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EXECUTIVE SUMMARY

Naturalistic driving is an innovative method for investigating driver behavior and traffic safety.
The 100-Car Naturalistic Driving Study provides an unprecedented opportunity for evaluating
the driver behaviors and factors that significantly impact traffic safety. The power of naturalistic
data is in the precise vehicle kinematic data (i.e., acceleration/velocity/position collected at 10
Hz) and driver behavior and performance (as viewed using continuous video). This continuously
recorded high resolution data for crashes, near-crashes, and normal driving conditions allows for
far more sensitive analyses than conducted using other crash data. While naturalistic driving
studies provide unique data, there are some limitations. Although the cost per vehicle year of
data collected is rapidly declining, the traditionally high expense of conducting these studies
limits the number of participants used during data collection. Most existing naturalistic studies
have instrumented less than 100 vehicles, and the largest naturalistic driving study in planning
may use a few thousand participants; however, this large number of participants will still result
in a data set with approximately 1,000 crashes. While collecting precise instrumented vehicle
and driver behavior data on a few hundred crashes is groundbreaking in many respects, this
number is still far smaller than the number of crashes available from crash databases or actuarial
analyses. Also, when parsing several hundred crashes to answer specific research questions
(e.g., analyses investigating driver fatigue in run-off-road crashes), the number of resulting
crashes can be quite limited.

To help alleviate this limitation of a small number of crashes, researchers (Dingus et al. 2006)
have proposed the use of near-crashes in combination with crash events. The operational
definition of crash and near-crash is presented in Table 1. The near-crash may have several
analytical benefits for such analyses. First, a near-crash is an event that itself should be avoided
since, by definition, a successful, last-second evasive maneuver is required to avoid a crash.
Second, near-crashes can provide unique insight into the elements and factors associated with
successful crash avoidance maneuvers for comparison to unsuccessful or crash circumstances.
Third, and the topic of this report, near-crashes, since they (by definition) have many of the same
elements as a crash, may provide useful insight into the risk associated with driver behavior and
environmental factors in combination with crashes. This third benefit, if it can be validated, can
provide a powerful tool for analyzing naturalistic driving data since near-crashes occur at a rate
of roughly 10 to 15 times more frequently than crashes. Thus, there is a need to better understand
the relationship between crashes and near-crashes as well as the impact of using crash surrogate
measures when assessing crash risk.

Table 1. Operational Definitions for the Event Severity Levels

Severity Level Operational Definition

Crash Any contact with an object, either moving or fixed, at any speed
in which kinetic energy is measurably transferred or dissipated.
Includes other vehicles, roadside barriers, objects on or off of the
roadway, pedestrians, cyclists, or animals.

Near-crash Any circumstance that requires a rapid, evasive maneuver by the
participant vehicle, or any other vehicle, pedestrian, cyclist, or
animal, to avoid a crash. A rapid, evasive maneuver is defined as
steering, braking, accelerating, or any combination of control
inputs that approaches the limits of the vehicle capabilities.
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The analyses presented in this report focus on assessing the conditions where near-crashes can be
used as crash surrogates and the consequences thereof when analyzing naturalistic driving data.
It should be clarified that crashes and near-crashes are operationally defined as different types of
events, differing in the outcome of (or presence of) an evasive maneuver. The intention of this
analysis is not to prove that they are identical. Instead, the focus is to assess the relationship
between these two types of events and the consequence of using a near-crash as a crash surrogate
for risk assessment. The use of surrogate measures is based on the premise that surrogates
happen more frequently than crashes and that more precise risk assessment can be achieved with
the increased number of observations (i.e., greater statistical power). The other key aspect for a
crash surrogate is that minimal bias should be introduced by combining near-crashes with
crashes for risk assessment. For naturalistic driving studies, a quality surrogate measure should
adhere to the following two principles:

e The causal mechanism for surrogates (near-crashes) and crashes are the same or similar.
e There is a strong association between the frequency of surrogate measures and crashes
under different settings.

