THE RELATIONSHIP BETWEEN STEERING CONTROL AND COHERENT MOTION
PERFORMANCE UNDER DETERIORATED CONDITIONS

A Dissertation by
Bobby Nguyen, M.A.
Master of Arts, Wichita State University, 2013
Bachelor of Arts, Wichita State University, 2007

Submitted to the Department of Psychology
and the faculty of the Graduate School of
Wichita State University
in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy

May 2015

© Copyright 2015 by Bobby Nguyen
All Rights Reserved

THE RELATIONSHIP BETWEEN STEERING CONTROL AND COHERENT MOTION
PERFORMANCE UNDER DETERIORATED CONDITIONS

The following faculty members have examined the final copy of this dissertation for form and
content, and recommend that it be accepted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy with a major in Psychology.

___________________________________
Rui Ni, Committee Chair
___________________________________
Alex Chaparro, Committee Member
___________________________________
Barbara Chaparro, Committee Member
___________________________________
Michael Jorgensen, Committee Member
___________________________________
Joseph Keebler, Committee Member

Accepted for the College of Liberal Arts and Sciences
___________________________________
Ronald Matson, Dean
Accepted for the Graduate School
___________________________________
Abu Masud, Interim Dean

DEDICATION

To the most wonderful and loving person that I will ever know. You sacrificed so much so that
we could have everything. Mom, I love you.

iv

ACKNOWLEDGEMENTS
I would like to express my utmost gratitude to Dr. Rui Ni for his guidance, support, and
compassion throughout my journey of graduate school. You always reminded me to never forget
the big picture and showed me that with hard work and persistency, great things can happen. To
my committee members, Dr. Alex Chaparro, Dr. Barbara Chaparro, Dr. Michael Jorgensen, and
Dr. Joseph Keebler, thank you so much for taking time out of your busy, busy schedule to
provide your time, insightful comments, and helpful criticisms on my research.
I cannot talk about graduate school without mentioning my colleagues, Mikki Phan and
Jennifer Teves, whom I’ve looked up to from day one. Your words of encouragement and ability
to make me laugh through the long nights made the time spent in school and outside of school
even more special. We might have met as colleagues, but we’re walking away as life-long
friends.
My family has been instrumental in my endeavors. Toné, Phong, Thanh, and Mom – I am
forever indebted to you for understanding and supporting me so that I could pursue my dreams,
even when it meant giving up a little bit of your own time. You might not know, but I have
learned so much from you all.
Lastly, I must acknowledge Natalie. You inspired me to chase after the best education
one could get, and it has been one of the best decisions I have ever made. You have been patient
and have been by my side through thick and thin. For that, I am truly blessed.

v

ABSTRACT
Driving is primarily a visual task that involves processing visual information over space
and time (e.g., motion perception). Previous research has shown that such spatial and temporal
processing becomes much more difficult under deteriorated conditions such as driving at night or
in fog. One important research question is whether the deterioration associated with low contrast
scenes can be recovered though training. This dissertation aims to answer this question in two
experiments by testing a theoretical framework of perceptual learning training, which is based on
low level common mechanisms, on a steering control task. The first experiment examined
whether a relationship exists between performances on 2D and 3D Coherent Motion tasks under
low contrast and a simulated steering control task under low contrast. The results from
Experiment 1 demonstrates that performance on the Coherent Motion tasks, regardless of
whether they are 2D or 3D displays, is able to predict certain performance measures of steering
control. Then, Experiment 2 examined whether perceptual learning training utilizing the low
contrast Coherent Motion task has an effect on steering control performance under low contrast.
After five hours of Coherent Motion training, participants significantly improved their squared
coherency scores on the steering control task more than the control group, indicating an increase
in steering stability and predictability. These results suggest that perceptual learning of a simple,
low-level visual task can be transferred to a more complex task, which share a common low level
mechanism.

vi

TABLE OF CONTENTS
Chapter

Page

1.

INTRODUCTION .............................................................................................................. 1

2.

LITERATURE REVIEW ................................................................................................... 4
2.1.

2.2.
2.3.
2.4.

2.5.

3.

Driving Tasks and the Role of Vision..................................................................... 4
2.1.1.
Driving Tasks ........................................................................................ 4
2.1.2.
Information Used in Driving ................................................................. 6
2.1.3.
What Information Does Optic Flow Provide? ...................................... 8
Spatial and Temporal Integration of Visual Motion ............................................. 10
2.2.1.
Random Dot Displays ......................................................................... 11
2.2.2.
Coherent Motion Displays .................................................................. 12
Driving Under Deteriorated Conditions................................................................ 13
2.3.1.
External Factors .................................................................................. 14
2.3.2.
Internal Factors ................................................................................... 15
Driving Performance and Safety Predictors ......................................................... 15
2.4.1
Cognitive Abilities .............................................................................. 17
Sensory Abilities ................................................................................. 19
2.4.2.
2.4.3.
Physical Abilities ................................................................................ 20
Improving Driving Performance ........................................................................... 21
2.5.1.
Perceptual Learning ............................................................................ 21
2.5.2.
Learning to Drive Better ..................................................................... 26

PILOT STUDIES & STUDY PURPOSE ......................................................................... 28
3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.

Pilot Study 1 – The Effect of Contrast on Spatial and Temporal Integration of 2D
Shape Perception................................................................................................... 29
Pilot Study 2 – 2D Shape Perception and Steering Control................................ 30
Pilot Study 3 – 2D Shape Perception Measuring Temporal Thresholds and
Steering Control .................................................................................................... 31
Pilot Study 4 – Improving Steering Control Performance with Training on 2D
Shape Perception................................................................................................... 31
Pilot Study 5 – The Relationship between 2D Coherent Motion and Steering
Control .................................................................................................................. 31
Pilot Study 6 – The Relationship between 3D Coherent Motion and Steering
Control .................................................................................................................. 33
Study Purpose ....................................................................................................... 34

vii

TABLE OF CONTENTS (continued)
Chapter
4.

EXPERIMENT 1: THE RELATIONSHIP BETWEEN 2D AND 3D COHERENT
MOTION AND STEERING CONTROL ......................................................................... 37
4.1.
4.2.

4.3.

4.4.

5.

Page

Hypotheses ............................................................................................................ 37
Method .................................................................................................................. 40
4.2.1.
Participants.......................................................................................... 40
4.2.2.
General Procedure............................................................................... 40
4.2.3.
Coherent Motion Tasks ....................................................................... 41
4.2.3.1.
Apparatus .......................................................................... 41
4.2.3.2.
Stimuli ............................................................................... 41
4.2.3.3.
Design ............................................................................... 43
Psychophysical Procedure ................................................ 44
4.2.3.4.
4.2.3.5.
Procedure .......................................................................... 44
4.2.4.
Steering Control Task ......................................................................... 45
4.2.4.1.
Apparatus .......................................................................... 45
4.2.4.2.
Stimuli ............................................................................... 46
Design ............................................................................... 47
4.2.4.3.
4.2.4.4.
Procedure .......................................................................... 47
Results ................................................................................................................... 48
4.3.1
Data Screening and Cleaning .............................................................. 49
4.3.2
Coherent Motion Thresholds .............................................................. 52
Steering Control Gain ......................................................................... 54
4.3.3
4.3.4
Steering Control Phase Angle ............................................................. 55
4.3.5
Steering Control Squared Coherency.................................................. 57
4.3.6
Multiple Linear Regressions ............................................................... 58
Discussion ............................................................................................................. 64
Coherent Motion Performance ............................................................ 64
4.4.1.
4.4.2.
Steering Control Performance............................................................. 66
Predicting Steering Control Performance ........................................... 67
4.4.3.

EXPERIMENT 2: IMPROVING STEERING CONTROL PERFORMANCE WITH
COHERENT MOTION TRAINING ................................................................................ 72
5.1.
5.2.

Hypotheses ............................................................................................................ 72
Method .................................................................................................................. 74
5.2.1.
Participants.......................................................................................... 74
5.2.2.
General Procedure............................................................................... 75
5.2.3.
Pre- and Post-Test Tasks..................................................................... 77
5.2.4.
2D Coherent Motion Training Task .................................................... 78
5.2.4.1.
Apparatus .......................................................................... 78
5.2.4.2.
Stimuli ............................................................................... 78
viii

TABLE OF CONTENTS (continued)
Chapter

5.3.

5.4.
6.

Page
5.2.4.3. Design ............................................................................... 78
5.2.4.4.
Procedure .......................................................................... 78
Results ................................................................................................................... 79
5.3.1.
Coherent Motion ................................................................................. 79
5.3.2.
Contrast Sensitivity ............................................................................. 81
5.3.3.
Useful Field of View ........................................................................... 82
5.3.4.
Steering Control Performance............................................................. 85
5.3.4.1.
Global Steering Control Performance Measure ................ 85
5.3.4.2.
Local Steering Control Performance Measure .................. 87
Discussion ............................................................................................................. 96

CONCLUSIONS AND IMPLICATIONS ...................................................................... 100
6.1.
6.2.
6.3.
6.4.

Interpretation of Results ...................................................................................... 100
Implications......................................................................................................... 101
Limitations .......................................................................................................... 102
Future Research .................................................................................................. 104

REFERENCES ........................................................................................................................... 107
APPENDICES ............................................................................................................................ 119
A.
Local and Global Driving Performance Measures.............................................. 120
B.
Contrast Detection Task ...................................................................................... 122
C.
Useful Field of View ........................................................................................... 124
D.
Experiment 1 Consent Form ............................................................................... 126
E.
Experiment 1: Recoded Outliers – Coherent Motion Tasks ............................... 128
Experiment 1: Recoded Outliers – Steering Control Task.................................. 129
F.
G.
Experiment 2: Control Group – Consent Form................................................... 130
Experiment 2: Control Group – Payment Voucher............................................. 132
H.
I.
Experiment 2: Training Group – Consent Form ................................................. 133
J.
Experiment 2: Training Group – Payment Voucher ........................................... 135
K.
Experiment 2: Recoded Outliers – Control Group – Steering Control Task ...... 136
L.
Experiment 2: Recoded Outliers – Training Group – Contrast Detection Task
and Useful Field of View Task ........................................................................... 138
M.
Experiment 2: Recoded Outliers – Training Group – Steering Control Task..... 139
N.
2D Coherent Motion Task Instructions............................................................... 140
O.
3D Coherent Motion Task Instructions............................................................... 141
P.
Steering Control Task Instructions ..................................................................... 143

ix

LIST OF TABLES
Table

Page

1.

Experiment 1 Hypotheses. ................................................................................................ 39

2.

Results of Multiple Stepwise Regression Analyses by Steering Control Measure. ......... 60

3.

Results of Regression Analysis Using Enter Method for Steering Control RMS. ........... 62

4.

Results of Regression Analysis Using Enter Method for Steering Control Gain. ............ 62

5.

Results of Regression Analysis Using Enter Method for Steering Control Phase Angle. 63

6.

Results of Regression Analysis Using Enter Method of Steering Control Sq. Coherency...
........................................................................................................................................... 63

7.

Experiment 2 Hypotheses. ................................................................................................ 74

8.

Demographics of Participants in Experiment 2. ............................................................... 75

9.

Experiment 1: Recoded outliers for Coherent Motion task. ........................................... 128

10.

Experiment 2: Recoded outliers for Steering Control task. ............................................ 129

11.

Experiment 2: Recoded outliers for control group on Steering Control task ................. 136

12.

Experiment 2: Outliers in control group for contrast detection and UFOV tasks .......... 138

13.

Experiment 2: Outliers recoded in training group for Steering Control task. ................. 139

x

LIST OF FIGURES
Figure

Page

1.

A three-component feedback loop model for completing driving tasks. ............................ 7

2.

Schematic illustration of stimuli used in Pilot Study 1. .................................................... 29

3.

Example displays for 2D Coherent Motion task. .............................................................. 42

4.

Example displays for 3D Coherent Motion task. .............................................................. 43

5.

An example of a display for the Steering Control task. .................................................... 47

6.

Example Steering Control data from a single trial before algorithm cleaning. ................ 50

7.

Example Steering Control data from a single trial after algorithm cleaning. ................... 51

8.

Coherent Motion thresholds as a function of Dot Density and Dot Lifetime for 2D
displays. ............................................................................................................................ 53

9.

Coherent Motion thresholds as a function of Dot Density and Dot Lifetime for 3D
displays. ............................................................................................................................ 54

10.

Steering Control gain as a function of frequency. ............................................................ 55

11.

Steering Control phase angle as a function of frequency. ................................................ 57

12.

Steering Control squared coherency as a function of frequency. ..................................... 58

13.

The relationship between Steering Control phase angle at low frequency and Coherent
Motion thresholds with low dot density and low dot lifetime. ......................................... 60

14.

The relationship between Steering Control squared coherency at low frequency and
Coherent Motion thresholds with low dot density and low dot lifetime........................... 61

15.

The testing and training schedule for Experiment 2. ........................................................ 76

16.

Coherent Motion thresholds by training day and display. ................................................ 81

17.

Pre- to post-test contrast sensitivity thresholds by group. ................................................ 82

18.

Pre- to post-test UFOV central processing speeds by group. ........................................... 83

19.

Pre- to post-test UFOV divided attention speeds by group. ............................................. 84
xi

LIST OF FIGURES (continued)
Figure

Page

20.

Pre- to post-test UFOV selective attention speeds by group. ........................................... 85

21.

Pre- to post-test Steering Control root mean square error by group. ................................ 86

22.

Pre- to post-test Steering Control gain by group at low frequency................................... 88

23.

Pre- to post-test Steering Control gain by group at medium frequency. .......................... 89

24.

Pre- to post-test Steering Control gain by group at high frequency. ................................ 90

25.

Pre- to post-test Steering Control phase angle by group at low frequency. ...................... 91

26.

Pre- to post-test Steering Control phase angle by group at medium frequency................ 92

27.

Pre- to post-test Steering Control phase angle by group at high frequency...................... 93

28.

Pre- to post-test Steering Control squared coherency by group at low frequency............ 94

29.

Pre- to post-test Steering Control squared coherency by group at medium frequency. ... 95

30.

Pre- to post-test Steering Control squared coherency by group at high frequency. ......... 96

31.

Example of steering response to perturbation from a single trial .................................. 120

32.

Contrast Detection task display. ..................................................................................... 123

33.

Example display of UFOV subtest 1. ............................................................................. 124

34.

Example display of UFOV subtest 2. ............................................................................. 125

35.

Example display of UFOV subtest 3. ............................................................................. 125

xii

LIST OF ABBREVIATIONS / NOMENCLATURE
cd/m2

candelas/meter2

FFT

Fast Fourier Transform – time series algorithm used to derive measurements
between a signal and response

FOE

focus of expansion – the point in the center of the horizon in which all points in
the scene appear to emanate from while moving forward

Hz

hertz

ISI

interstimulus interval

kph

kilometers per hour

m

meter

MMSE

Mini-Mental State Examination

mph

miles per hour

ms

millisecond

PL

perceptual learning

RMS

root mean square error – a measurement of global deviation between a signal and
a response

s

second

TTC

time-to-contact

UFOV

Useful Field of View - the visual area in which information can be acquired
within an eye fixation without eye or head movement

xiii

CHAPTER 1
INTRODUCTION
Whether driving to work, sitting in a friend’s passenger seat, or walking across an
intersection, an individual is directly and indirectly affected by the actions of automobile drivers.
In 2009, nearly 34,000 people died in the U.S. in driving-related accidents (Federal Highway
Administration, 2011). Further, motor vehicle accidents were the 4th leading cause of non-fatal
injuries for individuals aged 15 and above (National Center for Injury Prevention and Control,
2011). Although the fatality rate is at a historical low, human error remains one of the largest
contributing factors to fatal automobile accidents (National Highway Traffic Safety
Administration, 2013). This poses an interesting question for drivers, policymakers, and research
scientists. What can we do to reduce human error so as to minimize driving accidents and
increase driving safety?
Often, the complexity of driving goes unnoticed. However, driving involves multiple
stages of strategic planning, tactical maneuvers, and the physical control of an automobile
(Michon, 1989). Further adding to the complexity is vision, which plays an extremely important
role in driving. Many would say that driving is almost impossible without vision. Vision
provides an over-whelming amount of data for the driver to process and extract pertinent
information. For example, vision allows us to regulate speed (Larish & Flach, 1990) and heading
direction (Warren et al., 1988) and allows us to detect obstacles and hazards (Andersen &
Enriquez, 2006). It is such a vital source of information that a large body of research has focused
on how changes or decrements in vision affect driving performance and safety. For example,
research suggests that driving at night, which reduces visibility, increases a driver’s risk of a fatal
accident three-fold (National Highway Traffic Safety Administration, 2007). Also, research has
1

shown that decreases in visual processing speed are associated with decreased driving
performance and increased accident risk (e.g., Ball & Owsley, 1992; Owsley et al., 1998).
Since vision is critical to driving and visual capabilities tend to decline as we age, much
of the research examining the effects of vision on driving have focused on older drivers. Older
adults experience declines in cognitive, sensory, and physical abilities that may influence driving
performance and safety (Anstey et al, 2005). Thus, tests measuring cognitive, sensory, and
physical functioning have been investigated as potential predictors for driving performance and
safety. For example, research shows that adults with poor neck rotation are more likely to be in
crashes. Sensory declines, such as decreased contrast sensitivity, have been shown to be a
predictor of driving cessation. Older adults with cognitive declines that affect reaction time have
been found to perform more poorly on a driving course. Further, tests measuring processing
speed have been shown to be a good predictor of driving performance and driving safety (Anstey
et al., 2005). However, these tests typically use displays that are static. Given that driving
involves processing dynamic visual information, tests used as predictors with dynamic displays
may perform even better than current tests.
Although old age is inevitable and its detrimental effects are seemingly inevitable, many
researchers have endeavored to develop methods to improve driving performance and safety,
especially for older drivers. In one area of research, drivers receive training with complex,
simulated driving environments or with real-world driving scenarios (e.g., Cassavaugh &
Kramer, 2009). In another area of research, drivers receive training on fairly simple perceptual
tasks that have been found to be important in driving (e.g., Akinwuntan et al., 2007). In either
case, the research suggests that with training, it is possible to improve driving performance, even
for older adults.
2

Even though past research has demonstrated promising evidence of excellent predictors
of driving performance and safety and training procedures with favorable and valuable
outcomes, there is definitely room for improvement. This research will provide insight into what
can be done do to reduce driving accidents and increase driving safety by examining visual tasks
that may be better than current predictors of driving performance and better training procedures
that may be used to improve driving performance.
Developing such tests and tools has several important implications. First, the visual tasks
have the potential to provide a safer, easier, quicker, and cheaper method of measuring driving
performance than compared to traditional on-road tests. Second, determining how well a person
is able to drive may assist with licensure policies. For example, the test may suggest whether a
teen-driver is ready for a license or whether an older driver should still retain a license. Second,
the test can serve as a tool to identify individuals or groups of individuals with subpar driving
skills that can benefit from focused efforts to improve their driving performance. With training,
there is the potential to improve driving performance so as to reduce automobile accidents and
fatalities. With the help of these training procedures, younger drivers may also be able to start
driving earlier or older drivers may not have to cease driving as soon.
Chapter 2 will provide a literature review of concepts related to driving and the role of
vision in driving, as well as the importance of spatial and temporal integration of motion
processing. Then, issues about driving under deteriorated conditions will be discussed. Finally, a
review of current predictors and training tools for driving performance and safety will be
provided. Chapters 3 will discuss a handful of pilot studies that were conducted to fine tune the
methodology for this research. Chapters 4 and 5 will present experiments that will attempt to
provide data to achieve the main goal of this study, to improve driving performance.
3

CHAPTER 2
LITERATURE REVIEW
2.1.

Driving Tasks and the Role of Vision
Driving is inarguably a complex task; however, as we drive more and more often and the

skill becomes second nature, the intricacies may often go unnoticed. An important component of
driving, and locomotion in general, is vision. Gibson suggested guiding locomotion and
conveying information about events are among the most fundamental functions of vision (1966,
1979). It could be argued that vision is almost required to drive, while hearing and other sensory
capabilities might not be necessary. Therefore, understanding the role of vision capabilities and
decrements while driving will provide insight to how we can improve driving safety.
2.1.1. Driving Tasks
Safely driving and operating a vehicle relies on proper skills and capabilities to perform
complex tasks which can be described by three different degrees of activity – strategic, tactical,
and control (Michon, 1989). Strategic tasks involve the planning of the trip and the overall goals
for the drive. For example, before someone begins to drive, they must plan the route to their
destination. Once a route is determined, the driver attempts to follow that route through
wayfinding. Wayfinding is the ability for a person to navigate through an environment. Subtasks
of wayfinding that are equally important to safe driving include maintaining accurate heading,
safe vehicle velocity (Cutting, 1996), and developing a cognitive representation of the
environment (Wilkniss, Jones, Korol, Gold, & Manning, 1997).
Tactical tasks focus on the decisions made for the on-hand goals of arriving at the
destination. Examples of tactical tasks include speed selection, decisions to pass other vehicles,
and lane selection (Wickens, Gordon-Becker, Liu, & Lee, 2003). For instance, detecting an
4

imminent collision is an important tactical task for both defensive and offensive driving. Imagine
a driver waiting to make a left hand turn at an intersection. If there are oncoming vehicles
approaching the intersection, the driver needs to decide when to make a turn and whether or not
it is safe to make the turn. In other words, the driver has to judge whether there will be a collision
before the turn is finished, by estimating the time-to-contact (TTC) from a stationary standpoint.
It will be safe to make the left turn if the TTC is greater than the time that it would take for the
driver to make the turn. Now imagine the driver sitting in the other vehicle that is approaching
this intersection. That driver will need to estimate the TTC of the left-turning vehicle from a
moving standpoint. If a collision is imminent, they should make a quick judgment and execute
the proper reactions in attempt to avoid the collision, whether it be swerving, braking, or even
speeding up.
Control tasks focus on the operation of the vehicle. Examples of control tasks include
maintaining safe distances between cars and safe speed by manipulating the gas and brake
pedals, and managing lane positions and moving directions by operating the steering wheel. For
example, a popular control task measured in driving research is the car-following task. Proper
car-following entails keeping a safe distance between a driver’s vehicle and the lead vehicle in
front. A safe following distance provides an ample amount of time for the driver to react
appropriately to sudden hazards. Many times, drivers have to gather information about the
surroundings with just one glance and adjust their control of the car accordingly. DeLucia and
Mather (2006) found that young drivers were able to derive motion information in car-following
scenes fairly well, even when visual information was partially absent. However, older drivers
extrapolated this information much slower than their younger counterparts.

