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1 1 Questions 

 

1. Do augmented reality warnings lead to fewer crashes when compared with no 
warning or a generic auditory similar to that in current production vehicles?  

 
2. How do those warnings compare in terms of other indicia of crash such as the 

minimum and mean time to collision of a crash scenario, the maximum brake force, 
the maximum deceleration, and response time to the warning (as indicated by a 5% 
change in accelerator position??  

3. How do the answers to questions 1 and 2 vary with the age and gender of the 
subjects and the crash scenario? 

4. How did where subject looked during a crash event vary with the warning system 
driver interface? 

 

 

 

2 Methods  
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INTRODUCTION 

 
Motor vehicle crashes have significant economic costs associated with them 
Finkelstein, Corso, and Miller (2006).  The U.S. Department of Transportation (NHTSA, 
2014) that 26% of all motor vehicle fatalities occurred at or near intersections.  One 
method to reduce those crashes is to warning drivers about them.     
 
Can warnings reduce intersection crashes and by how much? 

 
IThe topic of intersection crash warning systems has been to topic of a number of 
studies.  Examples follow. 
 
Avila et al. (2005) described how various wireless system communications parameters 
(e.g., packet collision rate) of an intersection warning system and driver response 
characteristics alter the number of expected crashes.  There were 2 lanes in each 
direction and the speed limit was 45 mi/hr.  Assuming the driver did nothing unless they 
were warned, and always responded if they were warned, then their computational 
simulation showed the number of crashes was reduced from 10-40%, depending upon 
the test condition. 
 
Chen, Cao, and Logan (2011) examined driver responses to scenarios in the Monash 
Driving Simulator involving crossing vehicles going across the intersection from either 
the left or right (an SCP collision=straight crossing path), or a scenario in which an 
opposing vehicle turned right in front of the subject (which would be left in the U.S., 
LTAP/OD=left turn across path, opposite direction).  The simulated intersections 
involved 2 lanes in each direction.  The warning distance in meters, dw was determined 
as follows: 
 

dw = t rvh + (Vh
2/(2Ac) + xoff 

 
where 

tr = assumed reaction time (1.2 s) 

vh = velocity of the test vehicle ( m/s) 

Ac= comfortable deceleration of the test vehicle (3 m/s2 or 0.31 g) 

xoff = safety margin (2 m) 

 

They found that response time was reduced by about 40-60% and the percentage of 

intersection crashes were decreased by the lower end of that range.  In addition, 
reaction times to audio warning system were significantly shorter than visual warning 
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system for the cross-traffic, but of course modality differences depend upon stimulus 
intensity.  
 
Chang, Lin, Hsu, Fung, and Hwang (2009) also conducted an experiment in a driving 
simulator involving approach to intersections at 50 km/hr with 2 lanes in each direction.  
Warnings (either a tone or a spoken message with cue about which way to look) or no 
warning were presented.   Only straight crossing path scenarios were examined.  They 
also found that the warnings reduced response, but only by about 20%.  Response time 
was greater for the speech message than the beep, possibly because the speech 
message has a longer duration.  However, consistent with prior research, crash 
reductions were on the order of 40-60%. 
 
Uno and Hiramatsu (2001) examined a slightly different intersection situation, one 
where buildings obscured the crossing traffic, and there was only 1 lane in each 
direction.  Again, the data was collected in a driving simulator.  For approach speeds of 
40 and 60 km/hr, the warnings (tones) were presented 3.0 seconds before arrival at a 
critical intersection.  What is most useful about this article is that it provides distributions 
of responses (braking and steering) as a function of variables of interest (Figure 1).  
One measure of interest is the time margin, which they define as the distance at which 
the threat appears divided by the vehicle velocity.  Notice that the time margin exceeds 
2.7 s, crashes were avoided, in particular for the 12 drivers over age 65 in the scenario 
examined. 
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Figure 1. Success Crash Avoidance As a Function of Time Margin 
Source: Uno and Hiramatsu (2001), p. 5.  

 
Thus, these studies indicate that auditory crash warnings presented about 3.0 s before 
a potential crash can reduce response times by about 20% (depending upon the 
warning) and the number of intersection crashes by 40-60%. 
 
Although there have been some evaluations of differences due to modality (e.g., visual 
vs. auditory), the findings need to be examined with caution as there was not cross-
modality matching of the stimuli, that is where the stimuli are matched for perceived 
intensity.  So, when comparing response time to a light vs a tone, the response time 
measured depends upon the stimulus intensity. 
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In our research, the augmented reality crash warning system was assessed under the 
condition of intersections. Different combinations of traffic lights, crash scenarios, and 
surrounding vehicles were applied in the experiment. Different warning conditions were 
assessed by various age and gender groups.Many vehicles have warning system that 
present a warning tone to the driver to alert them of an impending crash.  To determine 
what the warning concerns (e.g., for a 2013 Buick Encore), the driver needs to look 
down at the instrument panel to see the associated text (crash warning), exact opposite 
of what they should do in response to an impending crash.   
 
This experiment examines a novel method of presenting crash warnings, to present the 
warnings on the windshield so the driver can maintain their focus on the road.  In 
particular, the idea explored here was to put a red bar near the threat to draw the 
driver’s attention to it.  If the threat was not within +/- 20 degrees of the forward line of 
sight, a yellow arrow appears with the word “look” inside to draw the driver’s attention to 
the threat.  The yellow arrow was used to point towards crossing vehicles, with a red bar 
being present to highlight them.   
 