These two principles were used to guide the analyses which focused around a thorough
examination of the contributing factors for crashes and near-crashes from the 100-Car
Naturalistic Driving Study. The complexity and high variability of the causal mechanisms for
crashes and near-crashes make the evaluation of the identical causal mechanism assumption very
difficult, if not impossible, using existing frequency data. Instead of directly addressing the
causal issue, the comparison used in this report focused on the quantitative evaluation of the
presence of contributing factors in crashes and near-crashes. The similarity between the
frequencies of potential risk factors for crashes and near-crashes was used as an indirect measure
for this causal mechanism.

Specifically, the following analyses were conducted, with the primary results summarized in the
following sections:

e Sequential factor analysis
e Crash/near-crash ratio analysis
e Sensitivity analysis

SEQUENTIAL FACTOR ANALYSIS

This analysis focused on answering the question of whether the sequence of events prior to
crashes and near-crashes is similar. For each crash and near-crash, a sequence of factors was
recorded to capture not only the vehicle trajectory but also the relevant driver behavior and
driver response to the situation. This sequence of behaviors can best be characterized as shown
in Figure 1. The pre-incident maneuver captures the driver’s action just prior to the beginning of
the event. The precipitating factor is the action by the 100-Car driver or another driver in the
near vicinity that begins the sequence. The evasive maneuver is the action by the driver
performed either successfully (resulting in a near-crash) or unsuccessfully (resulting in a crash).
Contributing factors can occur at any point in time or be present for the duration of the event.
Contributing factors include driver factors (e.g., driver drowsiness), environmental states (e.g.,
icy road conditions), or mechanical problems with the vehicle (e.g., flat tire).
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Contributing Factors

Figure 1. Sequence of Factors of a Crash or Near-Crash

The sequence of factors was analyzed for all conflicts and by three different conflict types (Table
2, Table 3 ). The percentage of no-reactions for crashes is substantially higher than that for the
near-crash data. This indicates that the no-reaction response is the key factor to determine
whether an event will result in a crash or near-crash (for a large proportion of events). As driver
reaction is not considered a risk factor, this result does not hinder the use of near-crashes for risk

assessment purposes.

Table 2. Driver Reaction to Crash and Near-Crash

Crash | Near-Crash
Reaction 45 723
No-Reaction 23 37
Percentage Reaction | 66% 95%

p-value<0.0001

Table 3. Evasive Maneuver for Lead-Vehicle Conflict

Evasive Maneuver | Crash | Near-Crash
Reaction 5 377
No-reaction 9 0
Percentage Reaction | 36% 100%

p-value<0.0001

The number of contributing factors was evaluated as an indicator of the complexity of the crash
or near-crash situation. In general, there is no substantial difference between the number of
contributing factors for a crash and near-crash (Table 4). As shown in Table 5, of the three types
of conflict only the lead-vehicle conflict crashes shows significantly higher numbers of
contributing factors than near-crashes (2.93 versus 2.27). This result implies that drivers in a
lead-vehicle crash may be engaging in a more complex situation than drivers in a lead-vehicle
conflict near-crash. Significant differences were not found for following-vehicle or single
vehicle conflicts. No unique contributing factors were found for crashes that were not found for
near-crashes, thus there is no evidence of a violation of the causal mechanism.
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Table 4. Number of Contributing Factors for All Conflict Types

# of Factors | Crash | Near-Crash
0 3 25

1 21 183

2 25 311

3 11 161

4 6 62

5 1 14

6 1 4
Mean 2.04 2.14
p-value=0.46

Table 5. Number of Contributing Factors by Conflict Type

Leading-Vehicle | Single Vehicle | Following-Vehicle
Conflict Conflict Conflict

Near- Near- Near-
ol s Gl Crash | Crash | Crash | Crash Crash
0 0 5 1 3 0 3
1 1 76 13 18 2 15
2 6 163 6 22 7 29
3 4 88 3 2 2 15
4 2 36 1 4 1 7
5 1 6 0 1
6 1 2
Mean 2.93 2.27 1.58 1.71 2.17 2.16
P-Value for
Equal Means 0.01 0.58 0.98

FREQUENCY RELATIONSHIP BETWEEN CRASH AND NEAR-CRASH

This analysis sought to assess whether there was a correlation between the circumstances that
resulted in a larger number of crashes and those that resulted in a larger number of near-crashes.
For an ideal situation, it was shown that a constant crash to near-crash ratio will lead to an
unbiased risk estimation; that is, the point estimate of the odds ratio using crashes only will be
identical to the point estimate obtained using crashes and near-crashes combined. A number of
factors were used to evaluate the correlation between a crash and near-crash. The results from the
crash/near-crash frequency analyses generally indicated a positive correlation between the
occurrence of crashes and near-crashes.

