. 

Your FIRST task is to press the "F" key when you think the object would reach 
the "finish pole" if it kept moving at the same speed as it was on the computer screen. 
However, there is a second task. After the object disappears, you will see an 
alphanumeric character on the screen. The characters used in this experiment will be the 
letters "L," "J," "F," and the number "4." The characters will be rotated at 0, 90, 180, or 
270 degrees about the z-axis and will appear in either a normal or reflected position. 

Your SECOND task is to determine whether the character is in a normal or 
reflected position, regardless of the orientation of the character. Press the left mouse key 
if the letter was in a normal position and the right key if the letter was reflected. 

Here are examples of the characters in the four possible orientations in both a 
normal and reflected posifion. The mouse keys have been labeled for you. 

*Show example cards of all sfimuli at all orientations (16 cards) 
*Show example scene in a timeline 

Remember that you first must press the "F" key to indicate exacfiy when the 
moving object would reach the finish line. After you press the "F" key, a message will 
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appear that says "Second response now.'" At that point, judge whether the character 
appeared in a normal or reflected posifion using the mouse. It is not necessary to w ait for 
the terminafion of the character before judging contact. 

CUED MENTAL ROTATION TASK 

The aim of this study is to determine how accurately you can predict when a 
moving object would reach a predefined "finish line."" We will use a computer-generated 
display which simulates the motion of objects. 

*Show appropriate drawing and define object, finish pole 

In this block of trials, an alphanumeric character will inifially appear on the screen 
and then disappear. The characters used in this experiment will be the letters "L,"" "J," 
"F," and the number "4." 

*Show cue card of letters on the road with static object 
Following the disappearance of the character, an arrow will appear at one of four 

orientafions before disappearing. The orientafion of the arrow will be 0, 90. 180, or 270 
degrees. 

*Show cue card of arrow orientations with static object 

Following the disappearance of the arrow, the object will remain stationary for an 
additional 2 seconds before it begins to move. Then, at some point during its movement, 
the object will disappear. 

Your FIRST task is to press the "F" key when you think the object would reach 
the "finish pole" if it kept moving at the same speed as it was on the computer screen. 

However there is a SECOND task. After the object disappears you will see an 
additional character on the screen that is identical to the character that was previously 
presented. This second character will be rotated at the same orientation that the arrow 
was presented. In other words, the arrow will point in the same direction that the top of 
the forthcoming will appear. Therefore the arrow provides advanced information about 
the forthcoming orientation of the second character. This second character will appear in 
either a normal or reflected position. 

Your SECOND task is to determine whether the character is in a normal or 
reflected position, regardless of the orientafion of the character. Press the left mouse key 
if the letter was in a normal posifion and the right key if the letter was reflected. 

*Show example cards of all sfimuli at all orientafions (16 cards) 
*Show example scene in a timeline 
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Remember that you first must press the "F" key to indicate exactly when the 
moving object would reach the finish line. After you press the "F" key, a message will 
appear that says "Second response now." At that point, judge whether the character 
appeared in a normal or reflected position using the mouse. It is not necessary to wait for 
the termination of the character before judging contact. 

Base your judgments on the appearance of the objects rather than cognitive 
strategies or prior knowledge. 

There are three blocks of trials. Two will take about 30 minutes each and one will 
take about 10 minutes. 

[*for interference tasks* I will give you feedback on the secondary task but not on 
the judgment of the object's contact time] 

The experiment should last approximately 60 minutes. This experiment is self-
paced and you will press the spacebar on the keyboard to progress through the 
experiment. 

Do you have any questions? 

We will begin with 10 practice trials. At the end of practice a message will say 
"Rest period—press c to continue." At this point please stop. 

To summarize, press the "F" key at the exact time that you think the object would 
reach the finish pole had it kept moving after it disappeared. Remember that the object 
maintains the same speed after it disappears. You should try to respond as quickly and 
accurately as possible. 

ADD FOR SECOND TASK BLOCKS 

After you press the F key a message will appear that says "Second response now." 
At this point press the left mouse key if the letter was in a normal position and the right 
key if the object was reflected. 

GIVE VERBAL FEEDBACK ON THE INTERRUPTION BLOCKS "Normal" or 
"Reflected" 

AFTER PRACTICE: Any questions? To begin, press the "C" key three times. 

