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SUMMARY

Safety and freight mobility efficiency are the main drivers for considering exclusive truck lane
(ETL) implementation. The undetlying hypothesis is that physically separating heavy trucks
from light vehicles will improve highway safety by reducing the number of truck-related crashes.
Safety analysis is a critical element in evaluating the feasibility of ETL implementation, This
white paper presents a synthesis of potential approaches in evaluating the safety impacts of ETL
implementation. The following are concluding remarks and recommendations for future
research. : '

Concluding Remarks

@

Historical crash data provide a reliable source for safety analysis, but crash data for mixed
traffic lanes do not necessarily reflect ETL situations. In the absence of historical crash data
on ETLs, however, simulation becomes an appealing alternative to generate crash data to
closely represent real ETL situations. Simulation offers the opportunity to evaluate
inferactions among vehicles operating under different lanc assignment scenarios.

Simulation generates vehicle conflicts and not crashes. The major challenge is deriving the
number of crashes from conflicts data. A multi-criteria approach was developed to help
estimate the number of crashes from data on conflict measures generated from simulation.
Limitations of the simulation approach are that single-vehicle crashes and severity of
crashes could not be derived from conflict data generated from simulation.

Traffic simulation models such as CORSIM were not originally designed to handle all
possible ETL configurations and logic. In order to use any off-the-shelf traffic simulation
sofiware application to generate meaningful results for ETL analyses, certain programming
modifications are be necessary.

The statistical approaches include probability models for estimating the safety benefits of
implementing on-board technologies designed to reduce crashes and deterministic regression
models for estimating the safety benefits of highway improvements. These models were not
specifically designed for ETL safety analysis. Moreover, these statistical models were
developed from historical crash data from mixed lanes. The regression models for example,
were developed with average annual daily traffic (AADT) as the primary independent
variable, These models do not consider truck percentage which is a critical element in
evaluating the feasibility of ETL implementation.

Recommendations for Further Research

The suggested thresholds for conflict measures for estimating the number of crashes from
vehicle conflict data were based on a limited number of simiilation runs, It is recommended
that these thresholds be refined with more extensive simulation results.

Simulation approach is not capable of estimating single-vehicle conflicts hence crashes.
Single vehicle crashes are equally important regardless of the analytical approach that is
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adopted. Research is needed to develop a methodology for estimating single vehicle
crashes. It is conceivable that such a methodology could be statistical, heuristic, simulation
or a combination of several fundamental groups of approaches.

¢ Similar to single vehicle crashes, the simulation approach is not capable of distinguishing
among the levels of severity of crashes. Research is needed to determine the severity of
crashes from vehicle conflict data. This is important because the cost of a crash depends on
the severity of the crash.

e The simulation results assume that all drivers (automobile and truck) observe lane
assignments. Furthermore, the simulation approach assumes certain driver behavioral
characteristics that may not necessarily be representative of the population of drivers on the
roadway. It is possible that these assumptions may not necessarily hold true in reality. It is
recommended that research be undertaken to study the driver responses based on which
correction factors (where appropriate) can be introduced to the results of simulation runs.
Also, research is needed to determine whether or not driver response can be introduced in
the vehicle simulation.
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1. BACKGROUND

The potential use of exclusive truck lanes (ETLs) in the U.S. as a tool to help improve highway
safety and freight mobility efficiency has been investigated through recent research efforts
funded by the United States Department of Transportation (USDOT). The underlying hypothesis
is that physically separating heavy trucks from light vehicles will improve highway safety by
reducing the number of truck-related crashes. In 1990, the Federal Highway Administration
(FHWA) sponsored a study to examine the feasibility of ETLs for vehicles by type. This study
cvaluated exclusive lane use feasibility and resulted in a benefit-cost (B-C) model known as
Exclusive Vehicle Facilities (EVFS).

In 2002, FHWA funded a study that updated and improved the B-C model (Battelle, 2002).
Several updates were implemented in this study. These updates included information on the
number of crashes by vehicle type and crash type from the “1999 Traffic Safety Facts” and other
supporting sources including “National Truck Crash Profile, 1998,” “1999 Motor Vehicle Crash
Data from FARS and GES,” and “Truck and Bus Crash Fact Book 1995.” While these crash
rates are generally reasonable, they were based on crash data from mixed traffic lanes that do not
necessarily reflect crash rates for ETLs. This is because there is no existing ETL in the U.S. and
therefore no historical crash data on ETLs. Although there are exclusive automobile-only
facilities in the U.S., crash data from such facilities are not directly applicable to ETLs. This
study also identified potential opportunities for ETL implementation and suggested criteria for
selecting feasible sites for ETLs. It was suggested that the traffic criteria to be used to identify
potential locations for ETL implementation should be some combination of total traffic volume
and the proportion of trucks in the traffic stream. The suggested values were based on results of
sensitivity analyses using the updated B-C model. The suggested traffic threshold values are
average annual daily traffic (AADT) of 100,000 or more with truck percent of 25 percent or
higher.

Important factors in analyzing the benefits of ETLs are the cost of construction and the crash
costs. The difficulty in estimating the number of crashes and associated cost is recognized. A
notable limitation of the 2002 study is that crash rates were derived from mixed lanes crash data,
Crash data from mixed traffic lanes are not fully reflective of ETLs. In an attempt to more fully
investigate the prediction of crashes on ETLs and related facilities, three potential approaches
were considered to investigate the safety impacts of ETLs:

1. Analyze crash data from existing ETL implementation
2. Use historical data from mixed lanes with assumptions _
3. Use a simulation approach to generate conflicts from which to estimate crashes.

Since there are no ETLs or “near” ETLs in the U.S., the first approach was not worth pursuing as
a method of crash prediction. With no ETLs in existence, the historical crash data and
simulation approaches appear to be more feasible. The use of historical data for mixed lanes has
been studied (Battelle, 2002). In 2004, FHWA extended the 2002 study to investigate the
simulation approach to estimate the number and cost of crashes'on ETLs. The purpose of that
project was to update and improve the assessment of benefits and costs associated with the
implementation of ETLs as a means of improving highway safety and enhancing freight
transportation by highway. The central theme of that project was to use simulation to update the
crash data to closely reflect ETL implementation.

Battelle — Synthesis of ETL Safety Analysis 6 July 26, 2006



The objective of this white paper is to synthesize information on potential approaches to evaluate
safety impacts of implementing ETLs. This includes analysis of crash data as a function of
several variables and the use of simulation techniques. It is recognized that simulation results are
not true representations of real-life situations, particularly in situations involving human factors
(e.g., driver behavior). The challenges and limitations of these approaches are also discussed.

2. SUMMARY OF RELEVANT STUDIES

The idea of separating truck and passenger vehicle flow in order to ameliorate congestion and
safety as an operational measure is beginning to be examined by many jurisdictions around the
country. The concept of truck-car separation can range from lane restrictions to separate truck-
only lanes. According to a recent survey (Urban Transportation Monitor, 2004), Federal, state,
and focal agencies have examined “truck only” routes on some of the nation’s busiest corridors
for a number of years as a way to reduce traffic congestion, improve the flow of commerce, and
increase safety on U.S. highways. Table 1 summarizes the characteristics of ETL initiatives n
the U.S. '

A detailed review of published literature on safety analysis relating to exclusive truck facilities
was included in the 2002 ETL study final report (Battelle, 2002). Little research has been
completed that directly addresses ETLs and their impacts on highway safety. This section
summarizes a few recent studies that address safety impacts of ETLs.