The analysis investigating the relationship between crash and near-crash occurrence by driver
was particularly interesting. A Poisson regression model was used to assess the relationship of
crash and near-crash occurrence by driver using the number of near-crashes as covariates. The
model fitting is shown in Table 6.


http:p-value=0.46

Table 6. Poisson Regression Results

Coefficient | Standard Error | p-value
Intercept -2.31 0.25 <.0001
Near-Crash 0.21 0.04 <.0001

The coefficient for near-crashes is highly significant. This coefficient implies that for every
additional near-crash a driver is involved in, the frequency of crash involvement will increase by
a factor of exp(0.21)=1.23. This result indicates that there is a positive relationship between the
frequency of crash and near-crash involvement.

Generally, the frequency of crashes and near-crashes shows a quality linear relationship as
measured by the R-squared value (Table 7). The analyses also indicate that the crash to near-
crash ratio depends upon contributing factors. In summary, the analyses confirm that a positive
relationship exists between the crash and near-crash frequencies. Therefore, the near-crashes
contain valuable information about crash risks and can serve as a surrogate.

Table 7. Summary of the Testing Results for Constant Crash to Near-crash Ratio

Test for Constant Crash to Near-Crash|| Measure for Association
Ratio
Factors p-value Significant REEAIEEE) | AU R
squared
Gender 0.26 NO NA NA
Age Group 0.23 NO 0.91 0.87
Level of Service 0.5 (0.72%)| 0.33 (0.45%)
(LOS) <0.001 YES
Lighting Conditions 0.414 NO 0.97 0.95
Road Alignment 0.02 YES 0.99 0.99
Road Sy_rface 0.02 YES 0.99 0.99
Condition
Weather 0.32 NO 0.99 0.99

*the R-squared value using polynomial regressions

SENSITIVITY ANALYSIS

The bias and precision are the most critical criteria in quantitatively evaluating a risk factor. The
precision is directly related to the sample size; thus, improved precision can be obtained by
combining surrogates with crashes. The bias, introduced by combining the surrogate measure
with crashes, is thus the key to assessing a proper crash surrogate and is directly related to the
validity of these analyses.

For this analysis, the risk estimation based on crashes alone is considered an unbiased estimation.
If a near-crash is a proper surrogate, the risk estimation (odds ratios in the current analysis
framework) achieved by combining crashes and near-crashes will be either unbiased or have a
consistent bias direction. Because of the strong linear-relationship but non-constant crash to
near-crash ratios, it is expected that using near-crashes as surrogates will provide valuable
information about risk though a certain level of bias will be introduced. The primary question is
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whether the benefits of combined analysis outweigh whatever bias may exist. The analyses
presented here are thus focusing on evaluating the magnitude and direction of the potential bias,
and this is conducted through a sensitivity analysis.

The sensitivity analysis consists of two components: the estimation of risk for crashes only and
crashes/near-crashes combined and the comparison of the estimated risks for these two cases.
The sensitivity analysis produced consistent results. First, in terms of bias, the point estimates
for the odds ratios using combined data were always smaller than for using crash data alone.
Secondly, the precision of the estimator, as expected because of the increased sample size, was
always better than that of using crashes alone. The results are illustrated in Figure 2. As can be
seen, the precision of the odds ratio estimation improves substantially by combining crashes and
near-crashes as measured by the reduced length of the confidence interval. Similar patterns hold
for all the factors assessed. The consistency of the results has a significant implication: using
surrogate measures tends to provide conservative risk estimates, yet with statistically significant
test results. Therefore, significant risk factors identified using crashes combined with near-crash
surrogates will be at least as dangerous as the analysis indicated. The estimated odds ratio can be
considered as a lower bound of the mean of a “true” odds ratio by using crashes alone (if there
are sufficient data). This suggests that assessing the risk of various contributing factors using
near-crashes as surrogates will provide conservative results as compared to calculating the risk
using crashes alone.
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Figure 2. Sensitivity Analysis: Odds Ratio and 95 Percent Confidence Interval
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CONCLUSIONS

