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Abstract: An autonomous vehicle (AV) uses high-level decision making and lower-level actuator
controls, such as throttle (acceleration), braking (deceleration), and steering (change in lateral di-
rection) to navigate through various types of road networks. Path planning and path following for
highway driving are currently available in series-produced highly automated vehicles. In addition
to these, emergency collision avoidance decision making and maneuvering are another key and
essential feature that is needed in a series production AV at highway driving speeds. For reliability,
low cost, and fast computation, such an emergency obstacle avoidance maneuvering system should
use well-established conventional methods as opposed to data-driven neural networks or reinforce-
ment learning methods, which are currently not suitable for use in highway AV driving. This paper
presents a novel Emergency Obstacle Avoidance Maneuver (EOAM) methodology for AVs traveling
at higher speeds and lower road surface friction, involving time-critical maneuver determination
and control. The proposed EOAM framework offers usage of the AV’s sensing, perception, control,
and actuation system abilities as one cohesive system to avoid an on-road obstacle, based first on
performance feasibility and second on passenger comfort, and it is designed to be well integrated
within an AV’s high-level control and decision-making system. To demonstrate the efficacy of the
proposed method, co-simulation including the AV’s EOAM logic in Simulink and a vehicle model in
CarSim is conducted with speeds ranging from 55 to 165 km/h and on road surfaces with friction
ranging from 1.0 to 0.1. The results are analyzed and interpreted in the context of an entire AV system,
with implications for future work.

Keywords: emergency obstacle avoidance maneuver; autonomous vehicle; operational design do-
main; dynamic driving tasks

1. Introduction

Though automotive safety technology has improved substantially over recent decades,
there are still several accidents each year, with fatalities of approximately 1.25 million
people annually [1,2]. The National Motor Vehicle Crash Causation Survey, conducted
from 2005 to 2007, showed that 94% of all vehicle crashes in the US were due to driver
error [3]. Of those driver-related errors, the largest percentage (41%) of human error was
due to Recognition Errors, which can include driver inattention, internal and external
distractions, and inadequate surveillance. This was followed by Decision Errors (33%),
such as driving too fast for the existing road conditions, and misjudgment of either the gap
between vehicles or other vehicle speeds. These sobering statistics demonstrate that human
driving errors cause many car accidents, which are often fatal, even with the latest vehicle
safety improvements. These statistics grow in severity as (a) vehicle speeds increase and (b)
road and/or environmental conditions degrade.

One predominant takeaway from these collective statistics is that an autonomous
vehicle (AV) could be well suited to safely deal with these driving situations that require
evasive maneuvering, with high precision and accuracy, full utilization of the associated
vehicle dynamics, and comprehensive real-time data regarding the outside environment. In
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this context, an AV is assumed to be equipped with Level 3–5 autonomy, as defined by the
Society of Automotive Engineers J3016 standard [4]. An AV with an exclusive subsystem
designed to handle Emergency Obstacle Avoidance Maneuvers (EOAMs) would be ideal
to specialize in more severe AV obstacle avoidance tasks.

Regarding obstacle avoidance maneuvers for AVs, there are several works within the
past 30 years that detail useful inputs for an AV to complete a lane change during severe
lateral dynamic conditions. An earlier emergency maneuver study tested various types of
steering controllers that utilized input data that could be extracted from onboard vehicle
sensors without asserting decision-making logic for the AV [5]. Later updates provided
by [6,7] included specific decision-making logic based on vehicle states relative to sensed
road objects, such that the AV may either brake, steer and brake, or provide a pure steering
maneuver to avoid the on-road object ahead.

Reference [8] offered a scoring-based system that utilized a minimum safety distance
and required steering frequency with maximum lateral acceleration to assess emergency
maneuver safety and comfort score. Additionally, ref. [9] provided a lookup table approach
to create an obstacle avoidance trajectory for an AV with parameter–space robustness that
could be computed in real time, and this approach was implemented using rapid prototype
hardware in an HIL environment and then on an actual vehicle. A combined geometric
and kinematic approach was used to treat the same problem in [10].

It is noted that many different approaches can work for an AV in an emergency ma-
neuver situation. What is novel in this paper is the implementation of a particular decision-
making and trajectory-generating approach within the context of an entire AV high-level
system, which can work in real time and can, therefore, easily be integrated into a production-
level AV system framework. This paper preserves recognition of an AV system hierarchy
when determining the time and conditions in which the emergency maneuver should occur,
the control handoff from the high-level AV system to the specific AV emergency maneu-
ver domain, and the return of vehicle control back to the high-level AV system after the
maneuver is complete.

It should also be noted that a probabilistic trajectory approach for obstacle avoidance
was adopted by some researchers like reference [11], for example. A probabilistic approach
works well in indoor robotics and challenge and demonstration environments but has
problems in demanding applications like highway speed driving and is not used here.
Model predictive control was used in reference [12]. Model predictive control can add the
vehicle dynamics as a constraint in a collision avoidance application but suffers from high
computational load and relying on weights to indirectly control performance.

The goal of a production-intent AV emergency maneuver framework and its active
integration within the high-level AV system architecture of this paper are unique features.
This contrasts with the data-driven neural network and reinforcement learning approaches
that have appeared in the literature in recent years as advanced methods. For example,
reference [13] used a back propagation neural network with lateral acceleration, longitudinal
distance, lateral separation, AV speed and other vehicle speed as inputs, and brake per-
centage and steering percentage as outputs for collision avoidance maneuver computation.
Neural network-based methods for collision avoidance low-level actuator command deter-
mination like these rely on training to adjust their weights and do not perform well when
the training data do not contain the encountered situation, which may be rare or extreme
like an emergency collision avoidance maneuver. Training data are usually generated using
simulations, and the dynamics of the vehicle is not incorporated into the solution proce-
dure as in conventional methods. Neural network-based methods also require a powerful
computational system and are usually implemented using graphical processing units. Rein-
forcement learning and deep reinforcement learning methods like [14] use rewards or costs
to train and develop a collision avoidance policy. While they move in the right direction of
avoiding collisions, which maximize the reward and, hence, have basic feedback built in as
compared to the simple pattern recognition approach of neural networks, they also suffer
the same disadvantages as neural network-based methods. In addition, reinforcement
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learning methods may require extensive training and may not always converge to the de-
sired collision avoidance solution. Reinforcement learning in smart vehicular technologies
is given in [15], and other applications for collision avoidance are given in [16–18]. Finally,
although effective, most of these procedures lack explainability features, actual technol-
ogy such as Large Language Models (LLMs) combined with traditional approaches could
enhance the understandability and interpretation of the actions taken by the systems [19].
It is clear that these approaches cannot be applied to a production-intent AV emergency
obstacle avoidance maneuver. Hence, this paper focuses on developing and evaluating a
conventional, inverse vehicle dynamics-based solution that can easily be integrated into
a production AV’s decision making and perception system and is computationally fast,
accurate, and reliable.