Hoel and Peek (1999) evaluated the use of lane restrictions to mitigate or reduce conflicts
between heavy trucks and light vehicles on Interstate 81 (I-81) in Virginia. A freeway
simulation model (FRESIM) was initially applied to hypothetical scenarios and then to three
selected segments on I-81. Research results indicated that the effects vary based on factors
unique to each site study, such as type of restriction, traffic characteristics, and terrain.

A safety consideration in ETL analysis is interchange design, including exit and entrance ramps,
to reduce the risk of truck-car interactions and subsequent crashes. Janson et al. (1998) analyzed
truck-involved crashes on freeways in Washington State that are in four conflict areas of merge
and diverge ramps. It was found that truck crash frequencies were significantly different by
conflict area (off-ramp, on-ramp, merge area, diverge area, upstream, downstream) and type
(side-swipe, rear-end, roll-over), and that high-volume ramps have lower rates of truck crashes
per truck-mile of travel. Therefore, the safety risk associated with a ramp was related to conflict
area and crash type, and not related to truck volume. The findings of the research were used to
develop a procedure for identifying high-risk locations for remedial action to improve safety.
The tools developed for this analysis could be useful in identifying potential interchange and
ramp designs, and modified for use in the safety evaluation of ETLs.

Solomon et al. (1999) analyzed vehicle miles driven and crash data obtained from toll road
authorities in Florida, Kansas, New York, Illinois, Indiana, Ohjo, and Pennsylvania. It was
found that large commercial vehicles were significantly under-involved in single-vehicle crashes
on all state toll roads, and commercial vehicles were over-involved in multi-vehicle crashes
relative to passenger vehicles (the exceptions being Kansas and Indiana). In Ohio and
Pennsylvania, the risk of commercial vehicle involvement in multi-vehicle crashes resulting in
serious injury or death was twice that of passenger vehicles. Not surprisingly, the factors
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Tabie 1. Characteristics of Exclusive Truck Lane Initiatives in the U.S.

) - . . - The study recommended adding truck
: Initially considered sharing existing frec d
| ’ ’ grade and above grade lanes. Cost flow lanes where right-of-way
mnes cstimate is at least $16 biilion. W lane T1En .0_ way
acquisition would be difficult.
Tnitial estimate of $6.25-$7.75 . :
bitlion over 15 years. The fisnding Separate passenger vehicles and heavy
plan uses 5169 million of Virginia trucks using physical barriers; add
Virginia I-81 DOT’s unexpended allocations truck climbing lanes, as well as longer
shown in the current Six-Year on- and off-ramps; toll heavy
Improvement Plan for projects commercial vehicles.
identified in the I-8¢ corridor.
Georgia I-75, maiflly in the Atlanta Slt:f:lg‘;s;ﬂg;‘?rxllx?glﬁztiﬁ:ﬁ th Rcc.ﬂmmendalilons will not be
meiropolitan area HOT study. available for at least a vear.
Trans Texas Corridor parailets The 4,000-mile corri.c] or cost would
I-35 range from §145.2 biflion o §183.5 Heavy-duty truck lanes (two in each
’ biflion. The corridor will include L , )
1-37 and 1-69 (proposed) from ) direction) built first, to be shared
Denison to the Rio Grande separate tollways for passenger initially by both passenger vehicles and
Texas Valiey, 1-69 {proposed) from vehicles and truclfs, as "!’“3” a5 tracks. As traffic volumes increase
Tcxark,ana to Houston to passenger m}c! freight rail and and additional capacity is warranted
Laredo, I-45 from Dallas-Fort dedicated utility zones, Pavement separale passenger lanes would be ’
y ; cost for a four-lanc {ruck roadway is )
Worth to Houston, and I-10 . ‘i construcled.
from El Paso to Orange esttmatled at $3.I million per
centerline mile.
Most of Florida’s interstate system
emerged as suitable for consideration
of exclusive truck facilities. “Between
. City” recommendations include [-95
s o st SEM | potwveen Miami and Titusvlle, 195
Fiorida State highway system, both consideration to specific “hot spots™ ggt;v;?e?jﬁzglae:I;iiagz(sﬁ;‘;ie}}_
rural and urban locations determined by truck crashes, truck 41/1-275 between Tam. ; aD ,t
volume and percent, and leve! of Lo ba f:n | oayiona,
service, w}nch includes Oria.ndo.l Within
City” recornmendations include the
port cities of Miami, Jacksonville, and
Tampa, which experience high truck
volumes.
Corridor envisioned as a possibic
alternative passenger and truck
Begins in Lewis County, transportation route to the present I- | The state legislature appropriated
extends north to the Canadian 5, which might be financed by tolls $500,000 for a study in the slate’s
Washington border, containing I-5, running | and could also be used by rail and 2003-2005 transportation budget.
through the utilities. Exclusive truck-only toll Study is still in the conceptual stage.
Seattle/Everett/Tacoma lanes will be considered. Estimated | Another alternative is adding a truck-
metropolitan area. “cost of at least $41 billion for a four- | only toll lane to the existing 1-5.
lane north-south highway across the
state from Oreéon to Canada.

Source: The Urban Transportation Monitor, “Consideration of Exclusive Tmck Lanes Moves Forward in U.8.” Vol.
18 No. 23, pg. 7. December 10, 2004, i
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influencing whether commercial vehicle crash rates are higher or lower than passenger vehicles
are the type of crash, specific toll road, and traffic density.

Garber and Gadiraju (1989) used a simulation model, SIMAN, to evaluate the effect of truck

. restrictions, such as lane or speed restrictions, on safety. The study analyzed data on crashes in
Virginia from 1985 through 1987 by route and city or county. The findings indicate that
imposing a differential speed limit in addition to a lane restriction increases the potential for
crashes by increasing the interaction between trucks and cars. Overall, no safety benefits were
noted in any of the truck strategics tested and the potential for crashes actually increased,
particularly on highways with high AADT and a high percentage of trucks.

The various evaluation studies did not reveal a universal approach to evaluate the benefits of
ETLs. This was especially true for safety benefits or crash reductions due to ETL
implementation. Direct comparison of crash data is the ideal approach to measure highway
safety, determine unsafe locations, and evaluate the effectiveness of improvement projects. For
ETLs in particular, there are currently no historical crash data for crash analysis. As such,
evaluations of even hypothetical options also suffer from lack of sufficient crash data necessary
for calibration. To address the problem of lack of data for policy level analysis, traffic
simulation is an option.

3. POSSIBLE ETL CONFIGURATIONS

To better understand safety analysis for ETL, it is important to first appreciate the possible ETL
configurations that can be practically implemented and evaluated. In estimating the potential
benefits of implementing a given scenario, it must not only be compared with the “do nothing”
scenario but also with a traditional capacity expansion scenario, i.e., adding mixed-use lanes.
Thus the following six options are relevant to ETL safety benefit analysis.

0. Do nothing — This is the base case, in which no construction or any other change is made
to the physical highway facilities.

1. Add mixed-vehicle lanes (no special lane use restrictions) — The first scenario is to
increase the number of mixed lanes by constructing additional lanes. No lane
restrictions.

2. Designate existing lanes for mixed, light, and heavy vehicles — The second scenario is to
re-designate the functions of existing lanes. For example, designating one lane of an
existing 4-mixed-lane highway as an ETL and the other three lanes remain mixed lanes.
In this scenario, no new lanes are added, therefore the total number of lanes remains the
same but lane functions have changed.