** figures showing warnings somewhere 
 
The red bar was chosen for ease of implementation.  There were many other alternative 
methods for drawing attention to threats – surrounding them with boxes or circles, 
radiating lines, halos, etc.  A bar was chosen for ease of implementation.  It should be 
noted that due to software limitations in determining where the threats were in screen 
space, the red bar was not always perfectly aligned with the threat.  
 
Research Questions 

 

This report examines effectiveness of an augmented reality warning system for 
preventing crashes and how the presence of such a system may alter the process of 
responding to potential collisions at intersections.  Specifically, the following questions 
were examined. 
 
1. Do augmented reality warnings lead to fewer crashes when compared with no 

warning or a generic auditory similar to that in current production vehicles?  
 
2. How do those warnings compare in terms of other indicia of crash such as the 

minimum and mean time to collision of a crash scenario, the maximum brake force, 
the maximum deceleration, and response time to the warning (as indicated by a 5% 
change in accelerator position??  

3. How do the answers to questions 1 and 2 vary with the age and gender of the 
subjects and the crash scenario? 
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4. How did where subject looked during a crash event vary with the warning system 
driver interface? 
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METHODS 
Driving Simulator 

A fixed-base mid-fidelity driving simulator running MiniSim v2.0 software, was used for 
this experiment (http://www.nads-sc.uiowa.edu/minisim/). The MiniSim software suite 
included the tools to create the virtual driving environment (Tile Mosaic Tool, TMT), 
tools to create driving scenarios (Interactive Scenario Authoring Tool, ISAT), tools to run 
the simulations (core software, Minisim), and tools to reduce the data (nDAQTools) for 
Matlab output. 
 
This driving simulator road scene was presented on 3 24-inch LED monitors 
(ViewSonic, VG2439m-LED) covering a 130-degree forward field (Figure 2).  A modified 
Logitech G27 RT racing wheel set served to collected driver input. The steering wheel 
was replaced with a larger steering wheel to make the simulation less game-like. In 
addition, the foot pedal set was modified to remove the clutch pedal (which was not 
used) and to make the accelerator and brake pedals non-coplanar as is common in 
passenger cars (Figure 3).  See Green, Jeong, and Kang (2015).  The instrument 
cluster was shown on a 16-inch LCD monitor (HANNS-G HL161) in front of the 3 scene 
monitors (Figure 4).  For the experimenter, a 24-inch monitor was set up at a 
workstation to the side of the simulator to control and supervise the software simulation 
and calibrate the output of the steering wheel and pedals.  The experiment was 
controlled by a custom-built Intel i7 Sandy Bridge 3.20GHz computer with a GeForce 
GTX 680 graphics card.  
 
***did we use the 24 inch or 55? 
Did we use the GTX 680 or a newer card? 



 12 

 

 
 

Figure 2. Driving Simulator Set-up **was this what we used or 55 inch 
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Figure 3. New Foot Pedals 
 

 
 

Figure 4. Speedometer/Tachometer Cluster 
 

The eye fixation data was collected by Gazepoint GP3 Eye Tracker as shown in Figure 
2, rgunning on a separate laptop to avoid overloading the simulator computer.  When 
both were on the same computers, the rendering of the simulated world lagged.  The 
eye fixation sensor is the black bar with the white frame just below the center monitor. 
The angle of the device relative to the subject’s line of sight was adjusted for every 
subject to match the location of their eyes.  
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To simulate engine and ambient sounds, a set of Bose Companion 2 Series II 
multimedia speakers straddled the monitors on the table in front of the subject 
supporting the forward scene monitors. To simulate engine and road vibration, 
2 AuraSound AST-2B-4 bass shakers were installed underneath the steering wheel 
support and under driver’s seat (from an unknown Hyundai car).  
 ***true or did we use other speakers? 
Finally, there was also a tabletop radio tuned to an FM easy listening station that was 
played during the experiment at low volume. This made the simulation more like on-
road driving, where most people listen to music. Furthermore, the music served to 
counteract the boring nature of the driving task. 
 
The simulated urban driving environment consisted of repeated tiles of intersections 
with traffic lights 200 m (660 ft) apart. The same 2 tiles were used for all intersections 
(Figure 5), but tiles with intersection on it (tile1) were rotated (the entrance path 
changed) and the street names changed so that subjects would not notice the 
repetition. There was 1 travel lane in each direction (Figure 6).  
 

 
Figure 5. The configuration of 2 repetitive tiles 

 
 

 
 

Figure 6. Typical Road Scene 
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Experiment Design 

The time allocation for this 2-hour experiment is shown in Table 1. In brief, after 
subjects completed the experiment paperwork, they were introduced to the simulator.  
This involved having subjects drive through several intersections and stop at several 
others, with the experimenter at their side providing feedback.  Most important was to 
teach subjects how to accelerate (gently) and brake, as the vestibular motion cues were 
missing. (The simulator was fixed base.)  However, scene vection and the pitching of 
the scene (in particular, the hood of the car) provided some visual motion cues.  
Specifically, subjects were asked not to screech the tires, which indicated they were 
driving too aggressively.  Braking and accelerating abruptly also made motion 
discomfort more likely. 
 

