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EXECUTIVE SUMMARY

In operations of intelligent vehicle and highway systems (IVHS), automated vehicles maintain a desired speed and
safe distance from the preceding vehicles. The vehicles also maintain their positions within a lane or on their
designated path. Since vehicles are equipped with automated control systems to maintain the speed and spacing
safely, they are likely to follow each other closely. One of the safety concerns for such systems is the consequences
in failure or malfunctioning events when collisions occur. This research project investigates the behaviors of
vehicles in collisions, especially when they are closely spaced.

This study uses a two-dimensional simulation program, EDSMAC, which allows longitudinal and lateral
movements as well as the yaw motion of vehicles. The simulation model calculates impact forces in collisions and
estimates the resulting vehicle damage. The study is an extension of several previous studies at PATH on this
subject, which have emphasized on the one-dimensional dynamics of vehicle impacts. The addition of vehicle
motions in other axes provides a meaningful representation of real-world crashes.

Collision situations, representing failure or malfunctioning events, are simulated. The subsequent post-impact
vehicle trajectories are then analyzed. By varying parameters in simulation cases, one can evaluate the potential
effects of such variables in vehicle-following operations.

Through a systematic approach, correlation between the collision consequences and the operating variables in AHS
can be established. The results of this analysis may also provide valuable inputs to the design of control systems.
Proper emergency handling strategies and control laws may be developed to mitigate collision consequences. These
studies are essential in the understanding and improvement of safety design in AHS.



BACKGROUND

In order to evaluate the safety benefits of intelligent vehicle and highway systems (IVHS) or automated highway
systems (AHS), it is essential to understand the behavior of automated vehicles when failures or malfunctions occur.
Studies on vehicle damage, post-impact vehicle movements, and occupant injuries when collisions occur help
evaluate the safety hazards in failure events. They provide insight for identifying the criteria of safety design in
vehicle following operations.

Previous studies by Hitchcock (1) investigated vehicle collisions in several types of potential AHS operations. In
his analysis, Hitchcock used an inelastic collision model in which vehicles would remain in contact and become a
v-mass after an impact. A series of studies was conducted by Tongue and his students (2,3,4) on the collision
dynamics of vehicle platoons. They utilized a reduced-order vehicle model to examine the dynamics of a platoon in
emergency maneuvers. These studies deal with collisions in the longitudinal direction only.

In real-world accidents, vehicle crashes result in a variety of post-impact behaviors. In some cases, some vehicles
may remain in contact for a considerable long period of time. In other cases, vehicles separate from each other after
the initial impact and continue their motions in separate trajectories and may become involved in further impacts
with other objects.

In related work, the author adopted a different model and examined the effects of certain critical variables in vehicle
following. (5, 6) The work extended the collision analysis by Hitchcock and Tongue by applying a two-dimensional
simulation model to evaluate the consequences of vehicle collisions in malfunctioning or failure events.

SIMULATION MODEL

The analysis of vehicle collisions in this work is conducted with a simulation program developed by Engineering
Dynamics Corporation (EDC). The software package, EDSMAC (Engineering Dynamics Corporation Simulation
Model of Automobile Collisions), is used for the analysis of a single or two-vehicle accident. It is based on a
program called SMAC (7-9) initially developed and validated by Calspan Corporation and subsequently improved
by EDC (10-13). EDSMAC uses a set of assumed or estimated initial conditions, including positions and
velocities, and predicts the outcome of a collision. Engineers and accident reconstructionists have been using this
simulation program to analyze vehicle dynamics and the damage resulting from crashes. Researchers have found that
the program yields reasonable results with sound input data (14-19).

In its vehicle model, EDSMAC allows the longitudinal and lateral movements as well as the rotational motion
about the vertical axis of vehicles on a horizontal plane. If a contact between vehicles is detected, the collision phase
is analyzed. The external forces can be applied either at the tire/road interface or between the vehicles. The vehicle
exterior is assumed to have homogeneous stiffness.