The method proposed in this paper needs the vehicle to be drive by wire with auto-
mated braking and automated steering capabilities. Drive-by-wire systems [20,21], including
brake-by-wire [22,23] and steer-by-wire systems, are readily available as a result of the de-
velopment of Advanced Driver Assistance Systems (ADASs) and SAE L2+ and above
automated driving systems. Automated braking capability is needed in Automatic Emer-
gency Braking [24] and Adaptive Cruise Control [25,26] systems available in many new cars.
Automated steering capability is needed for lane-keeping assistance systems [27], which
are also available in many new cars. The availability of automated braking and steering
capability in current road vehicles will make the proposed approach of this paper easy to
implement in production vehicles.

The organization of the rest of this paper is as follows. Section 2 is the Materials and
Methods, which introduces the AV EOAM framework design goals, system description, and
modeling details. The EOAM framework decision-making logic creation details are also
presented in Section 2, along with additional EOAM framework novelties. The simulation
scenario setup is presented in Section 3 (Simulation Experiment Setup). The results are
presented and discussed in Section 4 (Results and Discussion). The final conclusions and
recommendations for future work are provided in Section 5 (Conclusions).

2. Materials and Methods
2.1. Overall EOAM Framework Goals and System Description

A general AV EOAM framework system should utilize the key AV characteristics
shown in Figure 1, comprising relevant World Model Data, Decision-Making Subsystem,
Trajectory Generation Subsystem, Trajectory-Tracking Control Subsystem, and Actuation
(throttle, steering, and brakes).

This EOAM framework should also embrace operational design domain (ODD) and
dynamic driving task (DDT)-based architecture [28–31] that allows for specific domains to
take care of unique tasks that occur less frequently than normal driving conditions; one
of the domains could manage emergency maneuvers involving large-magnitude lateral
dynamics with low processing and execution times.

The EOAM framework described in this paper is designed to be a real-time-capable,
domain-based system, which can perform successful maneuvers during AV travel at
highway speeds (55 km/h to at least 120 km/h) [32] on surfaces that range from ideal
(dry, µ = 1.0) to slippery (ice, µ = 0.1). For an AV to execute an EOAM, the primary
AV systems must all function in harmony with the EOAM domain. These systems are as
follows: Sensing, Perception, Decision Making, Control, and Actuation.

The overall goals for this EOAM framework are as follows:

• Understand and recognize World Model conditions that require an EOAM. This
includes the ego AV states and ARO (active road object) relative states;

• Create and utilize decision-making logic that allows the AV to know what type of
maneuver to perform and precisely when to perform it, based on the current environ-
mental conditions, known vehicle traits, and current on-road activity, including the
states of the object(s) that must be avoided (the ARO);
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• Through AV actuator (steering, throttle, brake) control, perform the safest emergency
maneuver based on environmental, AV, and ARO states;

• Provide warnings to the vehicle occupants based on AV and ARO states and, poten-
tially, before the EOAM begins. The warnings can also be used to activate pre-collision
safety measures, such as occupant safety belt pre-tensioners, airbag arming, and
increased seat side and leg bolstering [33,34].
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The logic for this EOAM framework was deployed in Simulink with some Matlab
functions, then co-simulated with CarSim. This simulation ran faster than in real time as a
confirmation that this same software logic could be deployed in actual vehicle hardware
within an AV, for real-time decision making and maneuver execution. Below is a summary
of the steps utilized in the EOAM framework logic used in this research, based on the
system information given earlier in Figure 1.

1. Determine if current conditions are necessary for an EOAM, using the decision-making
module (DMM) phase;

2. When a lane change is required, utilize 3D lookup tables that were computed offline to
determine the vehicle’s desired longitudinal acceleration and steering input through
the maneuver;

3. Utilize steering and longitudinal acceleration controllers to assure that the maneuver
is robust enough to be completed as prescribed;

4. Monitor the AV’s lateral position for a point of no return;
5. Provide a specified time-based duration for the entire lane change maneuver to

complete that allows the AV to reach a stable final position;
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6. After the maneuver is completed, return to the original lane of travel and hand control
back to the AV high-level system controller.

Overall, there are six discrete modes of operation that are conducted by the EOAM
module within the AV system architecture:

1. NORMAL: the high-level AV system is in control as traffic conditions do not require
EOAM intervention;

2. UPDATE, BRAKE: EOAM intervention with occupant warning is required with pure
braking; no oncoming vehicle is detected;

3. UPDATE, STEER + BRAKE: an EOAM lane change maneuver with occupant warning,
known geometric path, and longitudinal acceleration profile is required; no oncoming
vehicle is detected;

4. ONCOMING, BRAKE: an oncoming vehicle is detected at the time of either (1) or (2),
but before the AV reaches the lateral point of no return, so limit braking should be
conducted;

5. ONCOMING, STEER + BRAKE: an oncoming vehicle is detected at the time of either
(1) or (2) and after the AV reaches the lateral point of no return, so the lane change
maneuver should continue so that the AV avoids an offset/oblique collision with
the first ARO; once the AV reaches the desired position in the next lane, it should
immediately return to the original lane to ideally avoid the detected oncoming traffic.
After the AV returns to the desired lane position in the original lane, it should hand
control back over to the high-level AV system;

6. RETURN: The AV has completed (2) or the AV has reached the desired lane position
after (4) occurred, so it should return to the original lane. After the AV returns to
the desired lane position in the original lane, it should hand control back over to the
high-level AV system.

A summary logic flowchart for the EOAM framework proposed in this paper that
combines the high-level EOAM system summary and EOAM framework discrete modes of
operation is shown in Figure 2.

2.2. Vehicle and Trajectory Modeling

For simulation of an EOAM under varying surface friction (mu) conditions at highway
speeds (55 to 165 km/h), a simplified lateral dynamic model is useful in that it can be
linearized about a single longitudinal speed and can capture transient lateral motion, with
relatively low computational complexity. The vehicle used in the numerical work in this
paper is an E-Class sedan with front-wheel steering and front-engine/rear-wheel-drive
powertrain layout, without an anti-lock braking system (ABS) or electronic stability control
(ESC). It is well known that current series production vehicles have both ABS [35,36]
and ESC [37,38]. The reason for their omission in the simulations here is to focus on the
emergency obstacle avoidance maneuver design and evaluation alone and to also see if the
developed method creates wheel lockup or yaw stability problems. Through this approach,
it was seen that the developed EOAM did not cause any such problems in the simulation
studies of this paper.

The equations of motion for the planar bicycle model concerning the vehicle body can
be derived by first creating a free-body diagram (as shown in Figure 3) that includes the
relevant forces and moments on the vehicle during a turning maneuver, such that Newton’s
second law applies [39]. The notation used in Figure 3 is given in Table 1.
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Table 1. Relevant nomenclature for 3 DOF planar vehicle model used in this paper.