Table 1. Time Allocation  
 

# Task Time (min) 

1 Introduction to experiment (check driver’s license, describe 
experiment to subject, the consent form (Appendix A), and 
the biographical form (Appendix B) 

10 

2 Check vision (far, near, color) 5 

3 Practice driving the simulator 5 

4 Calibrate the eye fixation system 5 

5 Show the subject a printout of the warning  2 

6 Begin the test session, block 1A 10 

7 Save the data and load in the next block 3 

8 Begin the test session, block 1B 10 

9 Save the data and load in the next block 3 

10 Begin the test session, block 2A 10 

11 Save the data and load in the next block 3 

12 Begin the test session, block 2B 10 

13 Save the data and load in the next block 3 

14 Begin the test session, block 3A 10 

15 Save the data and load in the next block 3 

16 Begin the test session, block 3B 10 

17 Save the data and load in the next block 3 

18 Post-test question and payment 5 

19 End the experiment 5 

 Total  115 

 

Formatted Table
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Getting subjects to brake smoothly required practice.  Subjects were told to apply the 
brakes gradually, and then just before the vehicle came to a stop, to slowly release the 
brake and then re-apply it.  Braking in real vehicles occurs in this manner.  
 
If necessary, subjects were also guided about how to stop at a desired location, either 
behind the lead vehicle or near a stop line.  Because the simulator was a fixed base 
device, subjects initially tended to stop unrealistically far away (sometimes multiple 
vehicle lengths) from a lead vehicle or stop bar, not a few feet.  This was easily 
overcome with practice. 
 
Afterwards, and if the subject did not experience motion discomfort (2 subjects were 
replaced), the subject completed the first test block.  There were 6 test blocks: block 1A, 
block 1B, block 2A, block 2B, block 3A, and block 3B.  Block The As and block B blocks 
should have been integrated into one block, but graphics update was not smooth and 
the timing lagged when they were combined into one block.  Overall, there were 3 
warning conditions: (1) warning tone (block 1), (2) augmented reality warning and 
warning tone (block 2), (3) no warning in block 3. The sequence of intersections in block 
2 was essentially that of block 1 in reverse order (except for the first 5 intersections, 
whose purpose was to get subjects up to speed and accustomed to the scenario and 
the last 3, whose purpose was to get subject to drive through the last few intersections 
and not stop prematurely). The sequence of block 3 was randomly arranged without any 
warnings. 
 
Ideally, the order could have been counterbalanced, but it was felt that between block 
differences due to practice would be minimized if the first block was auditory warnings 
only.   By the beginning of the third block, subject were expected to be highly practiced, 
so no further learning was expected.  
 
In the first 2 test blocks, subjects were asked to drive at the posted speed limit 35 mi/hr 
and follow a lead vehicle approximately 200 ft ahead.  They were asked to comply with 
traffic signals, and most importantly, not collide with other vehicles.  The lead vehicle 
was driving between 0-40 mi/hr, attempting to maintain a gap of 200 feet, accelerating 
and decelerating up to ±4 m/s2 (0.4 g) to maintain it.  The lead vehicle was provided to 
make the simulation more like the real world and to make it less likely subjects would 
drive well above the posted speed limit.  Being asked to follow the vehicle also meant 
they were less likely to inadvertently turn and drive out of the simulated world. 
 
As mentioned before, intersections were every 200 m (660 ft), and all were signalized. 
The signal was green 36% of the time, red 11% of the time, and yellow 53% of the time. 
Red signals were timed so the lead vehicle would stop, and the subject would therefore 
as well.  When a yellow signal appeared, sometimes other traffic was presented at each 
intersection – to the left, right, or from the opposing direction.  Only 1 vehicle would 
appear from each direction.  These vehicles would go straight, turn left/right with/without 
turning signals on, or approach the intersection and stop.  There were also a few cases 
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where crossing vehicles violated traffic rules by running red lights and crossed or turned 
into the subject’s path.  What happened at each intersection is described in detail in the 
next section.  The goal was to make the decision both complex and real – the decision 
to run a yellow light depended not only on the traffic light state, but what other vehicles 
did or could do.  
 
Further, there was a vehicle driving approximately 150 ft behind subject’s vehicle, which 
could be seen in the (virtual) rear mirror and obeyed traffic signals.  If subjects ran 
yellow light, the vehicle behind would stop before the intersection and the distance to 
subject’s vehicle increased.  In that case, the vehicle behind would slowly stop to leave 
the path and a new following vehicle would appear from the closest intersection behind, 
into the path the subject just passed so there was always a following vehicle close by.  
Having a vehicle behind made the driving scenario more realistic, and for some 
subjects, the distance to the vehicle behind could influence their braking behavior to 
avoid a rear-end collision. 
 
The experiment ended with subjects completing a post-test form that asked about how 
often they drove through signalized intersections and questions related to driving on 
highways.  Subjects were paid US $50 for approximately 2 plus hours of their time. 
 
The complete instructions are in Appendix C. 
 
The challenge in designing this experiment was making the scenarios appear realistic 
and reasonable, including all of the variables of interest, and collecting all of the data in 
a single session.  That time constraint meant that collecting all combinations of the 
factors of interest was not feasible, and considerable thought was required to develop 
an appropriate experimental design. 
 