In the simulation model, a force proportional to the amount of crush is exerted as the body of a vehicle is crushed.
This is accomplished by dividing the vehicle’s perimeter into equally spaced intervals. Each of these intervals forms
a pie-shaped wedge having its focus at the center of gravity of the vehicle. By knowing where the vehicles are with
respect to each other, EDSMAC locates the wedges which are in contact and equalize the force between them. The
resulting summation of forces dictates the motion of each vehicle due to the collision. This process continues for
each collision time increment until the vehicles are no longer in contact. Default values of the crush stiffness data
according to vehicle class category are used in the simulation. (13)

EDSMAC allows the direct entry of vehicle data by users or the selection of default values. The vehicles are
categorized by their wheelbase into several classes. Class I and II are small passenger cars while Classes III to V are
medium to large cars. In this paper, default values of vehicle parameters provided by EDSMAC are used in the
simulation. (13)

Appendix A contains exemplar pages of the program EDSMAC and tables showing the default values of different
vehicle classes.

SIMULATION SCENARIOS AND ASSUMPTIONS



In real-world accidents, vehicle crashes result in a wide range of post-impact behaviors. The post-impact motions of
vehicles involved in a collision are affected by the following factors:

. collision conditions, such as vehicle orientation and types of impacts;

. vehicle parameters, such as size, weight and structural strength;

. vehicle states, such as translational and rotational speed and acceleration;

. vehicle control input, such as throttle, braking, and steering;

. roadway states, such as surface friction, curvature, grade, and roadside hazards.

. Tire-roadway interactions, such as friction coefficient and tire traction forces.

Some of the variables in the list above are varied in this study to investigate their effects, such as vehicle sizes and
collision conditions. Some variables are not altered due to the limitations of the simulation program, such as
roadway grade or elevation. Others, such as steering or braking inputs, will be examined in the next phase of study
and presented in a following research report.
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The simulation in this paper is conducted for a two-vehicle impact scenario described as follows:

1. The two vehicles are proceeding straight and no steering inputs are entered before, during, or after the impact.

2. The leading vehicle at time zero began braking with a constant 0.7 g deceleration and the following vehicle
applied no acceleration or deceleration. Throughout the simulation duration, the braking of the leading vehicle
remains applied.

3. No other objects or vehicles come into contact with the two vehicles in question.

The simulation scenario is chosen to reflect one of the most critical failure conditions that may occur. Such

scenarios may result from the following malfunctions or failures:

1. a miscommunication from the leading vehicle to the following vehicle, and a failure in the range sensor on the
following vehicle, or

2. afailure in brake actuation on the second vehicle.

Due to the limitations of the simulation models, the problem is formulated to analyze two-vehicle collisions only.
The existing software does not allow a third vehicle or object to be involved in the collision process. The motions
of the vehicles are restricted on a horizontal plane.

In scenarios with different initial spacing between the two vehicles, the first collision starts at different time instants

after the initial application of braking in the leading vehicle. For comparison of results in different cases, the

simulation is run for the same time period after the initial impact. In the cases presented in the next section, the
simulation is terminated after four seconds of vehicle motions from the initial impact. A duration of four seconds is
chosen based on the following reasoning:

1. A deviation in vehicle states or roadway geometry in real-world situations may render the simulation unrealistic
and inapplicable. Such deviations may result from a change of tire angles, impacts with other objects, roadway
curvature and elevation, or vehicle control being activated, etc.

2. In simulation cases with both vehicles starting at 105 kmph (65 mph) and initial spacing of 1-10 m, the two
vehicles will have traveled about 90-105 m at the termination of simulation. The vehicle motions are likely to
be affected by factors described in (1) after such distances.

3. In most cases the delta-V of impacts gradually diminishes as time goes on. The simulation in the initial few
seconds provide more critical information than in later periods.

In order to evaluate the criticality of operational variables, certain parameters in the simulated scenarios are varied in
different sets of cases. The variables include:

1. spacing between the two vehicles at the beginning of the simulation,

2. lateral offset of vehicle centerlines at initial impact,

3. classes of vehicles, and

4. vehicle speed.

Descriptions of these simulation scenarios and results are given in the next section.

SIMULATION RESULTS

In the assessment of vehicle collisions, the following consequences of collisions are of particular interests in our
studies:



1. Equivalent Delta-V: This is the speed differential between two vehicles at the time of impact and is often a
good indicator of the potential occupant injuries.

2. Vehicle Damage: This is the physical destruction to the vehicle bodies and thus a direct measure of property
and potential functionality loss.

3. Lateral Deviation: This is the lateral movement of a vehicles from its original path. In the simulated cases, it
is measured by the maximum lateral position of the center of gravity (CG) of a vehicle in either direction.