Variable Description

Fx longitudinal (tractive) force

Fyf lateral force on the front axle

Fyr lateral force on the rear axle

ax longitudinal acceleration

ay lateral acceleration

df distance from front axle to center of gravity

dr distance from rear axle to center of gravity

m mass of vehicle

Iz mass moment of inertia about vehicle z axis

β chassis side slip angle

αf front tire side slip angle

αr rear tire side slip angle

ψ vehicle yaw angle
.
ψ vehicle yaw rate
..
ψ vehicle yaw angular acceleration

δ steering road wheel angle

Ψ absolute (global) AV heading angle

θ absolute (global) path yaw angle

The forces can be summed in the longitudinal and lateral directions with respect to
the axes fixed to the vehicle body, in addition to the moments summed about the vehicle’s
center of gravity [39]:

Fx − Fy f sin(δ) = max, (1)

Fyr + Fy f cos(δ) = may, (2)

dfFy f cos(δ)− drFyr = Iz
..
ψ, (3)

where the longitudinal and lateral acceleration vectors contain translational and rotational
components
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ax =
.
vx − vy

.
ψ, (4)

ay =
.
vy + vx

.
ψ. (5)

The cornering stiffness for the front and rear tires was obtained as the linear slope at the
origin of the lateral force versus slip curves [40] from the CarSim 225/16 R18 Touring Tire
data [34]. The lateral tire forces were approximated as linear using tire cornering stiffness
(Cα) and lateral tire slip angle (α) with Fy = Cαα, in accordance with the literature [39–44].
This linear approximation is saturated using:

Fymax = −Cαα*, (6)

which is used as the saturated lateral force output whenever the actual tire slip angle
is greater than or equal to the maximum front or rear tire lateral slip angle of 5 degrees
(αmax = α* = 5◦).

A fifth-order polynomial geometric trajectory and constant speed profile comprised
the initial trajectory, noting that a coupled path and speed or acceleration profile equates to
a trajectory. A fifth-order polynomial was implemented in the EOAM methodology as it is
geometrically useful for a single lane change (SLC) maneuver, has geometric G3 continuity,
and has a continuous curvature rate when parameterized in terms of arc length. The initial
formulation for this fifth-order polynomial trajectory includes a time-based output (C2
parametric continuity), though this path is later parameterized in terms of arc length, so
it is ultimately considered with geometric (G3) continuity. Details of how a fifth-order
polynomial can be used as a formulation for an AV path generation are noted in [45,46]. If,
for example, the desired trajectory had a constant longitudinal speed of 20 m/s, maneuver
time of (t f ) 2.5 s, beginning with zero lateral motion, and desired final y-position (y f ) of
3.5 m, with zero lateral motion in its final conditions, the output would result in those
shown in Figure 4.
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The trajectory is parameterized in terms of arc length s for usage in inverse dynamics
calculations as

→
s (t) =

[→
x (t)
→
y (t)

]
, (7)

∥∥∥→s (t)∥∥∥ =
∫ t f

t0

√(
dx
dt

)2
+

(
dy
dt

)2
dt, (8)

where s is the time integral of the two norm of the time derivatives of x(t) and y(t). The
path curvature is given by

K(s) =
→
s
′
× →s ′′∥∥∥→s ′∥∥∥

∣∣∣∣∣∣∣
y′′ (x)(

1 + (y′(x))2
)3/2

∣∣∣∣∣∣∣ =
dx
dt

d2y
dt2 −

dy
dt

d2x
dt2((

dx
dt

)2
+
(

dy
dt

)2
)3/2 =

dθ

ds
= θ′(s). (9)
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When considering the angle, which the trajectory makes with the absolute axes in
terms of arc length, θ(s), the following formulations of x(s) and y(s) can be determined:

θ(s) =
∫ s

0
K(τ)dτ, (10)

x(s) = x0 +
∫ s

0
cos(θ(τ))dτ, (11)

y(s) = y0 +
∫ s

0
sin(θ(τ))dτ. (12)

It should be noted that the curvature is defined as

K(s) =
1
R

= ρ, (13)

where R is the radius of the curvature of the path.
The inverse dynamics premise used in this research is similar to that outlined in [6,47],

and those formulation details will not be covered here for the sake of brevity. The inverse
dynamics solution outputs for the front and rear slip angles, front and rear lateral tire forces,
and steering road wheel angle versus arc length when the initial AV-ARO relative speed is
100 km/h is illustrated in Figure 5. The final front and rear lateral forces and slip angles
can then be used as inputs to determine the longitudinal acceleration constraints, as shown
in Figure 6 (with the minimum and maximum longitudinal acceleration constraints along
with a zero-acceleration example profile for reference).
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Once the input steering road wheel angle and the longitudinal acceleration constraints
are determined, an optimal or suboptimal longitudinal acceleration profile can be calculated
using time-based optimization. This should minimize the total longitudinal distance needed
to complete the lane change maneuver. This optimization includes the lateral dynamic
constraints of the vehicle based on its relevant parameters (mass, yaw moment of inertia,
longitudinal center of gravity location, front and rear tire cornering stiffness, etc.) as well
as the lateral and longitudinal force constraints of the tires.

To reiterate, the goal of the nonlinear constrained optimization is to minimize the
longitudinal distance traveled by the AV during the entire EOAM, based on the input
steering angle and vehicle dynamic constraints and the control input constraints. Thus, the
cost function for this optimization includes the longitudinal distance from the initial time
of the maneuver to the final time at which the maneuver is complete. The output of the
optimization is the longitudinal acceleration profile that represents the minimum distance
traveled by the vehicle during the EOAM, given the constraints, boundary conditions, and
vehicle states.

When considering this EOAM distance minimization optimal control problem, the
AV states are the longitudinal and lateral distances and speeds, yaw, and yaw rate,
x =

{
x,

.
x, y,

.
y, ψ,

.
ψ
}

, and inputs of tractive force and steering road wheel angle, u = {Ft, δ}.
The optimization uses the cost function

min
u

J = min
u

x1

(
t f

)
= min

u

∫ t f

0
x2(x, u, t)dt, (14)

with initial AV-ARO relative speed at the beginning of the EOAM,
.
x0, and free final time,

t f , final yaw angle, ψ
(

t f

)
, and final yaw rate,

.
ψ
(

t f

)
, subject to the system dynamics

.
x1 = x2, (15)

.
x2 =

1
m

[
cos(x5)− Frsin(x5)− Ff sin(x5 + u2)

]
, (16)

.
x3 = x4, (17)



Electronics 2023, 12, 4765 11 of 30

.
x4 =

1
m

[
Frcos(x5) + u1 sin(x5)− Ff cos(x5 + u2)

]
, (18)

.
x5 = x6, (19)

.
x6 =

1
Iz

[
−drFr + d f Ff cos(u2)