Three scenario-related factors were varied in this experiment: 3 traffic light states 
(green, yellow, red), 3 time-to-intersection durations at which the traffic signal changed 
to (2.8 s, 3.5 s, 4.2 s), and 11 combinations of other vehicle maneuvers (no conflict, plus 
10 different conflict types).  The time-to-intersection durations were selected based on 
published data for fixed signal timing as well as experience with this and other 
simulators where subjects (1) were unlikely to stop (2.8 s), (2) may or may not stop 
(3.5 s), and (3) likely to stop (4.2 s).  Thus, subjects could not anticipate if or when the 
traffic signal would change and what surrounding traffic would do, as in real driving. 
Table 2 shows all of the scenarios explored sorted by what others vehicles were 
supposed to do.  The subject always drove straight to simplify planning of the 
experiment. 
 
This experiment was not a full-factorial design because (1) there were far too many 
scenarios to examine, (2) some scenarios were very rare in the real world (e.g. red light 
for vehicles from the left and right, but they both ran the light; 2 other vehicles crash into 
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each other which the subject is to avoid), or (3) some scenarios did not make sense 
(e.g. all vehicles stopped). 
 
The combinations of the conditions is shown in Table 3, which has 61 test intersections, 
plus 4 green-light and 1 red-light intersections in the beginning (for practice), 4 green-
light between section A and B (2 for transition the stop and 2 for restart), 3 green-light 
(so that the subject does not stop at the last intersection of interest) and a stop sign at 
the end of the world. Ten of the 61 intersections had potential conflicts between the 
subject’s vehicle and 1 other vehicle, from left, right, or opposing direction.  Figures 6 
and 7 show some examples.  One could suggest that there should have been more 
intersections with conflicts so more data could be collected.  However, if there are too 
many potential conflicts, then subjects do not treat the experiment as being realistic and 
do not drive in a normal manner, probably driving very slowly.  The frequency of 
occurrence of various crossing path crash types in those 10 trials was distributed to 
reflect NHTSA data (Najm et al., 2001) on crashes of those types – 4 for LTAP/OD, 2 
for SCP and RTIP, and 1 for LTIP and LTAP/LD (Table 4). Some cases for yellow-light 
state only had the middle level (3.5 s for combinations 28, 33, 50, 55 in Table 3) 
because they were relatively rare and only 1 trial was needed.  
 
Appendix D contains the complete sequence of trials.   
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Table 2. Maneuver Combinations Explored 

Variable Condition 
(C = Conflict;  
V = Violation) 

Description 

*Vehicle 
maneuver 

Left 

go straight green light for left vehicle and it went straight 

stop red light for the left vehicle and it stopped 

signal left red light for the left vehicle and it stopped with left turning signal on, waiting 
until the traffic changed to green 

turn right red light for the left vehicle and it turned right 

turn left (C, V) red light for the left vehicle, but it turned left into subject’s driving path 
when the subject is just entering the intersection 

go (C, V) red light for the left vehicle, but it ran the red light and went straight 

Right 

go straight green light for right vehicle and it went straight 

stop red light for the right vehicle and it stopped 

signal left red light for the right vehicle and it stopped with left turning signal on, 
waiting until the traffic changed to green 

signal right red light for the right vehicle and it stopped with right turning signal on, 
waiting until subject’s vehicle passed 

turn left (C, V) red light for the right vehicle, but it turned left into opposing vehicle’s 
driving path, crossing subject’s driving path 

turn right (C) red light for the right vehicle, but it turned right into subject’s driving path 

go (C, V) red light for the right vehicle, but it ran the red light and went straight 

Opposing 

go straight green or yellow light for the opposing vehicle and it went straight 

slow to avoid 
crash 

green or yellow light for the opposing vehicle, but it slowed down if the 
left/right vehicle turned into its driving path or ran the red light 

signal left green light for the opposing vehicle and it stopped with left turning signal 
on, waiting until subject’s vehicle passed 

turn right green or yellow light for the opposing vehicle and it turned right 

turn left (C, V) green light for the opposing vehicle and it stopped with left turning signal 
on, but turned left in between lead and subject’s vehicle 
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Table 3. Event Numbers Used to Code Data 

Vehicle maneuver Traffic light state 
Conflict 

type Left vehicle Opposing vehicle Right vehicle Green Red 
Yellow 

4.2 s 3.5 s 2.8 s 

go straight slow down go straight - 1-7 - - -  

stop go straight 
(run yellow light if there is) 

stop 
8-21 - 22-23 24-25 26-27 

 

Maneuver by vehicle from left 

go straight (run red 
light) 

go straight (run yellow light) stop 
- - - 28 - SCP 

stop, left-turn signal 
on 

go straight 
(run yellow light if there is) 

stop 
29 - 30 31 32  

turn left (run red light) go straight (run yellow light) stop - - - 33 - LTIP 

turn right go straight stop 34 - 35 36 37  

Maneuver by vehicle from opposing direction 

stop stop, left-turn signal on stop 38 - 39 40 41  

stop turn left 
(run yellow light if there is) 

stop 
42 - 43 44 45 LTAP/OD 

stop turn right stop 46 - 47 48 49  

Maneuver by vehicle from right 

stop go straight (run yellow light) go straight 
(run red light) 