4. Vehicle Rotation: This is the yaw angle of a vehicle. The maximum yaw angle of each vehicle in either the
clockwise or the counter-clockwise direction is used for comparison.

5. Lane Departure Time: This is the elapsed time from the initial collision to the instant when a vehicle CG leaves
its original lane. In this paper, the lane departure time is defined as the time when the lateral movement of a
vehicle CG exceeds 0.9 m.

6. Speed and Yaw Angle at Lane Departure Time: These variables represent the potential hazards incurred by the
departing vehicle.

The first two measures are directly linked to the evaluation of vehicle structure and occupant injuries, which requires
further analysis and a wide scope of studies. The last measure is not included in the discussions here because the
simulation does not allow impacts with other objects. We will focus on measures 3-5 in the following discussions.

In the first set of simulation cases, the two vehicles start at 105 kmph (65 mph) with a selected initial spacing and a
given lateral offset. The lateral offset is defined as the distance between the longitudinal axes of the two vehicles.
The leading vehicle is assumed to be in the center of a lane while the following vehicle is offset to the left side of
the centerline. The simulation is repeated for lateral offsets of 0.15, 0.30, 0.45, 0.60, and 0.75 m. The initial
spacing is then changed to another value before the iterations for different lateral offsets repeat. The initial spacing
used in the simulations includes values of 1, 3, 5, and 10 m. The sizes of the two vehicles are also chosen to vary
with the following three formations:

1. Class III vehicle leading and Class III following (Formation I),

2. Class I leading and Class IV following (Formation II),

3. Class IV leading and Class I following (Formation III).

Here the classes of vehicles are defined in EDSMAC with default values for their sizes, inertia, and crush
characteristics.

The results of the first set of simulations are shown in Figures 1-28. Figures 1 and 2 depicts the variation of lateral
deviations of the leading and the following vehicles in Formation I with various initial spacing and lateral offset.
Figures 3 and 4 are the corresponding results for Formation II while Figures 5 and 6 are those of Formation III.
The results are represented differently in Figures 7-14, where the initial spacing is fixed in each figure with different
formations. Figures 15-28 show the lane departure time corresponding to each set of data given in Figures 1-14.

The observations from the first set of simulation cases can be summarized as follows:

1. Fora given speed and an initial spacing, the lateral deviations of both the leading and the following vehicles
become greater as the lateral offset increases. This is illustrated in Figure 1, 3, and 5.

The pattern described in (1) holds true for the several values of initial spacing

The pattern described in (1) is valid for all three different formations.

The lateral deviations do not increase linearly, but fluctuates, with larger lateral offset and larger initial spacing.
The lateral deviations in formation II are the greatest and those in formation III are smallest.

In general, the lane departure time is shorter for larger lateral offsets and larger initial spacing.

The lane departure time for most cases are between 1 to 3 seconds but it falls to 0.7 seconds for extreme cases.
In accordance with (5), the lane departure time is shortest for formation II and longest for formation III.

In certain cases, the following vehicle leaves the original lane from the left side shortly after the initial collision
because it starts with a position left to the centerline.

. In a majority of cases, the leading and the following vehicles both proceed further off the lane to the right as
they move forward after the initial collision. In a smaller number of cases, they rotate and move back toward
the center of the lane, creating a wavy trajectory. In a few rare cases, the yawing motions are such that the
leading vehicle rotates out of the way of the following vehicle and the two vehicles become separated.

11. Some cases, as explained in (10), do not record lane departure time when the simulations are terminated.
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In the second set of cases, both vehicles start at a speed of 105 kmph and a lateral offset of 0.30 m. The simulation
is repeated for various initial spacing from 1 to 10 m with an increment of 1m. The results are shown in Figures
29-34. In Figures 29-32, the lateral deviations and yaw angles of the leading and the following vehicles are plotted



for three different formations with the initial spacing changing from 1 to 10 m. Figures 33 and 34 illustrate the
trends of the lane departure time for the leading and the following vehicles respectively.

This set of simulations reveals the following patterns:

1. The lateral deviation of the leading vehicle does not increase consistently with the increase in initial spacing.
Instead, it fluctuates between 0.4 and 2.8 m with initial spacing of 1 to 10 m for each of the three formations.
This is illustrated in Figure 29.

2. The lateral deviation of the following vehicle increases drastically for initial spacing of 5 m or greater for
formation II and III, as shown in Figure 30.

