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Abstract

Autonomous vehicles (AVs) must dynamically maintain sufficient safe distances from
surrounding vehicles to ensure safety. Many existing studies have focused on collisions
avoidance, such as the safety ranges in a rectangular shape that consider only longitudinal
safe distance. A safety envelope is proposed herein, which is geometrically constructed
from four quarter ellipses that account for longitudinal and lateral safe distances. The origin
of the safety envelope is placed at the AV’s center of gravity. Using the safety envelope, a
potential collision is identified when any surrounding vehicle enters it. To sustain the safety
envelope even under hazardous situations, a collision avoidance strategy is introduced. In
this strategy, the AV dynamically adjusts its velocity or changes lanes with velocity adjusting
by assessing the risk level, complexity level, and riding comfort. For the lane-changing
maneuvers, a virtual vehicle is introduced to be placed in the target lane to guide the AV’s
movement. The efficacy of this strategy is verified via a simulation under a hazardous
situation involving an AV and six human-driven vehicles driving on a highway. Results
show that the proposed collision avoidance strategy utilizing safety envelope effectively
ensures the safety of AV and surrounding vehicles, even under hazardous situations.

Keywords: automated driving system; collision avoidance; safety envelope; transportation
safety; model-based systems engineering

1. Introduction

Human-related factors such as inattention, fatigue, operation errors, and impaired
judgment are the leading causes of traffic accidents [1,2]. An automated driving system
(ADS) in autonomous vehicles (AVs) performs dynamic driving tasks, replacing human
drivers either partially or fully [3,4]. Thus, ADS is considered an effective solution to
reduce traffic accidents caused by human errors. To ensure the safety of AVs and other
traffic participants, such as surrounding vehicles, it is a necessity for AVs to dynamically
maintain sufficient safe distances from surrounding vehicles [5,6]. In cases wherein the
relative distance between an AV and a surrounding vehicle is shorter than the safe distance,
the AV must respond promptly to prevent a potential collision.

Mobileye [7] defined longitudinal and lateral safe distances for AVs as the minimal
distances required to prevent collisions with surrounding vehicles in worst-case scenarios.
The worst-case scenario for the longitudinal direction assumes that the vehicle in front of the
AV applies brakes instantaneously with maximum deceleration. The rear vehicle accelerates
at its maximum acceleration during the response time and then decelerates using the
minimum reasonable braking force typically applied by a human driver in such situation.
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The worst-case scenario for the lateral direction assumes that the left and right vehicles
steer toward each other with maximum lateral acceleration during the response time, after
which they apply brakes with minimum reasonable deceleration. Simulation analyses
of these safe distances [8-10] have revealed that driving strategies based on Mobileye’s
safe distances can ensure vehicle safety but are conservative because worst-cases rarely
occur in real-world driving scenarios. Many studies have proposed collision avoidance
strategies by maintaining safe distances between an AV and surrounding vehicles in both
longitudinal and lateral directions. Examples of such strategies include dynamic safety
critical zones [11] and risk scope [12], which define safety regions around surrounding
vehicles and obstacles, instead of AVs and plan trajectories for AVs to avoid the zones
and risk scope. Concepts such as safety ranges for AVs [13], safe gaps for connected and
automated vehicles [14], and driving safety—zone model for autonomous truck platoons [15]
have been introduced to manage longitudinal control to avoid collisions when defining
safety regions around AVs. These concepts are defined in a rectangular shape considering
only the longitudinal safe distance and not the lateral safe distance. In addition, simulations
scenarios considered in existing studies involve only a limited number of obstacle vehicles,
limiting the consideration of hazardous situations. Lateral control of AVs is essential for
avoiding collisions during specific maneuvers such as changing lanes. Studies on AV
lane-changing control have focused on approaches such as polynomial-based trajectory
generation and proportional-integral-derivative (PID)-based tracking controllers to follow
the trajectory. Cubic polynomial models have also been employed to generate smooth and
efficient lane-changing trajectories [16,17]. In addition, an automatic lane change system
has been proposed that integrates a lookahead model with a double-loop PID controller to
follow the generated reference trajectory [18]. In the research papers, a reference trajectory
for lane-changing is commonly generated for the AV to follow. In contrast, human drivers
do not generate a reference trajectory but choose a target lane-changing destination and
steer toward it based on experience and visual inputs.