In summary, the relationship between crashes and near-crashes is complex and context
dependent. There are no simple or absolute criteria to prove near-crashes can be used as crash
surrogates for general purpose. The empirical study using 100-Car data indicates the following
main conclusions: 1) there is no evidence suggesting that the causal mechanism for crash and
near-crash are different; 2) there is a strong frequency relationship between crash and near-crash;
3) using near-crashes will have biased results; however, the direction of the bias is consistent
based on this empirical study, and 4) using near-crashes as surrogates can significantly improve
the precision of the estimation. This result is analogous to the trade-off between bias and
precision in many statistical estimation problems. For small-scale studies with limited numbers
of crashes, using near-crashes as surrogate measures is informative for risk assessment and will

help identify those factors that have a significant impact on traffic factors.

viil



ACRONYMS
AADT — Annual average daily traffic
DAS — Data Acquisition System
GES — General Estimates System
GPS — Global Positioning System
FARS — Fatality Analysis Reporting System
LOS — Level of service
SUV — Sport Utility Vehicle
TTC — Time to collision
VMT-Vehicle miles traveled

VTTI — Virginia Tech Transportation Institute
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GLOSSARY OF TERMS

Contributing factors — Any circumstance that leads up to or impacts the outcome of the event.
This term encompasses driver proficiency, willful behavior, roadway infrastructure, distraction,
vehicle contributing factors, and visual obstructions.

Crash — Any contact with an object, either moving or fixed, at any speed in which kinetic energy
is measurably transferred or dissipated. Includes other vehicles, roadside barriers, objects on or
off of the roadway, pedestrians, cyclists, or animals.

Conflict Type — All crashes, near-crashes, crash-relevant conflicts and proximity conflicts were
categorized based on the initial conflict that led to the crash that occurred or would have
occurred in the case of near-crashes and incidents (crash-relevant conflicts and proximity
conflicts were combined to form incidents, as used in this report). There were 20 types of
conflicts used which are as follows: conflict with lead-vehicle, following vehicle, oncoming
traffic, vehicle in adjacent lane, merging vehicle, vehicle turning across subject vehicle path
(same direction), vehicle turning across subject vehicle path (opposite direction), vehicle turning
into subject vehicle path (same direction), vehicle turning into subject vehicle path (opposite
direction), vehicle moving across subject vehicle path (through intersection), parked vehicle,
pedestrian, pedalcyclist, animal, obstacle/object in roadway, single vehicle conflict, other, no
known conflict, unknown conflict. This list is primarily derived from National Automotive
Sampling System: General Estimates System (NASS GES) Accident Types.

Data Reduction — Process used by which trained Virginia Tech Transportation Institute (VTTI)
employees reviewed segments of driving video and recorded a taxonomy of variables that
provided information regarding the sequence of events leading up to the crash, near-crash,
incident, environmental variables, roadway variables, and driver behavior variables.

Driver Reaction — The evasive maneuver performed in response to the precipitating event.
Epoch — Typically, a short period of time (6-second for baseline) in the data

Event — a term referring to all crashes, near-crashes, and incidents. The ‘event’ begins at the
onset of the precipitating factor and ends after the evasive maneuver.

Event Nature — Classification of the type of conflict occurring in the event (e.g., conflict with
lead vehicle, conflict with vehicle in adjacent lane).

Event Severity — Classification of the level of harm or damage resulting from an event. The five
levels were crash, near-crash, crash-relevant, proximity, non-conflict.

Exposure — The observed status of being exposed to a contributing factor.