5

Lane position-keeping and lane changing are similar control tasks, both requiring
physical control of the steering wheel and operation of accelerator and brake pedals. Positionkeeping is the act of keeping the vehicle within the lane boundaries as the road and environment
changes, e.g. on a curved road. Lane changes are necessary to avoid certain hazardous situations
as well as maintaining safe, efficient wayfinding (Munro et al., 2010; Hollands, Patla, & Vickers,
2002; Macuga, Beall, Kelly, Smith, & Loomis, 2007).
Steering control is a basic driving task that controls heading direction of the vehicle. This
task is also essential in many of the previously discussed tasks, e.g., car-following, lane changing
and keeping, and collision avoidance. Perceiving correct heading direction is necessary to
maintain or adjust locomotion and is the lowest-level steering control task. Therefore, it has been
the primary measure of driving performance in a large body of locomotion literature. For
example, Kelly, Beall, Loomis, Smith, and Macuga (2006) measured steering performance and
perceived heading simultaneously and they found that steering errors were largely biased in the
perceived heading direction.
2.1.2. Information Used in Driving
Completing strategic, tactical, and control driving tasks involves the process of sensation,
perception, and action upon the stimuli in the environment, which can be described in a threecomponent feedback loop model (see Figure 1). The first component is the internal and external
sources of stimuli which provide information for sensation. Examples of external sources are
auditory stimuli such as a police siren or the sound of an engine (Colsher & Wallace, 1993) or
visual stimuli such as glare from light (Babizhayev, 2003), landmarks (Ni, Bian, & Andersen,
2009) and optic flow (Warren, Morris, & Kalish, 1988). An example of an internal source is
vestibular cues (Wilkie & Wann, 2005). The stimuli provide information to the driver, the
6

second component. The driver processes the information (i.e., perception) to make useful
judgments such as speed (Durgin, Gigone, & Scott, 2005), time to collision (Andersen &
Enriquez, 2006), structure of the environment (Andersen, 1989), and stopping distances (Fajen,
2005). Next, a driver will exert a change onto the vehicle, in the last component. For example,
changes in the control of vehicle may come in the form of a lane change (Macuga, Beall, Kelly,
Smith, & Loomis, 2007) or braking (Fajen, 2005). A change in the vehicle dynamics causes a
change in the environment, which in return, affects the first component, the sources of
information.

Stimuli
(Sensation)

Vehicle
(Action)

Driver
(Perception)

Figure 1. A three-component feedback loop model for completing driving tasks.
Compared to non-visual cues, such as auditory or vestibular cues, visual cues are more
important to self-locomotion (Harris & Jenkin, 1998). Optic flow, which represents the temporal
change of the optic array (Warren, 2004), provide visual information on one’s heading direction.
When an observer moves along a straight path, one can derive the heading direction using the
focus of expansion (FOE), the point in the center of the horizon from which all points in the
environment seem to emanate. The direction of heading is simply the direction of FOE.
7

However, when a moving observer is rotated, the pattern becomes displaced and rotational flow
is added. The direction of heading is no longer the FOE, but along a line. While driving, an
observer may experience a combination of these two types of flows. Optical patterns may
become even more complicated because the eyes can move and create similar retinal flow pattern
changes as seen with a rotated observer. A driver not only needs to extract translational flow and
rotational flow information, but also need to distinguish whether the rotational flow results from
eye or head movements. Although we do not know how exactly our visual system is able to tease
apart the complex input from translation, rotation, eye movements, and head movements that
give rise to optic flow information, a great number of research has established optic flow as an
important source of information for driving-related perceptual tasks.
2.1.3. What Information Does Optic Flow Provide?
Information about the structure of the surrounding environment can also be derived from
optic flow. Andersen (1989) conducted a research study on the perception of depth and structure
of the environment using information from optic array changes and transformations. In one
experiment, participants were asked to recover the number of transparent planes that were
simulated using dots displays. Participants were able to identify up to three transparent planes
correctly. In another experiment, they were asked to identify the slant of transparent planes.
Participants were able to determine the slants of two overlapping surfaces correctly. Similar
results were replicated with the perception of tilt of opaque surfaces (Domini & Caudek, 2003).
Speed perception is also affected by optic flow information, for both the perceived selfmotion speed and the perceived speed of other moving objects. In a study by Larish and Flach
(1990), optical edge rate and global optical flow rate were manipulated to examine their effects
on perception of self-motion speed. Optical edge rate is the rate at which gaps or breaks (e.g.,
8

lane markers) cross a fixed reference point in an observer’s field of view, measured by the
velocity of edges per second. Global optical flow rate is the velocity of forward motion,
measured in velocity of eye heights per second. Edge rate and optical flow rate were both found
to have additive-effects on the perception of speed, with edge rate showing stronger effects.
Different backgrounds in the driving scene give rise to different optical patterns.
Characteristics of the background, such as texture and contrast, can influence the perception of
speed of other objects. Smeets and Brenner (1995) tested the effects of background information
on the speed perception of objects in the foreground. Subjects were asked to match the velocity
of two computer-generated images of running spiders. The first spider appeared in front of a
background which was either stationary or moving leftward or rightward. The second spider was
placed in front of a static background and its’ velocity was changed with the position of the
mouse. When motion direction of the background was in the opposite direction of the first
spider, the second spider’s velocity was perceived to be greater. During driving, background
information can change as road texture and background scenery changes.
Heading perception from optic flow has been extensively investigated in the past.
Overall, it has been agreed that direction of travel can be estimated quite well based on optic
flow information. This is still true for complicated optic flow patterns that result from translation,
rotation, and eye and head movements. Further, it has been found that other factors may affect
the reliability of heading judgments. Warren et al. (1988) found that drivers were able to judge
heading very accurately, even when the amount of optic flow information was limited. They
reduced the number of optic flow points, using random-dot displays, and found that participants
were still able to perform well when only 63 to 10 dots were presented in the display. Fajen and
Kim (2002) conducted an experiment in which the task was to judge heading when moving
9

objects were introduced in the visual field. They used transparent, opaque, and black cubes as the
moving objects. In one experiment, the objects moved either parallel to or intersected the
observer’s path, and simultaneously either approached or retreated from the observer. In another
experiment, Fajen and Kim increased the complexity of the scene by adding multiple objects. In
both experiments, their results revealed consistent and accurate heading judgments across all
conditions.
2.2.

Spatial and Temporal Integration of Visual Motion
Visual processing requires the integration of visual information over space and time

(Andersen & Ni, 2008; Palmer, Kellman, & Shipley, 2006). Imagine one is viewing a busy
crosswalk intersection while waiting at a stoplight. A group of pedestrians are crossing the street
in front of the driver as a truck drives behind them, in the same direction. The gaps between the
pedestrians only allow fragments of the truck’s shape to reach the visual system. In order to
perceive the form, the visual system must combine local fragments across space to recover the
shape of the truck (i.e., spatial integration). Because the truck is moving, the visual system must
also integrate the different parts of the truck at different time intervals (i.e., temporal integration).
Spatial and temporal integration has been shown to be important in motion perception,
such as that required to navigate and drive a vehicle through an environment. For example,
Andersen and Saidpour (2002) examined whether the perception of heading was affected by
spatial integration of velocity information resulting from the rotation or translation of objects in
the visual field. The objects had rotations or translations of different magnitudes, which,
combined with the movement of the observer through the field, gave rise to varying levels of
noise. In general, translation of the objects provided global information and rotation provided
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local information. The authors found that perceived heading was affected by translation but not
rotation of the objects, indicating spatial pooling of information.
Smither, Mouloua, Kennedy, and Gentzler (2009) explored whether performance on
novel temporal-acuity tests were associated with simulated driving performance. One such test,
the temporal masking test, comprised of presenting participants two stimuli in quick succession.
The first stimulus was a figure consisting of two vertical lines placed close together. A much
smaller horizontal line extended from the center of either the left of right line. After a short and
varying period (i.e., the interstimulus interval, ISI), the lines were replaced with a complex
pattern (i.e., the mask). Participants were instructed to indicate whether the horizontal line
appeared on the left or right vertical line while the ISI was recorded as performance. The authors
found that better temporal masking, i.e., shorter ISIs, was correlated with fewer lane violations in
the simulated driving task.
2.2.1. Random Dot Displays
Random dot displays (also commonly called random dot kinematograms or
cinematrograms) are very common stimuli used in motion perception research. Displays are
typically monochromatic and consist of randomly positioned small dots within a small field or
aperture presented on a computer screen. Motion is induced by changing the position and
trajectory of the dots from frame to frame. The dots have features or attributes that are easily
controlled and manipulated, which make these types of displays ideal for experimental research.
For example, adjusting the spatial information can be easily accomplished by increasing or
decreasing the number of dots. Temporal information can be manipulated by adjusting the
lifetime of all or a portion of the dots. The lifetime of a dot is defined as the duration, measured
in milliseconds or frames per second, in which a dot appears before it disappears and is relocated
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to a new position. Different contrast levels can be achieved by changing the luminance of the
dots or the background they appear on. Coherency is another attribute that can be manipulated
and is the proportion of dots moving in a single direction (i.e., motion signal) compared to the
remaining dots that are moving in different and random directions (i.e., noise).
The versatility of random dot displays have warranted their use in research investigating
visual functions such as motion discrimination (Watamaniuk & Sekuler, 1992), with visual tasks
such as deriving structure from motion (Andersen, 1989), perceiving heading from optic flow
(Royden, Cahill, & Conti, 2006), spatiotemporal boundary formation (Shipley & Kellman,
1997), use of landmark information (Ni et al., 2009), deriving speed (Norman, Ross, Hawkes, &
Long, 2003), and dynamic occlusion (Andersen & Ni, 2008) and with special populations such
as the elderly (Conlon & Herkes, 2008), adults with dyslexia (Conlon, Lilleskaret, Wright, &
Power, 2012), children with autism (Milne et al., 2002), and infants (Hou, Gilmore, Pettet, &
Norcia, 2009).
2.2.2. Coherent Motion Displays
Coherent motion displays are a particular type of random dot displays, in that they
contain two types of motion signals. The first is a local signal involving the correlation in the
movement of individual dots and the second is a global signal involving the integration or
organization of local motion vectors into larger flow fields (Newsome & Pare, 1988). Different
responses to coherent displays (i.e., high signal, low noise) and non-coherent displays (i.e., low
signal, high noise) indicate successful encoding of both the local signals and global information
(Hou et al., 2009). This encoding plays an important role in driving as a driving scene may
contain many dynamic elements, each with its own local motion signal which needs to be
integrated into a whole driving scene.
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Although motion perception obviously has face validity in relation to driving, only a few
studies have investigated how decrements in motion perception, specifically coherent motion
perception, are associated with driving performance and safety. It has been found that older
drivers with high thresholds in a coherent motion task had difficulties detecting signs and
hazards and took longer to complete a closed-road course (Wood, 2002). It was also found that
older drivers with elevated coherent motion thresholds had worse performance evaluations given
by an experienced rater while driving on an open road in real-world traffic conditions (Wood,
Anstey, Kerr, Lacherez, & Lord, 2008).
The role of contrast and contrast sensitivity in coherent motion processing is gaining
attention. It has been observed that dyslexics exhibit lower contrast sensitivity which may
influence coherent motion processing (Conlon et al., 2012; Cornelissen, Richardson, Mason, &
Fowler, 1995). Considering the general findings of age-related decrements of contrast sensitivity,
the research on dyslexia may provide insight and clues to warrant further investigation on the
relationship between coherent motion processing and driving performance and safety. For
example, the study by Conlon et al. (2012) suggested that dyslexics benefited from a higher
contrast of signal dots than the noise dots in a coherent motion task. Further, they showed the
disadvantage when the signal dots were of a lower contrast than the noise dots. Allen,
Hutchinson, Ledgeway, and Gayle (2010) also found that older adults had higher coherency
thresholds when viewing displays under low contrast displays than their younger counterparts.
2.3.

Driving Under Deteriorated Conditions
Driving under optimal conditions may not always be possible. Less than optimal driving

situations can lead to increased driving difficulties and may result from several external and
internal factors relative to the driver, especially those that are influenced by vision. Examples of
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external factors include inclement weather conditions (Ni, Kang, & Andersen, 2010; Pretto &
Chatziastros, 2006) and nighttime driving (Eloholma, Ketomaki, Orrevetelainen, & Halonen,
2006; Owens & Tyrrell, 1999). Internal factors that may make driving more difficult include
decrements in sensory processing, perceptual processing, and cognitive ability (Anstey, Wood,
Lord, & Walker, 2005; Charman, 1997; Ni et al., 2010).
2.3.1. External Factors
Inclement weather can make environments problematic for drivers, especially older
drivers. For example, fog reduces the overall contrast and visibility of the driving environment,
with the magnitude of reduced visibility increasing as a function of distance (Ni et al., 2010). In a
series of studies, Kang and colleagues found decreased car following performance under
simulated fog for college-aged drivers (Kang, Ni, & Andersen, 2008) and older drivers (Ni et al.,
2010). Pretto and Chatziastros (2006) suggested that fog allows only optic flow information in
the periphery to be processed, which should affect speed perception and control. The authors
found that drivers increased their speed when optic flow velocity was slowed down and
decreased their speed with faster optic flow. However, presenting simulated fog only led to lower
produced speeds but not to speeding.
Crash data has provided evidence that nighttime driving is more dangerous than daytime
driving. The National Highway Traffic Safety Administration (2007) reported that the passenger
vehicle occupant fatality rate at nighttime is about three times higher than the daytime rate.
Studies have provided evidence for the potential contribution of vision to the higher fatality rate
at night. Eloholma et al. (2006) investigated the role of nighttime driving conditions on two
driving-related tasks, contrast thresholds and reaction time. The authors found that performance
of both tasks decreased with decreasing luminance levels. Owens and Tyrrell (1999) examined
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the effects of luminance and age on steering accuracy and found that older adults performed
poorly under low luminance, which was not the case with younger drivers. Similarly, research
has found that older adults drive more slowly and take longer to adjust their speeds under low
contrast conditions (Owens & Wood, 2010) and drivers with simulated visual impairments had
reduced ability to recognize road signs, avoid hazards, and took longer to complete a road course
at night-time (Wood, Chaparro, Carberry, & Chu, 2010).
2.3.2. Internal Factors
There are many internal factors that may lead to increased driving difficulty for drivers,
including age-related decrements in sensory processing, perceptual processing, and cognitive
ability. Declines in driving-related sensory processing include changes in acuity (Adams, Wong,
Wong, & Gould, 1988), dynamic acuity (Ishigaki & Miyao, 1994; Kline et al., 1992), and
contrast sensitivity (Allen et al., 2010; Emerson et al., 2012; Owsley, Sekuler, & Siemsen, 1983).
Perceptual processing declines include changes in motion perception (Allen et al., 2010; Bennett,
Sekuler, & Sekuler, 2007), optic flow (Atchley & Andersen, 1998), and depth perception
(Norman et al., 2006). Age-related declines in driving-related cognitive functions were found in
visual attention (Roge, Pebayle, Campagne, & Muzet, 2005; Sekuler, Bennett, & Mamelak,
2000) and memory (Odenheimer et al., 1994; Stutts, Stewart, & Martell, 1998). The implications
of decreased sensory, perceptual, and cognitive abilities are discussed in the proceeding chapter.
2.4.

Driving Performance and Safety Predictors
Although many would agree that vision plays the largest role in driving, other sensory,

cognitive, and physical factors may also play an important role (Anstey et al., 2005). Since
impairment of sensation, cognition, and physical well-being is much more prevalent in later
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adulthood, much of the research investigating their role in driving safety and performance focus
on adults 50 years of age or older.
In driving research, there are two major types of dependent variables – driver safety and
driver performance. Although they may appear similar, they differ in the constructs that they
measure and in the methodologies in doing so. Safety is defined as adverse driving events, such
as collisions or fatal crashes. Data for driver safety is typically contributed by motor vehicle
departments of the government in the form of accident reports. Performance refers to the actions
a driver makes while operating an instrumented car or performing tasks in a driving simulator.
One method of measuring performance while a participant drives an instrumented vehicle is by
ratings on a standard scale given by an trained evaluator driving along inside the car (Owsley &
McGwin, 2010). A second method to measure performance, for both physical cars and driving
simulators, is by examining driving behavior or vehicle dynamics (e.g., speed, collisions, carfollowing distance, vehicle position, or gaze patterns).
It may seem intuitive that driving performance would be associated with driving safety.
However, there is little empirical evidence demonstrating a link between the two (Owsley &
McGwin, 2010). One explanation could be that driving performance and driving safety each
measure behaviors at different periods and at different durations. Performance tasks measure
behavior in a very brief amount of time, whereas driving safety measures behavior over an
extended period (e.g., many years or many miles). The current research will focus on driving
performance variables, rather than driving safety. Nevertheless, there is a potential to develop a
training tool to improve critical driving skills and capabilities that may ultimately improve
driving safety.
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The following is an overview of cognitive, sensory, and physical factors that have been
recently investigated as potential contributors to driving safety and performance in older adults.
For a more thorough review, please see Anstey et al. (2005).
2.4.1

Cognitive Abilities
The Mini-Mental State Examination (MMSE) is a brief 30-point questionnaire that was

designed to screen for cognitive impairment (Folstein, Folstein, & McHugh, 1975). It is
commonly used to screen for dementia. Odenheimer et al. (1994) found that there was a strong
association between performance on the MMSE and on-road driving performance. However, no
association between MMSE performance and self-reported crashes was found by Marottoli et al.
(1998) nor between state recorded crashes and MMSE performance for females (Margolis et al.,
2002).
Traffic signs provide important information and instructions so drivers can travel more
easily, more efficiently, and more safely. Failing to detect or recognize a sign due to memory
decline may lead to serious injuries or fatalities. One study found a strong correlation between
traffic sign recognition and on-road driving performance (Odenheimer et al., 1994) while another
study found that traffic sign recognition was associated with previous crash involvements of
older drivers (Stutts et al., 1998).
When exposed to a potential traffic hazard, a driver needs to perform an action quickly to
avoid the danger. Thus, tests measuring reaction time have been investigated in relating to driver
safety. A simple reaction time task involves the presentation of a stimulus and a single,
predetermined response from the participant (Baker et al., 1985). Engaging the gas pedal as a
traffic light turns from red to green is an example of a simple reaction task. A complex reaction
time tasks calls for a choice among several possible responses (Nelson & Associates, 2010).
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Choosing to brake rather than to swerve when a leading vehicle unexpectedly brakes is an
example of a complex reaction task. A strong, negative association between complex reaction
times and on-road driving scores of the elderly was found by Odenheimer et al. (1994),
suggesting that drivers with slower reaction times performed more poorly on the driving task.
The useful field of view (UFOV) is defined as the visual area in which information can
be acquired within an eye fixation without eye or head movements (Ball, Beard, Roenker, Miller,
& Griggs, 1988). Generally, the size of the UFOV decreases with age (Sekuler et al., 2000) and
is likely due to decrements in processing speed, decreased attentional resources, and decreased
ability to ignore distractors (Ball, Wadley, & Edwards, 2002). The task is a measure of visual
attention and speed of processing. The UFOV task is typically comprised of three subtests, each
with increasing difficulty (APPENDIX C). The subtests produce scores as display duration, in
ms, for tasks in stimulus identification, divided attention, and selective attention, respectively
(Edwards et al., 2006). Since driving is a complex task involving a complex visual scene, UFOV
tasks have been the focus of research examining it’s predictability of driver safety and
performance. Studies have concluded there is a negative association between UFOV
performance and on-road driving performance (De Raedt & Ponjaert-Kristoffersen, 2000) and
automobile crashes in simulated (Rizzo, Reinach, McGehee, & Dawson, 1997) and on-road
conditions (Ball, Owsley, Sloane, Roenker, & Bruni, 1993; Owsley et al., 1998). Further, studies
have also shown UFOV tasks to be predictive of driver safety retrospectively (Ball & Owsley,
1992) and prospectively (Owsley et al., 1998), and predictive of driving cessation (Ackerman,
Edwards, Ross, Ball, & Lunsman, 2008). It is believed that the UFOV task is a good indicator of
driving performance and safety because it is able to measure several capabilities simultaneously
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– visual sensory function, visual processing speed, and visual attention skills (Owsley et al.,
1998).
2.4.2. Sensory Abilities
Although the standard visual acuity test is the most ubiquitous visual test for licensure in
the US, there is debate on whether or not it is the best predictor of driving safety and
performance. In a prospective study of older drivers, Sims, McGwin Jr, Allman, Ball, and
Owsley (2000) did not find elevated crash risk for individuals with reduced contrast sensitivities
less than 1.8 log contrast sensitivity or visual acuities worse than 20/40. However, Ivers,
Mitchell, and Cumming (1999) found that older drivers with a visual acuity less than 20/60 in the
right eye or a contrast sensitivity less than 12 cycles/degree in the right eye had higher a
prevalence of self-reported car accidents. The standard visual acuity test may not be a good
predictor of driving performance and safety for several reasons. First, the test typically consists
of static stimuli. However, in a driving scene, the observer experiences dynamic changes in
visual information. Second, the ability to resolve fine detail may not be necessarily important to
the overall gross task of driving. For example, if a leading vehicle suddenly brakes, being able to
read the license plate characters would not come in handy. Rather, being able to detect the entire
vehicle or the illumination of the brakes lights may be more vital, which does not rely on visual
acuity.
Contrast sensitivity is the ability to distinguish between an object and its background
which becomes more difficult as the two come closer in color or brightness. Although research
has shown that contrast sensitivity declines with age (Owsley et al., 1983), some studies have
found weak relationships between contrast sensitivity and on-road driving performance (Munro
et al., 2010) and safety (Ball et al., 1993; Owsley, Ball, Sloane, Roenker, & Bruni, 1991).
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However, contrast sensitivity has been shown to be predictive of poorer simulated vehicle
control for adults with Parkinson disease (Uc et al., 2009) and driving cessation (Emerson et al.,
2012). A possible explanation for the lack of strong evidence for an association between contrast
sensitivity and driving safety may be due to strategic changes in driving behavior for adults with
reduced contrast sensitivity, such as driving less at night (McGregor & Chaparro, 2005).
The relationship between hearing loss and accidents is not clear. Although hearing plays
a role in driving (Colsher & Wallace, 1993), hearing decrements may not have as much impact
as vision decrements. Ivers et al. (1999) reported drivers with moderate (and not severe) hearing
loss and drivers with hearing loss in the right ear only had a higher prevalence of accidents. More
recently, a study by Hickson, Wood, Chaparro, Lacherez, and Marszalek (2010) suggested that
older drivers with moderate to severe hearing loss perform worse on a driving task with
distractors than those with normal to mild hearing loss. On the other hand, Sims et al. (2000)
didn’t find a relationship between audioscope scores of older drivers and adverse driving events.
2.4.3. Physical Abilities
Driving requires direct physical interaction with the controls to operate the vehicle and
complete maneuvering tasks. Therefore, it would be reasonable to assume declines in physical
abilities would be associated with driving safety and performance. In a study by Marottoli et al.
(1998), poor neck rotation was associated with twice the risk of crashing. The ability to rotate the
neck is crucial for drivers to check their blind spots when making lane changes. However, the
authors did not find an association between trunk rotation and shoulder abduction on crash risk.
Similar results were found for grip strength by Sims, Owsley, Allman, Ball, and Smoot (1998)
and Sims et al. (2000).
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2.5.