3. The yaw angle of the leading vehicle is significantly greater for formation II in cases with initial spacing of 5 m
and higher. The vehicle rotates as much as 270 degrees in the counter-clockwise direction. This is depicted in
Figure 31.

4. The yaw angle of the following vehicle is relatively small, mostly below 10 degrees, in all three formations, as
shown Figure 32.

5. The lane departure time of both vehicles becomes shorter for cases with greater initial spacing.

6. The lane departure time of the leading vehicle is shortest for formation II and longest for formation III.

The third set of cases is simulated with the vehicles starting at 153 kmph (95 mph) and a lateral offset of 0.3 m.
Results are given in figures 35-40. In figures 35-36, the lateral deviations and yaw angles of the leading and the
following vehicles are plotted for three different formations with the initial spacing changing from 1 to 10 m.
Figures 39 and 40 illustrate the lane departure time for the leading and the following vehicles respectively.

The following observations are made from this set of simulations:

1. The lateral deviation of the leading vehicle does not increase consistently with the increase in initial spacing.
Instead, it fluctuates between 0.3 and 3.5 m for each of three formations, as shown Figure 35.

2. The lateral deviation of the following vehicle increases drastically for initial spacing of 4 m or greater for
formation II and III. This is depicted by Figure 36.

3. The yaw angle of the leading vehicle is significantly greater for formation II in cases with initial spacing of 5 m
and higher. The vehicle rotates more than 270 degrees in the counter-clockwise direction, as shown in Figure
37.

4. The yaw angle of the following vehicle is relatively small, mostly below 10 degrees, in all three formations, as
shown in Figure 38.

5. The lane departure time of the leading vehicle gradually decreases for cases with larger initial spacing, as shown
in Figure 39.

6. The lane departure time of the following vehicle becomes significantly shorter for cases with initial spacing of 5
m or greater, as shown in Figure 40.

To validate the simulation results of the two previous sets, a third set of data is obtained by changing the initial
speed to 129 kmph (80 mph). The results are given in Figures 41-46. They correspond to the figures of the two
previous cases with similar titles and representations.

A comparison among the results of the cases with initial speeds of 105, 129, and 153 kmph, in which the only
difference is the starting speed, indicate that the patterns of observed measures are strikingly similar. Both cases
show that the lateral deviation of the leading vehicle is somehow bounded but that of the following vehicle becomes
much greater for large initial spacing. On the other hand, the yaw angle of the leading vehicle increases drastically
for cases with large initial spacing while that of the following vehicle is limited. In many of these cases, the
leading vehicle rotates away from the following vehicle and comes to a stop while the following vehicle proceeds
forward in a separate trajectory.

SUMMARY
The study of vehicle collisions is important for evaluating the potential hazards of failure events. This study uses a
two-dimensional simulation model to investigate collisions in vehicle following operations. The simulations

provide a means for evaluating the effects of operating variables on post-impact vehicle motions.

It can be concluded from the simulations described in this paper that small spacing and small lateral offset in
vehicle following offer potential benefits in minimizing post-impact deviations from the original paths and rotation



from the original orientation. The time it takes for a vehicle to depart from its original lane is shorter for those
cases with greater lateral deviations and vehicle rotations. Besides the effects of lateral offset, greater delta-V also
contributes to greater post-impact motions and shorter lane departure time. The effect of greater delta-V is
exemplified in a comparison of cases with different operating speeds.

This study evaluates the consequences of collisions beyond the one-dimensional analysis suggested in previous
studies. It provides additional information to help understand post-impact vehicle dynamics. With inputs from
studies of this type, the evaluation of safety issues in AHS may be pursued by using a simpler one-dimensional
model for macroscopic assessment and more complex simulations for detailed representation of specific conditions.
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APPENDIX A

The following figures are pages from the user’s manual of EDSMAC. (13)

No. Title of Figures

el

A typical screen display of an EDSMAC simulation.

A post-simulation display of vehicle damage.

A graphic illustration of selected variables of an EDSMAC simulation.