]
, (20)

boundary conditions
x1(0) = 0, (21)

x2(0) =
.
x0, (22)

x3

(
t f

)
= y f , (23)

x4(0) = x5(0) = x6(0) = 0, (24)

state constraints
h(x) = Ff (x)− Ff max(x) ≤ 0, (25)

and control constraints
g1(u) = u2 − δmax ≤ 0, (26)

g2(u) = δmin − u2 ≤ 0, (27)

g3(x, u) =
(

u1

Fxmax

)2
+

(
Fr(x)

Fymax(x)

)2
− 1 ≤ 0, (28)

g4(u1) = u1 − u1max ≤ 0, (29)

where Equation (29) is representative of the maximum tractive force due to engine torque,
while Equation (28) includes the maximum tire force due to braking that is bound by the
friction ellipse. Example outputs of the suboptimal AV final y-position, yaw angle, and
yaw rate on the µ = 1.0 surface can be seen in Figure 7. Note that the values in the plots of
Figure 7 are zero for any speed below 47 km/h as that was the minimum speed at which
EOAM optimization was performed and considered useful for a highway speed application.
Corresponding suboptimal outputs for the longitudinal acceleration and longitudinal speed
profile, for the AV-ARO relative speed of 100 km/h, are shown in Figure 8.

Electronics 2023, 12, x FOR PEER REVIEW 12 of 32 
 

 

where Equation (29) is representative of the maximum tractive force due to engine torque, 
while Equation (28) includes the maximum tire force due to braking that is bound by the 
friction ellipse. Example outputs of the suboptimal AV final y-position, yaw angle, and 
yaw rate on the 𝜇 = 1.0 surface can be seen in Figure 7. Note that the values in the plots 
of Figure 7 are zero for any speed below 47 km/h as that was the minimum speed at which 
EOAM optimization was performed and considered useful for a highway speed applica-
tion. Corresponding suboptimal outputs for the longitudinal acceleration and longitudi-
nal speed profile, for the AV-ARO relative speed of 100 km/h, are shown in Figure 8. 

 
Figure 7. Example outputs for the EOAM final y-position, yaw, and yaw rate on a high mu surface 
(𝜇 = 1.0). 

Figure 7. Cont.



Electronics 2023, 12, 4765 12 of 30

Electronics 2023, 12, x FOR PEER REVIEW 12 of 32 
 

 

where Equation (29) is representative of the maximum tractive force due to engine torque, 
while Equation (28) includes the maximum tire force due to braking that is bound by the 
friction ellipse. Example outputs of the suboptimal AV final y-position, yaw angle, and 
yaw rate on the 𝜇 = 1.0 surface can be seen in Figure 7. Note that the values in the plots 
of Figure 7 are zero for any speed below 47 km/h as that was the minimum speed at which 
EOAM optimization was performed and considered useful for a highway speed applica-
tion. Corresponding suboptimal outputs for the longitudinal acceleration and longitudi-
nal speed profile, for the AV-ARO relative speed of 100 km/h, are shown in Figure 8. 

 
Figure 7. Example outputs for the EOAM final y-position, yaw, and yaw rate on a high mu surface 
(𝜇 = 1.0). 

Figure 7. Example outputs for the EOAM final y-position, yaw, and yaw rate on a high mu surface
(µ = 1.0).

Electronics 2023, 12, x FOR PEER REVIEW 13 of 32 
 

 

 
Figure 8. Sample suboptimal outputs from the longitudinal acceleration optimization at initial speed 
of 100 km/h. 

After the suboptimal longitudinal acceleration profile is determined for a given initial 
AV-ARO relative speed, the following steps can be used to complete that DMM phase 
diagram. 
1. Note the final AV x and y trajectory coordinates, longitudinal speed and acceleration, 

path curvature, path yaw, and steering road wheel angle. 
a. All of the outputs except for longitudinal speed will be used in the 3D lookup 

tables in the online Simulink model. 
b. The longitudinal speed is used only as a reference when checking the output 

speed control. 
2. Calculate the stopping distance for the vehicle based on the initial relative speed. 
3. Calculate the minimum clearing distance (the longitudinal distance needed for the 

AV front right corner to barely contact the rear left corner of a square object, when 
completing a left-turn EOAM/lane change) based on the x-y trajectory, path yaw, and 
expected width of the detected object (outputs and equations shown later in the pa-
per). 
a. Use the combined outputs of the minimum clearing distances and the relative 

speed between the AV and the ARO at the time of the maneuver and create the 
EOAM boundary curve in the DMM phase diagram. 

b. The stopping distance at each relative speed is also included in the DMM phase 
diagram. 

Figure 8. Sample suboptimal outputs from the longitudinal acceleration optimization at initial speed
of 100 km/h.

After the suboptimal longitudinal acceleration profile is determined for a given initial
AV-ARO relative speed, the following steps can be used to complete that DMM phase diagram.

1. Note the final AV x and y trajectory coordinates, longitudinal speed and acceleration,
path curvature, path yaw, and steering road wheel angle.

• All of the outputs except for longitudinal speed will be used in the 3D lookup
tables in the online Simulink model.
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• The longitudinal speed is used only as a reference when checking the output
speed control.

2. Calculate the stopping distance for the vehicle based on the initial relative speed.
3. Calculate the minimum clearing distance (the longitudinal distance needed for the

AV front right corner to barely contact the rear left corner of a square object, when
completing a left-turn EOAM/lane change) based on the x-y trajectory, path yaw, and
expected width of the detected object (outputs and equations shown later in the paper).

• Use the combined outputs of the minimum clearing distances and the relative
speed between the AV and the ARO at the time of the maneuver and create the
EOAM boundary curve in the DMM phase diagram.

• The stopping distance at each relative speed is also included in the DMM phase
diagram.

4. Repeat the entire process for the next speed in the range of speeds in the EOAM
framework design space and for the desired tire–road surface friction values meant to
be included in the 3D lookup tables.

5. Once the entire speed range has been simulated with each effective tire–road surface
friction coefficient µ, the DMM phase diagrams for each friction coefficient µ can
be created. The trajectory (paired geometric path and speed profile) outputs for the
friction coefficient µ of 1.0 are shown in Figure 9, with more details about the phase
diagrams to follow.
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speeds, with surface µ = 1.0.

The EOAM framework decision-making phase diagram (DMM) utilizes relative dis-
tance and relative speed between the AV and sensed ARO state variables to determine the
EOAM phase, similar to phase diagrams used by [6,7]. One example (used in the research of
this paper) of a DMM phase diagram output across a range for relative speeds and on a dry
surface (µ = 1.0) can be seen in Figure 10. This diagram contains phase sections divided by
the calculated minimum clearing distances (for both suboptimal longitudinal acceleration
and constant speed) and stopping distances at various initial AV-ARO relative speeds.
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Figure 10. Initial DMM phase diagram output with stopping distance curve, constant speed minimum
clearing distance and suboptimal longitudinal acceleration minimum clearing distance.