Naturalistic — Unobtrusive observation; observation of behavior taking place in its natural
setting.



Near-Crash — Any circumstance that requires a rapid, evasive maneuver by the participant
vehicle, or any other vehicle, pedestrian, cyclist, or animal, to avoid a crash. A rapid, evasive
maneuver is defined as steering, braking, accelerating, or any combination of control inputs that
approaches the limits of the vehicle capabilities.

Onset of Conflict — Sync number designated to identify the beginning of a conflict; also known
as the beginning of the precipitating factor.

Precipitating Factor — The action by a driver that begins the chain of events leading up to a
crash, near-crash, or incident. For example, for a rear-end striking collision, the precipitating
factor most likely would be “lead vehicle begins braking” or “lead vehicle brake lights
illuminate”.

Pre-Incident Maneuver — The maneuver that the driver was performing immediately prior to an
event.

Secondary Task — Task, unrelated to driving, which requires drivers to divert attention from the
driving task (e.g., talking on a cell phone, talking to passenger[s], eating, etc.).

Trigger/Trigger Criteria — A signature in the data stream that, when exceeded, results in 90 s of
video and corresponding driving performance data being copied and saved to a database (60 s
prior and 30 s after the data exceedence). Trained data reductionists assess these segments of
video and driving performance data to determine whether or not this segment of data contains a
safety-relevant conflict (i.e., crash, near-crash, or incident). Examples of triggers include a
driver braking at 0.76 g longitudinal deceleration or swerving around an obstacle with 0.8 ¢
lateral acceleration.
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CHAPTER 1. INTRODUCTION

Naturalistic driving is an innovative method for investigating driver behavior and traffic safety.
In a naturalistic study, multiple video cameras and various sensors are installed on the
participating vehicles. The participants drive the instrumented vehicles for an extended period of
time with limited interventions from investigators. Typically, the driver’s behavior and driving
conditions are continuously monitored by the video cameras and sensors. The 100-Car
Naturalistic Driving Study provides an unprecedented opportunity for investigating the driver
behaviors and factors that significantly impact traffic safety. Compared to traditional crash
database studies or simulation-based studies, the naturalistic data provide detailed information
about a driver’s everyday driving behavior. In the cases of crashes and near-crashes, the video
cameras and sensors provide an opportunity to investigate driving behavior in the seconds
leading up to the crash or near-crash. Information about driver behavior and roadways (such as
inattention, drowsiness, and real-time traffic conditions) has been impossible to collect using
traditional accident report-based methods.

While naturalistic driving studies provide unique data, there are some limitations in using this
research method. The costs of naturalistic studies are typically higher than for traditional
research methods. This in turn limits the number of participants included in the study. The
number of instrumented vehicles is small relative to the number of vehicles that are potentially at
risk for crashes. The upcoming SHRP 2 naturalistic driving study may include more than 2,000
vehicles nationwide. However, the number of crashes collected during data collection for the
SHRP 2 project will still be much smaller than the number of crashes available from crash
database records. Furthermore, the duration of naturalistic data collection is usually limited
(typically less than two years). For these reasons, the number of crashes that can be observed
from a naturalistic study is usually limited.

In the 100-Car Naturalistic Driving Study (Dingus, Klauer, Neale, Petersen, Lee, Perez, et al.,
2006), 100 instrumented vehicles collected continuous data for one year, resulting in only 69
observed crashes (and 13 additional crashes that were not captured on video). This relatively
small number of crashes results in several challenges to data analyses. First, statistically
significant conclusions could not be reached with a sample size this small. This is especially true
for a stratified analysis investigating the contributing factors for different types of crashes (e.g.,
rear end, single vehicle, and parking lot crashes). Second, rare crash conditions (e.g., icy roads
at night) are even less frequent, and thus crashes associated with these rare conditions are even
less frequently observed. Therefore, it is desirable to use safety outcomes beyond crashes.