AFTER SUBJECT IS DONE: Check to see how accurate the second response was. If 
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subjects gets more than 1 wrong on the second task, ask them if they are paying attention 
to the second stimulus or whether the wrong button was pressed. Tell them that they 
should do both tasks as quickly and accurately as possible. 
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Experiment 3 Instmctions 

The aim of this study is to determine how accurately you can predict when an 
moving object would reach a predefined "finish line." We will use a computer-generated 
display which simulates the mofion of objects. 

(show appropriate drawing and define object, finish pole) 

The object will remain stationary for 1 second before it begins to move. Then, at 
some point during its movement, the object will disappear. Your task is to press the "F" 
key when you think the object would reach the "finish pole" if it kept moving at the same 
speed as it was on the computer screen. 

FOR UPDATE TRIALS: 

On some of the trials the object will reappear in its trajectory following its 
disappearance. In some cases the object will reappear once before reaching the finish 
line. On other trials, the object reappears twice before contacfing the finish line. 

Base your judgments on the appearance of the objects rather than on cognitive strategies 
or prior knowledge. There are two blocks of trials. Each will take about 10 minutes. The 
experiment should last approximately 30 minutes. This experiment is self-paced and you 
will press the spacebar on the keyboard to progress through the experiment. 

Do you have any quesfions? 

We will begin each block with 10 practice trials. At the end of practice a message will 
say "Rest period— press c to continue." At this point please stop. 

To summarize, press the "F" key at the exact time that you think the object would 
reach the "finish pole," had it kept moving after it disappeared. Remember that the object 
maintains the same speed after it disappears. You should try to respond as quickly and 
accurately as possible. 

AFTER PRACTICE: Any quesfions? To begin, press the C key 3 fimes. 
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APPENDIX D 

POST-EXPERIMENTAL QUESTIONNAIRES 

Experiment 1 Post-Experimental Questionnaire 

The following questions apply generally to all scenes. However if particular scene would 
resuh in a different answer, please note that below. 

1. Did the simulations appear realistic (did the object appear to move smoothly?) 

NO YES 

2. Did you base your judgments on the APPEARANCE of the objects as opposed to prior 
assumptions or knowledge, or other methods? 

NO YES 
If no, on what were your judgments based? 

3. Are there any specific characterisfics of the scene to which you most attended or on 
which you based your judgments? 

4. How did you know when the approaching object would contact the finish pole 
(describe how you made your judgment)? 

5. When the object disappeared, did you mentally extrapolate the objects mofion? In 
other words, during the blackout, did you imagine the object moving through the space 
between you and the screen? 

NO YES 

6. Was the task more difficult when a second task was introduced? 

NO YES 

7. Which of the following secondary tasks was more difficuh? 
a. long horizontal line 
b. short horizontal line located to the far left 
c. low vs. high tone 
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8. Did you move your eyes to judged the shorter line located to the left' 

NO YES 

9. Overall, how confident are you that your responses were accurate' 

No 
Confidence 

1 2 3 4 5 

Extremely 
Confident 

10. Please note other comments here. 
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Control Experiment Post Experimental Questionnaire 

The following quesfions apply generally to all scenes. However if particular scene would 
resuh in a different answer, please note that below. 

1. Are there any specific characterisfics of the scene to which you most aUended or on 
which you based your judgments? For example, did you focus on the entire character or 
only on specific parts of the character? 

2. Did you mentally rotate the alphanumeric character in your mind to determine 
whether it was in a normal or reflected posifion? 

NO YES 

3. At which orientation was it most difficult to idenfify the rotated character? 

a. 0 degrees b. 90 degrees c. 180 degrees d. 270 degrees 

4. Which of the following tasks was more difficult? 

a. presentation of the rotated letter 
b. presentation of the arrow that cued the orientation of the rotated letter 

5. When the first letter and the arrow cued the identity and orientation of the rotated 
letter, could you mentally rotate and identify the letter (or number) faster than when no 
such cues were provided? 

NO YES 

6. Overall, how confident are you that your responses were accurate? 

No 
Confidence 

Extremely 
Confident 

1 

7. Please note other comments here 
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Experiment 2 Post Experimental Quesfionnaire 

The following questions apply generally to all scenes. However if particular scene would 
resuh in a different answer, please note that below. 