- - - 50 - SCP 

stop go straight 
(run yellow light if there is) 

stop, left-turn 
signal on 

51 - 52 53 54  

stop go straight (run yellow light) turn left (run 
red light) 

- - - 55 - LTAP/LD 

stop go straight stop, right-
turn signal on 

56 - 57 58 59  

stop go straight turn right 60 - - 61 - RTIP 
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(run yellow light if there is) 
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Figure 6. Vehicle from Right Turns (LTAP/LD) in Front of Subject at Yellow Light 
 

 
 

Figure 7. Vehicle from Left Turns (LTIP) in Front of Subject at Green Light 
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Table 4. Crossing Path Crash Scenarios 
 

  

 

LTAP/OD =  

Left Turn Across Path – 
Opposite Direction 

LTAP/LD =  

Left Turn Across Path – 
Lateral Direction 

 

   

LTIP =  

Left Turn Into Path 

RTIP =  

Right Turn Into Path 

SCP =  

Straight Crossing Path 

 
Source: Najm et al. (2001) 
 
 
Dependent Variables and Data Collection Periods 

Dependent measures (Tables 5 and 6) were collected at 60 Hz.  The number of data 
points collected at any given time depended upon the number of other vehicles nearby.  
During the development of this experiment, some of the simulator reported measures 
(e.g., Time-to-collision) was found to be incorrect, so that and other measures 
computed from the simulator data (position, speed, and acceleration).  
 

Table 5. List of Dependent Variables 
 

Category Variable Unit Definition 
SAE 

J2944* 

Collected 
by 
simulator 

longitudi
nal 

longitudinal 
position 

ft objects’ y coordination 
in the simulated world 

- 

speed mi/hr objects’ speed - 
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lateral 

lateral lane 
position 

ft distance from the 
midpoint of the driven 
lane to the center of 
the vehicle 

10.1.1 

Option A 

control 

steering 
wheel angle 

0-180 
degree 

steering wheel angle  - 

brake force 0-100 

% 

force applied by the 
driver’s foot to the 
brake pedal 

- 

throttle 
position 

0-100 

% 

Normalized value 100 
indicating when driver 
fully stepping on the 
accelerator pedal, 
whereas 0 indicating 
when taking the foot off 
the pedal 

 

orientati
on 

vehicle 
heading 

degree the angle between 
vehicle’s heading 
direction and the lane 
markings 

- 

Calculated 
from data 
collected 

longitudi
nal 

distance to 
intersection 
center* 

ft distance between 
vehicle’s front bumper 
to the center of the 
closet intersection to 
the front 

- 

distance to 
stop line 

ft distance between 
vehicle’s front bumper 
to the front edge of the 
closet stop line in the 
front 

- 

gap ft distance (0-200 ft) 
between subject’s 
vehicle’s front bumper 
to lead vehicle’s rear 
bumper 

8.1.1 

time-to-
collision 
(TTC) 

s time required for 
subject’s vehicle to 
strike the lead vehicle  

8.2.1 

Option B 

longitudinal 
speed 

mi/hr vehicle speed on the 
longitudinal axis 

- 

longitudinal 
acceleration 

ft/s2 vehicle acceleration 
along the longitudinal 
axis 

- 

jerk ft/s2 per vehicle jerk along the  
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1/60 s longitudinal axis 

lateral 

lateral 
speed 

mph vehicle speed along 
the lateral axis 

- 

lateral 
acceleration 

ft/s2 vehicle acceleration 
along the lateral axis 

- 

control 
turn signal 
on/off 

boolea
n 

state of the vehicle’s 
turn signal 

- 

decision 
pass or not boolea

n 
state of vehicle’s  - 

* SAE J2944 = were in that recommended practice where the variable is defined.  
*Bold: Variables that are incorrectly calculated by the simulator and were recalculated 

using the x, y values. 
 

Table 6. Measures Collected for Each Vehicle 
 

Category Measure Vehicle 

Subject Lead Left Right Opposing 

longitudinal longitudinal position x x x x x 

longitudinal speed x x x x x 

longitudinal 
acceleration 

x x x x x 

distance to center x x    

distance to stop line x x    

gap x     

time-to-collision x     

lateral lateral position x x x x x 

lateral speed x x x x x 

lateral acceleration x x x x x 

distance to center   x x  

distance to stop line   x x  

control steering wheel 
angle 

x     

brake force x     

acceleration 
position 

x     

turn signal on/off x x x x x 

orientation vehicle heading x x x x x 

 
Participants 

There were 16 licensed drivers, 8 young (18-30) and 8 older (over 65).  Within each age 
group there were an equal number of men and women.  Subjects were recruited for this 
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experiment using Craigslist (Appendix F) and by following up with subjects from prior 
non-simulator UMTRI studies who were willing to participate for future studies 
(Appendix E).  The mean ages for young and older subjects were 22 and 72, driving 
12,000 miles annually.  (As 3 subjects did not report their annual mileage, so the mean 
value is based on the other 13 subjects).  Subjects reported that on an average day 
they passed through 10 intersections with traffic signals and 14 intersections with 
stop/yield signs.  Thus, they had daily experience in responding to them. 
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RESULTS 

 
In the design of this experiment, there were 2,928 intersections encounters (61 
intersections x 16 subjects x 3 blocks). To save the space and avoid the confusion, 
intersections are identified using a code. For example, the 20th intersection of block 1A 
is represented as B1A-Int-20. 
 