One major advantage of naturalistic studies is the continuous nature of the data collection.
Continuous data collection allows researchers to perform detailed data analyses on safety-
relevant events other than crashes. Through the analysis of continuous vehicle kinematic data
and video, a relatively large number of events are identified that do not fit the exact definition of
a crash but are very similar to crashes. Some of these could have resulted in severe or fatal
crashes if one or two factors had been slightly different. These safety-relevant events are
classified as near-crashes and/or incidents. The information contained in near-crashes and
incidents provides valuable insight into the risk factors associated with traffic safety and are thus
worth investigating. The near-crash is especially important for its similarity to crashes. Using
near-crashes or incidents can help overcome the small sample size problem that exists when



using crashes alone. Combining these safety-relevant events can help make maximum use of the
detailed driver behavior information that is collected in naturalistic studies. This report focuses
on the appropriateness of using near-crashes as a safety surrogate measure for crashes.

BACKGROUND AND LITERATURE REVIEW

The objective of most safety studies is to identify risk factors that have a significant impact on
traffic safety. For example, evaluating the safety impact of highway design features has been a
focus of many traffic safety studies. The conclusions from those studies can help improve the
overall safety of the roadway infrastructure and result in the development of new, safer design
standards.

One objective measure used in traffic safety research is the frequency of crashes at specific
locations. However, crash frequency data are not universally available or useful for the
following conditions and reasons.

e When crash data cannot be collected directly; for example, the safety performance of a
proposed new infrastructure.

e When crash data are too sparse given that traffic accidents are rare events. Under these
situations, there are not enough observations to reach statistically significant conclusions.

Therefore, alternative measures of safety (e.g., surrogate metrics) have been proposed and used
in traffic safety evaluation. Surrogate measures represent an indirect measure of safety.
Commonly used surrogate measures include operational and nonoperational characteristics (e.g.,
annual average daily traffic [AADT] and vehicle speed). Note that some of these measures are
confounded; for example, those highway segments with higher AADT also tend to have more
crashes. Thus, higher crash frequency does not necessarily mean that this road segment is also
more dangerous. The number of crashes per unit of traffic volume is the more appropriate
surrogate measure. In general, surrogate measures can alert traffic safety experts to hazardous
roadway conditions because an increase in the possibility of crashes is observed.

The most widely used surrogate measure technique, the “traffic conflict technique,” was
originally developed to evaluate vehicle safety (Perkins and Harris, 1968). Using this technique,
a traffic conflict was operationally defined as an event involving two or more road users in which
the action of one user causes the other user to make an evasive maneuver to avoid a collision
(Parker and Zegeer, 1989). The reliability and validity of the traffic conflict have been a major
concern, and there are a number of studies that have tried to address this issue (Williams, 1981;
Hauer, 1982; Migletz, Glauz, and Bauer, 1985; Hauer and Garder, 1986). Some empirical
studies found that there were clear relationships between traffic conflicts and crashes (Glauz,
Bauer, and Migletz, 1985; Hydén, 1987). Despite the concerns about those issues, traffic
conflict techniques have been used in various studies to evaluate safety (Katamine and
Hamarneh, 1998; Rao and Rengaraju, 1998; Retting and Greene, 1997; Tiwari, Mohan, and
Fazio, 1998; Spicer, 1973).

Surrogate measures are especially useful for evaluating the performance of new roadway

designs. The surrogate measures are used in computer simulation models in which the number
of conflicts for different designs is compared to evaluate the overall safety of the new roadway.
In the report “Surrogate Safety Measures from Traffic Simulation Models” (Gettman and Head,



2003) and the report “Surrogate Safety Assessment Model and Validation” (Gettman, Pu, Sayed,
& Shelby, 2008), the following conflict types were considered:

Time to collision (TTC)
Encroachment

Vehicle delay or travel time
Approach speed

Percentage of stopped vehicles
Queue lengths

Stop-bar encroachments
Red-light violations
Percentage of left turns
Speed distribution
Deceleration distribution

The reports found that the rate of traffic conflicts to actual crashes was approximately 20,000 to
1.