Improving Driving Performance
According to the National Highway Traffic Safety Administration (2012), young drivers

ages 16-24 and older drivers 65 and over have the highest driver fatality rates, independent of the
number of vehicle miles traveled. The increase in fatality rates for older drivers may be
explained by the natural deterioration of abilities associated with aging. Changes in perceptual,
cognitive, and physical capabilities may decrease driving performance therefore increase crash
risk (Anstey et al., 2005). However, the increase in fatality rates for young drivers may not be
explained by decreased abilities as a result of age. Rather, because of their young age, it may be
due to the lack of experience. In other words, young drivers haven’t had enough time or
experience to acquire the necessary skills to drive properly and safely.
For younger drivers, although their performance in sensation, perception, cognition, and
physical tasks may be excellent independently, or they at least possess the capacity to do so, their
poor driving performance could be a result from the inadequate integration of those factors
(Damm, Nachtergaele, Meskali, & Berthelon, 2011). Whereas for older drivers, their poor
driving performance could be attributed to both failures of those factors at an individual level
and their integration as a whole. In either case, improving driving performance and safety for
younger and older drivers is vital.
2.5.1. Perceptual Learning
Research has provided evidence that it is indeed possible to improve driving performance
for young drivers (Smiley, Reid, & Fraser, 1980) and old drivers (Cassavaugh & Kramer, 2009)
through training. The training procedures typically include exposing drivers to repeated practice
of driving environments and situations (Dorn & Barker, 2005) or stimuli related to driving tasks
(Akinwuntan et al., 2007). This type of training is also known as perceptual learning (PL).
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Eleanor Gibson (1963) defined perceptual learning as “Any relatively permanent and consistent
change in the perception of a stimulus array following practice or experience with this array…”.
Perceptual learning has been studied extensively as the basis to improve performance in many
domains: visual functions such as stereopsis (Ramachandran, 1976), visual selective attention
(Green & Bavelier, 2003), and contrast sensitivity (Li, Polat, Makous, & Bavelier, 2009), visual
impairments such as amblyopia (Levi & Li, 2009) and the effects from aging (Polat et al., 2012),
visual tasks such as contrast discrimination (Yu, Klein, & Levi, 2004) and the coding of visual
scenes (Yao, Shi, Han, Gao, & Dan, 2007), and auditory tasks such as tone frequency learning
(Hawkey, Amitay, & Moore, 2004) and navigation using auditory cues (Bao, Chang, Woods, &
Merzenich, 2004).
Research suggests that PL can also occur with cognitive tasks such as learning a spoken
language (Fenn, Nusbaum, & Margoliash, 2003) and object recognition (Doniger et al., 2001).
Further, although there are different groups of researchers studying perceptual learning and
motor control learning separately, both of which are important when learning to drive, some
evidence suggests similar mechanisms govern both (Paz, Wise, & Vaadia, 2004). Improvement
of motor tasks have been demonstrated in domains such as vehicle braking (Fajen, 2008) and
tactile discrimination (Spengler et al., 1997).
Not only is the diversity in the application of PL to different domains and tasks extremely
promising, the time course aspects of PL are also compelling. First, PL can be achieved by
people of almost any age, young or old. For example, in children aged 7 to 8 diagnosed with
amblyopia, contrast sensitivity was improved with training using a contrast detection task of
Gabor patches (Polat, Ma-Naim, Belkin, & Sagi, 2004). Further, children aged 8 to 12 with a
learning disability and/or attention deficit disorder showed improvements in the encoding of
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speech sounds and behavioral performance when they practiced with auditory training software
(Hayes, Warrier, Nicol, Zecker, & Kraus, 2003). There is a considerable amount of research with
evidence of PL with college-age participants in a variety of areas, e.g., motion discrimination
tasks (Ball & Sekuler, 1987), contrast thresholds (Dosher & Lu, 1999), coherent motion tasks
(Watanabe et al., 2002) and spatial resolution of vision (Green & Bavelier, 2007). Recently,
there is a growing interest to examine PL with older adults, with research indicating
improvements in performances such as texture discrimination (Andersen, Ni, Bower, &
Watanabe, 2010), various cognitive abilities (Ball et al., 2002), and contrast sensitivity (Phan &
Ni, 2011).
The second interesting time course aspect of PL is the reported retention periods of
improvements seen after training, in that learning can last for a lengthy period of time. For
example, participants that practiced a luminance change-detection task interleaved with an
distracting orientation task showed persistent performances 10 days after training (Beste,
Wascher, Gunturkun, & Dinse, 2011). Other research has indicated PL can last weeks for motion
discrimination tasks (Ball & Sekuler, 1987) to a few months for texture discrimination tasks
(Andersen et al., 2010), and up to 18 months for speed-of-processing training for driving
performance measures (Roenker, Cissell, Ball, Wadley, & Edwards, 2003). Interestingly, Karni
and Sagi (1993) found that improvements for an orientation task were not present until 8 hours
after the last training session, suggesting the presence of a consolidation period, and that gains in
performance were retained for at least 2 to 3 years.
Although PL offers remarkable benefits, there are several caveats to consider: specificity
and generalization. These aspects have traditionally been regarded as true for most situations,
though recent research has provided evidence otherwise. Perceptual learning can have a very
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high degree of specificity, in that training on a specific visual stimuli feature only improves
performance for that feature. For instance, PL can be specific to a retinal location (Pourtois,
Rauss, Vuilleumier, & Schwartz, 2008; Watanabe et al., 2002) or to the specific eye trained
(Karni & Sagi, 1991). However, Xiao et al. (2008) was able to achieve complete transfer of
training across retinal locations and a series of studies by Ball and Sekuler (1987) showed almost
complete transfer of training between the two eyes. Attributes of the stimuli used in the training
may also be specific to PL, such as the direction of motion (Ball & Sekuler, 1987), orientation
(Furmanski, Schluppeck, & Engel, 2004), and spatial frequency (Fiorentini & Berardi, 1980).
Generalization is defined as “The transfer of an improvement achieved through training
to other similar stimuli” and is often achieved more for complex tasks than for simpler ones
(Fahle, 2005). Green and Bavelier (2003) found that playing action video games not only
improved performances in the games but that improvements generalized to other tasks that also
involved visual attentional processing. In another example, participants trained to increase their
visual span experienced an increase in their maximum reading span, which also generalized to
untrained retinal locations (Chung, Legge, & Cheung, 2004).
While the idea and validity of perceptual learning is widely accepted, theoretical
explanations on why and how perceptual learning occurs is still under debate. For example,
Adini, Tsodyks, and Sagi (2002) proposed perceptual learning that is specific to stimulus
characteristics and retinal locations suggests neural plasticity occurs at very basic visual
processing mechanisms. On the other hand, the Dosher & Lu model (1999) is gaining popularity
and suggests perceptual learning occurs at a higher-level, decision-making stage. Dosher & Lu
(1998, 1999) have proposed a model to quantifiably explain perceptual learning in terms of the
input-output relationships of the perceptual and decision-making process. This model, the
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perceptual template model (PTM), considers three mechanisms that could drive perceptual
learning: stimulus enhancement, external noise reduction, and internal noise reduction. Stimulus
enhancement refers to increasing the saliency of the signal and its properties in a perceptual task,
while external noise refers to the noise present in the perceptual task. Examples of internal noise
include deficiencies in sampling and neural randomness. The basic idea is that after repeated
exposures of a perceptual task, our brain develops a template for the task. With each exposure
that matches the template, certain characteristics of that task is enhanced or reduced. From the
new re-weighted output, we make a decision on the task. In their research, by investigating
perceptual learning of an orientation discrimination task with varying levels of external noise, the
authors concluded perceptual learning occurs with a mixture of mechanisms. In general, it seems
perceptual learning occurs with improvements in external noise reduction and stimulus
enhancement, reflecting changes in weighting of inputs (Dosher & Lu, 1998; 1999).
Although the PTM model may explain how improvement on a perceptual task occurs, it
cannot account for the generalization of improvement on one task to a different task since
templates for only the first task are utilized. In terms of improving driving performance through
perceptual learning, generalization must occur, and therefore, a perceptual learning model that
can account for generalization is necessary. One such model that may explain the transfer of
perceptual learning between two different tasks incorporates a common low-level mechanism
that is relevant to both tasks. For instance, imagine two tasks, a perceptual task, Task A, and a
driving task, Task B. Task A and Task B are two different tasks, but both may require a
common, underlying low-level mechanism to perform each task. Therefore, perceptual learning
training on Task A would lead to an improvement of the underlying mechanism, which in turn
leads to an improvement in Task A but also with Task B, demonstrating generalization and
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transfer of perceptual learning. The current research will attempt to provide evidence that
supports this common low-level mechanism model of perceptual learning.
2.5.2. Learning to Drive Better
To counteract the slow development of the cognitive skills required for safe driving seen
in young drivers, some institutions have implemented supervised practice as part of the licensure
process. In theory, this concept should yield positive results based on the importance of
deliberate practice as suggested by Ericsson and Lehmann (1996). Damm et al. (2011) evaluated
how early-training affected simulated driving performance for novice drivers compared to
traditionally trained novice drivers and experienced drivers. Early-training required 3,000 km of
supervised driving in addition to the traditional 20 hours of training. Drivers in the early-trained
group were more likely to execute a proper evasive maneuver in the event of a collision than
compared to traditionally trained drivers. The difference implies that the extra exposure to
driving and increased practicing could help boost the development of cognitive, perceptual, or
perceptual-motor ability for young drivers. Similar results were found for controlling lateral
position among a group of novice drivers steering an instrumented car after exposure to a driver
training course (Smiley et al., 1980).
Numerous studies have demonstrated the potential for adults and older adults to learn to
driver better through training (Akinwuntan et al., 2007; Belchior, 2007; Cassavaugh & Kramer,
2009; Dorn & Barker, 2005; Edwards, Delahunt, & Mahncke, 2009; Edwards et al., 2009;
Roenker et al., 2003). Dorn and Barker (2005) found that police-trained drivers exhibited safer
vehicle position and speed control than non-police trained drivers in simulated hazardous driving
scenarios. Akinwuntan and colleagues (2007) concluded that 10 hours of simulator-based
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training after a stroke improved divided attention performance as well as reduced simulated
adverse driving events.
Since driving requires certain cognitive capabilities, researchers have investigated
whether or not training to improve cognitive performances would lead to improved driving
performance. Computer training on single- and dual-tasks of attention, working memory, and
manual control has been shown to be predictive of simulated driving performance (Cassavaugh
& Kramer, 2009). Several studies have examined the specific effects of UFOV training and
found that older drivers perform better in simulated and on-road driving performance (Roenker
et al., 2003), have decreased driving difficulty (Edwards et al., 2009) and delay driving-cessation
(Edwards et al., 2009) with such training.
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CHAPTER 3
PILOT STUDIES & STUDY PURPOSE
The literature review in the preceding chapter highlight key points which will form the
basis of this study:
1. Driving research is important
2. Vision plays a large role in driving
3. Temporal and spatial integration is important in motion processing and can be measured
using coherent motion stimuli
4. Driving can be impoverished by low contrast scenes or low contrast sensitivity
5. Tasks that measure multiple aspects of sensory, perceptual, and cognitive abilities
simultaneously tend to better predict driving performance and safety
6. Perceptual learning can be accomplished for younger and older adults and for driving
tasks

Considering that motion processing requires spatial and temporal integration of visual
information, and that a coherent motion task can measure spatial and temporal integration, the
goal of this research is to provide empirical evidence to determine 1) whether or not low-level
coherent motion perception tasks can predict steering control performance in a simulated driving
task and 2) whether those perceptual tasks can be implemented as training tools to improve
driving performance. Given the results of the current research, a coherent motion task tested
under low contrast should be a good predictor of driving performance under low contrast.
Further, training on coherent motion tasks under low contrast should result in better driving
performance under low contrast.
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Several pilot studies were developed and carried out in order to determine the feasibility
and appropriate methodology for this research. 2D shape perception tasks were initially used due
to their ability to measure temporal and spatial integration (Andersen & Ni, 2008).
3.1.

Pilot Study 1 – The Effect of Contrast on Spatial and Temporal Integration of 2D
Shape Perception
The goal of Pilot Study 1 was to replicate previous findings that changes in display along

three variables, contrast, spatial, and temporal information, affects motion processing. The
stimuli were similar to those used by Shipley and Kellman (1997) and Andersen and Ni (2008)
and consisted of computer generated displays of white dots projected on a moving opaque gray
object and stationary gray background. The dots on the background remained stationary while
the dots projected onto the object moved in sync with object (See Figure 2). The opaque object
was invisible unless it moved on the background (due to occlusion). Participants were asked to
identify several object shapes in a series of displays – a square, diamond, circle or triangle. Three
variables were of interest: spatial information (i.e., dot density), temporal information (i.e., dot
lifetime), and display contrast. Spatial information was varied by adjusting the amount of dots,
and temporal information was varied by adjusting the lifetime of dots, while contrast was varied
by adjusting the luminance of the dots.

Figure 2. Schematic illustration of stimuli used in Pilot Study 1.
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Three groups of participants were tested, in which each group was measured on their
threshold for one of the variables while the other two variables were held as independent
variables. Independent variables consisted of three levels. For example, group 1 was measured
on their dot density threshold (i.e., the minimum number of dots needed to identify a shape)
while exposed to different condition combinations of dot lifetime and dot contrast. Participant’s
accuracy was recorded as a threshold value to indicate motion perception performance. Higher
thresholds indicated worse shape perception. The results of the study suggested that changes in
spatial, temporal, and contrast information can affect motion perception. More specifically,
increases in spatial, temporal, and contrast information led to increased accuracy of shape
perception.
3.2.

Pilot Study 2 – 2D Shape Perception and Steering Control
Pilot Study 2 was similar to Pilot Study 1 and was designed to examine the relationship

between performance on the shape perception task and performance on a simulated steering
control task under low and high luminance. Besides the addition of the Steering Control task, the
only other change included reducing the number of levels for the independent variables from
three in Pilot Study 1 to two levels. The results of the correlation analysis between performance
on the shape perception task and Steering Control task showed that performance on the shape
perception task measuring temporal thresholds was associated with Steering Control
performance. More specifically, lower temporal thresholds were associated with better Steering
Control performance. This suggests that temporal integration may play a larger role in shape
detection and/or motion perception than spatial integration, especially under low contrast.
However, it was observed that there were ceiling effects for the task measuring temporal
thresholds, which may indicate the task was too easy for the younger participants.
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3.3.

Pilot Study 3 – 2D Shape Perception Measuring Temporal Thresholds and Steering
Control
The relationship between temporal integration and Steering Control performance found in

Pilot Study 2 was further investigated in Pilot Study 3. The procedure was similar to Pilot Study
2 except that only the temporal thresholds in the shape perception task was measured. There
were several other minor changes. The ceiling effect problem encountered in Pilot Study 2 was
remediated by increasing the difficulty of the task. More specifically, dot density levels were
decreased. Lastly, steering control was analyzed with a more advanced technique that computed
more robust performance measures, providing indicators for local and global steering control
performance (APPENDIX A). The results of the correlation analysis showed that performance
on the shape perception task measuring temporal thresholds was associated with a few local and
global steering control performance measures.
3.4.

Pilot Study 4 – Improving Steering Control Performance with Training on 2D
Shape Perception
Pilot Study 4 was designed to examine whether training on a motion processing task

would improve driving performance. In this experiment, one group of participants was trained on
the 2D shape perception task measuring spatial thresholds for two days, one hour each. Before
and after training, participants were tested on their visual acuity, contrast sensitivity, UFOV
performance, contrast discrimination thresholds, and Steering Control performance. Statistical
analyses did not reveal significant changes for any variables after training. However, the data
appeared to show promising trends for UFOV performance, contrast discrimination thresholds,
and local and global Steering Control performance.
3.5.

Pilot Study 5 – The Relationship between 2D Coherent Motion and Steering Control
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Pilot Study 1 thru 3 demonstrated changes in contrast, spatial, and temporal information
affects motion processing and that performance on the shape perception task is associated with
Steering Control performance. Also, the results support the literature that suggests the shape
perception task is able to measure spatial and temporal integration. However, an observer could
use only the local dynamic occlusion information of the dots to recover the shape. This local
integration might not be feasible in driving, which may require both the processing of local
motion and the organization of many groups of local motion into a larger motion vector. Also,
although recovering the shape of an object may be related to a driving scene, such as recovering
the shape of a fire truck through foliage, it isn’t necessarily important for other driving tasks such
as navigating a vehicle through an environment.
Given the above considerations, a coherent motion task that measures global motion
perception may be more suitable than the shape perception task to examine the role of temporal
and spatial integration in motion processing and driving-related tasks for two reasons. First, a
coherent motion task is more analogous to driving tasks, both of which involves processing
signal information among noise in the scene. Second, a common task in coherent motion displays
is to detect or discrimination motion direction, which is more relevant to driving tasks.
Pilot Study 5 was conducted to examine the relationship between performance on a 2D
coherent motion task and a Steering Control task. The Steering Control task was similar to that in
Pilot Study 3, however, a CRT monitor was used for the Steering Control task to provide more
uniform displays and allow greater control over contrast levels. The coherent motion displays
consisted of a circular aperture filled with random dots. When the trial began, the dots started to
move. A certain portion of the dots moved in one coherent direction, while the remaining dots
moved in random directions. This proportion is referred to as the coherency. For example, at
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50% coherency, half of the dots moved in one single direction while the remaining half moved in
random directions. Participants were asked to identify the global motion direction they
perceived, which could be one of four directions – up, down, left, or right. The coherency level
decreased as the participant made a correct response, and eventually reached a coherency
threshold. The independent variables were dot density, dot lifetime, and contrast and were all
treated as within-subjects variables.
The results of the correlation analysis showed that performance in only one condition of
the 2D coherent motion task was correlated with one local Steering Control measurement.
Further, it was observed that two conditions of the coherent motion task had a floor effect,
meaning those conditions were too difficult for participants.
While coherent motion displays are commonly used to measure motion processing, they
are typically presented in two dimensions, meaning the displays or dots do not travel in depth. To
provide a motion processing task that may be even more relevant to driving, the coherent motion
task used in Experiment 2 was converted to a 3D version which allowed the stimuli to move in
depth.
3.6.

Pilot Study 6 – The Relationship between 3D Coherent Motion and Steering Control
Pilot Study 6 was designed to test the relationship between a 3D coherent motion task

and a Steering Control task. The Steering Control task was the same as used in Pilot Study 4. The
only change to the coherent motion task was the movement direction of the dots. Rather than
moving up, down, left or right, the dots moved forward, backward, leftward, or rightward.
Participants were asked to identify the direction they perceived to be moving, and not the
direction of the dots, e.g., when the dot’s true direction was backward, the participant should
perceive to be moving forward.
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The results of correlation analysis showed that performances on several conditions of the
3D coherent motion task were associated with global Steering Control performance and several
local performance measures.
The results of the six pilot studies suggests that changes in contrast and spatial and
temporal information affects motion processing, as measured by 2D shape perception
performance and coherent motion performance. Further, they provide evidence that performance
on such tasks under low contrast are associated with driving performance under low contrast.
Further, the results imply that training with perceptual learning has the potential to improve
driving performance and performance on visual tasks related to driving performance.
3.7.