Q1. Do augmented reality warnings lead to fewer crashes when compared with no 
warning or a generic auditory similar to that in current production vehicles?  
 
Warning effectiveness is the relationship between the number of instances in which 
warnings are presented and the number of crashes that occur.  There were 68 crashes 
in this experiment, 24 in block 1(warning tone only), 14 in block 2 (visual warning with 
warning tone), 30 crashes happened in block 3 (no warning).  This ordering held for all 
subject groups except for young men, but keep in mind, each subject-age group 
combination is only 4 subjects.  As shown in Figure XI, there was no age by gender 
interaction in terms of number of crashes. **add in a comment about effectiveness 
 
It should be noted that only crashes happened due to the designed collision car were 
recorded here. Since the aim of this research is to assess the efficiency of the warning 
signal, crashes in other condition should be eliminated. In anything, practice effects 
would favor the third block as it occurred last and yet there were the largest number of 
crashes.  As shown in Table X, young drivers crashed 51 times in 3 blocks, while old 
drivers only crashed 17 times in 3 blocks during the whole experiment. In addition, 
female drivers crashed 42 times, while male drivers crashed 26 times during the 
experiment. Figure X1 shows there is no interaction effect between age and gender in 
terms of number of crashes.  
 

Table X. The number of crashes happened in different blocks based on subject 
categories  

run A*warning chi square 
Subject Group Block 1 

(tone) 
Block 2 

(augmented 
reality) 

Block 3 
(no warning) 

Total 

Young women 10/** 5 14 29 

Young men 9 6 7 22 

Older women 4 3 6 13 

Older men 1 0 3 4 

Total 24 14 30 68 

 
**In each cell, list how many crash encounters there were (how many many times a 
warning was triggered, the exposure 
 

Commented [PG1]: I delete some of the other info 
because it was just repeating the table which people can 
read. 
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Figure X1. The interaction effect between gender and age 

**enlarge the text in the figure (far too small), remove the border, remove the key and 
put the text on the figure (female, male) 

 
Table Y shows that the largest number of crashes were LTAP/OD, in part because there 
were more crash provocative encounters for that scenario.  **include # of encounters** 
Clearly, the augmented reality warnings were effective for that crash scenario.  
Curiously, for the RTIP and LTIP scenarios, the augmented reality warnings were not as 
effective as just tones, and for the LTIP case, there were fewer crashes than when no 
warning was provided.  This outcome was not expected.  Keep in mind that this 
outcome reflects a very small number of crashes.  
 
actual number of crashes happened due to crossing path crash scenarios in each block. 
It is evident that LTAP/OD is the main crashing scenarios among all possible crossing 
path crashes. In block 2, no crashes happened at LTAP/LD and SCP intersections with 
augmented reality warning.  
 
Table Z shows the number of crashes happened based on event numbers. Among 3 
blocks, a large sum of crashes can be attributed to event 42 and event 60. These two 
events existed in the only two crashing scenarios designed with green signal and 
conflict vehicle. All the potential LTAP/OD crash scenarios with yellow lights were 
prevented in block 2. In addition, all LTAP/LD and SCP crash scenarios were prohibited 
in block 2. Crashes still happened in LTIP and RTIP crash scenarios in block 2. In these 
2 scenarios, the conflict vehicles ended up cutting into the driver’s pathway. **revise 
after adding scenario text.  Think about the connection with the prior table. 
 
Table Z shows the number of crashes happened based on event numbers. Among 3 
blocks, a large sum of crashes can be attributed to event 42 and event 60. These two 
events existed in the only two crashing scenarios designed with green signal and 
conflict vehicle. All the potential LTAP/OD crash scenarios with yellow lights were 
prevented in block 2. In addition, all LTAP/LD and SCP crash scenarios were prohibited 
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in block 2. Crashes still happened in LTIP and RTIP crash scenarios in block 2. In these 
2 scenarios, the conflict vehicles ended up cutting into the driver’s pathway.  

 
Table Y. Number of Crashes by Scenario and Block (Warning Type) 

 

 

Scenario Block 1 
(tone) 

Block 2 
(augmented 

reality) 

Block 3 
(no warning) 

Total 

LTAP/OD  17 6 20 

 
 
 

43 

RTIP  2 5 6 

 
 
 

13 

LTAP/LD  2 0 3 

 
 
 

5 

SCP  2 0 1 

 
 
 

3 

LTIP  1 3 0 

 
 
 

4 

Total - 24 14 30 68 

 

Table Z. Number of Crashes by Scenario and Block (Warning Type)   

Scenario Event 
number  

Block 1 
(tone) 

Block 2 
(augmented 

reality) 

Block 3 
(no warning) 

 42 7 6 9 

 60 2 4 5 

 45 8 0 6 

 55 2 0 3 

 44 1 0 3 

 33 1 3 0 



 30 

 43 1 0 1 

 28 1 0 1 

 50 1 0 0 

 61 0 1 1 

 

Q2: How do those warnings compare in terms of other indicia of crash such as the 
minimum and mean time to collision(TTC) of a crash scenario, the maximum brake 
force, the maximum deceleration, and response time to the warning (as indicated by a 
5% or 20% change in brake force)?  