The classification of vehicle sizes by their wheel base and the default values of vehicle parameters.
Different classes of vehicle stiffness and exemplar vehicles.
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Damage Profiles
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Data Graph
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Vehicle Class Categories
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Vehicle Crush Stiffness Categories
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Offset

Maximum Lateral Position of Leading Vehicle with 3 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Lateral Position of Leading Vehicle with 5 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Lateral Position of Leading Vehicle with 10 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Lateral Position of Following Vehicle with 1 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Lateral Position of Following Vehicle with 3 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Lateral Position of Following Vehicle with 5 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Lateral Position of Following Vehicle with 10 m Initial Spacing for Various Formations and Lateral
Offset

Lane Departure Time of Leading Vehicle with Class III Leading and Class III Following for Various Spacing
and Lateral Offset

Lane Departure Time of Following Vehicle with Class III Leading and Class III Following for Various Spacing
and Lateral Offset

Lane Departure Time of Leading Vehicle with Class I Leading and Class IV Following for Various Spacing and
Lateral Offset

Lane Departure Time of Following Vehicle with Class I Leading and Class IV Following for Various Spacing
and Lateral Offset

Lane Departure Time of Leading Vehicle with Class IV Leading and Class I Following for Various Spacing and
Lateral Offset

Lane Departure Time of Following Vehicle with Class IV Leading and Class I Following for Various Spacing
and Lateral Offset

Lane Departure Time of Leading Vehicle with 1 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Leading Vehicle with 3 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Leading Vehicle with 5 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Leading Vehicle with 10 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Following Vehicle with 1 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Following Vehicle with 3 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Following Vehicle with 5 m Initial Spacing for Various Formations and Lateral Offset
Lane Departure Time of Following Vehicle with 10 m Initial Spacing for Various Formations and Lateral
Offset

Maximum Abs(Lateral Position) of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Maximum Abs(Lateral Position) of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset
for Various Formations and Initial Spacing

Maximum Abs(Yaw Angle) of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing
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43.

44,

45.
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47.

48.

49.

50.

51.

52.

Maximum Abs(Yaw Angle) of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Lane Departure Time of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Maximum Abs(Lateral Position) of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Maximum Abs(Lateral Position) of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset
for Various Formations and Initial Spacing

Maximum Abs(Yaw Angle) of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Maximum Abs(Yaw Angle) of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Lane Departure Time of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Maximum Abs(Lateral Position) of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Maximum Abs(Lateral Position) of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset
for Various Formations and Initial Spacing

Maximum Abs(Yaw Angle) of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Maximum Abs(Yaw Angle) of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for
Various Formations and Initial Spacing

Lane Departure Time of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing

Lane Departure Time of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various
Formations and Initial Spacing
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Figure 1. Maximum Lateral Position of Leading Vehicle with Class III Leading and Class III Following for Various Spacing and Lateral Offset
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Figure 2. Maximum Lateral Position of Following Vehicle with Class III Leading and Class III Following for Various Spacing and Lateral Offset
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Figure 3. Maximum Lateral Position of Leading Vehicle with Class I Leading and Class IV Following for Various Spacing and Lateral Offset
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Figure 4. Maximum Lateral Position of Following Vehicle with Class I Leading and Class IV Following for Various Spacing and Lateral Offset
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Figure 5. Maximum Lateral Position of Leading Vehicle with Class IV Leading and Class I Following for Various Spacing and Lateral Offset
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Figure 6. Maximum Lateral Position of Following Vehicle with Class IV Leading and Class I Following for Various Spacing and Lateral Offset
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Figure 7. Maximum Lateral Position of Leading Vehicle with 1 m Initial Spacing for Various Formations and Lateral Offset
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Figure 8. Maximum Lateral Position of Leading Vehicle with 3 m Initial Spacing for Various Formations and Lateral Offset



Classi& 1
—_— e Class 1&NV -
6
£ /
=
=
%
QO_ / - - -—
™ /
S -
% - -
- 2 — —
—— - -
= | =
- -
=
0
-2
0.15 0.30 0.45 0.60
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Figure 10. Maximum Lateral Position of Leading Vehicle with 10 m Initial Spacing for Various Formations and Lateral Offset
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Figure 11. Maximum Lateral Position of Following Vehicle with 1 m Initial Spacing for Various Formations and Lateral Offset
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Figure 12. Maximum Lateral Position of Following Vehicle with 3 m Initial Spacing for Various Formations and Lateral Offset
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Figure 13. Maximum Lateral Position of Following Vehicle with 5 m Initial Spacing for Various Formations and Lateral Offset
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Figure 14. Maximum Lateral Position of Following Vehicle with 10 m Initial Spacing for Various Formations and Lateral Offset
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Figure 15. Lane Departure Time of Leading Vehicle with Class III Leading and Class III Following for Various Spacing and Lateral Offset
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Figure 16. Lane Departure Time of Following Vehicle with Class III Leading and Class III Following for Various Spacing and Lateral Offset
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Figure 17. Lane Departure Time of Leading Vehicle with Class I Leading and Class IV Following for Various Spacing and Lateral Offset