3. Add non-barrier separated lanes and designate new and existing lanes for light and
heavy vehicles (no mixed lanes i.e., light and heavy vehicle only) -~ The third scenario is
to increase the total number of lanes (construct additional lanes) and designate at least
one lane for the exclusive use of a certain vehicle class.
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4, Add non-barrier separated lanes and designate new and existing lanes for mixed, light
and heavy vehicles (allow mixed and heavy vehicle lanes) — The fourth scenario is to
increase the total number of lanes and designate at least one lane for the exclusive use of
a certain vehicle class. The difference between this and the scenario 3 is that in this
scenario, trucks are allowed to use mixed lanes when the capacity of the designated lane
is exceeded, while in the previous scenario, trucks are restricted to use the ETL only.

5. Add barrier separated lanes and designate new and existing lanes for light and heavy
vehicles - The fifth scenario is to increase the total number of lanes and designate at least
one lane for the exclusive use of a certain vehicle class. The additional exclusive lane is
barrier separated from the existing lanes and trucks are restricted to use the ETL only.

4. SAFETY ANALYSIS USING HISTORICAL CRASH DATA

The current ETL B-C model computes the number of crashes for light vehicle only lane(s) or
heavy vehicle only lane(s) and mixed vehicles lanes using VMT, traffic volume by class of
vehicle, and crash rates by severity. The crash rates represent the probability or hikelihood of a
crash by vehicle type and severity. The crash costs are then estimated by applying the unit crash
costs by severity. There are nine different types of vehicle interactions included for a mixed-
vehicle facility, as illustrated in the matrix shown in Table 2.

Table 2. Vehicle Interactions for Mixed-Vehicle Traffic Lane

0 Single LV (LVY) Single SU (SUy) Single CV (CV))
LV Multiple LV (LV5) | SU with LV (SUs) | CV with LV (CV3)
SU LV with SU (LV) | Multiple SU (SUz) | CV with SU (CV4)
cv LV with CV (LVs) | SU with CV (SUy) | Multiple CV (CVy)

Source: ETL Final Report, Battelle, 2002

Crash data for mixed lanes, (i.e., the number crashes by vehicle type and crash type) can be
obtained from “Traffic Safety Facts” published by the National Highway Traffic Safety
(NHTSA). Other supporting sources include “National Truck Crash Profile,” “Motor Vehicle
Crash Data from Fatality Analysis Reporting Systems (FARS), General Estimates System
(GES),” and “Truck and Bus Crash Fact Book.”

The advantage of using historical crash data is that it presents the real situation. In using crash
data for ETL analyses, however, certain assumptions would be necessary. The underlying
assumption is that the certain types of crashes would not be possible with the implementation of
certain configurations of ETLs. Furthermore, the number and distribution by type of interaction,
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vehicle type, and severity would remain about the same. For instance, in the B-C model, the
number of possible vehicle interactions for ETLs decreases from nine to seven, including five
involving heavy vehicles (SU;, SU,, CV,, CV>, and SUCV) and two involving light vehicles
(LV), LV3). This is because it is assumed that by separating trucks from other vehicles, certain
vehicle interactions (LVSU, LVCYV) are automatically eliminated because heavy vehicles will be
restricted to use ETLs only. However, this method does not capture the changes in interactions
-* between light vehicles because of changed traffic operation. Also, this method does not consider
impacts of merge/weave areas where trucks enter and exit ETLs. These are major limitations to
the use of historical data for ETL analysis.

5. SIMULATION APPROACH TO SAFETY ANALYSIS FOR ETL

Direct comparison of crash data is the ideal approach to measure highway safety, determine
unsafe locations, and evaluate the effectiveness of improvement projects. However, crash
reports are frequently incomplete, erroneous, or imprecise. Additionally (and fortunately),
crashes occur sporadically and it usually takes a long time to collect sufficient and valid crash
data. Small crash sample sizes, often the basis of many crash analysis studies, could lead to
inaccurate conclusions. For ETLs in particular, there is currently no historical crash data for
crash analysis.

In the absence of historical crash data, the only practical option for purposes of evaluating the
economic viability of ETLs is to use simulation techniques to estimate crashes. However,
simulation cannot directly measure crashes. Instead, simulation can be used to measure conflicts
from which the number of crashes can be estimated. Many of the existing traffic simulation
models do not include crash rates or crash measures. These simulation models are intended to
simulate traffic operations in a non-crash scenario, i.e., the models assume that no unsafe
maneuvers will occur. '

As an alternative to crash analyses, various researchers have suggested the use of traffic
conflicts. Gettman and Head (2003) define a traffic conflict as a “traffic event involving the
interaction of two or more road users, mostly vehicles, where one or both drivers take evasive
action such as braking or swerving to avoid a collision.” Amundsen and Hyden (1977) defined
conflict as an observable situation in which two or more road users approach each other in time
and space for such an extent that there is the risk of collision if their movements remain
unchanged. For a conflict to happen, the road users must be on a collision course, i.e., the users
must be attempting to occupy the same space at the same time. The primary requirement of a
traffic conflict is that the action of the one user places the other on a collision path unless evasive
action is taken by the other user to avoid it. It is important to note that by definition, this kind of
conflict analysis does not account for single-vehicle crashes.

An advantage of the simulation based approach is that it allows the identification of conflicts
over the entire network including movements at interchanges and ramps. Conflicts are expected
to occur more frequently than crashes, and not all conflicts result in a crash. The challenge,
therefore, is to relate the conflicts to the number and severity of crashes.
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5.1

Conflict fieasures

The goal of analyzing the conflict-crash relationship is to determine conflicts that result in
crashes. Before exploring the relationship, it is important to identify the types of conflicts of
specific relevance to ETL implementation and also identify the relevant conflict measures.
Gettman and Head (2003) investigated the potential for deriving surrogate measures of safety
from existing traffic simulation models and categorized conflicts by type of maneuver. The two
main types of multiple vehicle crashes relevant to ETLs are:

1.

2.

Merging/lane change conflicts, which are always followed by a sudden braking, can
happen in two cases. The first case is when the merging vehicle suddenly merges into the
open lane. The second case is when a vehicle tries to merge when there is not enough
space in the open lane.

Rear-end conflicts, which happen in sudden braking without any preceding merging.

In order to identify conflicts, surrogate conflict measures which can be quantified need to be
defined. Examples of surrogate conflict measures proposed by various researchers (e.g.,
Gettman and Head, 2003) include the following.

L.

9.

Gap Time (GT) — Time elapsed between completion of encroachment by lane-changing
vehicle and the arrival time of the following vehicle at the encroachment location (point
where the lane change is completed) if they continue with same speed and path.

Time to Collision (TTC) — Expected time for two vehicles to collide if they remain at
their present speed and on the same path.

Deceleration Rate (DR) — Rate at which a vehicle must decelerate to avoid collision.
Since it usually is not constant, the Maximum Deceleration Rate (MDR) 1s often used to
measure the conflict severity.

Proportion of Stopping Distance (PSD) — Ratio of distance available to maneuver to the
distance remaining to the projected Iocation of collision.

Post-Encroachment Time (PET) ~ Time elapsed between end of encroachment of lane-
changing vehicle and the time that the through vehicle actually arrives at the potential
point of collision. This measure is similar to GT, but it takes the following driver’s
reaction (deceleration) into consideration.