Study Purpose
The purpose of Experiment 1 is three-fold. First, it was designed to extend previous

research that demonstrated changes in spatial and temporal information affects motion
processing by using tasks that manipulate both variables simultaneously and under low contrast,
which has not been done previously. The second purpose is to examine the relationship between
performances on low contrast 2D and 3D Coherent Motion task and a simulated Steering Control
task under low contrast, which has not been examined previously. The third purpose of
Experiment 1 is to determine whether the 2D or the 3D Coherent Motion task will be a better
predictor of simulated Steering Control performance.
If the results of Experiment 1 support the proposed hypotheses that there is an association
between performance on coherent motion tasks and Steering Control tasks, it may suggest that
there is a common underlying mechanism(s) that is required to perform both tasks: the process of
spatial and temporal integration. Therefore, the purpose of Experiment 2 is to determine whether
improving performance on a task that measures spatial and temporal integration, the coherent
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motion task, may improve the spatial and temporal integration needed for a Steering Control task
and consequently improving Steering Control performance. There is almost no research on
perceptual learning with coherent motion displays. However, Seitz and Watanabe (2005) were
able to demonstrate improvement of coherent motion processing through perceptual learning
when the coherent motion stimuli was not the main task. In their experiment, participants
reported two white target letters in a sequential display of distractor letters. In the periphery was
a coherent motion stimulus. Participant’s coherent motion performance was measured before and
after the letter task. The authors found that coherent motion performance increased after
exposure to the letter task.
The perceptual learning literature has provided other promising evidence, suggesting that
perceptual learning is indeed achievable for younger and older adults, able to overcome the
problem of specificity and generalization, and be used in the domain of driving. Although the
current study will investigate the effects of perceptual learning for younger adults, the results
may be able to generalize to the older population in several ways. First, the study may be able to
identify certain visual factors or functions that are important to motion processing and driving for
younger drivers. Most likely, these factors will remain important, or even become increasingly
important, in later life in which older adults would benefit from the same training.
Second, past research has shown that younger participants perform poorly on driving
tasks when they are subjected to simulated visual decrements common with older adults. For
example, Wood (2010) found that younger drivers with simulated cataracts and refractive blur
reduced their ability to recognize road signs, avoid hazards, and increased their time to complete
a driving course. In the current study, young participants will be viewing displays under low
contrast, simulating the decreased contrast sensitivity common with older adults. If training is
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able to improve Steering Control performance under simulated contrast sensitivity decrements,
training may be able to improve Steering Control performance for drivers with actual contrast
sensitivity decrements.
Lastly, training younger adults to improve their driving performance may impact their
driving performance when they become older. Imagine driving performance measured and
plotted as a function of a driver’s age. Perceptual learning may have several types of impact that
influences the trend of driving performance. First, the training a younger driver receives may
shift driving performance so that the magnitude of age-related decrements in driving
performance is not as great. Second, training may delay or even stop the decrements, so that the
age of decrement onset is later in life. Third, training may slow the rate of decrements, so that
driving performance gradually decreases. Last, training may even be able to reverse the effects of
aging, so that older drivers will be able to perform at a level comparable to their younger
counterparts.
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CHAPTER 4
EXPERIMENT 1: THE RELATIONSHIP BETWEEN 2D AND 3D COHERENT
MOTION AND STEERING CONTROL
4.1.

Hypotheses
Previous research and results from the pilot studies suggests that spatial and temporal

integration is needed for motion processing. Therefore, changes in spatial and temporal
information should have additive effects on coherent motion processing. Specifically, as spatial
information (i.e., dot density) and temporal information (i.e., dot lifetime) is decreased, coherent
motion performance (i.e., thresholds) should decrease/worsen (Hypotheses 1a-b).
Results from Pilot Study 5 and 6 examining 2D and 3D Coherent Motion revealed that
overall, coherent motion thresholds for 3D displays were lower (indicating better performance)
than 2D displays. Although the levels of dot density and dot lifetime and other parameters were
kept fairly similar, it suggests the 3D displays may have been easier to perform. One possible
reason could be that it is easy to distinguish when the coherent motion (i.e., the signal) was
moving either laterally (i.e., leftward or rightward) or longitudinally (i.e., forward or backward).
Although all dots in the display have the same travelling velocity in the 3D environment, due to
depth cues, dots travelling laterally may seem to have a different velocity on-screen than dots
travelling longitudinally. Therefore, the 3D displays could essentially be considered as a task
with two 2-alternative forced-choice tasks rather than the one 4-alternative forced-choice task
with the 2D displays. With fewer options to choose from, the 3D task may become easier to
perform. Hence, coherent motion performance will be affected by type of display. Specifically,
coherent motion thresholds for 3D displays will be lower than thresholds for 2D displays
(Hypothesis 2).
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The three sine wave frequencies used for the perturbation function in the Steering Control
task each require increasingly difficult maneuvers to null the perturbation since higher
frequencies require more movements in a shorter amount of time. Therefore, Steering Control
performance should be affected by perturbation frequency. Specifically, as perturbation
frequency increases, Steering Control performance measured by gain score will increase, phase
scores will increase, and squared coherency scores will decrease, indicating worse performance
(Hypotheses 3a-c).
Since the Coherent Motion tasks and the Steering Control task both require spatial and
temporal integration of visual motion information, there could be an underlying mechanism that
drives motion processing. A degradation of this mechanism may affect performance in both
tasks. Therefore, performance between the two tasks could be related. Specifically, performance
on 2D Coherent Motion tasks will be positively correlated with global Steering Control
performance measured by RMS (Hypothesis 4), positively correlated with local Steering Control
performance measured by gain and phase angle scores and negatively correlated with squared
coherency scores (Hypotheses 5a-c). 3D Coherent Motion displays will also have a similar
relationship between global Steering Control performance (Hypothesis 6) and local Steering
Control performance (Hypotheses 7a-c).
Unlike the 2D displays, the 3D Coherent Motion task measures motion processing while
it provides visual information with depth cues. Since the Steering Control task simulates driving
through a 3D environment, performance on the 3D Coherent Motion tasks should have a stronger
association with Steering Control performance compared to the 2D displays. Specifically,
performance on 3D Coherent Motion will be the better predictor of Steering Control
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performance than 2D Coherent Motion performance, as indicated by standardized regression
coefficients (Hypothesis 8). Please see Table 1 for a summary of the hypotheses.

Table 1. Experiment 1 Hypotheses.
Hypothesis 1a-b Performance on Coherent Motion tasks will be significantly affected by
changes in spatial and temporal information. Specifically, as (a) dot density
and (b) dot lifetime decreases, coherent motion thresholds will increase (i.e.,
worse performance).
Hypothesis 2
Coherent motion thresholds will be significantly affected by type of display.
Specifically, coherent motion thresholds will be lower for 3D displays than
compared to 2D displays.
Hypothesis 3a-c Steering Control performance will be significantly affected by perturbation
frequency. Specifically, as the perturbation frequency increases (i.e., more
difficult), Steering Control (a) gain scores will increase; (b) phase scores will
increase; and (c) squared coherency scores will decrease (i.e., indicating
worse performance)
Hypothesis 4
Performance on 2D Coherent Motion tasks will be significantly and
positively correlated with global performance on Steering Control tasks.
Specifically, as Coherent Motion thresholds increase (i.e., worse
performance), Steering Control RMS scores will also increase (i.e., worse
performance).
Hypothesis 5a-c Performance on 2D Coherent Motion tasks will be significantly correlated
with local performance on Steering Control tasks. Specifically, as Coherent
Motion thresholds increase (i.e., worse performance), Steering Control (a)
gain scores will increase; (b) phase scores will increase; and (c) squared
coherency scores will decrease (i.e., indicating worse performances).
Hypothesis 6
Performance on 3D Coherent Motion tasks will be significantly and
positively correlated with global performance on Steering Control tasks.
Specifically, as Coherent Motion thresholds increase (i.e. worse
performance), Steering Control RMS scores will also increase (i.e. worse
performance).
Hypothesis 7a-c Performance on 3D Coherent Motion tasks will be significantly correlated
with local performance on Steering Control tasks. Specifically, as Coherent
Motion thresholds increase (i.e., worse performance), Steering Control (a)
gain scores will increase; (b) phase scores will increase; and (c) squared
coherency scores will decrease (i.e., indicating worse performances).
Hypothesis 8
Performance on 3D Coherent Motion tasks will be better predictors of
Steering Control performance compared to 2D Coherent Motion task
performance. Specifically, standardized regression coefficients for 3D
Coherent Motion will be stronger than 2D Coherent Motion performance.
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4.2.
Method
4.2.1. Participants
Participants were 42 college undergraduate psychology students between the ages of 18
and 29. Due to missing data, two participants were removed from data analysis. The remaining
40 participants consisted of 17 males and 23 females, with a mean age of 20.03 (SD = 2.44) and
possessed an average of 4.48 years (SD = 2.49) of driving experience.
The age range was chosen to minimize the effects of visual decrements typically seen
with older adults such as reduced contrast sensitivity. Research suggests that contrast sensitivity
begins to decline in the mid-20s (Owsley et al., 1983). To represent the general population, both
males and females were included and evenly distributed as close as possible between males and
females. Participants were recruited through the Wichita State University SONA experiment
management system and granted psychology course credit for their time. Before volunteering,
participants were informed of eligibility requirements that included an age between 18 and 29,
normal or corrected-to-normal vision, a valid driver’s license, and at least two years of driving
experience. All participants were naïve to the purpose of the study.
4.2.2. General Procedure
Participants arrived at a lab in the Psychology Department at Wichita State University
and were asked to give written consent. A valid driver’s license was visually verified and
participants verbally reported their years of driving experience. Visual acuity was measured
binocularly using the Snellen Distance Visual Acuity Test (cat. no. 2101-10, Precision Vision,
La Salle, IL) displaced 10 feet from the participant. Participants with a visual acuity of 20/40 or
worse were excluded from participating. All participants then performed the Low Contrast 2D
Coherent Motion task, Low Contrast 3D Coherent Motion task, and Low Contrast Steering
Control task (henceforth, simply referred to as Coherent Motion and Steering Control task,
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respectively). The 2D and 3D Coherent Motion tasks were always performed successively. The
order of tasks was counterbalanced across participants. The entire session lasted approximately
60 minutes in which the researcher remained in the room with the participant.
4.2.3. Coherent Motion Tasks
4.2.3.1.
Apparatus
Stimuli were programmed in-house and generated using C++ and Open Graphics Library
(OpenGL) in the Microsoft Visual Studio 2008 Professional Edition environment. The displays
were presented on a 20-inch ViewSonic G810 CRT monitor (model no. VCDTS23852-6M) with
a visual angle of 36° by 30° at a refresh rate of 60 Hz and a resolution of 800 x 600 pixels. The
monitor was driven by an NVIDIA Quadro FX 3800 graphics card and controlled by a Dell
Precision 3500 PC computer running a Windows XP Professional operating system. To reduce
reflection of light emanating from the screen, the borders of the monitor were darkened with
black masking tape. A gamma correction within the graphics card software ensured linearity of
gray levels. Luminances were checked by measurement with a photometer (Konica Minolta
Luminance Meter LS-100). Participants were seated in an adjustable chair with an eye height of
approximately 115 cm so that their eyes were vertically centered with the CRT monitor.
Participants viewed the displays binocularly at a distance of 57 cm from the screen in a darkened
room, with their chin on a chin rest. A four-button keyboard was used to input responses.
4.2.3.2.

Stimuli
Random dot displays were used to present coherent motion. They were composed of dots

with a visual angle of 0.10° by 0.10° on a black background. For the 2D displays, the dots were
presented within a circular aperture with a diameter of 10.0°. A certain percentage of dots moved
in the same horizontal direction, either to the right or the left; or vertical direction, upward or
downward, resulting in coherent motion, or a coherency signal. The other dots moved in random
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directions, creating visual noise. Dots moving out of the aperture reappeared at a random
position. See Figure 3.

Figure 3. Example displays for 2D coherent motion task: 100% (left), 50% (middle), and 0%
(right) coherency signal. In the actual displays, the colors were inverted.

The 3D displays simulated driving through a 3D array of dots located on the ground
plane. The simulated speed was 72 kph (45 mph). The dimensions of the space were 400 m in
width and 150 m in depth, with the simulated eye position of the driver at 1.6 m above the
ground. The dots were randomly positioned at the beginning of each trial, and then the viewpoint
moved. A certain percentage of dots moved in the same lateral direction, either rightward or
leftward, or longitudinal direction, either forward or backward, resulting in coherent motion, or a
coherency signal. The other dots moved in random directions, creating visual noise. Dots that
moved out of the view point were randomly repositioned on the ground plane. See Figure 4.
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Figure 4. Example displays for 3D coherent motion task: 100% (left), 50% (middle), and 0%
(right) coherency signal. In the actual displays, the colors were inverted.

Signal intensity was defined by the percentage of coherently moving dots (see Figure 3
and 4). The density of the displays were manipulated by increasing or decreasing the number of
dots. Dots had a limited lifetime, meaning each dot appeared for a certain duration before
disappearing and reappearing at a random position. The contrast of the display was manipulated
by changing the luminance of the dots (i.e., the color of the dots) in comparison to the
background. The luminance of the background was 3.18 cd/m2. The luminance of the dots was
3.89 cd/m2 that resulted in a Michelson contrast of .10. Dots in the 2D display moved at a
velocity of 6.0°/s. Display duration was 2 s for each trial based on past research using similar
displays that used display durations of approximately 75 ms to 2 s (e.g., Bennet, Sekuler, &
Sekuler, 2007; Conlon, 2008). Further, Burr and Santoro (2001) suggested the integration time
for motion coherence of optic flow requires about 1 to 3 seconds.
4.2.3.3.

Design
There were three independent variables of interest: dot density, dot lifetime, and display

type. Dot density consisted of two levels: 0.20 and 0.40 dots/degree2. Dot lifetime consisted of
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two levels: 150 and 200 ms. The dot density and dot lifetime levels were chosen based on the
results of the pilot studies that suggested there were enough variability between the levels to
affect performance. Display type consisted of two levels: 2D and 3D. Independent variables were
treated as within-subjects variables, resulting in eight conditions (2 dot density x 2 dot lifetime x
2 display type). The dependent variable was a signal intensity threshold (%), which will be
referred to as a coherent motion threshold. The eight coherent motion threshold scores for each
condition were used as predictors of driving performance in subsequent data analyses.
4.2.3.4.

Psychophysical Procedure
Coherent motion thresholds were measured by using a best Parameter Estimation by

Sequential Testing (PEST) procedure (Pentland, 1980), which used individual trial responses to
derive a psychometric function. Thresholds (the 75% point on the psychometric functions) were
calculated using the best PEST procedure twice for each of the eight Coherent Motion conditions
then averaged for each participant.
4.2.3.5.

Procedure
Participants completed the 2D task and the 3D task separately. Participants were

informed they would be shown a series of displays of moving dots. The participant’s task while
viewing the 2D displays was to identify the direction of the coherent dots – upward, downward,
leftward, or rightward. The participant’s task while viewing the 3D displays was to identify their
perceived heading direction – forward, backward, leftward, or rightward. For instance, when the
dot’s trajectory of motion was forward, the direction of the driver should be perceived as moving
backwards. The participant’s accuracy in each trial was recorded to adjust the best PEST
procedure. Participants used a 4-button keyboard to indicate their answer.
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For each 2D task and 3D task, participants first completed a practice block of 50 trials, in
which dot density was increased to 0.80 dots/degree2, dot contrast was increased to 1.0
Michelson contrast, and dot lifetime was increased to 500 ms. The coherency signal remained at
75% for each trial, meaning the coherency signal did not change, regardless if the participant
answered correctly or incorrectly. Following the practice, participant’s thresholds were estimated
twice for each of conditions in a randomized order. Auditory feedback in the form of a beep
indicated incorrect answers. In between blocks of trials, on-screen text instructed participants to
rest and close their eyes for 15 seconds before proceeding to the next block. Participants
proceeded to the next block by pressing a key on the keyboard.
4.2.4. Steering Control Task
The Steering Control task served as the testing tool/environment to measure driving
performance under low contrast. Participants drove through a low contrast simulated 3D
environment comprised of random dots placed on the ground. Their task was to use a steering
wheel to correct a lateral perturbation by a summation of three sine waves. Performance
measures were derived post-task by comparing the participant’s response to the perturbation.
4.2.4.1.

Apparatus
The displays were presented on the same CRT monitor and driven by the same PC used

in the Coherent Motion tasks described earlier. A Logitech Driving Force GT steering wheel
attached to the PC was used for steering input. Spring effect, damper effect, and centering spring
strength was set at 50% in the Logitech system software. Angular displacement of the steering
wheel was linearly related to the horizontal displacement in the simulation. Participants were
seated in an adjustable chair with an eye height of approximately 115 cm, so that their eyes were
vertically centered with the CRT monitor. Participants viewed the displays binocularly at a
45

distance of approximately 215 cm from the screen and in a darkened room. The steering wheel’s
height was adjustable.
4.2.4.2.

Stimuli
The displays simulated driving through a 3D array of dots located on a ground plane (See

Figure 5). The simulated speed was 72 kph (45 mph). The dimensions of the space were 400 m
in width and 150 m in depth, with the simulated eye position of the driver at 1.6 m above the
ground. The horizontal position of drivers was perturbed according to a sum of three prime sinewave frequencies function. Amplitudes for each frequency were selected to provide equal energy
in the Fourier domain. The three frequencies were 0.083, 0.161, and 0.216 Hz. The amplitudes
for these frequencies were 17.51, 6.74, and 9.02 m, respectively. The first two phases of the sinewave function were randomized across trials. The last phase was determined such that the output
of the sum of the three sine-wave functions was zero at the beginning of each trial. The dots were
randomly positioned at the beginning of each trial, and then the viewpoint moved forward. Dots
that moved out of the view point were randomly repositioned at the far end of the ground plane.
The background had a luminance of 3.18 cd/m2. The luminance of dots were 3.89 cd/m2 that
resulted in a Michelson contrast of .10 while dot density was set at 0.20 dots/deg2. Display
duration for each trial was 70 seconds.
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Figure 5. An example of a display for the Steering Control task. In the actual task, the colors are
inverted.

4.2.4.3.

Design
There were four dependent variables measuring Low Contrast Steering Control

performance: root mean square, gain, phase angle, and squared coherency (see APPENDIX A)
and were derived post-testing.
4.2.4.4.

Procedure
The participant’s seat and steering wheel height were adjusted to suit their comfort.

Participants were then instructed to drive along a straight path while the vehicle’s position is
subjected to perturbing forces. Each trial began with a stationary scene. When the participant was
ready to start the driving session, they were instructed to press a button on the steering wheel to
start moving forward. During the first 10 seconds, there were no lateral perturbation and steering
wheel movements did not affect the viewer’s position. This was done to set up the perception of
a straight path for the participants. At the end of the 10 seconds, a beep sounded to notify the
participant that they needed to steer the wheel to null out the perturbation. At the end of each
trial, the scene stopped. On-screen text prompted the participant to close their eyes for 15
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seconds. When the participant was ready to start the next trial, they were instructed to press the
shift lever on the steering wheel apparatus to advance.
Participants were given at least two practice trials in which the display had a maximum
contrast of 1.0 Michelson contrast, a dot density of 0.80 dots/degree2, and amplitudes of the sinewave functions were decreased by 50%. Once the participant understood the task they then
performed the Low Contrast Steering Control task, completing four repetitions of the task.
During active steering control, perturbing forces and steering wheel displacement data was
sampled 60 times per second for each trial. The perturbing forces and steering wheel
displacement data served as the independent variable and dependent variable, respectively, to be
used in a Fast Fourier Transformation procedure to examine driving performance.
There may be periods of a trial in which a participant can become “lost”. That is, the
display becomes too difficult to see and they cannot perceive the moving direction or stimuli.
This is the result of the accumulation of displacement and speed over a boundless driving space,
which occurs when a participant turns the steering wheel in one direction over a long period of
time. Participants were instructed to notify the researcher if they felt they became “lost”. In such
cases, the researcher restarted the trial by pressing two buttons on the steering wheel
simultaneously. A trial was also restarted if the driver’s position reached an invisible boundary
placed approximately 100 cm leftward or rightward from the center (i.e., 3 times the maximum
amplitude of the perturbation). The data points of a “lost” trial were discarded and replaced with
the data of the new trial. The number of trials that were reset was recorded for each participant.
4.3.

Results
For both the 2D and 3D Coherent Motion task, signal intensity thresholds were measured

twice and then averaged for each of the four conditions in each task. An increase in thresholds
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indicated a decrease in coherent motion performance, meaning a higher proportion of coherent
dots (i.e., the signal) was required to determine their moving direction.
Two types of Steering Control performance were assessed. Global Steering Control
performance was determined by deriving RMS steering error. RMS is a measure of deviation of
the participant’s response from the perturbation signal, with increases in RMS indicating
increases in deviation. Local performance measures were determined by comparing the path of
the driver’s vehicle to the perturbation signal using a fast Fourier Transform (FFT) and deriving
Steering Control gain, phase angle, and squared coherency values for each of the three
frequencies used in the perturbation signal. Gain is a measure of amplitude of response to the
perturbation signal. A gain above 1 indicates over-steering while scores below 1 indicate understeering. Phase angle is a measure of the participant’s response lag from the perturbation signal.
An increase in phase angle indicates an increase in delay. Squared coherency is an indicator of
correlation or consistency between the participant’s response and the perturbation signal. A
higher squared coherency score indicates a more consistent response. Low Contrast Steering
Control measures were averaged across the four repetitions of the task.
4.3.1

Data Screening and Cleaning
It was observed in some trials that participants could have been “lost” when performing

the Low Contrast Steering Control task and failed to notify the researcher or trigger an automatic
trial reset. For example, it may be possible for a participant to steer adequately initially, become
lost, and then rectify their steering before finishing the trial. Performance from periods in which
participants are lost may not be useful because their steering wheel movements are not in
reaction to the perturbation. Therefore, an algorithm was developed to identify periods in a trial
in which a participant became “lost”. For each trial, an overall RMS score was computed for all
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steering wheel displacement data points. Then, for each individual data point, a RMS score was
computed for a 31-frame period (15 frames preceding the current data point, the current data
point, and 15 proceeding). The steering wheel data point and the accompanying perturbation data
point was deleted if the current RMS score was greater than 1.5 times the overall RMS score. A
final RMS score was computed for the remaining data points. Please see Figure 6 and Figure 7
for a graphical demonstration of this procedure.