I
@ = =f] 1 minitid spacing
¥— =g 3 M initid spacing
B — =@ 5 minitid spacing
#— -@ 10 minitialspacing
4
2 BN
%y
33 \‘
z R~ <
é \k S~ -~ -
o S~
dé = =~ ﬂ _-— e .
e 2 \\ e e oy, -
F I I Sty il
—-— - - T
1 — o  ——
0
0.15 0.30 0.45 0.60 0.75

hitid lateral Ofs et (m)

Figure 18. Lane Departure Time of Following Vehicle with Class I Leading and Class IV Following for Various Spacing and Lateral Offset



I
& =— =F] 1 minitid spacing
¥— ==ty 3 Minitid spacing
B — =@ 5 minitid spacing
#— -@ 10 m niial spacing
4
IZN K
b N
g ~
23 =S
= - - \; - ~
2 = - -~ \ =~ -
i
T - N !
g 2 ~_ ~ SN e —
-~ - -
- -— == - -—
— - —J
— —
1
0
0.15 0.30 0.45 0.60 0.75

hitid lateral Ofs et (m)

Figure 19. Lane Departure Time of Leading Vehicle with Class IV Leading and Class I Following for Various Spacing and Lateral Offset
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Figure 20. Lane Departure Time of Following Vehicle with Class IV Leading and Class I Following for Various Spacing and Lateral Offset
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Figure 21. Lane Departure Time of Leading Vehicle with 1 m Initial Spacing for Various Formations and Lateral Offset
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Figure 22. Lane Departure Time of Leading Vehicle with 3 m Initial Spacing for Various Formations and Lateral Offset
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Figure 23. Lane Departure Time of Leading Vehicle with 5 m Initial Spacing for Various Formations and Lateral Offset
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Figure 24. Lane Departure Time of Leading Vehicle with 10 m Initial Spacing for Various Formations and Lateral Offset
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Figure 25. Lane Departure Time of Following Vehicle with 1 m Initial Spacing for Various Formations and Lateral Offset



4
=N
()]
(25
8
@3
4
IT
)
|
g2
=
1
[B—F] C:assl& |
¥ =iy Class I1&V
B — =g Class V&I
0
0.15 0.30 0.45 0.60 0.75

hitid lateral Ofs et (m)

Figure 26. Lane Departure Time of Following Vehicle with 3 m Initial Spacing for Various Formations and Lateral Offset
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Figure 27. Lane Departure Time of Following Vehicle with 5 m Initial Spacing for Various Formations and Lateral Offset
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Figure 28. Lane Departure Time of Following Vehicle with 10 m Initial Spacing for Various Formations and Lateral Offset
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Figure 29. Maximum Abs(Lateral Position) of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial
Spacing
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Figure 30. Maximum Abs(Lateral Position) of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial
Spacing
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Figure 31. Maximum Abs(Yaw Angle) of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 32. Maximum Abs(Yaw Angle) of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 33. Lane Departure Time of Leading Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 34. Lane Departure Time of Following Vehicle with 105 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 35. Maximum Abs(Lateral Position) of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial
Spacing
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Figure 36. Maximum Abs(Lateral Position) of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial
Spacing
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Figure 37. Maximum Abs(Yaw Angle) of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 38. Maximum Abs(Yaw Angle) of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 39. Lane Departure Time of Leading Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 40. Lane Departure Time of Following Vehicle with 153 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 41. Maximum Abs(Lateral Position) of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial
Spacing
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Figure 42. Maximum Abs(Lateral Position) of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial
Spacing
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Figure 43. Maximum Abs(Yaw Angle) of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 44. Maximum Abs(Yaw Angle) of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 45. Lane Departure Time of Leading Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing
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Figure 46. Lane Departure Time of Following Vehicle with 129 kmph Initial Speed and 0.3 m Lateral Offset for Various Formations and Initial Spacing