In our previous work, a safety envelope whose region is placed at an AV’s center
of gravity was proposed. The safety envelope was composed of four quarter ellipses,
and their major and minor axes were determined based on the longitudinal and lateral
safe distances adapted from Mobileye’s formulation. As the aforementioned worst-case
scenarios rarely occur in real driving situations, these safe distances were modified based
on the actual acceleration of the rear and lateral vehicles instead of maximum values. To
account for the size of the vehicle body, the length and width of vehicles were added to
the safe distances. These modifications were made to balance practicality and safety. The
safety envelope was defined to distinguish the AV’s safe and unsafe situations, where the
AV was considered safe if no surrounding vehicle entered its safety envelope; otherwise, a
potential collision risk was identified. To sustain this dynamically changing safety envelope
of AVs, control actions were introduced in the longitudinal and lateral directions [19]. In
contrast to Mobileye’s approach, wherein each nearby vehicle is treated individually, the
dynamic safety envelope describes a global safety region for the AV. It thus enables collision
risk detection and appropriate response generation in real-time. The effectiveness of this
safety envelope was validated via a simulation. The efficacy of this envelope in hazardous
situations has not been sufficiently studied thus far. In this paper, to ensure the safety of
AVs in hazardous situations, a collision avoidance strategy by utilizing safety envelope for
ADS is proposed.

By employing this strategy, an AV can sustain its safety envelope by dynamically
adjusting its velocity or changing lanes with velocity adjusting. When the AV’s safety
envelope is intruded by surrounding vehicles, the decision-making logic in the collision
avoidance strategy determines appropriate response for the AV to avoid collisions. In the
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decision-making logic, the risk and complexity levels of the AV’s situation interacting with
its surrounding vehicles are assessed and the situation is categorized into three types by
low /high of the levels. The risk level integrates the danger levels posed by all surrounding
vehicles within the safety envelope, whereas the complexity level indicates the difficulty
of mitigating the identified risks of the situation. To derive the lane-changing maneuver
of the AV, a virtual vehicle is introduced to be placed along the preceding path in the
target lane. The AV is controlled to perform lane change using a proportional-derivative
(PD) controller guided by the virtual vehicle, similar to a human driving behavior. This
collision avoidance strategy was verified by conducting a simulation in a highway traffic
environment involving hazardous situations, in which multiple surrounding vehicles from
various directions executed aggressive maneuvers.
The main contributions of this paper are summarized as follows:

1. A collision avoidance strategy is proposed to determine appropriate responses for an
AV when its safety envelope is intruded, enabling the AV to avoid potential collision
even in hazardous situations.

2. Alane-changing method is introduced in which a virtual vehicle is placed in the target
lane, and a PD controller guides the AV’s steering toward the virtual vehicle, enabling
the AV change lanes without generating a reference trajectory.

3. Lane-changing abortion of an AV is achieved using the introduced lane-changing
method by relocating the virtual vehicle to the original lane, eliminating the need to
regenerate a return trajectory.

The remainder of this paper is organized as follows. The safety envelope is defined in
Section 2. Section 3 presents the collision avoidance strategy, including the lane-changing
method. Section 4 shows the simulation for verifying the proposed collision avoidance strat-
egy and the comparative simulations on safe distances modifications. Section 5 concludes
the paper and outlines future research directions.