Example Steering Control Data before
Cleaning
Steering Position

Lateral Position

Perturbation

Time →

Figure 6. Example Steering Control data from a single trial before algorithm cleaning.
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Example Steering Control Data after
Cleaning
Steering Position

Laterial Position

Perturbation

Time →

Figure 7. Example Steering Control data from a single trial after algorithm cleaning.

Prior to running statistical analyses, data were examined for outliers. Scores for each
dependent measure in each condition for each task, before averaging across repetitions, were
screened for outliers. Tabachnick and Fidell (2003, 2013) suggested that scores whose absolute
standard value exceeded 2.58 be considered an outlier (for samples smaller than 100). Further,
the authors recommended recoding outliers in a fashion that would retain their deviancy. One
method that was mentioned includes recoding outliers to a raw score that is one standard unit
larger than the next most extreme score in the distribution. However, due to the number of
outliers and the restricted score ranges for some dependent variables (e.g., maximum of 1.0
threshold in Coherent Motion task or 360.0 phase angle in Steering Control task), this was not
always possible. Therefore, outliers were replaced with the most extreme upper or lower value
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that was not identified as an outlier. In other words, new values were calculated as
(mean+2.58*SD). This was completed until no outliers remained. It should be noted that data
were analyzed with and without outlier recoding. Although the results were similar in all
instances, recoding outliers facilitated fulfillment of the assumptions for selected statistical tests.
Please see APPENDIX E and APPENDIX F for a list of recoded outliers.
Data distributions for scores were then examined using measures of skewness and
kurtosis calculated by SPSS using statistical significance α = .001 (Tabachnick & Fidell, 2013),
and absolute skewness and kurtosis z-scores of 1.96 (Kim, 2013), which were recommended for
small sample sizes. For the few measures that showed slightly skewed or kurtotic distributions,
data transformations were considered. However, transformations were forgone due to difficulty
of interpreting transformed data.
4.3.2

Coherent Motion Thresholds
Signal intensity thresholds were analyzed in a 2x2x2 (Display Type x Dot Density x Dot

Lifetime) within-subjects design analysis of variance (ANOVA) to evaluate their effects on
coherent motion performance. Results of the analysis revealed a significant main effect of Dot
Density, F(1, 39) = 84.27, p < .001, partial η2 = .68, and main effect of Dot Lifetime, F(1, 39) =
16.93, p < .001, partial η2 = .30.
Further, the analysis showed no significant main effect of Display Type, F(1, 39) = .31, p
= .58, partial η2 = .01, nor significant interactions between Display Type and Dot Density, F(1,
39) = .25, p = .62, partial η2 = .01, Display Type and Dot Lifetime, F(1, 39) = .90, p = .35, partial
η2 = .02, Dot Density and Dot Lifetime, F(1, 39) = 2.36, p = .13, partial η2 = .06, and Display
Type, Dot Density, and Dot Lifetime, F(1, 39) = .49, p = .49, partial η2 = .01.
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Due to the non-significant main effect and interaction of Display Type, the data was
collapsed across display type. This new data set, which now provides four Coherent Motion
performance scores, was used in subsequent data analyses. Figure 8 and Figure 9 show coherent
motion performance as a function of dot density and dot lifetime for each display type. In
general, they demonstrate that coherent motion performance improves as dot density and dot
lifetime increases, regardless of display type.

Figure 8. Coherent Motion thresholds as a function of Dot Density and Dot Lifetime for 2D
displays. Error bars represent standard error.
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Figure 9. Coherent Motion thresholds as a function of Dot Density and Dot Lifetime for 3D
displays. Error bars represent standard error.
4.3.3

Steering Control Gain
Steering control gain was analyzed in a one-way within-subjects ANOVA to evaluate the

effects of perturbation frequency on local driving performance. The results show a significant
effect of frequency on Steering Control gain, F(2, 78) = 17.92, p < .001, partial η2 = .32.
Three paired-samples t tests were conducted to follow up the significant main effect.
Familywise error rate was controlled across these tests by using Holm’s sequential Bonferroni
approach. Differences in Steering Control gain were significantly different between low
frequency and medium frequency, t(39) = 6.09, p < .01, between low frequency and high
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frequency, t(39) = 2.58, p < .01, and between medium frequency and high frequency, t(39) = 3.40, p < .01. Figure 10 shows the change in Steering Control gain as a function of frequency.
More specifically, it demonstrates Steering Control gain performance was best (closest to 1.0) at
the low frequency, worse at the medium frequency, and then improved at the high frequency.

Figure 10. Steering Control gain as a function of frequency. Error bars represent standard error.

4.3.4

Steering Control Phase Angle
Steering control phase angle was analyzed in a one-way within-subjects design ANOVA

to evaluate the effects of perturbation frequency on local driving performance. Mauchly’s Test of
Sphericity indicated the assumption of sphericity had been violated, χ2 (2) = 8.91, p < .05,
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therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity (ε
= .83). Results revealed a significant effect of frequency on Steering Control phase angle,
F(1.65, 64.51) = 10.30, p < .001, partial η2 = .21.
Three paired-samples t tests were conducted to follow up the significant main effect.
Familywise error rate was controlled across these tests by using Holm’s sequential Bonferroni
approach. There was a significant difference in Steering Control phase angle between low
frequency and high frequency, t(39) = -6.05, p < .01 and between medium frequency and high
frequency, t(39) = -2.34, p < .05. There was not a significant difference between low frequency
and medium frequency, t(39) = -1.72, p = .09. Figure 11 shows the change in Steering Control
phase angle as a function of frequency, indicating the delay of response increased as frequency
increased.
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Figure 11. Steering Control phase angle as a function of frequency. Error bars represent standard
error.
4.3.5

Steering Control Squared Coherency
Steering Control squared coherency was analyzed in a one-way ANOVA to evaluate the

effects of perturbation frequency on local driving performance. The analysis showed that
perturbation frequency had a significant effect on Steering Control squared coherency, F(2, 78) =
58.98, p < .001, partial η2 = .60.
Three paired-samples t tests were conducted to follow up the significant main effect.
Familywise error rate was controlled across these tests by using Holm’s sequential Bonferroni
approach. The analyses indicated a significant difference in Steering Control squared coherency
between low frequency and medium frequency, t(39) = 8.74, p < .01, and between low frequency
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and high frequency, t(39) = 9.16, p < .01. There was not a significant difference between
medium frequency and high frequency, t(39) = -.12, p = .91. Figure 12 shows the change in
Steering Control squared coherency as a function of frequency. It demonstrates Steering Control
squared coherency was best at the low frequency and then declined to similar performances at
medium and high frequency.

Figure 12. Steering Control squared coherency as a function of frequency. Error bars represent
standard error.
4.3.6

Multiple Linear Regressions
To determine whether performance on the Coherent Motion task could predict driving

performance on the Low Contrast Steering Control task, a series of multiple linear regression
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analyses were conducted. An advantage of regression analyses is the availability of diverse
methods that control how variables are included into the model that represents the relationship
between the dependent variable and independent variable(s). One such example is the stepwise
method, which systematically adds or removes variables one-by-one based on statistical criteria
and estimates (Tabachnick & Fidell, 2013). Since the main goal of this experiment was to
determine whether performance on any Coherent Motion displays could predict Steering Control
performance (rather than all), utilizing the stepwise method to determine the best subset of
predictors among a set was the most appropriate approach (Tabachnick & Fidell, 2013). It should
be noted various methods were tested which produced similar results (e.g., forward method,
backward method), while the enter method (or forced entry method) produced no significant
models.
In each analysis, the four Coherent Motion task scores served as the set of potential
predictors (i.e., independent variables) while each of the ten Low Contrast Steering Control task
performance measures served as the single criteria (i.e., dependent variable). Of the ten potential
analyses, two contained sufficient predictors producing results that showed significant models
predicting certain Steering Control measures from Coherent Motion scores. In the first model,
Steering Control phase angle at the low frequency could be predicted from thresholds on
coherent motion condition 1, which contained the lowest dot density (0.20 dots/deg2) and the
lowest dot lifetime (150 ms). Similarly, the second model could predict Steering Control squared
coherency at the low frequency from thresholds on coherent motion condition 1. Table 2
provides a summary for these two models. Figure 13 and Figure 14 depicts the relationship
between Coherent Motion performance under conditions of low dot density with low dot lifetime
and Steering Control phase angle and squared coherency, respectively.
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Table 2. Results of Multiple Stepwise Regression Analyses by Steering Control Measure.
Steering Control Measure

t

p

β

F

df

p

adj. R2

9.06

1, 39

.005

.17

6.43

1, 39

.02

.12

Phase angle – Low frequency
Overall model
Coherent Motion Condition 1

3.01

.005

0.44

Squared coherency – Low frequency
Overall model
Coherent Motion Condition 1

-2.54

.015

-0.38

Figure 13. The relationship between Steering Control phase angle at low frequency and Coherent
Motion thresholds with low dot density and low dot lifetime. Error bars represent 95%
confidence intervals.
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Figure 14. The relationship between Steering Control squared coherency at low frequency and
Coherent Motion thresholds with low dot density and low dot lifetime. Error bars represent 95%
confidence intervals.

For the remaining eight Steering Control performance measures, regression models
utilizing the stepwise method could not be evaluated due to the lack of predictability from the
coherent motion scores. In lieu of these results, summaries of the regression analyses using the
enter method are provided. Briefly, the enter method introduces all independent variables into
the predictor model in one step. Note that results for Steering Control phase angle and squared
coherency at low frequency are not provided; please see Tables 3 thru 6.
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Table 3. Results of Regression Analysis Using Enter Method for Steering Control RMS.
Steering Control Measure

t

p

β

F

df

p

adj. R2

1.04

1, 39

.40

.11

Root Mean Square
Overall model
Coherent Motion Condition 1

1.76

.09

.57

Coherent Motion Condition 2

-1.31

.20

-.49

Coherent Motion Condition 3

-1.44

.16

-.43

Coherent Motion Condition 4

1.03

.31

.35

Table 4. Results of Regression Analysis Using Enter Method for Steering Control Gain.
Steering Control Measure

t

p

β

F

df

p

adj. R2

.54

1, 39

.71

.06

.48

1, 39

.75

.05

.40

1, 39

.81

.04

Gain – Low frequency
Overall model
Coherent Motion Condition 1

-1.45

.16

-.48

Coherent Motion Condition 2

.99

.33

.38

Coherent Motion Condition 3

.34

.74

.10

Coherent Motion Condition 4

-.03

.93

-.03

Gain – Medium frequency
Overall model
Coherent Motion Condition 1

-1.15

.26

-.38

Coherent Motion Condition 2

.95

.35

.37

Coherent Motion Condition 3

-.29

.77

-.09

Coherent Motion Condition 4

.03

.98

.01

Gain – High frequency
Overall model
Coherent Motion Condition 1

-.86

.40

-.29

Coherent Motion Condition 2

1.01

.32

.39

Coherent Motion Condition 3

.75

.46

.23

Coherent Motion Condition 4

-1.02

.32

-.36
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Table 5. Results of Regression Analysis Using Enter Method for Steering Control Phase Angle.
Steering Control Measure

t

p

β

F

df

p

adj. R2

1.68

1, 39

.18

.16

.72

1, 39

.58

.08

Phase angle – Medium frequency
Overall model
Coherent Motion Condition 1

2.22

.03

.70

Coherent Motion Condition 2

-1.05

.30

-.38

Coherent Motion Condition 3

.26

.79

.08

Coherent Motion Condition 4

-.58

.57

-.19

Phase angle – High frequency
Overall model
Coherent Motion Condition 1

1.60

.12

.53

Coherent Motion Condition 2

-1.09

.28

-.42

Coherent Motion Condition 3

-.56

.58

-.17

Coherent Motion Condition 4

.54

.59

.19

Table 6. Results of Regression Analysis Using Enter Method of Steering Control Sq. Coherency.
Steering Control Measure

t

p

β

F

df

p

adj. R2

1.45

1, 39

.24

.14

.76

1, 39

.56

.08

Squared Coherency – Med. frequency
Overall model
Coherent Motion Condition 1

-1.70

.10

-.54

Coherent Motion Condition 2

.61

.55

.22

Coherent Motion Condition 3

-.77

.45

-.27

Coherent Motion Condition 4

1.07

.29

.36

Squared Coherency – High frequency
Overall model
Coherent Motion Condition 1

-1.55

.13

-.51

Coherent Motion Condition 2

.81

.42

.31

Coherent Motion Condition 3

.65

.52

.20

Coherent Motion Condition 4

-.50

.62

-.17
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4.4.

Discussion
As a reminder, the main goal of this experiment was to determine whether performance

on a Coherent Motion task under deteriorated conditions could predict Steering Control
performance under deteriorated conditions. The results from Experiment 1 lend support to the
hypotheses that changes in spatial and temporal information would impact 2D and 3D coherent
motion performance in degraded conditions. The results also suggest that Coherent Motion
performance, under certain conditions, could predict a subset of Steering Control performance
measures.
4.4.1. Coherent Motion Performance
Hypotheses 1a-b stated that Coherent Motion performance would be affected by changes
in spatial and temporal information. Results from the study suggest that when spatial and
temporal information was increased, coherent motion thresholds significantly decreased, which
supports Hypotheses 1a-b. Further, spatial information, in the form of dot density, and temporal
information, in the form of dot lifetime, had additive effects on coherent motion performance.
Meaning participants required a much smaller proportion of the signal, compared to the noise, to
judge the correct coherent direction when there was more information to process. This was not
surprising and supports previous research and the pilot studies.
What was surprising, however, was that coherent motion thresholds were not
significantly affected by the type of display, whether 2D or 3D, which does not support
Hypothesis 2. It was hypothesized that the perceptual differences in longitudinal and lateral
displays of the 3D task would provide an easier task for participants, therefore, resulting in lower
coherent motion thresholds. One possible explanation for the lack of threshold difference
between the two displays could be that the 3D task was not a true 3D display. More specifically,
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the 3D task was portrayed as 3D by providing monocular perspective depth information. There
could have been more apparent differences between the two displays if the 3D display had
provided other depth information, such as stereoscopic disparity. Stereoscopic disparity refers to
the difference between the image projections in each eye, due to horizontal separation between
two eyes. Since the Steering Control task also used similar perspective displays to provide a 3D
scene, which may hinder the generalizability of a 3D Coherent Motion task utilizing stereopsis.
Another possible explanation for the comparable performances between the 2D and 3D
tasks could have been due to the similarities between the moving directions of stimuli in both
displays. For example, in the 2D task, when the stimuli’s direction was “up”, the dots moved
upward towards the top of the monitor. In the 3D task, when the observer’s direction was
“backward”, the dots moved upwards towards the top of the monitor, albeit at a much shallower
angle. Nonetheless, each direction of dot movement in the 3D task could be considered as
equivalent as the directions in the 2D task, making the two tasks the same.
Also interesting were participants’ verbal comments about the differences between the
two displays. Many commented that the 3D display was more difficult to perform. Although the
data would suggest neither was more difficult to perform than the other, participants may have
initially had troubles with the 3D display and then became sufficient at the task. One possible
source of difficulty could have stemmed from characteristics of the stimuli. When the dots
moved in a certain direction in the 3D stimuli, the perceived moving direction of the observer
should be in the opposite direction. However, participants may have had difficulty judging the
egocentric moving direction due to the un-naturalistic scene. Therefore, they may have needed to
first process the moving direction of the dots, and then mentally make a choice of the observer’s
moving direction opposite of the dot’s perceived trajectory. For example, a participant may have
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perceived the stimuli to be moving “left”, however, the correct answer in the 3D task is that the
observer is moving “right”.
4.4.2. Steering Control Performance
Recall that Hypotheses 3a thru 3c predicted an effect of perturbation frequency on
Steering Control gain, phase angle, and squared coherency, respectively. Specifically, as the
frequency increased (i.e., became more difficult), steering performance would worsen.
Hypothesis 3a stated a positive relationship between frequency and Steering Control gain. It was
believed that at higher frequencies, participants would need to make many more steering wheel
movements to complete the task, which would lead to un-precise and eccentric steering behavior,
resulting in gain scores greater than 1.0 (indicating over-steering). However, results from the
study suggests that with increasing frequency, Steering Control gain significantly decreased
below 1.0, indicating an increase in under-steering. While under-steering could be considered a
decrement in steering performance, the current data does not support Hypothesis 3a. Participants
may under-steer at high frequencies because they may not have had enough time to manually
respond with the steering wheel to one moving direction before the signal quickly changed to the
opposite direction. However, if we consider a gain score (or ratio) of 1.0 to be perfect, then any
deviation from 1.0 could be considered as decreased performance, whether in the positive
direction or negative direction. Therefore, it may be useful to re-examine the data in terms of
absolute deviation from 1.0. In this case, the data would then support Hypothesis 3a.
Interestingly, there was not a linear trend in Steering Control gain as one might expect.
Performance was best at low frequency (closest to 1.0), got worse at medium frequency, and then
mildly improved at high frequency. A possible explanation for this could be that the low
frequency provided a signal that was extremely easy to follow and react to, while the high
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frequency provided a signal that required so many movements, a participant could follow the
signal by simply turning the steering wheel as far left and right as possible and as quickly as
possible. Therefore, the middle frequency could be the most difficult signal to process since it’s
neither easy to follow nor easy to perform without precision.
Hypothesis 3b predicted that increasing perturbation frequency would in turn degrade
Steering Control performance measured by phase angle. The results suggest that with increasing
frequency, phase angle also significantly increased, supporting Hypothesis 3b. The increase in
phase angle indicates an increase in lag between perceiving the signal and responding to it with
the steering wheel. At higher frequencies, there are many more direction changes than at lower
frequencies, given the same time period. The increase in direction changes means more steering
wheel movements are required to match the signal, which takes longer to perform, and hence,
increases the lag.
Finally, Hypothesis 3c predicted a negative relationship between perturbation frequency
and Steering Control squared coherency. Results from Experiment 1 demonstrated that as
frequency increased, squared coherency significantly decreased, supporting the hypothesis. In
other words, as the perturbation frequency increased and became more difficult, Steering Control
performance was significantly much more un-predictable or un-stable. However, this was only
true when frequency changed from low (.083 Hz) to medium (.161 Hz) or high (.216 Hz)
frequencies and not from the medium to high frequency. These results could be a product of a
floor effect.
4.4.3. Predicting Steering Control Performance
Although Hypotheses 4 and 5a-c were developed for analyses based on the 2D Coherent
Motion task and Hypotheses 6, and 7a-c for the 3D task, as stated earlier, results from
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Experiment 1 indicated there were no significant differences between the two tasks. As a result,
performances from both tasks were combined into a single Coherent Motion task (with four
scores). This new data set was used in regression analyses examining the relationship between
Coherent Motion performance and Steering Control performance. The hypotheses for the 2D
task were mirrored for the 3D task, which essentially stated the same predictions, with the
exception of the display type. Therefore, support for each hypothesis will be discussed in tandem
(e.g., Hypothesis 4 and 6).
Hypothesis 4 and 6 stated performance on 2D and 3D Coherent Motion tasks would be
positively correlated with global Steering Control performance measured by RMS. Specifically,
as Coherent Motion thresholds increased or became worse, RMS scores would increase,
indicating greater deviation from the perturbation signal. Results from the experiment indicated
no significant models that predicted RMS scores from Coherent Motion performance, and
therefore no significant correlations, indicating an absence of support for the hypotheses and
contradicts results from the pilot studies. This could be due to the more stringent methods used in
the current study to determine outliers and removing “lost” periods of a Steering Control trials.
Similarly, there was no evidence supporting Hypothesis 5a and 7a, which theorized a
positive relationship between Coherent Motion performance and Steering Control gain. Meaning,
as Coherent Motion thresholds increased, or became worse, Steering Control gain would
increase, indicating over-correction of the steering wheel.
Hypotheses 5b and 7b stated there would be a significant positive correlation between
Coherent Motion performance and Steering Control phase angle, indicating as Coherent Motion
thresholds increased or got worse, phase angle would increase or indicate a longer response time.
The results of the study showed that Coherent Motion performance with stimuli of low dot
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density and low dot lifetime were able to significantly predict Steering Control performance as
measured by phase angle at the low frequency, which lends support to the Hypotheses 5b and 7b.
Performance on the Coherent Motion task may indicate the efficiency (or lack) of the underlying
mechanism that drives motion processing. Degradation of performance with Coherent Motion
stimuli with low dot lifetime may suggest degradation in temporal processing of moving stimuli.
This suggests that a participant may take longer to distinguish the direction of the stimuli and
therefore increase the lag between the perturbation signal and response.
Further, the same outcome was found for Steering Control squared coherency, in that
performance of Coherent Motion with low dot density and low dot lifetime was able to
significantly predict performance of Steering Control squared coherency at the low frequency.
Specifically, as Coherent Motion thresholds in the most difficult display increased or became
worse, Steering Control squared coherency decreased, indicating steering performance was less
stable or predictable at the lowest frequency. These results support Hypothesis 5c and 7c. Better
performance on Coherent Motion may imply better motion processing, which would allow a
participant to see and judge the moving stimuli in the Steering Control task, resulting in better
and less erratic responses to the perturbation.
When considering the outcomes of the hypotheses as a whole, several questions arise.
First, why was only one Coherent Motion display able to predict Steering Control performance?
Further, what characteristics of that display, which was comprised of low dot density and low dot
lifetime, which lends it as a good predictor? Second, why can the Coherent Motion task only
predict certain Steering Control measures? Specifically phase angle and squared coherency? And
lastly, why does Coherent Motion performance only predict Steering Control performance at the
low frequency?
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One reason why only one Coherent Motion display (the most difficult one) was able to
predict Steering Control performance could be that the other three displays were too easy to
perform, possibly creating a ceiling effect. Therefore, those three displays may not have enough
variance to account for differences in motion processing, specifically in steering control. So what
was the aspect of Coherent Motion condition 1 with low dot density and low dot lifetime that
made it a valuable predictor? Considering that Coherent Motion displays with low dot density
had much higher thresholds, indicating a more difficult task, it might suggest that spatial
integration plays a larger role in coherent motion processing. And though there was a significant
effect of dot lifetime, it might mean temporal integration may play an important, but smaller, role
in coherent motion processing.
To answer the second question, recall that the results suggest Coherent Motion
performance could predict Steering Control phase angle and squared coherency, and not RMS
error or gain. One possible reason why RMS scores and gain scores could not be predicted might
be due to the process of removing portions of the Steering Control trial in which participants
became “lost”. This process involved removing data points based on the overall RMS.
Essentially, any portion that deviated too much from the signal was removed, whether it was
from the participants getting lost or a genuine degradation of steering. This could have
inadvertently removed the variance in RMS scores and hindered its predictability. Along the
same lines, removing sections of the trial may have affected the variance in gain scores. When
sections that largely deviate from the signal are removed, data pertaining to gain of certain
frequencies, possibly low frequencies, may have been discarded; this may reduce the variance of
gain scores and their predictability. In other words, when a trial is processed and cleaned using
metrics that rely on the lateral axis, performance measures of the same lateral axis may be
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affected. On the other hand, Steering Control phase angle relies on the other axis, measuring
time, while squared coherency relies on no specific axis, but rather all axes.
Lastly, results of the study showed that Coherent Motion performance with low dot
density and low dot lifetime could only predict Steering Control phase angle and squared
coherency at the low frequency level. At first glance, this may seem counterintuitive, that
performance on the most difficult display of one task was associated with the least difficult level
of another task. However, it may be that the most difficult display in the Coherent Motion task
does not represent the most difficult display participants can perform. It is possible that more
difficult Coherent Motion displays could provide more variability in performance that indicates
differences in motion processing. In other words, if the difficulty of Coherent Motion displays is
increased, participants may tap more into the underlying mechanism that is shared between
coherent motion processing and steering control and therefore allow for stronger relationships to
emerge for higher Steering Control frequencies.
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CHAPTER 5
EXPERIMENT 2: IMPROVING STEERING CONTROL PERFORMANCE WITH
COHERENT MOTION TRAINING
5.1.