. Failed Lane Change Maneuver — Indication of a missed lane change due to unacceptable

gap in traffic flow.
Number of Lane Changes — Number of lane changes in segment

MaxS, DeltaS — Maximum of speeds of the two vehicles involved in conflict event and
Relative speed of two vehicles involved in conflict event

Speed Differential between Cars and Trucks — Difference in speeds of cars and trucks
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Having defined the quantifiable surrogate conflict measures, the next step is to relate the conflict
measures to crashes. The following section discusses the relationships between conflicts and
crashes.

5.2 Relating Traffic Conflicts to Crashes

There has been debate regarding the connection between conflict measures and crash prediction
{Migletz et al. 1985). However, attempts have been made to estimate the number and possibly
the severity of potential crashes given certain categories of conflicts. The underlying premise of
the simulation effort is that the probability of crash occurring is a function of a conflict situation.

Based on review of the available literature, it was clear that there is no existing proven
relationship between traffic conflicts and crashes that can be directly applied to this study. Glauz
et al. (1985) conducted a study to establish a relationship between conflicts and crashes. The
data were collected at 46 signalized and un-signalized intersections in the greater Kansas City
area. The conclusions are limited to daytime and weekday traffic and to dry pavement
conditions. Crash/conflict ratios were determined for several types of collisions for each of the
four types of intersections (signalized high volume, signalized medium volume, un-signalized
medium volume, and un-signalized low volume). These ratios can be applied to comparable
intersections to obtain an expected crash rate of a specific type after the appropriate conflict data
are collected. Overall, traffic conflicts of certain types are good surrogates for crashes in that
they produce estimates of average crash rates nearly as accurate, and just as precise, as those
produced from historical crash data. The study by Glauz et al. (1985) was restricted to analyzing
intersection crashes only and recommended conflict data as a surrogate measure of safety when
crash data are insufficient.

Brown (1994) evaluated the potential of traffic conflicts for road user safety studies. In this
study, traffic conflicts were observed and recorded at intersections over three summer periods,
and evaluated against 5-year crash records. The correlation between overall crashes and
conflicts were not significant. The crashes were stratified into different categories: left-
turn/opposing, left-turn/crossing, rear-end, crossing, weaving, and right turn. Conflict
stratification followed the same categories. The stratification yielded statistically more sound
results. No explicit relationship was established.

Tarko and Venugopal (1999) conducted a study to evaluate the effectiveness of a safety
improvement measure after it had been implemented. They assumed a linear relationship
between crashes and conflicts, as shown in Equation (1). The specific value of K was not
estimated. This linear relationship was applied in their evaluation of a safety improvement
system in Indiana. The zero-intercept assumption implies that no crashes will be expected when
no conflicts are expected. It was reported that conflicts were much more frequent than crashes,
which implies that not all conflicts result in crashes.

E(A) = K * E (Con) Eqn. (1)
Where: '
E(A) = Expected number of crashes
E(Con) = Expected number of conflicts
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K = Proportionality constant
This relationship in Equation (1) assumes that given a conflict situation, the probability of a
crash occurring can be determined from the conflict measures. It does not provide a mechanism
for differentiating between different types of conflicts. As noted earlier, the underlying premise
of the simulation effort is that the probability of crash occurring is a function of a conflict
situation. BEquation 1 above can be generalized to represent the relationship between conflicts
and crashes as

crashes = X. conflict measures ' ‘Equn. (2)

where X can be a probability function, a factor, an expression, or a set of criteria that certain
conflict measures must satisfy to be considered a crash. This expression does not assume that
the relationship between crashes and conflicts (measures) is necessarily linear.

The challenge however, is to determine the form of the function “X.” In the absence of field
data, however, assumptions about the form of the function “X” cannot be easily supported.
Therefore, extensive simulation runs are necessary to establish its form. This function needs to
be validated when actual field data on crashes on ETLs become available,

5.2.1 Confiict Severity

Conflict severity determines the likelihood of crash occurrence. Thus, the number of crashes can
be estimated based on the severity of conflicts. It is also important to distinguish the severity of
the conflict from the severity of the resulting crash. The primiary conflict severity measure that
has been proposed is Time-To-Collision (TTC), (Sayed 1994; Hyden 1987; Hayward 1972).

As defined above, TTC is the time required by two vehicles to collide if they continue at the
present speeds on same paths, without taking any evasive action. As the TTC becomes smaller,
the conflict can be considered to be more severe. According to findings by Hayward (1972),
conflicts with less than 1.0 second of TTC could be considered near misses. Dissanayake et al.
(2004) categorized TTC into three groups: (i) a TTC value greater than 1.50 seconds is
considered a low-risk conflict; (ii) a TTC value from 1.00 to 1.50 seconds is a medium risk; and
(iii) TTC from 0 to 0.99 seconds is & high risk. Gettman and Head (2003) noted that lower TTC
certainly indicates a higher probability of collision but cannot be directly linked to the severity of
the collision. Other research efforts (e.g., Darzentas et al. 1980a, 1980b, Cooper et al. 1976)
indicate deceleration rate as the primary indicator of severity instead of TTC. Other methods
used to evaluate the severity of conflicts include the concepts of Risk of Collision (ROC),
Encroachment time (ET), gap time (GT), Deceleration Rate (DR), and Post Encroachment Time
(PET).

Gettman and Head (2003) recommended that the magnitude of surrogates TTC, PET, and DR
collectively indicate the severity of conflict events, i.c., how likely is it that a collision will result
from a conflict such that:

e Lower TTC indicates higher probability of collision  « w
o Lower PET indicates higher probability of collision
o Higher DR indicates higher probability of collision.
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MaxS and DeltaS are used to indicate the likely severity of the (potential) resulting crash, if the
conflict event had resulted in a crash, instead of a near miss. The research findings clearly
indicate that the number of crashes can be derived from data on several conflict measures. In
other words, the form of “X” is visualized as a complex combination of the various conflict
measures that can be expressed in the form of a multi-criteria function or set of conditions that
must be satisfied for a crash to occur. The first step is to identify the relevant conflict measures
that can be generated from simulation runs. The second step is to establish the threshold values
for the selected conflict measures.

5.2.2 Selected Conflict Measures

The ability to identify conflicts using microsimulation is an ongoing research activity. Gettman
and Head (2003) reviewed the various simulation packages available commercially for their
capability to generate conflict data outputs. Based on the recommendations of Gettman and
Head (2003) and the discussions presented above, Battelle along with the developers of
CORSIM identified the capability of the simulation tool to generate the following conflict
measures of interest (Battelle, 2006):

1. TTC-Expected time for two vehicles to collide if they remain at their present speed and
on the same path. CORSIM is capable of measuring TTC and generating several metrics
satisfying given threshold values, e.g., for TTC equal to or less than 4 seconds.

2. PET - Time lapsed between end of encroachment of lane-changing vehicle and the time
that the following vehicle actually arrives at the potential point of collision. To compute
PET in CORSIM would require additional logic and stored parameters to retain the
encroachment point, and then to track and detect when the vehicle crossed the potential
point of collision. Normally, the simulation is executed with a 1-second time step.
Interpolation logic would have to be used to find when the vehicle arrived at the
encroachment point. Logic to compute this parameter may slow execution time
considerably. The computation may be better done in a post-processing environment.

3. DR —Rate at which a vehicle must decelerate to avoid collision. The parameters to
compute this value are available internally to the simulation and can be made available
through the output processor.

4. MaxS — Maximum of speeds of the two vehicles involved in conflict event. This value is
currently available within CORSIM.