The minimum clearing distance is noted as the shortest longitudinal relative distance
needed for the AV to perform a single lane change (SLC) EOAM around the AV, such that
during an SLC into a left lane, the AV’s front-right corner touches the rear-left corner of the
ARO at a single point [6]. The y-position of the front-right corner of the AV with respect
to the rear-left corner of the ARO, during the maneuver, can be determined as shown in
Figure 11 for an example EOAM at 100 km/h on surface with mu = 1.0 using

yclearance =
widobj

2
−
(

d f sin Ψ−
widego

2
cosΨ

)
, (30)

and
tc = t[min(yclearance)]. (31)
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The minimum clearing coordinates along the trajectory can be seen on the plot in
Figure 12, where

xclearance = x(tc) + d f cosΨ(tc) +
widego

2
sinΨ(tc). (32)
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The minimum clearance boundary in the DMM phase diagram is, thus, created with
the minimum clearing distance (xclearance) at each initial maneuver speed

.
x0 considered for

the EOAM in Equation (32). It is also noted that the stopping distance was calculated with
the following formulation:

xstop =

.
x0

2

2
..
xmaxdecel

, (33)

where
..
xmaxdecel is based on the vehicle weight and road surface friction coefficient µ, which

can be determined empirically as the maximum longitudinal deceleration during braking
without lockup, as this system is assumed to be without an anti-lock braking system (ABS).
The idea that his formulation is based on contact with the ARO—minimal contact but
contact nonetheless—makes the usage of buffers for a safety margin clear and necessary.
These buffers are used not only to avoid any contact with the ARO during the maneuver
but to also reduce the occupant fear and increase their visual comfort in the situation during
the maneuver.

The unique DMM phase diagram in this paper embraces the idea that this part of
the software logic would be integrated into the system-level AV architecture as a design
domain [28–30]. This DMM would be a sub-module of the middle-level EOAM framework
module. The work in this paper calculates the stopping distance and lane change maneuver
boundaries offline with the planar bicycle mode, then uses this phase and 3D lookup table
data in online implementation (simulation here) to guide a vehicle through the maneuver.
This is achieved by using the boundaries of the phase diagram in the simulated AV logic so
that the AV recognizes its position in the phase diagram based on its current states and the
detected states of the ARO, then makes decisions with unique EOAM logic and the phase
boundaries within the decision-making module (DMM) phase diagram.

For a high-level understanding of this type of phase diagram, it is helpful to visualize
that the AV-ARO phase usually moves from right to left and from high to low in the DMM
phase diagram. This occurs while the ARO is sensed by the AV’s onboard sensors (radar,
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camera, lidar, etc.). After the ARO leaves the field of view (FOV) of the AV’s sensors, the
DMM phase diagram no longer applies. The ideal final AV state requires the relative speed
between the AV and ARO to be zero with a relative distance that is greater than or equal to
zero, such that a collision is avoided between the AV and the ARO during the EOAM.

By including an additional minimum clearance phase boundary for the steering
maneuver, phase sectors (B and F) can be utilized that allow the AV to avoid the ARO ahead,
with some buffer distance and without coming too close to the ARO during the maneuver,
as seen in Figure 13. This buffer distance is determined by the EOAM framework system
designer and is tunable based on individual performance requirements. This stopping
distance buffer sector forms a braking-only sector in the DMM phase diagram (sectors C
and D). If the AV-ARO phase is within this sector, the AV applies pure braking until the
AV-ARO phase enters one of the steering sectors. In addition to providing sectors that are
dedicated to a braking-only maneuver (D), it provides a clear boundary on the phases that
require any type of maneuver at all. To the right of this braking-only sector (D), no evasive
maneuver is required. However, this braking-only sector is truncated by a maneuver sector
represented by the intersection of the steering maneuver and braking maneuvers sector
(F) in Figure 13. The area to the right of the braking-only sector is reserved for applying a
visual warning to the vehicle occupants that an emergency maneuver is pending, without
performing any evasive action. The corresponding sector (E) is to the right of the pure
braking sectors. This type of warning is common in ADAS and is sometimes called forward
collision warning (FCW). This warning serves to not only give visual and audio indication
that a notable object is ahead but can also trigger pre-collision systems.
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The last sector added was the “do-nothing” sector (G), representing the AV-ARO phase
in which no evasive action is necessary. The boundary for this do-nothing sector is created
by the slope of the time-to-collision (TTC) phase boundary. The TTC phase boundary
represents the set of phases in which no evasive action is required by the AV. The TTC
value of 2.5 s was chosen for the high mu (1.0) detected surface condition, where TTC is
calculated as follows:

TTC =
relative distance

relative speed
. (34)

For the 0.7 mu surface phase diagram, the same TTC was used as the high mu. For 0.3,
this was updated to 5 s, and for 0.1, the value was 20 s. These are all tunable values and
are left to the discretion of the system designer. It is noted that as the road surface friction
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coefficient µ decreases, the slopes of the lines in the DMM phase diagram, based on the
representative steering maneuver optimization and stopping distance calculations, also
decrease. This decrease in slope equates to the increased necessary distance needed for
both steering and braking-only maneuvers to be completed, due to the decreased dynamic
longitudinal and lateral force generation capabilities of the AV (especially due to reduction
in tire forces on the road surface).

In summary, the additional relative distance between the AV and ARO, provided by
the buffers in the DMM phase diagram, directly adds safety margin for the AV and its
occupants during an EOAM that utilizes the DMM phase diagram with buffers. As an
added benefit, the creation of these buffers also provides additional comfort indirectly.
By potentially triggering maneuvers before the final phase boundary is reached for either
stopping or steering and braking, the buffers allow the maneuvers to be completed be-
fore/without AV contacting the ARO ahead. By adding a distance buffer between the point
at which the maneuver begins and the minimum clearing distance, the occupants will be
less inclined to believe that contact might occur during the maneuver, especially during the
steering maneuvers.

It should be noted that values represented as detectable tire–road surface friction
coefficient µ can act as an effective tire cornering force and tractive force reduction coeffi-
cient by multiplying the initial linear tire corning stiffness by the mu reduction coefficient.
This means that maximum lateral tire force captured by Equation (6) can be adjusted to
the following

Fymax = −µsur f aceC
α
α*, (35)

Ftmin = µsur f aceFtmin−brk, (36)

Ftmax = µsur f aceFtmax−eng. (37)

to reflect the sensed tire–road surface friction coefficient µ for the maximum tractive force
due to engine torque and the minimum tractive force due to braking.

This is not an exact representation of the friction between the tire and the road surface
but rather a representation of the possible friction reduction that can occur between a tire
and the surface on which it is traveling. There are many approaches to estimating the
tire–road friction levels based on available vehicle sensor data, and some of those are listed
in the following references for the reader to explore [48–53]. Outputs for the phase diagram
for effective tire–road surface friction can be seen in Figure 14 for rain on asphalt (µ = 0.7),
snow on asphalt (µ = 0.3), and ice on asphalt (µ = 0.1) [54].