2. Definition of Safety Envelope Based on Modified Safe Distances

This study built upon our previously defined concept of safety envelope to ensure
overall safety of the ego vehicle equipped with an ADS and its surrounding vehicles [19].
The safety envelope was determined based on the longitudinal and lateral safe distances
adapted from Mobileye’s formulation. The safety envelope and modified safe distances are
described below.

2.1. Definition of Safety Envelope

The origin of the safety envelope is placed at the center of gravity of an AV. The safety
envelop helps the AV to prevent collisions by dynamically maintaining longitudinal and
lateral safe distances with the surrounding vehicles. This safety envelope functions as a
dynamic boundary, distinguishing between safe and unsafe situations for an AV. The AV is
considered safe when no other vehicles enter its safety envelope, whereas any intrusion
indicates dangerous situation involving a collision risk. When surrounding vehicle(s) are
detected inside the AV’s safety envelope, a collision strategy must be implemented to
determine the AV’s control to sustain its safety envelope.

As illustrated in Figure 1, the safety envelope (red solid line) is geometrically repre-
sented as an oval-shaped region composed of four quarter ellipses (thin dashed curves),
with its origin placed at the center of gravity of the AV. The major and minor axes of each
ellipse are determined based on the safe distances (D) of the AV in the front (Dy) and on
the left (Dy), rear (D), and right (D) directions. The safe distance (D) of the AV in each di-
rection is considered the maximum of the individual safe distances between the AV and all
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surrounding vehicles in that direction as described in Equation (1). This approach ensures
that the AV retains sufficient space with the surrounding vehicles to avoid collisions.

Dy = mux(Dlg,i|xi > XAV ),
D, = max(Dlg,i|xi < XAV |, 1)
Dy = max(Duilyi <yav),
Dt = max(Dyilyi < yav)-
x; and y; are the longitudinal and lateral coordinates of a surrounding vehicle i, respectively.
xav and yay are the longitudinal and lateral coordinates of the AV, respectively. D, ; and

Dy, ; respectively denote the longitudinal and lateral safe distance between the AV and the
surrounding vehicle i.

A Vehicle 2

Safety
Envelope

Vehicle 3

./ Vehidled Vehicle 1

Figure 1. Geometric definition of the safety envelope. The safety envelope of the AV is geometrically

>
>

X

represented as an oval region composed of four quarter-ellipses centered at the AV’s center of gravity.
The thin dashed curve indicates the quarter-ellipses used to form the envelope boundary.

The safety envelope is geometrically formed by four quarter ellipses, as described in
Equation (2), and each of the quarter ellipses is determined by the safe distances D 1z D,, Dy,
and Dy¢. The major axis c of each ellipse takes the safe distance in the longitudinal direction
(either D ¢ or Dy). The minor axis d of each ellipse takes the safe distance in the lateral
direction (either D; or D).

(x — xav)?

c? +

2

(v d]/zAV) -1 @)
The safe distances are dynamically determined based on the real-time information
of vehicles such as velocity, acceleration, and dimensions which are detailed explained in
Section 2.2). The size of the safety envelope changes dynamically based on the safe distances.
In Mobileye’s approach, each surrounding vehicle is assessed to determine an appro-
priate response individually by the AV. In contrast, the proposed safety envelope considers
all surrounding vehicles collectively by setting a global safety region around the AV. It
enables the AV to assess its safety holistically rather than via multiple pairwise interactions;
thus, the AV can deal with complex traffic environments efficiently. The ADS” dynamic
process of generating the safety envelope and the collision avoidance strategy controlling
the AV to sustain its safety envelope repeats every 0.01 s. As a result, the ADS can rapidly
respond to changes in the traffic environment and ensure the safety of both the AV and its

surrounding vehicles.

https://doi.org/10.3390/systems14010089


https://doi.org/10.3390/systems14010089

Systems 2026, 14, 89

50f24

2.2. Modified Longitudinal and Lateral Safe Distances

The longitudinal safe distance proposed by Mobileye [7] may result in overconser-
vative driving behavior, as the worst-case scenarios may rarely happen in real driving
situations. To balance practicality and safety, the actual acceleration of the rear vehicle is
considered instead of its maximum acceleration, and the length of vehicles is accounted.