5. DeltaS — Maximum relative speed of the two vehicles involved in the conflict. This value
is currently available from CORSIM.

These conflict measures can be derived either directly from CORSIM or in a post process
environment.

5.2.3 Threshold Values for Conflict Measures

Having selected the relevant conflict measures, threshold values must be established. These
threshold values define conflicts that are most likely to result in crashes. These thresholds were
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derived from analysis of results of CORSIM simulation runs. Based on analyses of the
simulation results, multi-criteria were determined to represent the function “X” (in Equation 7) to
identify conflicts that are most likely to result in crashes as follows (Battelle, 2006):

Number of crashes is given by conflict measures satisfying the following conditions:
A. An initia] set of events with TTC <= 2.0 seconds is identified.
B. For events satisfying the first condition, the following criteria must also be met:

1. Relative speed between leader-follower vehicles (DeltaS) is greater than 20 fps
The maximum speed of the follower vehicle during the event (MaxS) is greater than
60 fps

3. The separation at minimum TTC is less than 50 feet

4. The maximum deceleration rate of follower vehicle (DR) is greater than 5 fps®

All the above conditions must be satisfied for an event to be considered a conflict that is most
likely to result in a crash.” For each ETL configuration simulated, the expected number of
conflict events satisfying these conditions represents the number of crashes.

The suggested threshold values need to be refined through extensive simulation runs and
calibrated by comparing the number of estimated crashes based on simulation runs for mixed
traffic lanes (no ETLs) with actual historical crash data for mixed lanes. Once convergence is
achieved, it can be concluded that the criteria are adequate in estimating crashes from simulation
runs. Calibration of the criteria also establishes confidence in their use to estimate crashes from
conflict measures.

The following are some important considerations in the analysis and reporting of simulation data

e Simulation must be run several times for each possible ETL configuration to generate
sufficient data from which to derive average values that could be representative of the
scenario under consideration. At least 10 runs for each scenario is suggested as the
minimum.

e In estimating the number of crashes, it is important to distinguish between rear-end
collisions and lane-change collisions, and to distinguish among each type of car-truck
combination, The simulation should be configured such that these distinctions are made.
The estimated number of crashes can then be used in calculating crash rates for use in
evaluating the benefits and costs of alternative ETL configurations. Note that the VMT
generated from simulation runs should be used in computing crash rates.

s Noting that simulation runs can generate large volumes of data, it is expedient to use a
post-processor for analyzing the results to estimate the number of crashes. A post-
processor in spreadsheet format is adequate. '
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e Since only one ETL configuration can be simulated at a time, the number of crashes for
each possible scenario should be estimated separately and compared with those of other
scenarios.

An example illustrating the application of simulation results in the ETL B-C model is shown in
Appendix A of this white paper.

5.3 Commentary on Simulation Approach

This section discusses the challenges, assumptions, and limitations of the simulation approach in
safety analysis for ETL implementation. These discussions are based largely on experiences in
updating the B-C model for evaluating ETLs that included modifying CORSIM and analyzing
data generated from that model.

5.3.1 Advantages, Challenges, and Assumptions

As noted earlier, the use of historical crash data from mixed lanes has limitations for ETL
analysis. Simulation, despite its limitation of not fully representing reality, was considered a
better alternative to safety analysis in ETL evaluation. Even though simulation can only
generate vehicle conflicts and not crashes, it offers the opportunity to evaluate different ETL
configurations and scenarios. Furthermore, the simulation allows the estimation of the number
of crashes by the various vehicle interactions. The challenge is relating conflicts to crashes.

Redesign and programming of simulation packages is necessary in order to accommodate ETL
specifications. Traffic simulation models such as CORSIM are not originally designed to handle
all possible ETL configurations and logic. In order to use any off-the-shelf traffic simulation
software applications to generate meaningful results for ETL analyses, certain modifications
would be necessary. For example, in the recent ETL study for FHWA, CORSIM was modified
to accommodate the logic behind the various potential types of ETL configurations. The number
and type of vehicle conflicts as well as metrics involving conflicts are the primary measures of
effectiveness (MOESs) produced by the simulation and are used to assess the effectiveness and
safety (crash prediction) of ETL operations. CORSIM was not designed to collect or report any
information regarding vehicle conflicts other than the number of unsafe lane changes. Because
CORSIM is a microscopic model that uses a car-following-based algorithm to move vehicles, the
collection of conflict metrics is simply a matter of collecting the raw conflict information and
then formulating the desired metrics. This modification to CORSIM was necessary for it to be
useful for ETL analysis.

Translation of simulation output to depict real-life situations needs careful attention in
interpreting the results. Assumptions about the reality or similarities between simulations and
real-life situations are important in understanding the results,

The objective of ETL implementation is safety improvement. Until historical data become
available to establish this hypothesis as a fact, simulation appears to be the only approach to
provide some idea about interactions among vehicles operating under different lane assignment
scenarios.
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A major assumption in the analyses of results from simulation runs is that all drivers (automobile
and truck) observe lane assignments used in the simulation. Furthermore, the simulation runs
assume certain driver behavioral characteristics that may not necessarily be representative of the
population of drivers on the roadway.

5.3.2 Limitations of Simulation Approach

In addition to the challenges and assumptions presented above, the following are some
limitations in the use of simulation techniques for safety analysis for ETL evaluation.

Severity of crashes — Estimation of crash costs requires that crash rates be defined in terms of
severity. Three severity levels are required — fatality, injury, and property damage only (PDO).
CORSIM does not measure crashes directly and therefore information on the severity of crashes
cannot be derived directly from the conflict measures. Gettman and Head (2003) noted that
conflict events of severity exceeding the thresholds for TTC, PET, and DR but that are of low
severity on the DeltaS and MaxS scales would be crashes that are more likely to be PDO.
However, this observation does not provide any guidance to identify the severity of crashes from
conflict measures.

Single-vehicle crashes — It is noted that CORSIM cannot estimate single-vehicle conflicts;
therefore, results from the simulation runs cannot be used to estimate single-vehicle crashes. This
is because CORSIM uses a car-following-based algorithm where two vehicles must be traveling
on the same path for a conflict to occur. Safety analysis of ETL includes both single- and
multiple-vehicle crashes.

To obtain crude estimates of the number of crashes in each severity category, historical crash
databases can be analyzed to determine the percent distribution of crashes by severity and then
apply these percentages to the total number of crashes estimated from the conflici-crash
relationship. This approach assumes that the percent distribution for mixed lanes is applicable to
sifuations with ETLs.

Until crash data from existing ETLs become available, estimates of single-vehicle crashes can be
derived by assuming that the percent of single-vehicle crashes for mixed lanes are identical to
roadways with ETLs. With this assumption, the percent of single-vehicle crashes by vehicle
class (i.e., LV, SU, and CV) can be derived from historical crash data.

It is recognized that these assumptions may not be entirely true in reality. Nonetheless, they
provide the basis for developing estimates for the purposes of the analysis.
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6. STATISTICAL APPROACH TO SAFETY BENEFIT ANALYSIS

Two examples of statistical approaches to safety analysis are presented. Each example was
designed for a different purpose or application. The relevance of the methodologies in each
example to ETL safety analysis are discussed.