In this case, TTC refers to TTC option ** as defined in SAE J2944.  In total, there were 
268 cases in the whole data set. 64 cases are from block 1, 98 cases are from block 2, 
and the 106 cases are from block 3.  A mixed-factor design was used in this 
experimental study.  One within-subject design factor (3 different warning types) and 
two between-subject design factors (2 ages x 2 genders) were examined in terms of 
maximum brake force, the maximum deceleration, and response time to warning. 
Analysis of variance (ANOVA) was used to examine group differences in dependent 
variables mentioned above. In total, there were 268 cases in the whole data set. 64 
cases are from block 1, 98 cases are from block 2, and the rest 106 cases are from 
block 3. Significance testing was set at the level of 0.05. 

In J2944 (2015), response time was indicated by 5% of the range of the brake pressure. 
In addition, response time was calculated based on several sample behaviors. First, the 
exact response time was measured by calculating the time from pending feet to any 
change of brake. Second, a set of warning response data, in which brake behavior 
started right before the warning appeared, was found (should from the same subject 
who was used to calculate exact response time). Finally, in the set of warning response 
data, change of the brake force was calculated during the exact response time (Figure 
X2). The results were around 20%. Therefore, both 5% and 20% change indicated by 
brake force were used in the data analysis. In rare cases, subjects never stopped, there 
were no maximum brake force nor response time. These cases were eliminated from 
data . 

I do not 

understand this. 
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The warning was set to trigger (the stimulus) when the TTC (per SAE J2944, option **) 
was ** s.  The response was deemed to have occurred when the brake pressure 
reached 1%, the minimum amount of pedal change required when the subject’s foot is 
not on the pedal to identify an overt response.  In addition, pressures of ½%, 2%, and 
5% were examined. 

analysis.  

 

 

 

 

 

Figure X2. The demonstration of two critical positions for calculating response time 

The time to collision was calculated by subtracting response time from the time to 
collision set in the crash scenarios. This means the time to collision was measured from 
the moment driver started to take actions to collision point. In our study, preset time to 
collision was 3.5+8/(SVspdy(j)*1.47). 1.47 was the coefficient used to unify units. Time 
to collision can be calculated either based on acceleration or velocity (J2944, 2015). In 
this study, velocity based TTC was applied. The TTC was calculated based on two 
types of response time (5% & 20%). A few cases were eliminated when conducting the 
statistical analysis, as it is meaningless to calculate TTC when cars came to stop. 

The maximum deceleration and the maximum brake force were regarded as major 
indexes of response performance. Each block stands for a different warning type. There 
were four significant main effects: the warning type has a significant effect on maximum 
deceleration (F=17.2988, p<0.001), maximum brake force (F=24.6794, p<0.001), 
response time measured by 5% change of brake force (F=5.8902, p=0.0032), response 
time measured by 20% change of brake force (F=11.3228, p<0.0001). In block 2 with 
augmented reality warning, drivers used significant higher brake force and larger 
deceleration to stop the vehicle. In addition, the response time was significantly reduced 
with augmented reality warning. Similarly, subjects in block 1 (tone only) made larger 
maximum deceleration and the maximum brake force, as well as shorter response time 
compared to block 3 (no warning). In our study, both measurements of response time 
showed the same results.  
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Figure X3. The effects of warning type on driving performance 

Figure X4 shows the comparison of TTC under three different warning conditions. In 
both cases, drivers had the longest TTC at block 2 (augmented reality warning) and 
shortest TTC at block 3 (no warning). Both TTC (5%) (F=5.36, p=0.0052) and TTC 
(20%) (F=12.24, p<0.0001) had significant differences among blocks. 
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Figure X4. The comparison of TTC values among different blocks 
 

Q3: How do the answers to questions 1 and 2 vary with the age and gender of the 
subjects and the crash scenario? 
 
As was shown earlier, older drivers had about 37% of the crashes that younger drivers 
had, a major difference.  As shown in Table A, that pattern seemed to hold for all crash 
scenarios, and warning types, but the small number of crashes in many cell pairs make 
support such with certainty not possible (**wordy 
 
 
Table A shows the comparisons between female and male drivers on the occurrence of 
crash scenarios. Generally, female drivers made more collisions than male drivers. This 
is always true with only a few exceptions: male drivers had more collisions in SCP 
scenario at block 1 and RTIP scenario at block 2. Table B shows the comparisons 
between age groups in terms of the occurrence of crash scenarios. Young drivers had 
more crashes than old drivers (at least equal) no matter in every single case or in sum. 
For both young and old drivers, they had largest number of collisions in block 3, least 
number of collisions in block 2. 
 

Table A. Number of Crashes by Scenarios and Driver Age**swap order, young first 

 Scenarios Block 1(tone) Block 2 
(augmented 

reality) 

Block 3            (no 
warning) 

Old Young Old Young Old Young 

LTAP/OD  4/** 13 2 4 6 14 

RTIP  1 1 1 4 3 3 

LTAP/LD  0 2 0 0 0 3 

SCP  0 2 0 0 0 1 

LTIP  0 1 0 3 0 0 
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Total - 5 19 3 11 9 21 

 
In this experiment, men had 62% the number of crashes that women had, a striking 
difference.  The direction of this difference (men had fewer crashes held for all crash 
types except SCP.  However, keep in mind that for SCP there were only 3 crashes, 
hardly enough.   