Dy and D, shown in Figure 1 are considered the modified longitudinal safe distance,
as described in Equation (3). The longitudinal safe distance is the distance traveled by the
rear vehicle during the response time at its current acceleration, plus its braking distance
under a reasonable minimum deceleration and including the lengths of both the vehicles,
and minus the braking distance of the front vehicle under maximum deceleration.

2
(% ta ) 2
Djy = max{ |00t + %ar,lgtl + ( r;if ) 2avf’lg +L|,0p, ©)
min,b,lg max,b,lg
where v, ;, and v¢ ;. denote the longitudinal velocities of the rear and front vehicles, respec-
tively. tis the driver’s response time of the rear vehicle, 4,y 5 1¢ is the minimum reasonable
deceleration in the longitudinal direction of the rear vehicle, 4,4, is the maximum lon-
gitudinal deceleration of the front vehicle, and g, ¢ is the longitudinal acceleration of the
rear vehicle. L is the length of both the vehicles.

When no vehicle is detected ahead of the AV, vy jo, and @4y p,1g are considered 0. In this
case, the longitudinal safe distance of the AV is the distance it drives during the response
time at its current acceleration and including its braking distance under a reasonable
minimum deceleration as well as the length of the vehicles. When no vehicle is detected
behind the AV, v flg is considered the maximum velocity limitation. This ensures that
the AV or the rear vehicle can execute a complete stop to avoid collisions with suddenly
appearing obstacles or vehicles in the longitudinal direction.

Similarly, the lateral safe distance is modified by replacing the maximum accelerations
of the left and right vehicles with their actual values and including the vehicle widths. D,
and D;; shown in Figure 1 use the modified lateral safe distance, as described in Equation
(4). The vehicles on the left and right drive the lateral distance toward each other during
the response time with their current accelerations and considering their brake distance with

,0} (4)

v 1+ and v, 1, denote the lateral velocities of the vehicles on the left and right, respec-

a reasonable minimum deceleration as well as their widths.

2
Ort 1t W

2 ’ 2
v+ ta v Uyt 1t + tred
Dy = max{ [( i+ tag ) Lit (U1t + treaye1t) n

2| @i 11 2|a | 2| @i 1t

2|art,lt

tively, and t; and ¢,+ denote their corresponding response times, respectively. a,,;;, 5 1; is the
minimum reasonable deceleration in the lateral direction of the vehicle that is likely to be
used by a human driver when recognizing a vehicle driving toward itself. a;; and a,; ;
denote the real lateral acceleration of the left and right vehicle, respectively, and W is the
width of the vehicles.

In situations wherein no vehicles are present to the right or left of the AV, v, 11, a4yt yax 1t
U1 1t, OF ] ynay ¢ are considered 0. In this case, the lateral safe distance of the AV is the distance
it drives during the response time with its current acceleration, plus its braking distance
with reasonable minimum deceleration, and plus the width of both the vehicles. This
ensures that the AV can safely come to a stop for avoiding lateral collisions when a sudden
obstacle or vehicle appears from the lateral direction. The modifications are comparatively
evaluated in Section 4.5.
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in input : driver's
expected velocity

in input : AV's info

in input : existence of SVs
act [Actvity] inside AV's safety envelope | colision avoidance strategy top-level 1J