Hypotheses
Experiment 1 provided evidence of a relationship between Coherent Motion processing

and Steering Control performance, suggesting that there might be a common low-level
mechanism underlying both tasks. Therefore, it is plausible that training on a Coherent Motion
task could improve Steering Control performance. The first experiment also suggested that there
aren’t statistical differences between 2D and 3D Coherent Motion displays. Considering this and
the possibility of the additional time for participants to get accustomed to the 3D task, the 2D
displays were used as the training stimuli in the current experiment.
Participants will be performing the 2D Coherent Motion task repeatedly over five onehour sessions. Previous research has demonstrated that with repeated exposure of a perceptual
task, performance on that task typically improves. Therefore, through perceptual learning, it is
hypothesized that coherent motion performance will improve over the course of the training
sessions. Specifically, with an increase in training sessions, Coherent Motion thresholds will
decrease (Hypothesis 1).
Past research has demonstrated that contrast sensitivity can be improved with perceptual
learning. In Experiment 2, participants will be repeatedly exposed to low contrast stimuli.
Therefore, it is hypothesized that training on Coherent Motion tasks under low contrast will
improve contrast sensitivity. Specifically, contrast sensitivity scores will be lower for the training
group than the no-training group after training (Hypothesis 2).
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Participants will also be repeatedly exposed to brief, limited-lifetime stimuli (i.e., Dot
Lifetime). Participants must be able to temporally integrate the brief information to complete the
Coherent Motion tasks which will require higher processing speeds. Therefore, it is hypothesized
that training on Coherent Motion tasks with limited-lifetime stimuli will improve processing
speed measured by the UFOV task. Specifically, central processing speed scores are expected to
be lower (i.e., better) for the training group than the no-training group after training (Hypothesis
3a). The second subtest of the UFOV task measures divided attention, ones’ ability to perform
two tasks at once. The Coherent Motion displays require participants to monitor motion
information across the visual field by dividing their attention to hundreds of dots in the scene,
thus, it is hypothesized that training on Coherent Motion tasks will improve divided attention
measured by the UFOV task. Specifically, divided attention scores will be lower (i.e., better) for
the training group than the no-training group after training (Hypothesis 3b). While performing
the Coherent Motion task participants need to extract the signal information and filtering out or
suppressing the noise. In other words, participants will selectively attend to certain aspect of the
stimuli, thus it is hypothesized that training on Coherent Motion tasks will improve selective
attention measured by the UFOV task. Specifically, selective attention scores for the training
group will be lower (i.e., better) than the no-training group after training (Hypothesis 3c).
Since both the Coherent Motion task and Steering Control task rely on the processing of
visual information over space and time, training on the Coherent Motion task, and therefore an
improvement in motion processing, may lead to improvements in the Steering Control task, both
globally and locally. Specifically, RMS scores will be lower for the training group than the notraining group after training (Hypothesis 4) and gain, phase angle, and squared coherency will be
better for the training group than the no-training group after training (Hypotheses 5a-c,
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respectively). Although Experiment 1 did not find a relationship between Coherent Motion
performance and Steering Control RMS error, an improvement in RMS after Coherent Motion
training may be plausible. For instance, if a relationship between Coherent Motion performance
and Steering Control RMS was not found due to the removal of “lost” periods of a trial, then
training on Coherent Motion may improve steering performance and decrease or remove the
need of such data cleaning. In turn, Steering Control data would not be affected by data
exclusion and provide sufficient data to indicate a relationship between Steering Control RMS
and Coherent Motion performance. Please see Table 7 for a summary of the hypotheses.

Table 7. Experiment 2 Hypotheses.
Hypothesis 1
Coherent Motion training will significantly improve coherent motion.
Specifically, coherent motion thresholds will be significantly lower after
training.
Hypothesis 2
Coherent Motion training will significantly improve contrast sensitivity.
Specifically, contrast sensitivity scores will be lower for the training group
than the no-training group after training.
Hypothesis 3a-c Coherent Motion training will significantly improve processing speed
measured by the UFOV task. Specifically, (a) processing speed, (b) divided
attention, and (c) selective attention scores will be lower for the training
group than the no-training group after training.
Hypothesis 4
Coherent Motion training will significantly improve global driving
performance. Specifically, RMS scores will be lower for the training group
than the no-training group after training.
Hypothesis 5a-c Coherent Motion training will significantly improve local driving
performance. Specifically, (a) gain, (b) phase angle, and (c) squared
coherency scores will be improved for the training group than the notraining group after training.
5.2.
Method
5.2.1. Participants
Thirty-five college-aged students were recruited for this experiment. One participant was
excluded from data analyses due to poor visual acuity while another participant was excluded
due to a change in corrective lens type (i.e., from contact lenses to eye glasses). The remaining
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33 participants were between the ages of 18 and 29 (M = 22.4, SD = 3.80) with 13 males and 20
females. Participants were randomly assigned into the no-training group (i.e., control) and the
training group, resulting in 18 and 15 participants in each group, respectively. Please see Table 8
for a summary of participant demographics by group.

Table 8. Demographics of Participants in Experiment 2.
Group
Demographic

Control (n = 18)

Training (n = 15)

20.56 (3.20)

24.27 (3.53)

Male

4 (22%)

9 (60%)

Female

14 (78%)

6 (40%)

4.94 (2.71)

8.87 (2.90)

Mean Age in years (SD)
Gender N (%)

Mean Driving Experience in years (SD)

Participants were recruited from Wichita State University, the Wichita, Kansas
community and surrounding metropolitan areas. To compensate their time and to minimize
attrition, participants in the training group that completed the entire study were entered into a
raffle for a chance to win $100. There was one winner for every 3 participants. Participants in the
control group had the option of either receiving psychology course credit or receiving $25 for
volunteering. Participants were screened prior to arriving to the experiment for normal or
corrected-to-normal vision, a valid driver’s license, and at least 2 years of driving experience. All
participants were naïve to the purpose of the study.
5.2.2. General Procedure
For the training group, the overall design of the study was a seven-day long experiment
including one pre-test session, one post-test session, and five training sessions. Day 1 entailed
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one hour of pre-test tasks, including a contrast sensitivity detection, Useful Field of View, and
Low Contrast Steering Control task. Day 2 thru 6 each entailed one hour of training with the 2D
Coherent Motion task, totaling 300 minutes of training. Similar research on visual perceptual
learning successfully used 2 to 5 training sessions (e.g., Adini et al, 2004, Andersen & Ni, 2010).
Day 7 entailed one hour of post-test tasks that was the same as the pre-test tasks. See Figure 15
for an illustration of the experimental schedule. Participants in the control group completed the
pre- and post-test tasks only. On average, participants in the training group completed all seven
sessions within 30.07 days (SD = 7.97) while the control completed their two sessions within
9.22 days (SD = 2.96).

Training
Group

Day 1

Days 2 - 6

Day 7

60 Minutes

60 Minutes each day

60 Minutes

Pre-Test

Training

Post-Test

Contrast Sensitivity

3D Coherent Motion

Contrast Sensitivity

UFOV

UFOV

Steering Control

Steering Control

Day 1

Control
Group

Days 2 - 6

Day 7

60 Minutes

60 Minutes

Pre-Test

Post-Test

Contrast Sensitivity

Contrast Sensitivity

UFOV

UFOV

Steering Control

Steering Control

Figure 15. The testing and training schedule for Experiment 2. Top: Schedule for the training
group. Bottom: Schedule for the control group.
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5.2.3. Pre- and Post-Test Tasks
First, to ensure normal vision, participant’s visual acuity and contrast sensitivity were
measured binocularly on the Snellen Distance Visual Acuity Test and the Pelli-Robson Contrast
Sensitivity Chart (Ref: 7002251, Haag-Streit UK, Essex, UK). Participants with a visual acuity
worse than 20/40 were excluded from the experiment. Further, all participants scored a log
contrast sensitivity of at least 1.90 (indicating a contrast of 1.12/100 or 1.12%).
Second, participant’s contrast sensitivity threshold was estimated with a contrast
detection task (e.g., Sowden, Rose, & Davies, 2002; Polat, Ma-Naim, Belkin, & Sagi, 2004). The
task was presented on the same CRT monitor and driven by the same PC used in Experiment 1.
In addition, a 12.7 bit video switcher was used to make the luminance of the monitor linear (Li,
Lu, Xu, Jin, & Zhou, 2003). A trial consisted of Gabor patch appearing on the screen at one of
two time intervals. Also, auditory beeps accompanied each time interval to assist the participant
in distinguishing between the two intervals. Participants were asked to indicate the interval in
which they perceived the Gabor patch. Using a psychophysical staircase method, the contrast of
the Gabor patch increased or decreased depending on incorrect or correct responses, respectively.
The test provided a contrast sensitivity threshold value ranging from 0 to 1.0, with lower scores
indicating a lower threshold. A more detailed explanation of the task is provided in APPENDIX
B. Participants viewed the displays binocularly while in a chin rest and in a darkened room.
Participants were then administered the Useful Field of View task ("UFOV," 2002),
which was comprised of three subtests measuring central processing speed, peripheral divided
attention speed, and selective attention speed, respectively (APPENDIX C). The Useful Field of
View task was presented on an 18-inch Dell CRT monitor (model no. M991) at a refresh rate of
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60 Hz and resolution of 1024 x 768 pixels. The monitor was driven by an NVIDIA GeForce 210
graphics card and controlled by an eMachines T3638 PC computer running a Windows Vista
operating system. Participants viewed the Useful Field of View displays binocularly and at a
distance of 57 cm and eye height of approximately 115 cm while in a chin rest and in a darkened
room.
Finally, participants completed the Low Contrast Steering Control task used in
Experiment 1. Participants completed all tasks in the order as described for both the pre-test
session and the post-test session.
5.2.4. 2D Coherent Motion Training Task
5.2.4.1.
Apparatus
The apparatus was the same as described in Experiment 1.
5.2.4.2.

Stimuli
The stimuli were the same as described for Experiment 1’s 2D displays.

5.2.4.3.

Design
Displays included stimuli of different combinations of dot density, 0.20 and 0.40

dots/degree2, and dot lifetime, 150 and 200 ms, resulting in four training displays.
5.2.4.4.

Procedure
The task procedure was the same as that used in Experiment 1. In addition, the first

training session included a practice block followed by a maximum of eight blocks of the training
conditions. Subsequent training sessions included a maximum of eight training blocks only. Each
training block consisted of one instance of each of the four coherent motion training conditions.
The order of the four conditions was randomized within each training block. Participants
received a 15 second break between training conditions and a two minute break between blocks.
Training sessions were completed within 60-minutes. Therefore, it was possible that the last
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training block was not completed. In other words, participants may not have received the same
number of exposures to each of the four training conditions. On average, participants received a
total of 125.07 (SD = 14.08) training conditions.
5.3.

Results
Data were screened for outliers in a similar fashion as described in Experiment 1. For a

list of recoded outliers, please see APPENDIX K, APPENDIX L, and APPENDIX M.
5.3.1. Coherent Motion
For each participant in the training group, average coherent motion thresholds were
calculated for each training condition for each day. Then, coherent motion thresholds were
analyzed in a 5x4 (Day x Training Condition) within-subjects repeated measures ANOVA to
evaluate their effects on coherent motion performance. Mauchly’s Test of Sphericity indicated
the assumption of sphericity had been violated for the Day main effect, χ2 (9) = 20.66, p < .05,
Training Condition main effect, χ2 (5) = 44.14, p < .01, and the Day x Training Condition
interaction, χ2 (77) = 142.06, p < .01, therefore degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity (ε = .63, .39, and .39, respectively). The results of
the analyses showed there was a significant main effect of Day on coherent motion thresholds,
F(4, 56) = 6.73, p < .001, partial η2 = .33, and a main effect of Training Condition, F(3, 42) =
30.54, p < .01, partial η2 = .69. The interaction between Day and Training Condition was
approaching significance, F(12, 168) = 2.35, p = .055, partial η2 = .14.
A series of paired-samples t tests were conducted to follow up the significant main effect
of Day, controlling for familywise error rate across the test by using Holm’s sequential
Bonferroni approach. The results of the analyses indicated a significant difference of Coherent
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Motion scores between Day 1 and Day 4, t(14) = 3.96, p < .01, between Day 1 and Day 3, t(14) =
3.55, p < .01, and between Day 2 and Day 4, t(14) = 3.27, p < .01.
Similarly, a series of paired-samples t tests were conducted to follow up the interaction of
Day and Training Condition. For each of the four coherent motion display conditions, all
possible pairing permutations of the five training days were examined, resulting in 10 pairs, 40
pairs total. For brevity, only significant pairs will be reported. In Condition 1 of the coherent
motion task, which included low dot density and low dot lifetime, thresholds were significantly
lower at Day 4 than Day 1, t(14) = 3.86, p < .01. In Condition 4 of the coherent motion task,
which included high dot density and high dot lifetime, thresholds were significantly lower at Day
4 than Day 1, t(14) = 3.69, p < .01, and significantly lower at Day 5 and Day 1, t(14) = 3.67, p <
.01. Figure 16 summarizes coherent motion performance as a function of training day and
coherent motion training condition.
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Figure 16. Coherent Motion thresholds by training day and display. Note: L: Low; H: High; Den:
Dot Density; Life: Dot Lifetime

5.3.2. Contrast Sensitivity
Contrast sensitivity measured on the Contrast Detection task was analyzed in a 2x2 (Time
x Group) repeated measures ANOVA. The Time independent variable had two levels (pre-test
and post-test) and was treated as a within-subjects factor. The Group independent variable had
two levels (control and training) and was treated as a between-subjects factor. The results
indicated a significant main effect of Time, F(1, 31) = 9.74, p < .01, partial η2 = .24 and a nonsignificant effect of Group, F(1, 31) = 1.60, p = .22, partial η2 = .05, and a non-significant
interaction between Time and Group, F(1, 31) = .00, p = .99, partial η2 = .00. Figure 17 shows
the average contrast sensitivity thresholds for the control and training group, pre- and post-test.
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Figure 17. Pre- to post-test contrast sensitivity thresholds by group. Error bars represent standard
error.

5.3.3. Useful Field of View
A series of 2x2 (Time x Group) repeated measures ANOVA were conducted to examine
the effects of training on processing speed, divided attention, and selective attention measured by
the three subtests of the UFOV task, respectively. The Time independent variable was treated as
a within-subjects factor while the Group independent variable was treated as a between-subjects
factor. Results of the analysis on central processing speed indicated a non-significant main effect
of Time, F(1, 31) = 1.21, p = .28, partial η2 = .04, Group, F(1, 31) = 1.21, p = .28, partial η2 =
.04, and non-significant interaction between Time and Group, F(1, 31) = 1.21, p = .28, partial η2
= .04 (Figure 18).
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Figure 18. Pre- to post-test UFOV central processing speeds by group. Error bars represent
standard error.

Analysis of UFOV divided attention scores indicated a main effect of Time approaching
significance, F(1, 31) = 3.68, p = .06, partial η2 = .11, and similarly a Time and Group
interaction effect, F(1, 31) = 4.20, p = .05, partial η2 = .12, while a non-significant effect of
Group was found, F(1, 31) = 3.22, p = .08, partial η2 = .09. Figure 19 depicts a summary of the
results and shows that the Control group improved in divided attention from pre-test to post-test
to a level comparable to the Training group, which had very little change from pre-test to posttest.
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Figure 19. Pre- to post-test UFOV divided attention speeds by group. Error bars represent
standard error.

Finally, results of the analysis of UFOV selective attention scores showed a nonsignificant main effect of Time, F(1, 31) = 1.69, p = .20, partial η2 = .05, Group, F(1, 31) = .51, p
= .48, partial η2 = .02, as well as an interaction approaching significance between Time and
Group, F(1, 31) = 3.22, p = .08, partial η2 = .09. As seen in Figure 20, the Control group scores
slightly worsened at post-test while the Training group improved at post-test.
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Figure 20. Pre- to post-test UFOV selective attention speeds by group. Error bars represent
standard error.

5.3.4. Steering Control Performance
To examine the differences between the signal (i.e., perturbations) and the participant’s
response (i.e., steering wheel position), global steering performance was measured by deriving
root mean square error scores, while local driving performance was measured by deriving
Steering Control gain, phase angle, and squared coherency scores
5.3.4.1.

Global Steering Control Performance Measure
To evaluate the effects of training on Steering Control root mean square error, a 2x2

(Time x Group) repeated measures ANOVA was conducted. The Time independent variable
85

consisted of two levels (pre-test and post-test) and was treated as a within-subjects factor. The
Group variable consisted of two levels (control and training group) and was treated as a betweensubjects factor. Results of the analysis indicated a significant main effect of Time, F(1, 31) =
13.61, p < .01, partial η2 = .31, while a non-significant effect of Group was found, F(1, 31) =
2.06, p = .16, partial η2 = .06, as well as a non-significant interaction between Time and Group,
F(1, 31) = .05, p = .82, partial η2 = .00. Figure 21 summarizes Steering Control root mean square
scores by training group.

Figure 21. Pre- to post-test Steering Control root mean square error by group. Error bars
represent standard error.
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5.3.4.2.

Local Steering Control Performance Measure

A series of 2x2 (Time x Group) repeated measures ANOVAs were conducted to examine the
effects of training on local Steering Control performance measured by Steering Control gain,
phase angle, and squared coherency at low, medium, and high frequencies. Time was treated as a
within-subject factor while Group was treated as a between-subjects factor. Analysis of Steering
Control gain scores at low frequency indicated a non-significant main effect of Time, F(1, 31) =
.87, p = .36, partial η2 = .03, effect of Group, F(1, 31) = 2.38, p = .13, partial η2 = .07, and
interaction between Time and Group, F(1, 31) = .31, p = .58, partial η2 = .01. At medium
frequency, the analysis showed non-significant main effects of Time, F(1, 31) = .97, p = .33,
partial η2 = .03, and Group, F(1, 31) = .22, p = .64, partial η2 = .01, and a non-significant
interaction between Time and Group, F(1, 31) = .02, p = .90, partial η2 = .00. Lastly, at high
frequency, there were non-significant main effects of Time, F(1, 31) = .53, p = .47, partial η2 =
.02, and Group, F(1, 31) = .22, p = .65, partial η2 = .01, and between Time and Group, F(1, 31) =
.58, p = .45, partial η2 = .02. Figure 22 thru Figure 24 shows summaries of Steering Control gain
as a function of group and training.
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Figure 22. Pre- to post-test Steering Control gain by group at low frequency. Error bars represent
standard error.
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Figure 23. Pre- to post-test Steering Control gain by group at medium frequency. Error bars
represent standard error.
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Figure 24. Pre- to post-test Steering Control gain by group at high frequency. Error bars
represent standard error.