1. Did the simulafions appear realistic (did the object appear to 
move smoothly?) 

NO YES 

2. Did you base your judgments on the APPEARANCE of the objects as opposed to prior 
assumpfions or knowledge, or other methods? 

NO YES 

If no, on what were your judgments based? 

3. Are there any specific characteristics of the scene to which you most attended or on 
which you based your judgments? 

4. How did you know when the moving object would reach the finish pole (describe 
how you made your judgment)? 

5. Did you mentally rotate the alphanumeric character in your mind to determine 
whether it was in a normal or reflected position? 

NO YES 

6. When the object disappeared, did you mentally extrapolate the objects motion? In 
other words, during the blackout, did you imagine the object moving through the space 
between the object's disappearance and the finish pole? 

NO YES 

7. Did you ever count in your head in order to judge when the object would hit the finish 
line? 

NO YES 

8. Was the task more difficult when a second task was introduced? 

NO YES 
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9. At which orientation was it most difficult to idenfify the rotated character? 

a. 0 degrees b. 90 degrees c. 180 degrees d. 270 degrees 

10. Which of the following secondary tasks was more difficult? 

a. presentation of the rotated letter 
b. presentation of the arrow that cued the orientation of the rotated letter 

11. When the first letter and the arrow cued the identity and orientation of the rotated 
letter, could you mentally rotate and idenfify the letter (or number) BEFORE judging 
when the object would contact the finish pole? 

NO YES 

12. Overall, how confident are you that your responses were 
accurate? 

No 
Confidence 

Extremely 
Confident 

1 

13. Please note other comments here 
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Experiment 3 Post Experimental Questionnaire 

The following questions apply generally to all scenes. However if particular scene would 
result in a different answer, please note that below. 

1. Did the simulations appear realisfic (did the object appear to move smoothly?) 

NO YES 

2. Did you base your judgments on the APPEARANCE of the objects 
as opposed to prior assumpfions or knowledge, or other methods? 

NO YES If no, on what were your judgments based? 

3. Are there any specific characteristics of the scene to which you most attended or on 
which you based your judgments? 

4. How did you know when the moving object would reach the finish line (describe how 
you made your judgment)? 

5. When the object disappeared, did you mentally extrapolate the objects motion? In 
other words, during the blackout, did you imagine the object moving through the space 
between you and the finish line? 

NO YES 

6. Circle the trial type that was easiest to perform. 

a. no update (e.g., object disappears and never reappears) 
b. one update (e.g., object reappears once after disappearing) 
c. two updates (e.g., object reappears twice after disappearing) 

7. Did the trials where the object reappeared twice allow you to judge the velocity of the 
moving object? 

NO YES 
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8. Overall, how confident are you that your responses were accurate' 

No 
Confidence 

1 2 3 

Extremely 
Confident 

9. Please note other comments here 
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APPENDIX E 

EXTENDED RESULTS 

Table 16: Experiment 1: Analysis of estimated TTC 

Source 

TTC 
Error(TTC) 
TASK 
Error(TASK) 
DIS 
Error(DIS) 
TTC*TASK 
Error(TTC*TASK) 
TTC*DIS 
Error(TTC*DIS) 
TASK*DIS 
Error(TASK*DIS) 
TTC*TASK*DIS 
Error(TTC*TASK*DIS) 

DF 

1 
15 
3 

45 
1 

15 
3 

45 
1 

15 
3 

45 
3 

45 

Type III SS 

75.36 
22.49 
9.29 

60.69 
26.38 
8.87 
0.40 
3.80 
2.37 
2.80 
0.24 
6.87 
0.06 
2.14 

Mean Square 

75.36 
1.50 
3.10 
1.35 

26.38 
0.59 
0.13 
0.08 
2.37 
0.19 
0.08 
0.15 
0.02 
0.05 

F Value 

50.26 

2.30 

44.61 

1.58 

12.69 

0.52 

0.39 

P r>F 

0.0001 

0.0904 

0.0001 

0.2081 

0.0028 

0.6704 

0.7608 

G - G 

0.0931 

0.2224 

0.6432 

0.722 

a' 

14.30% 

1.06% 

4.65% 

0.03% 

0.44% 

0.00% 

0.00% 
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Table 17: Experiment 1: Analysis of TTC percent accuracy 