—_—

3. Collision Avoidance Strategy and Lane-Changing Method

As defined in Section 2, the safety envelope is a dynamic boundary that distinguishes
between safe and unsafe conditions for an AV. A collision avoidance strategy is proposed
to sustain this envelope even under hazardous situations. This enables the AV to ensure
safety by dynamically adjusting its velocity or changing lanes with velocity adjusting.
System modeling language (SysML) is a general graphical modeling language that enables
describing system models from the perspective of structure, behavior, parameters, and
requirements [20,21]. As shown in Figures 2 and 3, the proposed collision avoidance
strategy is described using SysML activity diagrams (CATIA Magic Systems of Systems
Architect 2024x Refresh2), which can provide a visual and comprehensive understanding
of the entire process. Figures 2 and 3 are presented in a simplified form to improve
readability by reducing the amount of text in the figures. Long descriptions in the actions
are replaced with numbered concise labels, and annotations of control flows are shortened
to keywords. The full descriptions of the numbered actions are provided in Table 1, and
the full definitions of the shortened annotations of control flows are summarized in Table 2.
Abbreviations used in the figures include acc (acceleration), VV (virtual vehicle) and SV
(surrounding vehicle).

in input : ODD context

|

\V4 (b) >=1
1: determine acc |

(a) None

2 : execute decision-
N making logic e——

: determined acc/
WW's position with acc

-

l change lanes

) ) 3 : determine steering angle of
only adjust velocity the front wheel

1

—— out output : determined acc and the steering angle of the front wheel ————~

Figure 2. Collision avoidance strategy top level: activity diagram for condition recognition. The
full descriptions of the numbered actions are provided in Table 1, and the full definitions of the
shortened annotations of control flows are summarized in Table 2. Abbreviations: acc (acceleration),
VV (virtual vehicle) and SV (surrounding vehicle). The small symbol attached to the action “execute
decision-making logic to avoid potential collision” indicates that its internal behavior is further
detailed in a lower-level SysML activity diagram (Figure 3).
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in input : existence of SVs
act [Activity] execute decision-making logic [ execute decision-making logic ] ) inside AV's safety envelope
5

- in input : AV's info

N
: danger level 2.1: evaluate 2.2 : calculate
\F danger level(s) necessary acc(s) -,
- e - necessary acc(s)
risk level : risk level P : complexity level : assess complexity |
\L level ¥
Situation 3. I Situation 1. Situation 2. :
A4
2.3 : evaluate riding h
comfort : comfort of necessary acc I
W, I ‘
: check \/ _comfortable |
possibility of uncomfortable vV -
safe lane- K-~~~ === === = === ’ 2.4 : determine the
changing L ‘ acc without steering  <——
: possibility of lane changing impossible; ‘
- = =
' D I —
possible |
2.5: determinethe < - -~~~ — — —

VV's position and acc

AL T0L : evaluate the necessity |
™~ for lane-change abortion |
| m
I yes no ;

out output : determined acc/
VV's position with acc

in input : ODD context ‘

Figure 3. Collision avoidance strategy detail: activity diagram for executing decision-making logic.
The full descriptions of the numbered actions are provided in Table 1, and the full definitions of the
shortened annotations of control flows are summarized in Table 2. Abbreviations: acc (acceleration),
VV (virtual vehicle) and SV (surrounding vehicle).

Table 1. Full descriptions of the numbered actions in Figures 2 and 3.

Figure Concise Label Full Description

determine acceleration to reach the driver’s

1: determine acc expected velocity

execute decision-making logic to avoid

Figure 2 2: execute decision-making logic potential collision

determine steering angle of the front wheel for the

3: determine steering angle of the front wheel AV using PD controller to follow the virtual vehicle

evaluate danger level of each surrounding vehicle

2.1: evaluate danger level(s) intruded into the safety envelope

calculate necessary acceleration to avoid potential

2.2: calculate necessary acc(s) collision with each vehicle inside the safety envelope

2.3: evaluate riding comfort evaluate F1d1ng comfort of the necessary
Figure 3 acceleration(s)

determine the acceleration to sustain safety

2.4: determine the acc without steering envelope without steering

determine the virtual vehicle’s position and
2.5: determine the VV’s position and acc acceleration for lane changing/returning to the
original lane
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Table 2. Definitions of the shortened annotations of control flows in Figures 2 and 3.