Analysis of Steering Control phase angle at low frequency revealed a significant main effect
of Time, F(1, 31) = 7.49, p < .05, partial η2 = .20, a non-significant effect of Group was found,
F(1, 31) = .46, p = .50, partial η2 = .02, and a non-significant interaction between Time and
Group, F(1, 31) = 1.91, p = .18, partial η2 = .06. Results from the analysis of performance at
medium frequency found non-significant main effects of Time, F(1, 31) = 1.05, p = .31, partial
η2 = .03, and Group, F(1, 31) = .81, p = .38, partial η2 = .03, as well as a non-significant
interaction between Time and Group, F(1, 31) = .69, p = .41, partial η2 = .02. The analysis of
performance at high frequency indicated non-significant main effects of Time, F(1, 31) = 1.00, p
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= .33, partial η2 = .03, and Group, F(1, 31) = .33, p = .57, partial η2 = .01. Further, a nonsignificant interaction between Time and Group was found, F(1, 31) = .08, p = .78, partial η2 =
.00. Figure 25 thru Figure 27 demonstrates the results of the analyses.

Figure 25. Pre- to post-test Steering Control phase angle by group at low frequency. Error bars
represent standard error.
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Figure 26. Pre- to post-test Steering Control phase angle by group at medium frequency. Error
bars represent standard error.
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Figure 27. Pre- to post-test Steering Control phase angle by group at high frequency. Error bars
represent standard error.

Examining results from the analysis of Steering Control squared coherency performance
at low frequency indicated a significant main effect of Time, F(1, 31) = 20.75, p < .001, partial
η2 = .40, and a non-significant effect of Group, F(1, 31) = .10, p = .75, partial η2 = .00.
Additionally, a significant interaction between Time and Group was found, F(1, 31) = 6.01, p <
.05, partial η2 = .16. At medium frequency, analyses indicated non-significant main effects of
Time, F(1, 31) = .04, p = .84, partial η2 = .00, and Group, F(1, 31) = 1.03, p = .32, partial η2 =
.03, and non-significant interaction between Time and Group, F(1, 31) = 2.52, p = .12, partial η2
= .08. Similar results were found for squared coherency performance at high frequency, with
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non-significant main effects of Time, F(1, 31) = 1.37, p = .25, partial η2 = .04, Group, F(1, 31) =
1.29, p = .27, partial η2 = .04, and interaction between Time and Group, F(1, 31) = .00, p = .98,
partial η2 = .00. Figure 28 thru Figure 30 shows a summary of Steering Control squared
coherency by group for each frequency.

Figure 28. Pre- to post-test Steering Control squared coherency by group at low frequency. Error
bars represent standard error.
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Figure 29. Pre- to post-test Steering Control squared coherency by group at medium frequency.
Error bars represent standard error.
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Figure 30. Pre- to post-test Steering Control squared coherency by group at high frequency. Error
bars represent standard error.

5.4.

Discussion
The main goal of Experiment 2 was to examine whether training on a low contrast

Coherent Motion task could improve performance on a low contrast Steering Control task.
Results from Experiment 2 seem to provide evidence that it is indeed possible.
Hypothesis 1 stated that training on a Coherent Motion task would improve coherent
motion performance. Results of the analyses indicated a main effect of Day, suggesting that
Coherent Motion thresholds decreased, or became better, with an increase in training days, which
supports the hypothesis. More specifically, the greatest difference was found between Days 1
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and 4 and not necessarily between Days 1 and 5, the last day. This was not surprising as many
perceptual learning studies show slight fluctuations in performance in between training days. It is
likely that if there were a sixth training day, significant differences would have been found
between Day 1 and Day 5.
Hypothesis 2 expected that Coherent Motion training under low contrast would improve
contrast sensitivity. However, the results do not provide statistical evidence to support the
hypothesis. Although contrast sensitivity did improve for both groups at post-test, the training
group did not significantly improve more than the control group. This could be attributed to the
test-retest phenomenon. One reason why the training group did not improve more than the
control group could be due to the fact that the contrast levels during the Coherent Motion
training remained the same. Perceptual learning studies of low-level visual stimuli typically
utilize varying levels of the stimuli, at both supra- and sub-threshold levels (e.g., Karni & Sagi,
1991; Adini, Wilkonsky, Haspel, Tsodyks, & Sagi, 2004).
Hypotheses 3a-c stated there would be a significant improvement in all three UFOV
tests measuring central processing speed, divided attention, and selective attention following
Coherent Motion training. Results of the experiment do not provide sufficient evidence to
support the hypotheses. First, no effects were found for central processing speed because
essentially all participants obtained the lowest (i.e., fastest) score possible, demonstrating a
ceiling effect. For the second test measuring divided attention speed, there was a main effect of
Time and interaction of Time and Group that was approaching significance. However, the
change in performance for the control group was equivalent to the training group at both pre- and
post-test (also suggesting a ceiling effect). This could have been the result of participants in the
control group not diligently performing the test at pre-test, inflating scores. Finally, analysis of
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the UFOV test measuring selective attention showed an interaction of Time and Group that was
approaching significance, which suggests Coherent Motion training may have had a small role in
improving participants’ ability to attend to different targets while ignoring distractors. Coherent
Motion training may be related to this since in the Coherent Motion task, participants could
adopt the strategy to attend to the many targets (i.e., the coherent dots or the signal) while
ignoring the distractors (i.e., the noise). Interestingly, previous research has found the selective
attention task of the UFOV to be a good predictor of crash risk. The relationship found between
coherent motion training and selective attention speed presents support for coherent motion tasks
as a contender to measure driving performance.
Hypothesis 4 anticipated Coherent Motion training would significantly improve global
Steering Control performance measured by RMS. Although the data did not lend support to the
hypothesis, the data did show that RMS scores improved from pre-test to post-test for both
groups, suggesting RMS performance could be improved rapidly with repeated practice of the
Steering Control task. Similarly, Hypothesis 5a theorized that Steering Control gain performance
would improve after Coherent Motion training. However, the results of the analyses suggest that
this was not the case. Although not near significance, it appears there is a slight trend in gain
improvement for the training group at low and medium Steering Control frequency. As
speculated in Experiment 1, the dissociation between Coherent Motion performance and Steering
Control RMS and gain scores in the current experiment may be attributed to the process of
cleaning “lost” periods, which could have reduced the variability required to detected
differences.
Hypothesis 5b stated that Steering Control performance measured by phase angle would
improve after Coherent Motion training. The results from Experiment 1 showed a significant
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relationship between phase angle at the low frequency and Coherent Motion. Therefore, it is
surprising that there was not a significant effect of training on phase angle, indicating a lack of
support for Hypothesis 5b. Comparing the average phase angle scores at low frequency between
Experiment 1 and Experiment 2 (at pre-test) may provide an explanation for the discrepancy. In
Experiment 1, average phase angle scores were approximately 94 degrees, while average phase
angle scores at pre-test were approximately 56 degrees for the control and training group. It may
have been the case that Steering Control phase angle performance in Experiment 1 was not
representative of the population. Further, according to results from Experiment 2, it seems that
Steering Control phase angle performance plateaus around 40 degrees at the low frequency for
both the control and training group, suggesting a ceiling effect.
Finally, Hypothesis 5c asserted there would be a significant change in Steering Control
squared coherency after training. Specifically, squared coherency scores would increase more for
the training group than the control group after Coherent Motion training. Results from the
experiment revealed that the training group significantly improved squared coherency scores
more than the control group, from .75 at pre-test to .91 at post-test at low frequency, supporting
the hypothesis. No effects were found for the medium and high frequency. These results confirm
the relationship that was found between Coherent Motion performance with low dot density and
low dot lifetime stimuli and Steering Control squared coherency at low frequency in Experiment
1. These results suggest that training on a difficult Coherent Motion task may improve motion
processing capacity which in turn benefits and improve steering control at a certain frequency.
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CHAPTER 6
CONCLUSIONS AND IMPLICATIONS
The current research study provides a glimpse into the possibility of improving driving
performance under deteriorated conditions by training with low contrast coherent motion stimuli,
a novel design that had not been previously researched. In general, the results indicate that there
is a relationship between coherent motion processing and steering and that improvements in
steering can be elicited by perceptual learning of coherent motion.
6.1. Interpretation of Results
Results from Experiment 1 and 2 shows that the processing of spatial and temporal
information is important in motion processing under low contrast conditions. Experiment 1
revealed that richer spatial and temporal information allowed participants to distinguish a weaker
coherent motion signal (i.e., lower coherency), which was not surprising. Surprisingly, the
Coherent Motion display with low dot density and low dot lifetime was proved to be the best
predictor of Steering Control performance. Experiment 2 suggested that improvement on
Coherent Motion was the greatest after training with the most difficult condition (low spatial
information and low temporal information). Considering this, it seems that individuals’
performance on the Coherent Motion task with difficult conditions can indicate how well they
perform other low contrast motion processing tasks such as steering control. In other words,
deficits in coherent motion processing may be an indicator of general motion processing.
Experiment 2 also revealed that Coherent Motion training can improve only certain
aspects of Steering Control. This suggests that a wider range of contrast, and spatial and
temporal conditions need to be explored and tested.
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6.2.

Implications
The relationship found between Coherent Motion performance and Steering Control

performance in Experiment 1 implies that a motion-based visual task may be a good predictor of
driving performance. This supports research that suggests that tests which tap into functions that
are more important in driving, such as motion detection, may be better than traditional static tests
such as visual acuity (Wood, 2002).
In general, Experiment 2 implies that training on a Coherent Motion task will improve
coherent motion performance. This is not surprising as literature suggests that perceptual
learning of low-level stimuli can be improved with repeated exposures to the stimuli. More
interesting are the possibilities of improving other tasks that have been found to be correlated
with coherent motion processing, such as hazard perception for older drivers. For example, with
increased motion processing capacity, a drive may be able to more quickly detect a pedestrian
that is walking in front of a car, allowing for a sooner response. Experiment 2 also provides
evidence that driving, especially under deteriorated conditions, can be improved using various
methods. For instance, steering control can be improved by simply practicing the task, as seen
with the improved RMS scores for both the control group and training group from pre-test to
post-test. Further, steering control can also be improved with training on a simpler, computerbased visual task such as the Coherent Motion task.
The experiments also provide several possibly profound implications. First, it appears
that perceptual learning of the Coherent Motion task can be transferred to the Steering Control
task, overcoming the difficulties of generalizability that is frequently encountered in perceptual
learning studies. Often, transfer and generalization between tasks are found with complex tasks
or stimuli (e.g., Green & Bavelier, 2007, Fajen, 2008). However, in the current study, both the
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Coherent Motion and Steering Control tasks are comprised of low-level visual stimuli and
require fairly simple responses.
Second, the transfer of perceptual learning suggests there may be an underlying
mechanism that drives motion processing that is required for distinguishing coherent motion and
performing a steering task. It also suggests that this mechanism can be improved with training
and provides evidence that a perceptual learning model that incorporates a common low-level
mechanism between two different tasks can account for generalization and transfer of learning
between the two tasks. Considering that motion processing may be important in other driving
tasks, such as car following, multiple object tracking, or collision detection and avoidance, the
potential to improve performance on critical tasks using a simple visual-based computer task is
exciting.
6.3.

Limitations
This research did have several limitations that could have affected the outcome and

interpretation of the results. First, many participants got “lost” while performing the Steering
Control task. Removing these periods based on the root mean square error may have altered the
data in a way that removed some variability. Although all participants were able to perceive the
stationary stimuli at the beginning of the trial, when the motion commenced, participants had
difficulty perceiving the stimuli. It is possible that the contrast level of the moving stimuli was
too low for several participants. A remedy for this is to measure participant’s contrast sensitivity
threshold for moving stimuli before performing the steering task. Then the contrast level of the
steering task can be adapted to each individual participant. Another potential solution is to
reduce the amplitude of lateral perturbation so that participants will not get “lost”.
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Second, the Steering Control task might not be representative of actual steering behavior
during real-world driving. Specifically, the Steering Control task presented only lateral
perturbations and a straight trajectory. Real driving additionally involves a rotational element,
such as driving around curves. This could be addressed by using a higher fidelity simulator to
present a curved traveling path. Providing a more realistic driving task would also allow the
results to be more generalizable to real-world driving.
The other limiting factors were related to the training regimen. For instance, Experiment
1 found a relationship between only one Coherent Motion display and Steering Control
performance. However, in Experiment 2, all four Coherent Motion displays were used as the
training stimuli. It could be that training on the other three displays did not have a great effect on
improving Steering Control performance. Essentially, it is possible that only 1/4th of the training
stimuli was valuable. A straightforward solution is to train with only the Coherent Motion
display with low dot density and low dot lifetime. Next, the 2D version of the Coherent Motion
stimuli was used in the training. A greater effect of training may have been found if the 3D
display was used since it resembles the steering task much closer. Lastly, the training group may
have improved on Steering Control performance due to expectation biases. It would not be
surprising if participants were able to determine that they were in the training group and not the
control group. Therefore, they could have performed differently based on this bias, similar to a
placebo effect. A potential solution would be to use an active control group, in which the control
group receives training on an unrelated task (e.g., playing Tetris) for the same amount of time as
the training group. Then, both groups would have the same expectations of improvement and
help control the possibility that the improvement from the Coherent Motion training group
merely resulted from the placebo effect.
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Lastly, there was a slight difference in demographics between the control and training
group of Experiment 2. The training group consisted of older participants (approximately four
years older) with more driving experience (with approximately four additional years) while the
control group had much more females. The difference in age and driving experience may have
affected susceptibility to the training regimen while gender may have affected overall driving
abilities. For example, participants with more driving experience may have quickly adapted to
the Steering Control task and equipment, which may indicate an improvement in motor control
and not perceptual functioning. To investigate whether age, gender, and driving experience may
have confounded the results, a series of linear regressions were conducted, in which the three
potential confounding factors were analyzed as predictors of the change in performance from
pre-test to post-test for contrast sensitivity, UFOV, and Steering Control. The analyses suggested
that it was unlikely that age, gender, and driving experience affected the outcomes of Coherent
Motion training on perceptual and Steering Control performance.
6.4.

Future Research
The intriguing results from this study show that there is still much more to learn about the

relationship between coherent motion processing and driving performance. Future research
should investigate whether training on coherent motion processing can improve driving
performance in other driving scenarios. For example, the same experiments can be conducted
with higher fidelity driving simulators that use realistic scenes and tasks. Further, another study
could test whether perceptual learning of coherent motion stimuli could improve real-world
driving by utilizing a real driving task, such as with an instrumented vehicle on a road course.
Along the same lines, future studies should examine whether there is a relationship
between coherent motion processing and other driving tasks and performance measures. The task
104

of steering is only a portion of the complex maneuvers and decisions that a driver must make to
successfully operate a vehicle. It would be interesting to see if coherent motion training could
improve other driving tasks like car following, lane changing, hazard perception, or collision
avoidance.
The training regimen and stimuli had very specific parameters. For instance, in the
current study, the training period lasted five one-hour sessions. It would be interesting to
determine whether changes in the length of training would affect the improvement in steering
control. It is possible that with a longer training schedule, there could be a greater improvement
in steering performance than what was found in this study. Conversely, it would be just as
interesting if similar results could be found with a shorter training schedule, for example, with
two days rather than five. Also, the coherent motion training stimuli includes many variables in
which only very specific levels were tested. Future studies ought to examine how different levels
of dot density, dot lifetime, contrast, and 3D displays affects perceptual learning.
Lastly, the current study used a sample of young, college-aged students without apparent
visual or mental decrements. It would be of the utmost interest to see whether the same results
could be found with older drivers. It is well known that with increasing age, there is increasing
mental and visual decrements, such as reduced contrast sensitivity. However, older adults may
have degraded contrast sensitivity due to physical changes of the eye (e.g., cataracts). While the
current study invoked low contrast by utilizing low contrast stimuli, it would be interesting to see
whether coherent motion training could help alleviate or overcome some of the problems with a
physical change in reduced contrast sensitivity, and therefore improve driving for older adults.
This would be possible based on the perceptual template model of perceptual learning, which
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suggests that perceptual leaning occurs when there is an enhancement of stimulus and a
reduction of external noise of the input.
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APPENDIX A
LOCAL AND GLOBAL DRIVING PERFORMANCE MEASURES
Local measures of steering control performance will be derived for each trial using a fast
Fourier transform (FFT) and examining gain, phase angle, and squared coherency (Jagacinski &
Flach, 2002; Ni et al., 2010) between the signal (i.e., perturbation) and response (i.e., driver
position). Please see Figure 31.

Figure 31. Example of steering response to perturbation from a single trial

Gain is a measure of the amplitude of the response relative to the input signal at a
particular frequency and is informative about the response sensitivity of the driver. Gain values
greater than 1 indicate that the control response is larger than the input, and thus indicate that the
driver is responding with greater control than necessary (i.e., over-correction). Gain values less
than 1 indicate that the control response is smaller than the input, and thus indicate that the driver
is not responding with a sufficiently large control response at that frequency (i.e., undercorrection).
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Phase angle is a measure of the time lag between the input and the control response,
expressed in degrees relative to a 180 degree cycle of the sine wave. It provides information
regarding the response lag to changes in position perturbation at a particular frequency. A phase
score of 0 indicates perfect performance, while scores greater than 0 indicate a longer lag (i.e.,
worse performance). Theoretically, scores less than 0 should not be possible, as participants
should not be able to predict the perturbation.
Squared coherence is a measure of squared correlation between the input and response at
a particular frequency and provides a measure of the variance accounted for in tracking
performance. In other words, it is a measure of how well the input (i.e., perturbation) can be
predicted from the response (i.e., driver position). Squared coherence is defined as the ratio of
the squared cross-amplitude values (of signal and response frequencies) to the product of the
spectrum density estimates (of signal and response frequencies). Scores can range between and
include 0 to 1, in which scores closer to 1 indicate better performance.
Global steering control performance is measured by calculating the root mean square
(RMS) error for each trial. In general, the RMS is the deviation of steering wheel position from
the perturbing forces. RMS is calculated as the square root of the mean of the squared
differences between predicted values (i.e. perturbation force) and observed values (i.e., steering
wheel position). An RMS score of 0 indicates perfect performance while increases indicate
increasingly worse performance.

121

APPENDIX B
CONTRAST DETECTION TASK
Contrast sensitivity was measured using a contrast detection task. In general, contrast
sensitivity thresholds were estimated by asking participants to determine which of two intervals a
computer-generated Gabor patch appeared on the screen. A psychophysical staircase was used to
decrease contrast of the Gabor patch with correct responses.
The contrast detection task performed on the same equipment used in Experiment 1 and
2, including the 12.7 bit video switcher to ensure a linear luminance of the CRT monitor.
Participants completed the task binocularly while resting their chin in a chin-rest and in a
darkened room. At the beginning of each trial, a fixation cross appeared on the screen. Then, a
Gabor patch appeared at either one of two time intervals. To assist participants distinguish
between the two intervals, a beep was played during each interval. The beeps differed in
frequency. Finally, a screen asking for a response appeared until the participant pressed one of
two keys on a keyboard to indicate which interval they perceived the Gabor patch (see Figure
32). Participant’s responses were used to adjust a psychophysical 3-down, 1-up staircase,
meaning the contrast of the Gabor patch was decreased after every three correct responses while
an incorrect response increased the contrast for the next trial. At the end of the task, the test
provides a Michelson contrast value, ranging from 0 to 1.0. Lower scores indicate better contrast
sensitivity, meaning a lower contrast of the Gabor patch was needed to detect which interval it
appeared in.
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APPENDIX B (continued)
CONTRAST DETECTION TASK

Figure 32. Contrast Detection task display.
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APPENDIX C
USEFUL FIELD OF VIEW
The Useful Field of View (UFOV) test consists of three subtests which assess speed of
visual processing under increasingly complex tasks. Using both eyes, observers must detect,
identify, and localize briefly presented targets. The three tests measure central processing speed,
divided attention speed, and selective attention speed, respectively. In the first subtest, observers
identify a target presented in a centrally located box that is presented for varying lengths of time.
The target is a silhouette of either a car or a truck (see Figure 33). In the second subtest, in
addition to identifying a central target, the observer must also localize a simultaneously
presented target displayed in the periphery (see Figure 34). The third subtest is similar to the
second; except the peripheral target is displayed among distractors (see Figure 35). The UFOV
test provides one score for each subtest, reported in milliseconds (ms). The colors of the actual
tests are inverted.

Figure 33. Example display of UFOV subtest 1.
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APPENDIX C (continued)

Figure 34. Example display of UFOV subtest 2.