During the initial lane-change maneuver, a point-of-no-return lateral threshold value
was designated, after which the EOAM logic would complete the lane change maneuver
and not allow straight-line braking as an option. Before the point of no return, if the AV
sensed an oncoming vehicle, even if the AV has initiated a steering maneuver, the sensed
oncoming vehicle acts as an override to the maneuver. In essence, an oncoming vehicle
sensed by the ARO will trigger emergency braking to avoid making a lane change into
oncoming traffic; however, the success of the point of no return critically depends on the
AV’s ability to sense an oncoming vehicle or object, with its perception logic. This point
of no return is a lateral threshold from the initial lateral position before the lane-change
maneuver begins. In the EOAM logic introduced in this paper, the point of no return was
calculated as a percentage of the total lateral lane-change distance of 3.5 m. The point-of-no-
return value was set to 0.3 and 0.3 × 3.5 = 1.05 m. An illustration of the point of no return
(yponr) can be seen in Figure 15, where a typical front-looking camera/radar field of view
with a perception range of about 100 m is also shown. If the point of no return was utilized,
this does not mean that any accident was avoided—on the contrary, it is likely that some
contact would occur with the object directly in front of the AV. However, by choosing to
execute straight-line braking instead of a lane-change maneuver, the AV would be utilizing
the front crash structures of its vehicle body to better absorb some of the energy in a direct
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collision compared to the lack of energy offset or oblique collision with an oncoming or
adjacent object in the next lane.
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As mentioned earlier, lookup table data are acquired during the process of creating
the DMM phase diagram. These data consist of the calculated geometric trajectory for the
lane-change maneuver, path yaw angle, path curvature, and longitudinal acceleration, all
of which are necessary to calculate the steering maneuver and accompanying optimal or
suboptimal speed profile during the maneuver. The steering angle data were not used
in a lookup table reference, because the path curvature and control logic were enough to
complete the lane change. Alternatively, the steering angle data or instantaneous path
curvature and control logic could have been used together to complete the lane change as
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well. Each lookup table contains uniform x-distance and speed values with variable table
data—the lookup tables utilized in this EOAM framework are as follows:

• Geometric path for the lane change maneuver;
• Longitudinal acceleration profile (coupled with the geometric path to form a trajectory);
• Path yaw angle;
• Path curvature.

Together, these create two-dimensional lookup tables based on the EOAM initial
speed and differential x-distance along the lane-change maneuver; the road surface friction
coefficient µ comprises the third dimension (page data) reference of the lookup tables.
For any values that are not explicitly defined in the lookup tables, interpolation is used
to determine the appropriate outputs. An illustration of the 3D lookup table data for the
suboptimal longitudinal acceleration profile can be seen in Figure 16, where each of the
various plot lines represent longitudinal acceleration profiles at various initial relative
speed values at the trigger of the EOAM.
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The control systems utilized in this EOAM framework are applied for the steering and
longitudinal acceleration control. The steering controller utilizes three different types of
control, in the form of feedforward, feedback, and yaw damping [47]. The feedforward
and feedback controllers were previously defined as a potential field lane-keeping con-
troller [55,56] but can also be used in an application with a defined lane-change maneuver,
as considered in this paper. Together, the summation of each steering control (feedforward,
feedback, and yaw damping) creates the overall steering control output:

δcontrol = δ f eed f orward + δ f eedback + δyawdamping. (38)

The longitudinal acceleration controller during the EOAM is a PID with longitudinal
acceleration error between the reference noted in the longitudinal acceleration lookup
table (for the initial EOAM relative speed) and the actual longitudinal acceleration, at
each differential x-position along the EOAM trajectory. While the AV was not engaged
in the EOAM lane change or stopping maneuver, longitudinal speed-based PID control
was utilized with the initial simulation scenario speed as the reference/setpoint. This PID
control of the longitudinal acceleration provided adequate performance with modest
controller gains; however, future work would be better suited with applied gain scheduling
based on the sensed road surface friction coefficient µ and vehicle speed.
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While a steering controller based on artificial potential fields was used here as it was
relatively easy to tune and implement, there are many different control methods that can be
adapted and used for steering and also for speed control during the avoidance maneuver.
Model Predictive Control (MPC) uses a finite horizon optimal control approach and uses
a discrete time model of the plant and can be computed online [57] or can be computed
offline and stored in tables for real-time implementation [58]. The single-track vehicle
(bicycle) model used will have uncertainties and changes in transfer function coefficients
accompanying changes in speed and cornering stiffness values, which require robust control
methods. The model regulator, also called the disturbance observer, can be used to reject yaw
moment disturbances while also regulating the plant model about the nominal one [59–61].
Parameter space-based robust control methods including their frequency domain extension
have also been shown to be quite successful in treating these uncertain plants and can also
be used together with the model regulator approach [53,62–68]. This paper focuses on the
decision-making problem, and the goal of the controllers is merely to follow the desired
speed and path profiles. For this reason, a methodological simulation experiment comparing
the effect of different controller choices on performance is not included in this paper.

Application of the method in this paper to the conventional lane-changing process
is not recommended as EOAM executes a last-minute and emergency lane change in
order to avoid a possible collision with the preceding vehicle. In comparison, a standard
lane-changing process is a slower and more comfortable path-planning and execution task.

3. Simulation and Experiment Setup

The baseline simulation setup in this paper utilizes CarSim and Simulink in co-simulation
with the DMM phase diagram data and 3D lookup table completed offline in Matlab. The
DMM phase diagram boundaries for each road surface friction coefficient µ and 3D lookup
table parameter matrix data were extracted from the Matlab workspace and utilized in the
Simulink DMM Main Logic block for online simulation.

Individual AV speeds of 165, 120, 90, and 55 km/h were used in the baseline simulation
test matrix, along with surface friction values of 1.0, 0.7, 0.3, and 0.1. The layout for the
baseline runs was conducted on a simulated straight two-lane highway in a proving ground
setting (CarSim 2021.0), where the adjacent lane allows for traffic traveling in the opposite
direction. In addition to the road surface, parked cars were added to the right of the
highway lane on which the AV was traveling (1.5 m from the right lane marker), as shown
in Figure 17, to assure that the AV (with radar sensor) could perform the EOAM without
detecting parked cars as false positives. For each baseline scenario, the AV encountered
the same ARO, D-Class Minivan, which started at 120 m ahead of the AV and at an initial
speed of 60 km/h. This ARO traveled on a straight path in the same lane as the AV and
executed the following speed profile to mimic an emergency stop on the highway, as shown
in Figure 18. The combination of proving ground setting with two-lane highway, parked
cars for sensing and perception ARO false-positive check, and ARO, which conducts an
emergency stop in the same lane as the AV, comprised the fundamental pieces of the baseline
test scenarios. Depending on the initial speed of the AV, the execution of the EOAM by the
AV followed the same steps as listed in the EOAM framework logic explained previously.
Stroboscopic views of the AV performing EOAM at 165 km/h with dry surface (µ = 1.0)
are shown in Figure 19.