6.1  Volpe and NHTSA approach for IVSS program

Volpe and NHSTA have been investigating the development of a safety benefits methodology
based on driving behavior. Najm and Burgett (1997) and Najm and De Sitva (2000) described
the approach to estimate benefits based on encounters with critical driving conflicts. The
approach is a general methodology for quantifying safety benefits for three selected crash
countermeasure systems for rear-end, lane-change, and single vehicle roadway departure
collisions. The part-statistical process is founded on estimating the system effectiveness in
eliminating collisions in distinct safety-critical driving conflicts or pre-crash scenarios that are
recognizable in national crash databases such as the General Estimates System (GES). This
benefit assessment approach was expanded for the Intelligent Vehicle Initiative (IVI) program
established by the U.S DOT. The IVI program evaluates the effectiveness of safety systems on
trucks (measured in terms of reductions in crashes). The safety benefits methodology outlined
above was used in evaluating the I'VI field operational tests (FOTs). The methodology
simultancously examines the reduction in either the driving conflicts or in the probability of a
crash given a driving conflict occurrence. The benefit estimation equation is presented in
Appendix B of this white paper.

6.2 New Safety Analysis Procedures for HERS

In different study (Cambridge Systematics Inc, 1998), regression models were developed to
estimate the impacts of highway improvements on highway safety, measured in terms of the
number of crashes. The regression models were developed from historical crash data from
mixed lane highways. For rural and urban freeways the primary variable for estimating the
numbers of crashes is AADT. For other functional highway classes such as two-lane streets, the
number traffic signals and other geometric features of highways are included as independent
variables. These models may be useful in applications such as Highway Economic
Requirements System (HERS) model where the focus is to estimate the total impacts of
implementing different highway improvements. The crash estimation models for freeways are
presented in Appendix B of this white paper.

6.3 Commentary on Statistical Approach
The statistical approach in the IVI program described above was developed to estimate the safety

benefits of implementing on-board technologies designed to reduce crashes. The following
limitations make it difficult to adopt this methodology to ETL implementation.
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e The benefit equation essentially applics correction factors to the number of crashes
derived from historical crash data for mixed traffic lanes. As such, direct applicability to
ETLs is questionable.

e The equation is intended to estimate the benefits in terms of crash reduction (i.e., the
difference in crashes before and after implementation of the technology or safety
improvement). Analyses of costs and benefits of different ETL scenarios require crash
rates for the various types of car and truck interactions with and without ETL as inputs.
The types of possible vehicle interactions are also determined by the ETL configuration.

e The probability-based approaches were derived based on data from field operational tests
which linked driving behavior with crashes. The IVI program for which these methods
were developed included on-board data collection and vehicle testing on test-beds to
estimate the relationships between conflicts and crashes. A major term of the benefit
equation is dependent on on-board data collection. On-board data collection or field
testing in cases of ETLs could be costly.

e The prevention ratio term in the equation measures the efficiency of the safety
improvement system at preventing crashes after a particular driving conflict has occurred.
As noted above, this needs to be measured directly using field testing or using statistical
methods such as Monte-Carlo simulation.

The regression models developed for HERS application are not considered suitable for ETL
evaluation for the following reasons.

e Truck percentage is a critical element in evaluating the feasibility of ETL
implementation. The regression models were developed as a function of average annual
daily traffic (AADT), which by itself, is not a sufficient parameter for ETL evaluation. A
recent study (Batielle, 2002) identified the traffic criteria for identifying potential
locations for ETL implementation to be a combination of total traffic volume (i.c.,
AADT) and the percent of trucks in the traffic stream.

e Interaction among different vehicle classes was not considered in the development of the
models. Physical separation of different vehicle classes (trucks from other vehicles) is
the premise behind ETL implementation. As such, it is important that models directed at
evaluating the safety impacts of ETLs should consider interaction effects of the different
vehicle classes.

o The regression models were designed to estimate the total number of crashes due to
highway improvements. While different models were developed for different highway
functional classes, they are not vehicle specific. As such, the models cannot be used to
evaluate the safety impacts on the individual vehicle classes.
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7. CONCLUDING REMARKS

Crash data are critical to evaluating feasibility of ETL implementation. This is because the
underlying premise is that physically separating trucks from other vehicles would potentially
enhance safety. Historical crash data provide a reliable source for crash rate analysis, but crash
data for mixed traffic lanes do not necessarily reflect ETL situations. In the absence of historical
crash data on ETLs, however, simulation becomes an appealing alternative to generate crash data
to closely represent real ETL situations.

The simulation approach has the advantage of simulating different ETL configurations and
scenarios. Simulation approach encounters some challenges and limitations. The major
challenge is deriving number of crashes from conflicts data. A multi-criteria approach was
developed to help estimate the number of crashes from data on conflict measures generated from
simulation. Limitations of the simulation approach are that single-vehicle crashes and severity of
crashes could not be derived from conflict data generated from simulation.

8. RECOMMENDATIONS FOR FURTHER RESEARCH

The following areas are identified for future research.

o The suggested thresholds for isolating conflicts that result in crashes were based on a limited
number of simulation runs. It is recommended that these thresholds be refined with more
extensive simulation results.

o Simulation approach is not capable of estimating single-vehicle conflicts hence crashes.
Single vehicle crashes are equally important regardless of the analytical approach that is
adopted. Further research is needed to develop a methodology for estimating single vehicle
crashes. It is conceivable that such a methodology could be statistical, heuristic, simulation
or a combination of several fundamental groups of approaches.

e Similar to single vehicle crashes, simulation technique is not capable of distinguishing
among the levels of severity of crashes. Further research into the nature of conflict
measures is needed that would allow estimation of the severity of crashes. This is important
because the cost of a crash depends on the severity of the crash. Historical crash databases
derived from mixed lanes are available but do not necessarily represent ETL crash severity.

o The simulation results assume that all drivers (automobile and truck) observe lane
assignments. Furthermore, the simulation approach assumes certain driver behavioral
characteristics that may not necessarily be representative of the population of drivers on the
roadway. It is possible that these assumptions may not necessarily hold true in reality. It is
recommended that some human factor research be undertaken to study the driver responses
based on which correction factors (where appropriate) can‘be introduced to the results of
simulation runs.
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APPENDIX A - APPLICATION OF SIMULATION RESULTS IN ETL SAFETY
ANALYSIS

This appendix describes procedures for estimating crash rates based on conflict information from
simulation runs for use in the ETL B-C model. The procedures are illustrated with an example.

The site simulated is a typical freeway-to-freeway interchange (Figure Al). This site includes
the I-710 and Atlantic Boulevard interchanges on SR-60. Cases simulated include the ‘oaselme
(i.e., existing) roadway configurations as well as ETL configurations.
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Figure A1, Site Modeled and Simulated

The following are the categories of configurations that were modeled. Note that the truck lanes
were modeled only on SR-60.

e Baseline Case — This case represents the existing freeway configuration.

e Baseline + Truck Lanes — This set of cases models the existing freeway configurations
with truck lanes designated on either the right or left side of the freeway

o Baseline + New Lanes — This set of cases models 1 or 2 lanes added to the existing
freeway configuration. No truck lanes are specified, i.e., adding mixed lanes.

o Baseline + New Lanes + Truck Lanes — This set of cases models 1 or 2 lanes added to
the existing freeway configuration, with truck lanes designated on either the right or left
side of the freeway. :

e Baseline + Barrier-Separated Truck Lanes — This set of cases models the existing
freeway configuration with barrier-separated truck lanes added to the configuration.
The example presented in this paper represents the light-heavy scenario where light vehicles and
trucks use separate lanes i.e., trucks were not permitted to use light vehicle lanes and vice versa.
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Conflict Rates

Once the conflicts most likely to result in crashes have been identified, conflict rates can be
calculated using VMTs generated from the simulation runs. These rates are calculated separately
for each ETL configuration simulated. Table Al is an example of a summary of the results of
simulations results showing the average number of conflicts resulting in crashes based on 10 runs
as well as the average VMTs for each ETL configuration. The simulation cases include baseline
(existing) roadway configurations as well as additional configurations used to analyze the effects
of adding lanes and designating lanes as exclusive truck lanes.