There are disadvantages for both traffic conflict techniques and simulation-based studies. The
traditional traffic conflict technique relies on the subjective judgment of observers to decide the
severity of the crash or traffic conflict, and inter-observer variability can distort the true situation.
Objective measures such as TTC are difficult to obtain in the field. While TTC is relatively
simple to obtain in simulation studies, the studies themselves rely on subjective assumptions for
simulation models. The traffic conflict studies typically collect data for only a few days, which
makes crash data collection difficult. Single vehicle conflicts (which are difficult to evaluate in
either traffic conflict studies or simulation studies) are commonly excluded from both types of
analysis.

The naturalistic data collection method has several advantages over the traffic conflict technique
and simulation studies. The observed safety events are real-life events under normal driving
conditions without relying on simulation assumptions. The crashes and near-crashes observed in
naturalistic studies are collected for the same time period, which is not available for traditional
traffic conflict studies. The frequency of crashes and near-crashes thus truly reflects the
relationship between safety hazardous conditions and crashes. All types of crashes can be
effectively evaluated. The combination of video, radar, a global positioning system (GPS), and
data from other instrumentation allows event severity to be more accurately and objectively
evaluated. Therefore, the surrogates based on naturalistic driving data contain more information
than single measure-based surrogates.

As discussed previously, the primary reason to use near-crashes as a surrogate measure for
crashes in naturalistic driving studies is because the number of crashes observed is not large
enough to evaluate safety contributing factors or draw conclusions. Surrogate measures are
closely related to Heinrich’s Triangle (Heinrich, 1959), which was developed to assess injuries
and accidents that occurred in industry. The basic tenet behind Heinrich’s Triangle is that less
severe accidents happen more frequently than severe accidents, and the frequency of severe
injuries can be reduced by reducing the frequency of minor injuries. An example is shown in



Figure 3, in which there are 29 minor injuries and one major injury for every 300 unsafe acts.
The underlying assumption of Heinrich’s Triangle is that the unsafe acts, minor injuries, and
major injuries all share the same underlying causal mechanism.

1 major injury

29 minor injuries

300 unsafe acts

Figure 3. Heinrich’s Triangle

It should be clarified that crashes and near-crashes are two different types of events defined by
severity. The intention of this analysis is not to prove that crashes and near-crashes are identical
but rather to assess the relationship between them. The use of surrogate measures is based on the
premise that surrogate events happen more frequently than crashes and that better risk
assessment can be achieved with an increased number of observations. The definition of
surrogate measure varies according to the purpose of the research and its context. For
naturalistic driving studies, a surrogate measure should have the following properties:

e The causal mechanism for surrogates (near-crashes) and crashes are the same or similar.
e There is a strong association between the frequency of surrogate measures and crashes
under different settings.

The rationale for these two properties will be discussed in detail in the analysis section, and the
two principles were used to guide the subsequent analyses.

The remainder of the report is organized as follows. Chapter 2 briefly introduces the 100-Car
Naturalistic Driving Study. This includes an explanation of the data acquisition system (DAS),
data collection procedure, event identification and reduction, and baseline identification and
reduction method. Chapter 3 discusses the principle of surrogate measures. Chapter 4 presents
an empirical analysis and results using the 100-Car Study data. Finally, Chapter 5 contains the
conclusions and discussion.



CHAPTER 2. METHODS

An abbreviated methods section for the 100-Car Naturalistic Driving Study will be presented
here; however, interested readers are directed to the more detailed method as published by
Dingus et al. (2006). It is important to note that the following methods, including data collection
and data reduction, were performed under a different contract. The abbreviated Methods section
here is presented only to provide context for the analyses presented in the subsequent sections.

INSTRUMENTATION

The 100-Car instrumentation package was engineered by the Virginia Tech Transportation
Institute (VTTI) to be rugged, durable, expandable, and unobtrusive. It constituted the seventh
generation of hardware and software (developed during a 15-year period) that has been deployed
for a variety of purposes. The system consisted of a Pentium-based computer that received and
stored data from a network of sensors distributed around the vehicle. Data storage was achieved
via the system’s hard drive, which was large enough to store data for several weeks of driving
before requiring data downloading.