In addition to the baseline scenarios listed above, the same scenarios were attempted
with an oncoming additional ARO traveling in the lane adjacent to that of the AV in its
initial position. The scenarios with the oncoming ARO were repeated with the oncoming
ARO starting at 500 m, 400 m, and 300 m away from the AV. In each test scenario including
the oncoming ARO, the ARO speed was constant at 20 m/s (76 km/h). Each oncoming
vehicle scenario was tested with the discrete AV test speeds of 165, 120, 90, and 55 km/h
and discrete road surface friction coefficient µ conditions of 1.0, 0.7, 0.3, and 0.1.
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4. Results and Discussion

A summary of the results of the test scenarios is shown below in Table 2, with the
following color-coding definitions:

• Green: the EOAM single lane change (SLC) was performed successfully without collision
of any type with return to the original lane.

• Yellow: the EOAM logic worked as planned but an imminent collision was detected
based on the DMM phase diagram so straight-line limit braking was applied and a
collision occurred with the ARO ahead, or the AV detected oncoming traffic before the
point of no return and determined that straight-line limit braking was necessary to
avoid a collision with oncoming traffic and by doing this had a reduced-speed direct
(rather than offset/oblique) collision with the ARO.

• Orange: the AV performs the lane-change EOAM, and there is some resulting lateral
contact with the oncoming vehicle (not a head-on collision).

• Red: the AV performs the lane-change EOAM, resulting in a head-on collision with
the oncoming vehicle that is either direct (squarely in front of the offset vehicle) or
offset/obliquely.

Table 2. AV EOAM all experiments results summary.

Traffic Initial AV Speed (km/h) µ = 1.0 µ = 0.7 µ = 0.3 µ = 0.1

165 green green green yellow

120 green green green green

90 green green green orange
No oncoming

55 green green green green

165 green green red yellow

120 green green orange yellow

90 green green green orange
Oncoming

500 m

55 orange orange yellow red

165 green green red yellow

120 green orange orange orange

90 orange orange yellow yellow
Oncoming

400 m

55 orange green green yellow

165 yellow red red yellow

120 yellow yellow yellow yellow

90 green green green orange
Oncoming

300 m

55 green green green green

red : EOAM SLC performed, oncoming collision occurred; orange : EOAM SLC performed, lateral collision

occurred; yellow : limit braking applied with expected front collision; green : Successful EOAM SLC with
return to lane.

A sample of the AV dynamic performance can be seen in Figure 20 when viewing
the output data for the 120 km/h EOAM scenario on a dry surface (µ = 1.0), without
oncoming traffic DMM phase diagram output. Outputs in Figure 20 demonstrate that
the EOAM performed by the AV allowed it to successfully avoid the ARO, and without
the EOAM, a collision would have occurred. In Figure 20, the black phase data (trace 1)
indicate that upon first sensing the ARO, the AV is in the FCW phase (sector E) of the
DMM phase diagram to warn occupant(s) of an impending EOAM and arm any available
pre-collision safety systems. When appropriate, the AV reduces its speed by braking while
in sector D, to reduce the severity of the upcoming steering maneuver, then performs
the steering maneuver upon entry into sector F of the DMM phase diagram. It is noted
that choosing a steering maneuver in sector F allows the AV to clear the ARO with more
distance (and associated passenger visual comfort) than if a pure braking maneuver was
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performed instead. The phase trace truncates in sector F when the FOV of the AV radar
sensor no longer detects the ARO. There are several other dynamic output plots describing
the EOAM modes of operation, forward collision warning (FCW) flag, longitudinal speed
and acceleration profiles versus the target values, the AV EOAM actual versus target lateral
position, lateral offset and lookahead error outputs, and differential x-position output
during each steering maneuver and used for the 3D lookup tables, as shown in Figure 21.
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Figure 21. Various dynamic outputs from the 120 km/h EOAM scenario on a dry surface without
oncoming traffic: EOAM mode of operation, FCW flag, target vs. actual longitudinal speed, target vs.
actual longitudinal acceleration, target vs. actual lateral position, lateral offset error, lateral lookahead
error, and differential x-position during the EOAM (for the 3D lookup tables).

The modes of operation shown in Figure 21 indicate that, during the EOAM, first
a braking maneuver was applied, followed by the steering maneuver with longitudinal
acceleration control. After the single lane-change (SLC) steering was completed and when
the maneuver timer reached its maximum time, the AV completed the return maneuver to
the original lane. At a speed of 120 km/h, the lateral position control was adequate, with
only slight overshoot indicated upon reaching the desired lateral position for the SLC. That
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amount of overshoot is expected for a maneuver at this speed. The lateral offset and looka-
head error are also within expected bounds. The differential x-position output is offered
just to show the values that are fed into the 3D lookup tables during the EOAM steering
maneuver, to extract the various outputs (target lateral position, longitudinal acceleration,
path yaw angle, path curvature) utilized for the AV control. The differential x-position
resets when the steering maneuver is fully complete (8 s duration) or when the return
maneuver begins. Outputs, including the steering controller roadwheel angle, combined
steering handwheel angle (steering ratio is applied), corresponding lateral acceleration,
and yaw rate, are shown in Figure 22.
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Figure 22. Steering, lateral acceleration, and yaw rate outputs for the 120 km/h AV EOAM scenario
on a dry surface without oncoming traffic.

From the steering outputs, it is apparent that the controllers work well together to
allow the AV to follow its desired trajectory during the EOAM. The feedforward control for
the initial EOAM steering maneuver is small in magnitude, and this is due to the steering
maneuver optimization, which does not account for steering control to be applied; instead,
the optimization expects only open-loop steering application, which would result in more
lateral motion than what is seen with the closed-loop steering control. Thus, the feedback
steering control for this maneuver increases the steering angle to assist the AV in reaching
its final desired lateral lane position for the SLC.

The yaw damping controller is quite active for the initial maneuver due to lateral
acceleration and yaw rate outputs at the traction limit of the tire. The yaw damping steering
controller also provides useful steering input for the RETURN maneuver, even though the
AV longitudinal speeds during the RETURN are lower than those during the initial SLC.
There is an indication of the AV’s longitudinal versus lateral acceleration output for the
120 km/h dry surface scenario with no oncoming traffic, as can be seen with the E-class
sedan’s parameter-based friction ellipse superimposed in Figure 23. Sometimes, this is
called a g-g diagram [42].
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Figure 23. Longitudinal vs. lateral acceleration AV outputs with the E-Class sedan parameter-based
friction ellipse superimposed, for the 120 km/h AV EOAM scenario on a dry surface without oncoming
traffic.