For each vehicle class, conflict rates are calculated by dividing the estimated number of conflicts

that are likely to result in crashes by the vehicle miles for that vehicle type. By definition of
conflicts, as noted earlier, CORSIM does not provide information on single-vehicle conflicts,

Table A1. Conflict Data for ETL Conflguratlons

e en s D Average Number of Conflicts Per Run®.
- ETL Configuration: TV [ 1. | LV. ] SU- [ SU- | SU- ] CV- [ GV [
D e B e B e R g [ CV{".'- : S ool o A eV
Baseline 178.1 0.2 0.2 0| 54
No New Lanes
“Left Lane ETL 194.5 0.1 03] 24 0] 04 5.4 0] 0141945 8.2 0.2 25 57
Right Lane ETL 170.5 0.5 051 25 0 53 0] 6111705 8.8 0.1 3 58
Left 2 Lanes ETL 491.8 0.4 041 24 0 6.4 06| 0414918 9.6 0.1 28 6.8
Right 2 Lanes ETL 330.2 Q 0 22 0 i 56 01 0413302 7.8 04 2.2 56
One New Lane 0 0
No Truck Lane 186.3 1] 071 211 01 0f 91 ([ 01 0471863 1.9 0.6 2.1 9.8
Left1 Lane ETL 228.8 0.2 0.3 21 01 0} 83 0 012288 10.8 0.1 2.2 86
Right 1 Lane ETL 2174 0.4 12 25 0] 01115 ] 041 02] 2174 15.6 0.4 28| 127
Barrier Sep - Thru 166.4 0 0.2 14 0 0 03 0 0| 166.4 1.8 0 14 0.5
Barrier Sep - Mid 182.8 0.1 0.5 16 0 0] 96 0| 02} 1828 11.8 0.2 1.7 ] 101
Two New Lanes 0
No Truck Lane 171.7 0.1 05| 26 0 0] 621 021 03| 1717 3.4 0.5 2.7 6.7
Left 2 Langs ETL 240.1 0.3 0.2 3.1 0 0 71 01 03] 24041 10.6 0.4 34 7.2
Right 2 Lanes ETL 219 0.2 15[ 36 0] 01 116 0 0.2 219 16.9 0.3 38 131
Barrier Sep - Thru 159.7 0.1 0.1 22 0 0 02 0 0] 159.7 26 0 2.3 0.3
Barrier Sep - Mid 178 0.2 0| 24 0 0 21 0 0 178 47 0 28 2.1

* - average number of conflicts that satisfy the conditions for a crash to occur

Relative Reduction in Conflict Rates

The impact of each ETL configuration on safety can be estimated in terms of the changes in
vehicle crashes (in this case, measured by conflicts that are most likely to result in crashes).
Based on these changes, the vehicle interactions used in calculating total crashes and crash costs
in the current ETL B-C model can be revised. For each ETL configuration simulated, the
changes in the number of estimated crashes (i.e., conflicts most likely to result in crashes)
relative to the baseline for each type of interaction can be calculated from Eqn. Al as follows.
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where
Changegr, — Change in the conflict rate due to the ETL implementation
CRiascine ~ Estimated conflict rate for baseline from CORSIM sunulatlon
CRgr. — Estimated conflict rate for ETL configuration

Essentially, the approach of using the crash estimates from simulation is to calculate the conflict
rates from simulation data and then modify actual crash rates from historical data for mixed
lanes. This addresses the limitations of the current B-C approach identified in Section 4.0 of this
report. The simulation results capture the changes in interactions between light vehicles because
of changed traffic operation. Also, the simulation network accounts for the impacts of
merge/weave areas where trucks enter/exit ETLs,

Equation Al estimates the change in conflict rates due to implementation of an ETL compared to
the baseline or do nothing case in the simulation. It is assumed that changes in conflicts are
proportional to changes in vehicle interaction. This is because the crashes are derived from
conflicts that are measures of vehicle interaction. Thus, x% reduction in conflicts for a given
vehicle type based on simulation results, for example, would correspond to x% reduction in
interactions for that vehicle type. The concept is illustrated with LV crashes for barrier separated
ETLs. The interaction rates for LVs for the baseline or do nothing case from historical crash rate
are shown in row (a) of Table A2. Rows (b) and (c) show the conflict rates derived from
CORSIM simulation for the baseline (simulated) and a barrier separated configuration. Using
Equation Al, the changes in conflict rates can be calculated as shown in Table A2, For example,
the change in multiple LV conflict rate due to implementing barrier separated ETL is

—0.2912 Egn. A2

CRyp, = CRypyne | _ 0-00990-0.01390 _
CR 0.01390

Changegy, = [

Baseline

The changes are similarly calculated for the other possible vehicle interactions involving LV.
These changes are then applied to the baseline vehicle interaction rates derived from historical
crash data. The results represent the revised or new interaction rates as shown in row (e) of
Table A2. For example, the new interaction rate for LV as a result of implementing this ETL.
configuration is

New LV, Interaction Rate = 0.6581 + [~ 0.29 x 0.6581]= 0.4668 Eqn. A3
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Table A2. Sample Calculation of Changes in Interaction Rates for LV

S e e e Single LV. | Multiple LV | LV with SU. | LV with CV.

<o BTE Gonfiguration =ol 0 |- Caleualation |50 07 BV oo (L) e (W) e s (D) e

Baseline - No ETL

(from historical data) a 0.2912 0.6581 0.0247 0.026

Baseline — No ETL :

(from simulation) b Not Simulated 0.01390 0.00002 0.00600

Barrier Sep Lane- common .

entrylexits (from simulation) c Not Simulated 0.00990 0.00001 0.00000

Change d = {c-b)/b Not Simulated -0.29 -0.65 0.73

New Interaction Rates e =g+ (a‘d} 0.2912 0.4668 0.0170 0.0210

Note: A negative value indicates a reduction in interaction rates relative to baseline

* . Rounded

The analyses for other vehicle interactions and ETL configurations can be similarly calculated as
shown in Table A3. Table A4 shows the new interaction rates. Since single vehicle conflicts
cannot be simulated, it is assumed that the impact of ETL implementation on single vehicle
crashes is negligible. In other words, the analysis assumes that the percent of single vehicle
crashes for mixed lanes are identical to roadways with ETLs. This assumption is valid given that
ETLs are expected to reduce interactions between different vehicle types.
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Number of Crashes

The last step is to use the new interaction rates in Eqn. A4 below to estimate the total number of
crashes for both the baseline and the ETL configurations simulated.

Crashes = (Cpy V4 (LV) + LV, )+ (Csy Vs (SUL +SUL )+ (Cey Vey (CVy +CVy )

L ACu Yy LV )(CsiVsuSUs) | 2 CoyViy Vi )(CeyVerChs)
(Vi +V s )LVSU (Voy +V o) LVCV

¥ 2 CoyVsuSU I CerVer CVy)
{(Vey +F o) SUCY

Eqn A4.