 
 
 

Table B. Number of Crashes by Scenario and Driver Gender 
 

 Scenarios Block 1(tone) Block 2 
(augmented 

reality) 

Block 3            (no 
warning) 

Female Male Female Male Female Male 

LTAP/OD  11 6 4 2 12 8 

RTIP  1 1 2 3 5 1 

LTAP/LD  1 1 0 0 2 1 

SCP  0 2 0 0 1 0 

LTIP  1 0 2 1 0 0 

Total - 14 10 8 6 20 10 

 
 

 

Figure C shows the gender effects on driving performance. There was only one 
significant gender effect: there was a significant difference on maximum brake force 
between gender groups (F=8.4026, p=0.0041). Male drivers (Mean=58.5585, SD=2.49) 
exerted larger brake force than female drivers (Mean=49.8836, SD=2.49). Figure C 
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shows the age effects on driving performance. There were six significant age effects. 
Old drivers had significant larger maximum deceleration (17.2988, p<0.0001) and 
maximum brake force (F=5.31, p<0.0001), as well as shorter response time on 5% 
(F=5.89, p=0.0006) and 20% (F=13.26, p=0.0003) change of brake force. Old drivers 
had longer TTC than young drivers. This was valid no matter the TTC was calculated 
using 5% (F=13.70, p=0.0003) and 20% (F=8.81, p=0.0002) change of brake force. It 
was surprisingly that old drivers performed better than young drivers.  

 

 

 

 

 

 

 

 

Figure C. The effects of gender on driving performance 
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Figure D. The effects of age on driving performance 

 

 

Q4: Where did subject look during a crash event vary with the warning system driver 
interface?  
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Conclusions 

 

Q1. Do augmented reality warnings lead to fewer crashes when compared with no 
warning or a generic auditory similar to that in current production vehicles?  

 
Augmented reality warnings did lead to fewer crashes comparing to no warning or 
auditory warning. In addition, Young drivers crashed more times than old drivers. 
Female drivers crashed more than male drivers. However, there is not interaction effect 
between age and gender. These conclusions are consistent with previous studies (Ma 
et al., 2011 & Chang et al., 2009). 
 
When the collision events combined with green traffic lights, it would lead to collision 
more likely. The crash warning system should pay more attention on this situation. 
LTAP/OD crash scenario with yellow light can be prevented by augmented reality 
warning. All LTAP/LD and SCP can be prohibited with augmented reality warning. LTIP 
and RTIP crash scenarios still happened with augmented reality warning. It shows that 
augmented reality warning was not that useful when the collision car tends to join the 
driver’s pathway. 
 
However, the post-test shows 9 subjects out of 16 most want visual+auditory while the 
rest 7 subjects want the auditory warning most. Subjects who have a preference of 
auditory warning expressed that ‘visual+auditory is kind of distracting’, ‘there is too 
much information to process’. Subjects prefer visual+auditory saied that ‘it’s easier to 
notice the danger’, ‘the tone only put you on high alert without telling you how to react’.  

Q2: How do those warnings compare in terms of other indicia of crash such as 
the minimum and mean time to collision of a crash scenario, the maximum brake 
force, the maximum deceleration, and response time to the warning (as indicated 
by a 5% or 20% change in brake force)?  

Among all the subjects, augmented reality warning resulted in larger maximum 
deceleration and maximum brake force than auditory warning. In addition, drivers using 
auditory warning achieved higher deceleration and larger brake force. These two 
indexes lead to a fact that the augmented warning triggered drivers to react acutely to 
potential danger. If this action could occur early enough, the collision can be prohibited 
to some extent. Thus, the reaction time was used to evaluate if this action is “early 
enough”. Even though two measurements of reaction time were used in the analysis. 
Both leaded to the same result: the augmented reality warning is more likely to cause 
shorter reaction time. In summary, the augmented reality warning could result in 
efficient reactions (maximum deceleration and maximum brake force) and faster 
reaction time compared to other warning conditions.  
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Q3: How do the answers to questions 1 and 2 vary with the age and gender of the 
subjects and the crash scenario? 

Young drivers had more crashes than old drivers no matter what scenario it is. Female 
drivers had more collisions then male drivers with some exceptions: SCP (block 1) and 
RTIP (block 2).  

In terms of gender effects, there was only one significant difference. Male drivers 
exerted larger brake force than female drivers. Industry should consider this point into 
crash warning design, as it is necessary to emphasize the crash warning design for 
female drivers to let them response earlier and react more efficiently.  

Old drivers reacted more efficiently than young drivers based on all the variables 
measured in the study. Even though the study was based on the driving simulator, 
young drivers have little experience in developing good vehicle control skills. This result 
is consistent with previous study (Chang et al., 2009). 
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APPENDIX A – CONSENT FORM 
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APPENDIX B – BIOGRAPHICAL FORM 
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APPENDIX C – COMPLETE INSTUCTIONS TO SUBJECTS 
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APPENDIX D – COMPLETE Sequence of TRIALS 
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