Source 

TTC 
Error(TTC) 
TASK 
Error(TASK) 
DIS 
Error(DIS) 
TTC*TASK 
Error(TTC*TASK) 
TTC*DIS 
Error(TTC*DIS) 
TASK*DIS 
Error(TASK*DIS) 
TTC*TASK*DIS 
Error(TTC*TASK*DIS) 

DF 

1 
15 
3 

45 
1 

15 
3 

45 
1 

15 
3 

45 
3 

45 

Type III SS 

140981.87 
10301.64 
5964.96 
35765.60 
13359.31 
5515.22 
1024.34 
4157.73 

18.70 
2142.29 
135.48 

4322.35 
34.01 

1695.27 

Mean Square 

140981.87 
686.78 
1988.32 
794.79 

13359.31 
367.68 
341.45 
92.39 
18.70 
142.82 
45.16 
96.05 
11.34 
37.67 

F Value 

205.28 

2.50 

36.33 

3.70 

0.13 

0.47 

0.30 

P r>F 

0.0001 

0.0714 

0.0001 

0.0184 

0.7225 

0.7046 

0.8245 

G - G 

0.0748 

0.0259 

0.6652 

0.8152 

Q^ 

37.39% 

0.95% 

3.47% 

0.20% 

0.00% 

0.00% 

0.00% 
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Table 18: Control Experiment: Analysis of mental rotation RT 

Source 

CUE 
Error(CUE) 
ORIEN 
Error(ORIEN) 
POSIT 
Error(POSIT) 
CUE*ORIEN 
Error(CUE*ORIEN) 
CUE*POSIT 
Error(CUE*POSIT) 
ORIEN*POSIT 
Error(ORIEN*POSIT) 
CUE*ORIEN*POSIT 
Error(CUE*ORIEN*POSIT) 

DF 

1 
7 
3 

21 
1 
7 
3 

21 
1 
7 
3 

21 
3 

21 

Type III SS 

3.30 
.53 

3.24 
1.90 
.37 
.18 
.24 
.83 
.01 
.24 
.04 
.32 
.06 
.34 

Mean Square 

3.30 
.08 
1.08 
.09 
.37 
.03 
.08 
.04 
.01 
.03 
.01 
.01 
.02 
.02 

F Value 

43.75 

11.94 

14.42 

1.98 

0.27 

0.89 

1.16 

P r>F 

.0003 

.0001 

.0067 

.1471 

.6186 

.4606 

.3466 

G - G 

.0009 

.1824 

.4350 

.3500 

n' 

20.90% 

19.26% 

2.21% 

0.78% 

0.00% 

0.07% 

0.00% 
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Table 19: Control Experiment: Analysis of mental rotation percent accuracy 

Source 

CUE 
Error(CUE) 
ORIEN 
Error(ORIEN) 
POSIT 
Error(POSIT) 
CUE*ORIEN 
Error(CUE*ORIEN) 
CUE*POSIT 
Error(CUE*POSIT) 
ORIEN*POSIT 
Error(ORIEN*POSIT) 
CUE*ORIEN*POSIT 
Error(CUE*ORIEN*POSIT) 

DF 

1 
7 
3 

21 
1 
7 
3 

21 
1 
7 
3 

21 
3 

21 

Type III SS 

314.73 
500.37 

2077.87 
3183.60 
4550.71 

33006.38 
182.51 

1374.14 
29.83 
170.11 
171.58 

1719.06 
81.13 

848.04 

Mean Square 

314.73 
71.48 

692.62 
151.60 

4550.71 
4715.20 

60.84 
65.44 
29.83 
24.30 
57.19 
81.86 
27.04 
40.38 

F Value 

4.40 

4.57 

0.97 

0.93 

1.23 

0.70 

0.67 

P r>F 

0.0741 

0.0129 

0.3586 

0.4437 

0.3045 

0.5633 

0.5801 

G - G 

0.031 

0.4146 

0.4719 

0.5063 

n' 

0.31% 

2.07% 

0.00% 

0.00% 

0.01% 

0.00% 

0.00% 
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Table 20: Experiment 2: Analysis of estimated TTC - Full model 