Note that the complex terms are expanded versions of the harmonic means of the vehicle miles
multiplied by the respective rates. For example, LV-SU crashes are estimated by the fourth term
in the above equation and are given as

LVSU = LV with SU per (LV+SU) MVM = -

1
[%cwma) *%CSUSUz)}

Egn A5

where:

Crashes = total number of crashes of all vehicle types

Crv = total crash rate of light vehicle per million vehicle miles (MVM)
Csu total crash rate of single-unit vehicle per MVM

i

Cey = total crash rate of combination vehicle per MVM
Vv = total light vehicle MVM

Vsy = total single-unit vehicle MVM

Vev = total combination vehicle MVIM

il

Subscript 1 crashes where only one vehicle was involved (e.g., LV — crash involving a single

light vehicle)

Subscript 2 = crashes where same type of vehicle was involved (but more than one vehicle)
(e.g., SU; -~ 81U and SU crash)

Subscript 3 = crashes in which an LV was involved with a different type of vehicle. However,
depending on the vehicle whose crash rate is being calculated this could be LV3,
SU3, or CVy,

Subscript 4 = crashes in which a CV was involved with a different type of vehicle. However,

depending on the vehicle whose crash rate is being calculated this could be LV,
SUy, or CV,.
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Table AS shows the estimated number of crashes for the various ETL configurations using the
approach outlined above. The differences in the total estimated crashes indicate the potential
safety impacts due to the ETL configurations.

Table A5. Comparison of Estimated Crashes

: or '__ o Estimated Number of Crashes from New Interaction Rates B
ST Conflenration 1 TOTAL | LV-LV | SU-SU" | CV-CV | Lvanasy | L¥and | SUand
Baseline 724 681 24 14 2 2 |
No New Lanes
Left ] 762 724 24 9 [ 3 1
Right 1 702 659 24 9 4 5 1
Left2 1729 1688 24 8 4 4 1
Right 2 1214 1176 24 19 0 0 1
Add One Lane
No Truck Lane 619 571 24 17 ¢ 5 1
Left Lane ETL 683 650 24 4 1 3 ]
Right Lane ETL 666 618 24 12 2 8 1
: Ba”:;:f;" SThru ) sy 516 2% 4 0 1 I
commenenyjons | B | M | % | w0 ! ; !
Add Two Lanes )
No Truck Lanes 584 539 24 5 1 4 1
2 Left Lanes ETL 709 666 24 15 2 2 1
2 Right Lanes ETL 678 630 24 11 1 10 ]
2 Barrier Sep - Thru 530 499 24 4 6 | 1
lanes
common eneylens_| 57| | 2 ; * 0 !
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APPENDIX B — STATISTICAL MODELS FOR SAFETY ANALYSIS

Volpe and NHTSA Approach for IVSS Program

McMillan et al. (2001)' described the safety benefits methodology for evaluating an Intelligent
Vehicle Safety System (IVSS) as

Part II

Part | T
T T 1 Egn, Bl

) T Rads) ] By ]
B—NWOXZPWO(SI"C) ! Pwo(C|Si) X[Pwa(Si)_

Part 11X Part IV

where:
B is the reduction in crashes/crash rates or the benefits of the system.

Each remaining part of the equation is described below

PART I of the equation

N, represents the total number of crashes or crash rates of a certain type in the system. The
source of data for this part of the equation is from the various historical crash databases including
GES, FARS etc. Neighbor (2002) conducted a study on the identification of heavy vehicle
related conflicts from the National Automotive Sampling System (NASS) General Estimates
System (GES). It was determined that the two important types of crashes with implications for
ETL are rear-end and lane-change/merge type crashes (about 35% of crashes).

PART II of the equation

P,,(8,|C) represents the conditional probability that a driving conflict S; occurred prior to a

crash C. This term represents the proportion of crashes of type C in the database which were
preceded by a conflict ;. This was estimated for the IVI program using databases like GES,
which identify the cause of the crash. This term is intended to identify how many crashes are
preceded by a conflict type. GES also has a Critical Crash Envelope (CCE) system to record
pre-crash data. CCE begins at the point where the driver recognizes impending danger or the
vehicle is in an imminent path of collision with another vehicle or any other objects. CCE uses
five variables to describe the situation before a crash happened:

1. Movement prior to the critical event
2. Critical event

3. Corrective action attempted

4. Pre-crash vehicle conirol

1 McMillan, N.J., A.C. Christiaen, and G.V. Stark, (2001) Estimating Safety Benefits for the IVI Generation 0 Field
Operational Tests. Society of Automotive Engineers, Inc...
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5. Pre-crash location.

The first two variables were used by Neighbor (2002) to define driving conflicts, and the Critical
Event is considered the most important factor. The Critical Event is the action by the subject
vehicle or another vehicle or any other object, without which the subject vehicle would not have
been involved in the crash e.g., loss of control due to excessive speed. Seven critical event
categories were developed:

1. Loss of controf

2. Roadway departure

3. Same lane speed differential — e.g., two vehicles traveling in the same lane and leader
suddenly decelerates. This is an important measure for ETLs.

Encroachment at a non-junction

Encroachment at a junction

Initiated by an animal, pedestrian, or other object

Other.

SR ERIE

Note that pre-crash condition defines a conflict, which is different from the definition of conflict
measures derived from simulation described in Section 5 of this report.

PART HI of the equation
P(CS;)
Iowa (C|S1 )
preventing crashes after a particular driving conflict has occurred. If the prevention ratio is equal
to 1, then the safety benefits are mainly derived from a reduction in the number of conflicts or
unsafe situations encountered. In other words, a prevention ratio of 1 indicates that there is no
difference between the before and after scenarios. On the other hand, a ratio of less than 1

indicates that the system reduces the probability of a crash given the occurrence of an unsafe
situation,

represents the prevention ratio, which measures the efficiency of the system in

The numerator and denominator represent the probability of a crash given a conflict. For the IVI
FOTs, Monte-Carlo simulation was used to estimate this value.

PART IV of the equation
P.(S;)
Pw(S:)
conflicts with or without the system. The numerator and the denominator can be measured

directly from field operational tests or obtained from simulation.

represents the exposure ratio, or essentially the reduction in the number of driving
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New Safety Analysis Procedures for HERS

The following equations were developed for estimating the numbers of crashes per 100 million
vehicle-miles of travel on rural and urban freeways, urban multi-lane surface streets, and urban
expressways lacking full access control.” These functional highways have potential for ETL
implementation. Different equations were developed for two-lanes and multi-lane roads and
streets, '

For rural freeways:
CRASH = 17.64 AADT™™ exp[0.0082(12 - LW)] Eqn. B2
For urban frecways:

CRASH =[145.0 - 1.203 ACR + 0.2580 ACR? — 0.00000524 ACR>] exp[0.0082 (12 - LW)]
Eqn. B3

For urban multi-lane surface streets, and urban expressways:
CRASH =ax AADT® x NSIGPM® Eqn. B4

Where

AADT - average annual daily traffic

ACR — AADT divided by two-way hourly capacity
LW — lane width, in feet (between 8 and 13)
NSIGPM - number of signals per mile (0.1 to 8)

The coefficients a, b, ¢ are shown below

Type of section a b C
Median 82.6 (0.1749 0.2515
Two-way left-turn lane 95.1 0.1498 0.4011

Other 1158 0.1749 0.2515

2 Cambridge Systematics Inc., (1998) “New Safety Analysis Procedures for HERS”. Final report prepared for
FHWA, U.S. Department of Transportation, Washington, D,C.
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