Figure Shortened Annotation Full Definition
No surrounding vehicle intrudes into the AV’s
(a) None fet )
Figure 2 safety envelope
) > 1 One or more surrounding vehicles intrude into the AV’s
- safety envelope
Situation 1 Situation 1: Risk: low; Complexity: low
Figure 3 Situation 2 Situation 2: Risk: high; Complexity: low
Situation 3 Situation 3: Risk: high/low; complexity: high

3.1. Collision Avoidance Strategy
3.1.1. Condition Recognition

As described in Section 2, the safety envelope is formed using the acceleration, velocity,
and position of the AV and its surrounding vehicles. Based on the safety envelope and
the positions of the surrounding vehicles, the existence of surrounding vehicles within
the safety envelope is analyzed. The collision avoidance strategy outputs the acceleration
and front wheel steering angle of the AV based on inputs such as the position, velocity,
acceleration, and steering angle of the AV; operational design domain (ODD) context; and
existence of surrounding vehicles within the safety envelope of the AV, as shown in Figure 2.
The ODD context includes information about surrounding vehicles and the road (such as
lane markers and boundaries), based on which the AV can identify its current lane. This
process is important for restricting lane-changing directions of the AV: if the AV is already
in the leftmost lane, it cannot change to the left; similarly;, if it is in the rightmost lane, it
cannot change to the right.

As the number of vehicles within the safety envelope of the AV directly affects the
situation of the AV, two conditions are defined:

(@) No vehicles are present inside the safety envelope of the AV (red control flow in

Figure 2)

(b) 1 or more vehicles are detected inside the safety envelope of the AV (blue object flow

in Figure 2)

In condition (a), the ADS executes the action “determine acceleration to reach the
driver’s expected velocity” since the AV is safe. The AV accelerates to meet the driver’s
expected velocity. The acceleration is zero when the AV’s current velocity matches the
driver’s expected velocity.

In condition (b), the ADS executes the action “execute decision-making logic to avoid
potential collision” since the AV is in danger. The decision-making logic determines the AV
to perform velocity adjusting or lane-changing with velocity adjusting to ensure no vehicles
remain inside its safety envelope, thereby avoiding potential collisions. The detailed
decision-making logic applied when one or more surrounding vehicles are detected inside
the AV’s safety envelope is detailed in Figure 3 and Section 3.1.2.

If the decision-making logic determines that the AV to sustain its safety envelope by
only adjusting its velocity, the determined acceleration is output. If the AV determines to
change lanes, a virtual vehicle is generated on the target lane to guide the lane-changing,
which is detailed in Section 3.2.1. The ADS executes the action “determine the steering
angle of the front wheel using the PD controller to follow the virtual vehicle” and outputs
the steering angle of the front wheel, which is introduced in Section 3.2.2.
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3.1.2. Decision-Making Logic

When the AV’s safety envelope is intruded, an appropriate response is determined to
sustain the safety envelope by executing the decision-making logic as shown in Figure 3.
The decision-making logic is based on the combination of the risk level and complexity
level assessment with the consideration of riding comfort of the AV’s occupants.

When the surrounding vehicles enter the safety envelope of the AV, the danger level
of each vehicle inside the safety envelope is checked. The danger level is evaluated by
simultaneously calculating and comparing the time to collision (ITTC) and critical TTC
(cTTC) between the AV and each surrounding vehicle inside the safety envelope. The
TTC introduced by Hayward [22] was considered the time remaining until two vehicles
would collide if they maintain the current velocity and trajectory. The critical TTC is the
threshold value [23] that distinguishes between safe and unsafe situations. When the
TTC of a surrounding vehicle exceeds the cTTC, the vehicle is classified to be in a low
danger level; otherwise, the danger level is considered high. If all vehicles within the safety
envelope have low danger levels, the overall risk level of the situation is categorized as low.
In contrast, if one or more vehicles exhibit high danger levels, the risk level is classified as
high. When there is only one vehicle inside the AV’s safety envelope, the risk level of the
situation is equivalent to the danger level of the vehicle.