Each of the sensing subsystems in the car was independent, so any failures that occurred were
constrained to a single sensor type. Sensors included a vehicle network box that interacted with
the vehicle network, an accelerometer box that obtained longitudinal and lateral kinematic
information, a headway detection system to provide information about leading or following
vehicles, side obstacle detection to detect lateral conflicts (available on approximately 20 percent
of the vehicles), an incident box to allow drivers to flag incidents for the research team, a GPS
sensor to record the vehicle location, a video-based lane tracking system to measure lane keeping
behavior, and video to validate any sensor-based findings. The video subsystem was particularly
important as it provided a continuous window into the happenings in and around the vehicle.
This subsystem included five camera views monitoring the driver’s face and driver side of the
vehicle, the forward view, the rear view, the passenger side of the vehicle, and an over-the
shoulder view of the driver’s hands and surrounding areas. An important feature of the video
system was that it was digital with software-controllable video compression capability. This
allowed synchronization, simultaneous display, and efficient archiving and retrieval of 100-Car
data. A frame of compressed 100-Car video data is shown in Figure 4. The driver’s face (upper
left quadrant) is distorted to protect the driver’s identity. The lower right quadrant is split into
the left-side (top) and the rear (bottom) views.



Figure 4. A Compressed Video Image from the 100-Car Data

The system included several major components and subsystems that were installed on each
vehicle. These included the main DAS unit mounted under the package shelf for the sedans
(Figure 5) and behind the rear seat in the sport utility vehicles (SUVs).

Figure 5. The Main DAS Unit Mounted Under the Package Shelf of the Trunk

Doppler radar antennas were mounted behind special plastic license plates on the front and rear
of the vehicle (Figure 6). The location behind the plates allowed the vehicle instrumentation to
remain inconspicuous to other drivers.



Figure 6. Doppler Radar Antenna Mounted on the Front of a Vehicle, Covered by One of
the Plastic License Plates Used for This Study

The final major components in the 100-Car hardware installation were mounted above and in
front of the center rearview mirror (Figure 7). These components included an incident
pushbutton box, which housed a momentary pushbutton that the subject could press whenever an
unusual event happened in the driving environment. This flagged the event in the data stream
and opened an audio channel for the driver to describe the incident. Also contained in the
housing was an unobtrusive miniature camera that provided the driver face and left-side views.
The camera was invisible to the driver because it was mounted behind a smoked Plexiglas cover
(right-hand portion in Figure 7). Mounted behind the center mirror were the forward-view
camera and the glare sensor. This location was selected to be as unobtrusive as possible and did
not occlude any of the driver’s normal field of view.



Figure 7. The Incident Push Button Box and Driver Face/Left Vehicle Side Camera
Mounted Above the Rearview Mirror

PARTICIPANTS

One hundred drivers who commuted into or out of the Northern Virginia/Washington, D.C.,
metropolitan area were initially recruited as primary drivers to have their vehicles instrumented
or to receive a leased vehicle for this study. Drivers were recruited by placing flyers on vehicles
as well as by placing newspaper announcements in the classified section. Drivers who had their
private vehicles instrumented (N=78) received $125.00 per month and a bonus at the end of the
study for completing necessary paperwork. Drivers who received a leased vehicle (N=22)
received free use of the vehicle, including standard maintenance, and the same bonus at the end
of the study for completing necessary paperwork. Drivers of leased vehicles were insured under
the Commonwealth of Virginia policy.

As some drivers had to be replaced for various reasons (for example, a move from the study area
or repeated crashes in leased vehicles), 109 primary drivers were included in the study. Since
other family members and friends would occasionally drive the instrumented vehicles, 132
additional drivers were identified and also included in the analysis.

VEHICLES

Since 100 vehicles had to be instrumented with a number of sensors and data collection
hardware, and since the complexity of the hardware required a number of custom mounting
brackets to be manufactured, the number of vehicle types had to be limited for this study. Six
different vehicle models were selected based upon their prevalence in the Northern Virginia area.
These included five sedan models (Chevrolet Malibu and Cavalier, Toyota Camry and Corolla,
and Ford Taurus) and one SUV model (Ford Explorer). The mo