Source 

TTC 

Error(TTC) 
CUE 
Error(CUE) 
DIS 
Error(DIS) 
TTC*CUE 
Error(TTC*CUE) 
TTC*DIS 
Error(TTC*DIS) 
CUE*DIS 
Error(CUE*DIS) 
TTC*CUE*DIS 
Error(TTC*CUE*DIS) 

DF 

1 
11 
2 

22 
1 

11 
2 

22 
1 

11 
2 

22 
2 

22 

Type III SS 

32.58 
10.70 
2.88 

35.74 
14.33 
2.87 
2.23 
1.63 
1.05 
0.86 
0.04 
3.85 
0.34 
1.48 

Mean Square 

32.58 
0.97 
1.44 
1.62 

14.33 
1.11 
1.11 
0.07 
1.05 
0.08 
0.02 
0.17 
0.17 
0.07 

F Value 

33.50 

0.89 

54.95 

15.00 

13.56 

0.10 

2.54 

P r>F 

0.0001 

0.4259 

0.0001 

0.0001 

0.0036 

0.9048 

0.1021 

G - G 

0.4053 

0.0003 

0.8166 

0.1155 

Q^ 

12.30% 

0.00% 

5.49% 

0.81% 

0.38% 

0.00% 

0.08% 
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Table 21: Experiment 2: Analysis of estimated TTC - Partial model 

Source 

TTC 
Error(TTC) 
CUE 
Error(CUE) 
DIS 
Error(DIS) 
ORIEN 
Error(ORIEN) 
TTC*CUE 
Error(TTC*CUE) 
TTC*ORIEN 
Error(TTC*ORIEN) 
CUE* ORIEN 
Error(CUE*ORIEN) 
TTC*DIS 
Error(TTC*DIS) 
CUE*DIS 
Error(CUE*DIS) 
ORIEN*DIS 
Error(ORIEN*DIS) 
TTC*CUE*ORIEN 
Error(TTC*CUE*ORIEN) 
TTC*CUE*DIS 
Error(TTC*CUE*DIS) 
TTC*ORIEN*DIS 
Error(TTC*ORIEN*DIS) 
CUE*ORIEN*DIS 
Error(CUE*ORIEN*DIS) 
TTC*CUE*ORIEN*DIS 
Error(TTC*CUE*ORN*DIS) 

DF 

1 
11 
1 

11 
1 

11 
3 

33 
1 

11 
3 

33 
3 

33 
1 

11 
1 

11 
3 

33 
3 

33 
1 

11 
3 

33 
3 

33 
3 

33 

Type III SS 

60.01 
22.20 
6.79 

40.99 
36.12 
11.12 
1.39 
6.94 
1.50 
1.81 
0.18 
3.16 
0.58 
4.59 
1.02 
1.27 
0.04 
4.11 
0.74 
2.76 
0.12 
2.53 
0.00 
1.65 
0.24 
3.42 
0.38 
2.08 
0.03 
2.52 

Mean Square 

60.01 
2.02 
6.79 
3.73 

36.12 
1.01 
0.46 
0.21 
1.50 
0.06 
0.06 
0.10 
0.19 
0.14 
1.02 
0.12 
0.04 
0.37 
0.25 
0.08 
0.04 
0.08 
0.00 
0.15 
0.08 
0.10 
0.13 
0.06 
0.01 
0.08 

F Value 

29.74 

1.82 

35.73 

2.21 

9.08 

0.64 

1.40 

8.79 

0.11 

2.96 

0.51 

0.02 

0.78 

1.99 

0.14 

P r>F 

0.0002 

0.2042 

0.0001 

0.1055 

0.0118 

0.5946 

0.2597 

0.0128 

0.7450 

0.0463 

0.6795 

0.8879 

0.5112 

0.1347 

0.9327 

G - G 

0.1227 

0.5070 

0.2672 

0.0629 

0.6328 

0.4519 

0.1685 

0.8603 

n̂  

8.35% 

0.44% 

5.07% 

0.11% 

0.16% 

0.00% 

0.02% 

0.13% 

0.00% 

0.00% 

0.00% 

0.00% 

0.00% 

0.03% 

0.00% 
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Table 22: Experiment 2: Analysis of percent estimated TTC - Full model 