Figure 35. Example display of UFOV subtest 3.
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APPENDIX D
EXPERIMENT 1 CONSENT FORM

Consent Form
Purpose: You are invited to participate in a study investigating the relationship between performance on visual
computer tasks and performance in a driving simulator.
Participant Selection: You were selected as a possible participant in this study because you fit the criteria of the
population that have normal or corrected to normal vision, have valid driver’s license, and are 18-29 years old. You
will be one of 40 participants recruited from Wichita State University.
Explanation of Procedures: After signing this consent form you will receive a vision screening test (i.e., visual
acuity) and then you will be asked to respond to several computer tasks by pressing on a keyboard or maneuvering a
steering wheel. Certain parts of the study will require you to put your chin in a chinrest and forehead against a head
rest. We will adjust the chair height to make sure you are comfortable and you can always take a break when you
feel needed. You will be given short breaks between blocks of trials. This study will take approximately one hour to
complete.
Discomfort/Risks: If you are not familiar or comfortable using a computer device, such as a keyboard or a joystick,
please let us know and we will have you practice with the device until you feel comfortable. You might experience
minimal discomfort with participation in this experiment (e.g., fatigue, eye strain). If you do experience any
discomfort, you can take a break or stop the experiment at any time. Further, if you do experience any risks or
discomforts with this study, information for the Counseling and Testing Center may be provided by the researcher or
by visiting http://webs.wichita.edu/?u=COUTSTCTR1 on the web. The Counseling and Testing Center may also be
reached by calling (316) 978-3440 or sending an e-mail to wanda.hughes@wichita.edu.
Benefits: This research will help us understand the visual functions that are important to driving.
Compensation: You will be granted psychology course credit, in the form of four (4) SONA credits, for your
completion of the study.
Confidentiality: Every effort will be made to keep your study-related information confidential. However, in order
to make sure the study is done properly and safely there may be circumstances where this information must be
released. By signing this form, you are giving the research team permission to share information about you with the
following groups:
• Office for Human Research Protections or other federal, state, or international regulatory agencies;
• The Wichita State University Institutional Review Board;
• The sponsor or agency supporting the study.
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APPENDIX D (continued)
EXPERIMENT 1 CONSENT FORM
The researchers may publish the results of the study. If they do, they will only discuss group results. Your name will
not be used in any publication or presentation about the study.
Refusal/Withdrawal: Participation in this study is entirely voluntary. Your decision whether or not to participate
will not affect your future relations with Wichita State University. If you agree to participate in this study, you are
free to withdraw from the study at any time without penalty.
Contact: If you have questions during the study, please ask the researcher. If you have additional questions about
this research you may contact Dr. Rui Ni at 316-978-3886 or rui.ni@wichita.edu, or his graduate student Bobby
Nguyen at 316-516-0718 or bhnguyen@wichita.edu. If you have questions pertaining to your rights as a research
subject, or about research-related injury, you can contact the Office of Research and Technology Transfer at Wichita
State University, Wichita, KS 67260-0007, (316) 978-3285.
You are under no obligation to participate in this study. Your signature below indicates that:
• You have read (or someone has read to you) the information provided above,
• You are aware that this is a research study,
• You have had the opportunity to ask questions and have had them answered to your satisfaction, and
• You have voluntarily decided to participate.

You are not giving up any legal rights by signing this form. You will be given a copy of this consent form to keep.
____________________________________________________
Printed Name of Subject
____________________________________________________
Signature of Subject

_______________________
Date

____________________________________________________
Witness Signature

_______________________
Date
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APPENDIX E
EXPERIMENT 1: RECODED OUTLIERS – COHERENT MOTION TASKS
Table 9. Experiment 1: Recoded outliers for Coherent Motion task.
Task
Part. #
Original Raw Score Recoded Raw Score
2D Coherent Motion
17
1.00
0.743
17
0.60
0.584
32
1.00
0.743
39
1.00
0.584
39
0.64
0.545
39
1.00
0.743
41
0.72
0.584
42
0.84
0.743
42
1.00
0.545
42
0.84
0.486
42
0.56
0.545
3D Coherent Motion
5
0.76
0.674
17
0.56
0.545
18
0.76
0.674
24
1.00
0.639
24
0.48
0.473
24
0.88
0.674
33
0.92
0.545
34
0.76
0.674
34
1.00
0.639
34
0.80
0.545
41
0.72
0.674
41
0.68
0.639
41
0.68
0.473
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APPENDIX F
EXPERIMENT 1: RECODED OUTLIERS – STEERING CONTROL TASK
Table 10. Experiment 2: Recoded outliers for Steering Control task.
Measure
Part. #
Original Raw Score Recoded Raw Score
Root Mean Square
2
73.02
68.88
5
75.37
68.88
7
88.75
68.88
7
110.75
68.88
7
11.67
68.88
9
78.90
68.88
11
69.84
68.88
18
69.41
68.88
21
99.61
68.88
28
89.74
68.88
Gain (Low, Med, High)
11
1.89
1.65
15
2.47
1.82
17
2.45
1.82
17
1.66
1.54
18
2.45
1.65
21
2.24
1.65
21
3.59
1.54
21
1.96
1.82
22
2.24
1.82
26
1.83
1.54
31
1.83
1.82
38
2.10
1.82
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APPENDIX G
EXPERIMENT 2: CONTROL GROUP – CONSENT FORM

Consent Form
Purpose: You are invited to participate in a study investigating training procedures to improve individuals’ driving
performance in a simulator.
Participant Selection: You were selected as a possible participant in this study because you fit the criteria of the
population that have normal or corrected to normal vision, have valid driver’s license, and are 18-29 years old. You
will be one of 30 participants recruited from Wichita State University.
Explanation of Procedures: This study will last 2 non-consecutive sessions and each session will take
approximately one hour to finish. For each session, you will be tested on several visual functions and a driving task.
Certain parts of the study will require you to put your chin in a chinrest and forehead against a head rest. We will
adjust the chair height to make sure you are comfortable and you can always take a break when you feel needed.
You will be given short breaks between blocks of trials.
Discomfort/Risks: If you are not familiar or comfortable using a computer device, such as a keyboard or a joystick,
please let us know and we will have you practice with the device until you feel comfortable. You might experience
minimal discomfort with participation in this experiment (e.g., fatigue, eye strain). If you do experience any
discomfort, you can take a break or stop the experiment at any time. Further, if you do experience any risks or
discomforts with this study, information for the Counseling and Testing Center may be provided by the researcher or
by visiting http://webs.wichita.edu/?u=COUTSTCTR1 on the web. The Counseling and Testing Center may also be
reached by calling (316) 978-3440 or sending an e-mail to wanda.hughes@wichita.edu.
Benefits: This research might be beneficial to you since it might help improve driving performance and certain
visual functions. Further, this research will be beneficial to the scientific community because it will help us
understand the visual functions that are important to driving and training procedures to improve driving
performance.
Compensation: You will have the option of choosing between two compensations: (1) SONA credits or (2)
monetary compensation. If you choose SONA credits, you will be granted 8 SONA credits for your participation in
the entire study (2 one-hour sessions). If you choose the monetary compensation, you will have an equal chance to
win an incentive of $25 if you finish the entire study (2 one-hour sessions). One out of every 3 participants will be
randomly selected by a computer-generated random number. Thus, all participants have an equal chance to win the
incentive. The winners of the incentive will need to complete a W-9 form for tax purposes.
Confidentiality: Every effort will be made to keep your study-related information confidential. However, in order
to make sure the study is done properly and safely there may be circumstances where this information must be
released. By signing this form, you are giving the research team permission to share information about you with the
following groups:
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APPENDIX G (continued)
EXPERIMENT 2: CONTROL GROUP – CONSENT FORM
• Office for Human Research Protections or other federal, state, or international regulatory agencies;
• The Wichita State University Institutional Review Board;
• The sponsor or agency supporting the study.

The researchers may publish the results of the study. If they do, they will only discuss group results. Your name will
not be used in any publication or presentation about the study.
Refusal/Withdrawal: Participation in this study is entirely voluntary. Your decision whether or not to participate
will not affect your future relations with Wichita State University. If you agree to participate in this study, you are
free to withdraw from the study at any time without penalty.
Contact: If you have questions during the study, please ask the researcher. If you have additional questions about
this research you may contact Dr. Rui Ni at 316-978-3886 or rui.ni@wichita.edu, or his graduate student Bobby
Nguyen at 316-516-0718 or bhnguyen@wichita.edu. If you have questions pertaining to your rights as a research
subject, or about research-related injury, you can contact the Office of Research and Technology Transfer at Wichita
State University, Wichita, KS 67260-0007, (316) 978-3285.
You are under no obligation to participate in this study. Your signature below indicates that:
• You have read (or someone has read to you) the information provided above,
• You are aware that this is a research study,
• You have had the opportunity to ask questions and have had them answered to your satisfaction, and
• You have voluntarily decided to participate.
You are not giving up any legal rights by signing this form. You will be given a copy of this consent form to keep.
____________________________________________________
Printed Name of Subject
____________________________________________________
Signature of Subject

_______________________
Date

____________________________________________________
Witness Signature

_______________________
Date
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APPENDIX H
EXPERIMENT 2: CONTROL GROUP – PAYMENT VOUCHER

Payment Voucher
DRIVING ASSESSMENT STUDY
This is to confirm that ____________________________ (SSN: _______________________)
has completed the Driving Assessment Study and will be paid $25 for participation.
Address:
______________________________________
______________________________________
______________________________________
WSU EMPLOYEES MUST COMPLETE THE FOLLOWING:
WSU ID: _____________
Type of employee:

__________ Classified

__________ Unclassified

Please write your position and department:
______________________________________________________________________________
____________________________________________________

______________________________________
Participant’s Signature

_______________
Date

______________________________________
Project Coordinator’s Signature

_______________
Date
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APPENDIX I
EXPERIMENT 2: TRAINING GROUP – CONSENT FORM

Consent Form
Purpose: You are invited to participate in a study investigating training procedures to improve individuals’ driving
performance in a simulator.
Participant Selection: You were selected as a possible participant in this study because you fit the criteria of the
population that have normal or corrected to normal vision, have valid driver’s license, and are 18-29 years old. You
will be one of 30 participants recruited from Wichita State University.
Explanation of Procedures: This study will last 7 non-consecutive sessions and each session will take
approximately one hour to finish. On the first and last sessions, you will be tested on several visual functions and a
driving task. On the second, third, fourth, fifth, and sixth sessions, you will be asked to respond to computer tasks by
pressing on a keyboard. Certain parts of the study will require you to put your chin in a chinrest and forehead against
a head rest. We will adjust the chair height to make sure you are comfortable and you can always take a break when
you feel needed. You will be given short breaks between blocks of trials.
Discomfort/Risks: If you are not familiar or comfortable using a computer device, such as a keyboard or a joystick,
please let us know and we will have you practice with the device until you feel comfortable. You might experience
minimal discomfort with participation in this experiment (e.g., fatigue, eye strain). If you do experience any
discomfort, you can take a break or stop the experiment at any time. Further, if you do experience any risks or
discomforts with this study, information for the Counseling and Testing Center may be provided by the researcher or
by visiting http://webs.wichita.edu/?u=COUTSTCTR1 on the web. The Counseling and Testing Center may also be
reached by calling (316) 978-3440 or sending an e-mail to wanda.hughes@wichita.edu.
Benefits: This research might be beneficial to you since it might help improve driving performance and certain
visual functions. Further, this research will be beneficial to the scientific community because it will help us
understand the visual functions that are important to driving and training procedures to improve driving
performance.
Compensation: You will have an equal chance to win an incentive of $100 if you finish the entire study (7 one-hour
sessions). One out of every 3 participants will be randomly selected by a computer-generated random number. Thus,
all participants have an equal chance to win the incentive. The winners of the incentive will need to complete a W-9
form for tax purposes.
Confidentiality: Every effort will be made to keep your study-related information confidential. However, in order
to make sure the study is done properly and safely there may be circumstances where this information must be
released. By signing this form, you are giving the research team permission to share information about you with the
following groups:
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APPENDIX I (continued)
EXPERIMENT 2: TRAINING GROUP – CONSENT FORM
• Office for Human Research Protections or other federal, state, or international regulatory agencies;
• The Wichita State University Institutional Review Board;
• The sponsor or agency supporting the study.

The researchers may publish the results of the study. If they do, they will only discuss group results. Your name will
not be used in any publication or presentation about the study.
Refusal/Withdrawal: Participation in this study is entirely voluntary. Your decision whether or not to participate
will not affect your future relations with Wichita State University. If you agree to participate in this study, you are
free to withdraw from the study at any time without penalty.
Contact: If you have questions during the study, please ask the researcher. If you have additional questions about
this research you may contact Dr. Rui Ni at 316-978-3886 or rui.ni@wichita.edu, or his graduate student Bobby
Nguyen at 316-516-0718 or bhnguyen@wichita.edu. If you have questions pertaining to your rights as a research
subject, or about research-related injury, you can contact the Office of Research and Technology Transfer at Wichita
State University, Wichita, KS 67260-0007, (316) 978-3285.
You are under no obligation to participate in this study. Your signature below indicates that:
• You have read (or someone has read to you) the information provided above,
• You are aware that this is a research study,
• You have had the opportunity to ask questions and have had them answered to your satisfaction, and
• You have voluntarily decided to participate.

You are not giving up any legal rights by signing this form. You will be given a copy of this consent form to keep.
____________________________________________________
Printed Name of Subject
____________________________________________________
Signature of Subject

_______________________
Date

____________________________________________________
Witness Signature

_______________________
Date
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APPENDIX J
EXPERIMENT 2: TRAINING GROUP – PAYMENT VOUCHER

Payment Voucher
DRIVING ASSESSMENT STUDY
This is to confirm that ____________________________ (SSN: _______________________)
has completed the Driving Assessment Study and will be paid $25 for participation.
Address:
______________________________________
______________________________________
______________________________________
WSU EMPLOYEES MUST COMPLETE THE FOLLOWING:
WSU ID: _____________
Type of employee:

__________ Classified

__________ Unclassified

Please write your position and department:
______________________________________________________________________________
____________________________________________________

______________________________________
Participant’s Signature

_______________
Date

______________________________________
Project Coordinator’s Signature

_______________
Date
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APPENDIX K
EXPERIMENT 2: RECODED OUTLIERS – CONTROL GROUP – STEERING CONTROL
TASK
Table 11. Experiment 2: Recoded outliers for control group on Steering Control task
Measure
Part. #
Original Raw Score Recoded Raw Score
Root Mean Square (Pre)
2
55.51
37.54
5
48.56
37.54
5
41.29
37.54
Root Mean Square (Post)
2
30.07
28.58
2
39.54
28.58
11
34.54
28.58
Gain (Low, Med, High) (Pre)
4
1.82
1.65
5
2.29
1.72
6
1.90
1.72
12
2.86
1.87
14
1.86
1.72
Gain (Low, Med, High) (Post)
1
1.84
1.64
4
1.60
1.43
4
1.46
1.43
5
1.61
1.50
7
1.52
1.43
16
1.52
1.50
Phase (Low, Med, High) (Pre)
2
353.65
232.86
3
336.56
232.86
3
342.99
232.86
5
244.64
232.86
6
344.95
232.86
11
293.46
232.86
11
319.75
232.86
11
357.17
232.86
Phase (Low, Med, High) (Post)
6
353.64
105.65
7
359.51
355.42
11
356.53
355.42
11
172.62
105.65
15
123.83
105.65
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APPENDIX K (continued)
EXPERIMENT 2: RECODED OUTLIERS – CONTROL GROUP – STEERING CONTROL
TASK
Measure
Part. #
Coherency (Low, Med, High) (Pre)
5
11
11
15
Coherency (Low, Med, High) (Post)
3
10
10
11
11

Original Raw Score

Recoded Raw Score

0.12
0.18
0.04
0.16

0.31
0.31
0.31
0.31

0.44
0.44
0.37
0.27
0.20

0.47
0.47
0.47
0.47
0.47
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APPENDIX L
EXPERIMENT 2: RECODED OUTLIERS – TRAINING GROUP – CONTRAST
DETECTION AND USEFUL FIELD OF VIEW TASK

Table 12. Experiment 2: Outliers in control group for contrast detection and UFOV tasks
Task
Part. #
Original Raw Score Recoded Raw Score
Contrast Detection (Pre)
7
0.078
0.068
UFOV – Central (Pre)
3

20.00

19.12

UFOV – Divided (Pre)
3

20.00

19.12

UFOV – Divided (Post)
15

23.40

21.61

UFOV – Selective (Post)
3

146.70

127.03
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APPENDIX M
EXPERIMENT 2: RECODED OUTLIERS – TRAINING GROUP – STEERING CONTROL
TASK
Table 13. Experiment 2: Outliers recoded in training group for steering control task.
Measure
Part. #
Original Raw Score Recoded Raw Score
Root Mean Square (Pre)
7
67.82
40.08
12
44.26
40.08
Root Mean Square (Post)
4
30.67
29.42
7
35.97
29.42
Gain (Low, Med, High) (Pre)
6
1.83
1.73
10
1.83
1.73
10
3.32
1.67
13
2.01
1.70
13
2.13
1.70
13
1.74
1.70
Gain (Low, Med, High) (Post)
3
1.49
1.35
7
1.52
1.35
13
2.74
1.80
15
1.81
1.71
Phase (Low, Med, High) (Pre)
1
289.64
137.53
7
342.85
137.53
12
307.82
137.53
13
352.22
137.53
Phase (Low, Med, High) (Post)
1
339.87
335.05
9
354.86
335.05
Coherency (Low, Med, High) (Pre)
7
0.07
0.17
12
0.03
0.17
Coherency (Low, Med, High) (Post)
7
0.53
0.64
7
0.51
0.64
11
0.45
0.64
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APPENDIX N
2D COHERENT MOTION TASK INSTRUCTIONS
For this task, in general, the computer will display some moving dots and you will
indicate which direction they are moving.
At the beginning of each trial, you will see a display of dots. When the trial begins, the
dots will begin to move. Your task is to identify which direction the dots are moving, either up,
down, left, or right.
The dots will move for approximately 2 seconds. At the end of the 2 seconds, you will be
shown a screen asking for an answer. At this time, you will press one of the four keys to indicate
your answer. After answering, the computer will immediately present you with another trial.
There are several points to keep in mind as you complete the task:




You are not timed on these tasks, we are looking for accuracy and not speed, so
please take your time.
If you make a mistake when answering, please do not correct it. Just wait for the
next trial to start.
The trials will get more difficult as you go on. If you cannot determine the
direction, please just guess.

At the end of the task, the program will ask you to take a short break before the next test.
It is important that you follow the instructions and take a break. Please do not skip it! This task
will take you approximately 15 minutes to complete. Do you have any questions so far?
You will be performing these tasks in the dark, so you will not be able to see the keys.
We will give you some practice so that you can familiarize yourself with the keyboard.
With the test trials, the task is exactly the same. However, the displays will be harder to
see. If you are not able to judge the direction, please take your best guess and wait for the next
trial to start.
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APPENDIX O
3D COHERENT MOTION TASK INSTRUCTIONS
For this task, in general, the computer will display some driving scenes and you will
indicate which direction you perceive to be moving.
At the beginning of each trial, you will see a display of dots. When the trial begins, the
dots will begin to move. Your task is to identify which direction you perceive to be moving;
either forward, backward, leftward, or rightward.
The scene will move for approximately 2 seconds. At the end of the 2 seconds, you will
be shown a screen asking for an answer. At this time, you will press one of the four keys to
indicate your answer. After answering, the computer will immediately present you with another
trial.
There are several points to keep in mind as you complete the task:




You are not timed on these tasks, we are looking for accuracy and not speed, so
please take your time.
If you make a mistake when answering, please do not correct it. Just wait for the
next trial to start.
The trials will get more difficult as you go on. If you cannot determine the
direction, please just guess.

At the end of the task, the program will ask you to take a short break before the next test.
It is important that you follow the instructions and take a break. Please do not skip it! This task
will take you approximately 15 minutes to complete. Do you have any questions so far?
You will be performing these tasks in the dark, so you will not be able to see the keys.
We will give you some practice so that you can familiarize yourself with the keyboard.

141

APPENDIX O (continued)
3D COHERENT MOTION TASK INSTRUCTIONS
With the test trials, the task is exactly the same. However, the displays will be harder to
see. If you are not able to judge the direction, please take your best guess and wait for the next
trial to start.
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APPENDIX P
STEERING CONTROL TASK INSTRUCTIONS
For this task, you will use only the steering wheel; there aren’t any pedals you need to
operate. At the beginning of each trial, you will see a scene containing bright dots on a dark
ground. To start the experiment, you will press the horn of the steering wheel. You do not need
to press it yet. Once you press the horn, you will begin to move forward in the scene. For the first
10 seconds, you will drive along a straight path. During this time, you do not need to use the
steering wheel. After the 10 seconds, you’ll hear a beep. After the beep, the scene will start
moving side to side; as if the car is being pushed side to side, let’s say by a strong wind. Your
task is to maintain a straight path by turning the steering wheel. Essentially, you are correcting
for this push.
At the end of each trial, the scene will stop moving. It will tell you it’s the end. During
the experiment, it will ask you to rest your eyes. You’ll be asked to close your eyes for 15
seconds, so just count to yourself then start the next trial. You can also take longer than 15
seconds if you need to. To start the next trial, re-center the steering wheel and push or pull this
shift lever. Remember, you will always have a 10 second straight path at the beginning of each
trial. There will be a total of 4 trials, each trial lasting 70 seconds.
Once I get you started on the experiment, the trials will be more difficult to see. Because
of this, you may get “lost”. That is, you are not able to see the dots. This can also happen if you
leave the steering wheel in one direction for too long. This makes the dots move in one direction
very fast. If you feel like you are “lost”, let me know immediately. What I’ll do is give you a few
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APPENDIX P (continued)
STEERING CONTROL TASK INSTRUCTIONS
seconds to see if you can catch the dots again. If not, I will reset a trial for you. The program will
also stop a trial if it detects that you have left the steering wheel in one direction too long.
There are two tips I like to give participants to help them with this task. First: try to use
smooth movements with the steering wheel, just like if you were driving a real car. Do not jerk it
around. Second: you don’t need to turn the steering wheel this far to the left or to the right to
complete this task. Doing so will make the dots move very fast and you’ll get lost. The most I
would turn it is about 10 o’clock this way or 2 o’clock this way. Do you have any questions?
I would like for you to note something. Another way of thinking about how to complete
this task is to look at the direction of the dots. When the dots travel towards the left side of the
screen, you are also turning left. When they travel to the right, you are also turning right. This
may become useful when you start the experiment.
Let’s get you started on the experiment. This next part will be very difficult. The dots will
be very dim and hard to see. However, this study was designed to be difficult, so don’t worry if
you have to reset a few trials. Most people have to reset a few trials when performing this task.
Before you being, I would like for you to close your eyes for 30 seconds. This will help
your eyes adapt to the dark.
You can open your eyes now. Take a few seconds to get adjusted to the monitor. As soon
as you can see the dots and are ready to begin, you can press the horn.
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