The lateral and longitudinal acceleration outputs for this 120 km/h dry surface sce-
nario without an oncoming vehicle mostly lie within the friction ellipse, though some of
the lateral acceleration outputs lie just outside the ellipse during the steering and RETURN
portions of the EOAM. These excess lateral acceleration magnitudes (less than 0.03 g) can
be attributed to the fact that the trajectory output is suboptimal in nature. This was also
expected based on suboptimal lateral acceleration results in the creation of the DMM phase
diagram, as shown in Figure 8. To understand a snapshot of broader AV EOAM perfor-
mance, outputs of the AV trajectories during the EOAMs are shown for the AV traveling at
120 km/h on all of the various road surface friction coefficient µ values (1.0 through 0.1)
in the left plot of Figure 24, and outputs on the dry surface with various oncoming traffic
scenarios are shown in the right plot. The trajectory profiles in Figure 24 show that 1.0 and
0.7 road surface friction coefficient µ values yield nearly identical and not distinguishable
results in this plot. It is reasonable to conclude that the EOAM SLC outputs for a high mu
dry surface (1.0) and high mu wet surface (0.7) would yield similar EOAM SLC outputs in
the EOAM framework, as designed in this paper.

The outputs in Figure 24 should be compared to the 120 km/h experiment summary
in Table 2. What is notable is that the addition of the oncoming vehicle causes the SLC
to be truncated before the maximum maneuver time. This is due to the RETURN being
triggered early upon perception of the oncoming ARO by the AV. This is the expected
output based on the proscribed EOAM framework logic. Additionally, the test scenario
with the oncoming ARO starting only 300 m from the AV indicates graphically that the AV
sensed the oncoming ARO before the point of no return (twice). Then, the AV performed
limit braking to minimize the danger of the EOAM by choosing a collision with reduced
speed that best uses the AV’s crash structures and safety devices (airbags, etc.).

The overall output for the runs in the full AV EOAM experiment was summarized
earlier in Table 2. What is most notable about the full experiment output table is that the
majority of the 0.3 and 0.1 road surface friction coefficient µ values involve collisions, either
those that were anticipated and prepared for with straight-line limit braking before the
point of no return or more severe collisions that occurred with the oncoming ARO. This is
one area where the experiments in this manuscript extend beyond other studies that have a
single ARO in the lane of the AV and no oncoming traffic. This summary highlights the
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importance of considering oncoming vehicles for an EOAM when deciding if an EOAM
should be executed and, if so, what type of maneuver.
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One positive note regarding the collisions that occurred in the scenarios with oncoming
vehicles is that most of them involved avoiding the oncoming vehicle by utilizing the point-
of-no-return feature. This shows that the addition of the point-of-no-return feature added
an extra element of safety for the AV and its occupants than if it were not included. The
other collisions that involved the oncoming ARO are important to highlight, as these could
have catastrophic outcomes (critical injuries and fatalities) for the AV and its occupants.
These collisions, however, could be eliminated with additional vehicle-to-vehicle (V2V)
or vehicle-to-infrastructure (V2I) communication, notifying the AV that oncoming traffic
exists and triggering the same in-lane, straight-line limit braking that can be triggered by
the point-of-no-return feature. The potential for V2V and V2I communications to improve
safety outcomes is an important point. V2V and V2I communication used Dedicated Short-
Range Communication Radio (DSRC) technology and required dedicated onboard unit and
road-side unit modems to be present, which was a major barrier against the widespread use
of communication to improve road safety. Cellular vehicle-to-everything communication
(C-V2X) is now replacing DSRC technology, and it is also possible to have V2V and V2I com-
munication over the air through cloud servers using internet connectivity, which is present
in new cars. These new developments will make V2V and V2I communication widely
available, which will also help in the implementation of collision avoidance methods.

5. Conclusions

With the details presented in this paper, it is apparent that the proposed EOAM
framework for AVs is useful and effective in providing a domain-based emergency maneuver
system for AVs designed to be integrated into other functional AV system architectures.
This EOAM framework was shown to function within a high-level AV system that required
taking control of the AV during the EOAM, then handing control back to the high-level
system once the EOAM was completed. Additionally, the inclusion of a point-of-no-return
feature that depended on the sensing and perception capability of the AV to detect oncoming
traffic was a useful and necessary EOAM feature to minimize contact with an ARO if it
was imminent. The various features of the EOAM framework and accompanying logic
included offline-calculated data used to create the proposed DMM phase diagrams and 3D
lookup tables, which were crucial in allowing the AV EOAM framework to conduct sensing,
perception, decision making, trajectory generation, control, and actuation, quickly enough
to avoid the ARO ahead. This capability for integration into larger AV system architectures
for daily road usage makes this EOAM framework novel, as compared to other proposed
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frameworks that do not focus on taking control and handing it back to other system domains
within the AV’s architecture. Such AVs can be used in smart cities as autonomous shuttles,
for example [69].

While the simulation experimentation for the AV EOAM framework highlighted in
this paper was extensive, with only some exemplary results being presented, there are
other opportunities for future work in this research area, including but not limited to the
following:

1. Creating EOAM framework lookup table data for a vehicle, including ABS [70] and
ESC [71], then seeing how it performs in the tests shown in Table 2;

2. Performing EOAM scenario tests with other traffic scenarios on other highway types
with various levels of traffic [72];

3. Inclusion of AV EOAM framework logic updates that utilize V2X [73];
4. Inclusion of actual sensing and perception systems [74];
5. Conducting experimentation with different types of vehicles (compact cars, trucks,

vans, SUVs) with different drivetrain layouts (FWD, AWD, electronic-AWD);
6. Incorporating the effects of the vertical direction into the evaluations [75].

All of these items would illuminate a rich area of research relating to AV EOAM
capabilities, and it is recommended that these tests be explored before the mass utilization
of AVs on public roads at highway speeds.

Sensor modeling is an important topic but is outside the scope of this paper. It was
assumed that the AV perception sensor system and its outputs are available to the EOAM
framework. AVs use camera, radar, and lidar as perception sensors. It is assumed that front-
looking camera/radar-based object data as distance and angle of vehicles in the same and
adjacent lane are available to EOAM. Sensor malfunction issues are also important as they
affect the results of any collision avoidance system. This is outside the scope of the current
paper and will be a part of future work. The EOAM framework developed and presented
here was for a production-level AV. Series-produced vehicle sensors and perception systems
go through rigorous failure mode effect analysis and have built-in sensor diagnostics and
sensor fault tolerance algorithms. The main limitation of the EOAM framework developed
here is its validation using only a limited number of simulations. Use of such an approach
in actual AVs requires more extensive simulations, hardware-in-the-loop simulations with
the actual control modules, proving ground tests, and road testing.
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