Source 

TTC 
Error(TTC) 
CUE 
Error(CUE) 
DIS 
Error(DIS) 
TTC*CUE 
Error(TTC*CUE) 
TTC*DIS 
Error(TTC*DIS) 
CUE*DIS 
Error(CUE*DIS) 
TTC*CUE*DIS 
Error(TTC*CUE*DIS) 

DF 

1 
11 
2 

22 
1 

11 
2 

22 
1 

11 
2 

22 
2 

22 

Type III SS 

60588.60 
2200.66 
2240.11 

21165.92 
7409.83 
1342.34 
1874.80 
2219.45 
34.48 
224.12 

6.62 
1908.13 
176.07 
589.55 

Mean Square 

60588.60 
200.06 
1120.05 
962.09 

7409.83 
122.03 
937.40 
100.88 
34.48 
20.37 
3.31 

86.73 
88.04 
26.80 

F Value 

302.85 

1.16 

60.72 

9.29 

1.69 

0.04 

3.29 

P r>F 

0.0001 

0.3307 

0.0001 

0.0012 

0.2199 

0.9626 

0.0564 

G - G 

0.3238 

0.0015 

0.8987 

0.0766 

Q^ 

33.69% 

0.17% 

4.07% 

0.93% 

0.01% 

0.00% 

0.07% 
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Table 23: Experiment 2: Analysis of percent esfimated TTC - Partial model 

Source 

TTC 
Error(TTC) 
CUE 

Error(CUE) 
DIS 
Error(DIS) 
ORIEN 
Error(ORIEN) 
TTC*CUE 
Error(TTC*CUE) 
TTC*ORIEN 
Error(TTC*ORIEN) 
CUE* ORIEN 
Error(CUE*ORIEN) 
TTC*DIS 
Error(TTC*DIS) 
CUE*DIS 
Error(CUE*DIS) 
ORIEN*DIS 
Error(ORIEN*DIS) 
TTC*CUE*ORIEN 
Error(TTC*CUE*ORIEN) 
TTC*CUE*DIS 
Error(TTC*CUE*DIS) 
TTC*ORIEN*DIS 
Error(TTC*ORIEN*DIS) 
CUE*ORIEN*DIS 
Error(CUE*ORIEN*DIS) 
TTC*CUE*ORIEN*DIS 
Error(TTC*CUE*ORN*DIS) 

DF 

1 
11 
1 

11 
1 

11 
3 

33 
1 

11 
3 

33 
3 

33 
1 

11 
1 

11 
3 

33 
3 

33 
1 

11 
3 

33 
3 

33 
3 

33 

Type III SS 

204243.35 
9161.39 
3018.60 

25109.73 
20115.81 
5974.59 
1035.60 
3904.99 

78.74 
3344.81 
363.92 
1808.93 
444.77 
3032.04 
617.63 
505.72 
21.50 

1881.01 
510.99 
1401.02 
185.09 
1891.13 

0.09 
508.44 
233.09 
1767.30 
235.30 

1455.311 
44.76 

1700.83 

Mean Square 

204243.35 
832.85 
3018.60 
2282.70 
20115.81 

543.14 
345.20 
118.33 
78.74 
304.07 
121.31 
54.82 
148.26 
91.88 

617.63 
45.97 
21.50 
171.33 
170.33 
42.46 
61.70 
57.31 
0.09 
46.22 
77.70 
53.55 
78.43 
44.10 
14.92 
51.54 

F Value 

245.23 

1.32 

37.04 

2.92 

0.26 

2.21 

1.61 

13.43 

0.13 

4.01 

1.08 

0.00 

1.45 

1.78 

0.29 

P r > F 

0.0001 

0.2746 

0.0001 

0.0486 

0.6209 

0.1051 

0.2049 

0.0037 

0.7296 

0.0154 

0.3724 

0.9650 

0.2458 

0.1704 

0.8327 

G - G 

0.0661 

0.1336 

0.2294 

0.0308 

0.3622 

0.2579 

0.2031 

0.7268 

n' 

36.69% 

0.13% 

3.53% 

0.12% 

0.00% 

0.04% 

0.03% 

0.10% 

0.00% 

0.07% 

0.00% 

0.00% 

0.01% 

0.02% 

0.00% 
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Table 24: Experiment 2: Analysis of mental rotation percent accuracy 

Source 

TTC 
Error(TTC) 
CUE 
Error(CUE) 
DIS 
Error(DIS) 
ORIEN 
Error(ORIEN) 
TTC*CUE 
Error(TTC*CUE) 
TTC*ORIEN 
Error(TTC*ORIEN) 
CUE* ORIEN 
Error(CUE*ORIEN) 
TTC*DIS 
Error(TTC*DIS) 
CUE*DIS 
Error(CUE*DIS) 
ORIEN*DIS 
Error(ORIEN*DIS) 
TTC*CUE*ORIEN 
Error(TTC*CUE*ORIEN) 
TTC*CUE*DIS 
Error(TTC*CUE*DIS) 
TTC*ORIEN*DIS 
Error(TTC*ORIEN*DIS) 
CUE*ORIEN*DIS 
Error(CUE*ORIEN*DIS) 
TTC*CUE*ORIEN*DIS 
Error(TTC*CUE*ORN*DIS) 

DF 

1 
11 
1 
11 
1 

11 
3 

33 
1 

11 
3 

33 
3 

33 
1 

11 
1 

11 
3 

33 
3 

33 
1 

11 
3 

33 
3 

33 
3 

33 

Type III SS 

22.80 
1001.30 
262.71 
7402.36 
174.43 
837.96 

13643.49 
17042.03 
405.34 
514.25 
124.06 

1899.59 
127.49 

6476.65 
115.37 
853.81 
12.16 

952.82 
153.76 
1997.24 
85.85 

2220.31 
12.93 

795.19 
111.10 

3985.21 
60.92 

3014.47 
254.15 
3057.93 

Mean Square 

22.80 
91.03 

262.71 
672.94 
174.43 
76.18 

4547.83 
516.43 
405.34 
46.75 
41.35 
57.56 
42.50 
196.26 
115.37 
77.62 
12.16 
86.62 
51.25 
60.52 
28.62 
67.28 
12.93 
72.29 
37.03 
120.76 
20.31 
91.35 
84.72 
92.66 

F Value 

0.25 

0.39 

2.29 

8.81 

8.67 

0.72 

0.22 

1.49 

0.14 

0.85 

0.43 

0.18 

0.31 

0.22 

0.91 

P r>F 

0.6266 

0.5448 

0.1584 

0.002 

0.0133 

0.5481 

0.8842 

0.2483 

0.7150 

0.4782 

0.7361 

0.6804 

0.8204 

0.8802 

0.4447 

G - G 

0.0048 

0.5248 

0.7758 

0.4640 

0.6557 

0.7348 

0.7795 

0.4227 

n̂  

0.00% 

0.00% 

0.10% 

12.09% 

0.36% 

0.00% 

0.00% 

0.04% 

0.00% 

0.00% 

0.00% 

0.00% 

0.00% 

0.00% 

0.00% 
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Table 25: Experiment 2: 

Source 

TTC 
Error(TTC) 
CUE 
Error(CUE) 
DIS 
Error(DIS) 
ORIEN 
Error(ORIEN) 
TTC*CUE 
Error(TTC*CUE) 
TTC*ORIEN 
Error(TTC*ORIEN) 
CUE* ORIEN 
Error(CUE*ORIEN) 
TTC*DIS 
Error(TTC*DIS) 
CUE*DIS 
Error(CUE*DIS) 
ORIEN*DIS 
Error(ORIEN*DIS) 
TTC*CUE*ORIEN 
Error(TTC*CUE*ORIEN) 
TTC*CUE*DIS 
Error(TTC*CUE*DIS) 
TTC*ORIEN*DIS 
Error(TTC*ORIEN*DIS) 
CUE*ORIEN*DIS 
Error(CUE*ORIEN*DIS) 
TTC*CUE*ORIEN*DIS 
Error(TTC*CUE*ORN*DIS) 

Analysis of mental rotatior 

DF 

1 
11 
1 

11 
1 

11 
3 

33 
1 

11 
3 

33 
3 

33 
1 

11 
1 

11 
3 

33 
3 

33 
1 

11 
3 

33 
3 

33 
3 

33 

Type III SS 

1.10 
0.81 
0.48 
9.17 
0.03 
2.95 
0.85 
4.72 
0.59 
1.19 
0.23 
4.29 
1.36 
3.58 
0.06 
0.60 
0.52 
2.47 
0.40 
6.39 
1.52 
6.45 
0.47 
1.10 
1.10 
5.16 
1.10 
2.86 
0.48 
6.80 

Mean Square 

1.10 
0.07 
0.48 
0.83 
0.03 
0.27 
0.28 
0.14 
0.59 
0.11 
0.08 
0.13 
0.45 
0.11 
0.06 
0.05 
0.52 
0.22 
0.13 
0.19 
0.51 
0.20 
0.47 
0.10 
0.37 
0.16 
0.37 
0.09 
0.16 
0.21 

] response times 

F Value 

14.96 

0.57 

0.12 

1.98 

5.45 

0.59 

4.19 

1.17 

2.32 

0.69 

2.59 

4.69 

2.35 

4.22 

0.77 

P r>F 

0.0026 

0.4655 

0.7349 

0.1359 

0.0396 

0.6229 

0.0129 

0.3029 

0.1556 

0.5675 

0.0690 

0.0532 

0.0905 

0.1025 

0.5180 

G - G 

0.1553 

0.5022 

0.0189 

0.5308 

0.1058 

0.1297 

0.1217 

0.4679 

n' 

1.15% 

0.00% 

0.00% 

0.48% 

0.54% 

0.00% 

1.17% 

0.01% 

0.34% 

0.00% 

1.03% 

0.42% 

0.70% 

0.93% 

0.00% 
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Table 26: Experiment 3: Analysis of estimated TTC 

Source 

TTC 
Error(TTC) 
UPDATE 
Error(UPDATE) 
DIS 
Error(DIS) 
TTC*UPDATE 
Error(TTC*UPDATE) 
TTC*DIS 
Error(TTC*DIS) 
UPDATE*DIS 
Error(UPDATE*DIS) 
TTC*UPDATE*DIS 
Error(TTC*UPDATE*DIS) 

DF 

1 
7 
4 

28 
1 
7 
4 

28 
1 
7 
4 

28 
4 

28 

Type III SS 

229.85 
11.05 
23.69 
29.78 
8.70 
1.24 
1.57 
5.20 
2.17 
0.94 
0.98 
2.66 
1.00 
3.18 

Mean Square 

29.85 
1.58 
5.92 
1.06 
8.70 
0.18 
0.39 
0.19 
2.17 
0.13 
0.24 
0.10 
0.25 
0.11 

F Value 

145.57 

5.57 

48.91 

2.12 

16.13 

2.57 

2.21 

P r>F 

0.0001 

0.002 

0.0002 

0.1054 

0.0051 

0.0595 

0.0936 

G - G 

0.041 

0.1576 

0.1093 

0.1253 

Q' 

61.96% 

5.28% 

2.31% 

0.22% 

0.56% 

0.01% 

0.15% 
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Table 27: Experiment 3: Analysis of TTC percent accuracy 

Source 

TTC 
Error(TTC) 
UPDATE 
Error(UPDATE) 
DIS 
Error(DIS) 
TTC*UPDATE 
Error(TTC*UPDATE) 
TTC*DIS 
Error(TTC*DIS) 
UPDATE*DIS 
Error(UPDATE*DIS) 
TTC*UPDATE*DIS 
Error(TTC*UPDATE*DIS) 

DF 

1 
7 
4 

28 
1 
7 
4 

28 
1 
7 
4 

28 
4 

28 

Type III SS 

21206.95 
1812.74 
12698.43 
15039.81 
3775.72 
563.37 
412.10 
1385.35 
150.77 
395.70 
371.15 
1045.76 
384.72 
1332.22 

Mean Square 

21206.95 
258.96 
3174.61 
537.14 
3775.72 

80.48 
103.03 
49.48 
150.77 
56.53 
92.79 
37.35 
96.18 
47.58 

F Value 

81.89 

5.91 

46.91 

2.08 

2.67 

2.48 

2.02 

P r>F 

0.0001 

0.0014 

0.0002 

0.1099 

0.1465 

0.0664 

0.1186 

G - G 

0.037 

0.1641 

0.1218 

0.1549 

n' 

25.73% 

12.96% 

4.54% 

0.27% 

0.12% 

0.28% 

0.25% 
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