Simultaneously, the acceleration required to avoid potential collisions with each vehicle
inside the safety envelope is calculated. When two vehicles have the same velocity (zero
relative acceleration), they will not collide. Thus, the necessary acceleration is defined as the
value at which the AV needs adjust its velocity to match the velocity of the vehicle within
the cTTC. When two or more vehicles are inside the safety envelope of the AV, the necessary
accelerations required by the AV to avoid collision with all vehicles are concurrently
calculated to mitigate the collision risk. The complexity level of the situation is assessed
based on the calculated necessary accelerations that indicate the difficulty in sustaining
the safety envelope. The complexity level is considered low if the calculated necessary
accelerations are all in the same direction, whereas the complexity level is considered high
if the necessary accelerations have different directions. When only one vehicle is present
inside the AV’s safety envelope, the complexity level is low.

The risk level integrates the danger levels of all surrounding vehicles in the AV’s
safety envelope. The complexity level indicates the difficulty to sustain the AV’s safety
envelope, and therefore, the difficulty of mitigating the collision risks involved in a situa-
tion. By combining the results of risk and complexity level assessments, three situations
are categorized:

e  Situation 1: Low risk level and low complexity level (blue control flow shown in Figure 3)
e  Situation 2: High risk level and low complexity level (red control flow shown in Figure 3)
e  Situation 3: High or low risk level and high complexity level (pink control flow shown

in Figure 3)

In Situation 1, as the risk and complexity levels are low, the riding comfort of the AV
occupants during maneuver is considered. The comfort of the necessary acceleration is
evaluated by comparing it with the comfortable acceleration range [24]. If all the necessary
accelerations are within the comfortable range, the AV applies the necessary acceleration
with the maximum absolute value. If any of the necessary accelerations exceed the comfort
threshold, the possibility of safe lane-changing is checked to improve the riding comfort
by generating a virtual vehicle. If the AV can change lanes safely, the position of the
virtual vehicle and the acceleration for lane-changing are determined, which is introduced
in Section 3.2. If it is impossible to change lanes safely, the AV performs the necessary
acceleration with the maximum absolute value is the maximum.
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In Situation 2, the low complexity level indicates that the AV can avoid potential
collisions by adjusting the velocity without steering. Under high risk level situations, the
strategy prioritizes ensuring the safety of vehicles rather than the riding comfort of the
AV occupants. As a result, the AV employs the necessary acceleration with the maximum
absolute value to sustain the safety envelope and avoids potential collisions.

In Situation 3, the high complexity level means the dangerous vehicles are located in
different directions relative to the AV. By adjusting the velocity alone, the AV may collide
with the vehicle in the direction opposite to the direction of the determined acceleration.
Thus, lane-changing has higher priority over velocity adjustment without steering. The
possibility of safe lane-changing is checked from the perspective of safety. If safe lane-
changing is impossible, the AV primarily avoids the vehicle in front whose danger level is
highest by accelerating. If safe lane-changing is possible, the AV changes lanes with the
acceleration by the guidance of the virtual vehicle, which is introduced in Section 3.2.1.

Once the lane-changing starts in Situations 1 and 3, a virtual vehicle is generated
on the target lane as the lane-changing destination along with a safety envelope for the
virtual vehicle. This safety envelope for the virtual vehicle is defined the same as the
safety envelope for the AV. During lane-changing, the necessity for lane change abortion is
determined by monitoring the intrusions in the safety envelope of the virtual vehicle. Once
this safety envelope of the virtual vehicle is intruded, the risk and complexity levels are
evaluated the same as the aforementioned method. If either the risk level or the complexity
level is high, the AV needs to abort the lane-changing process and revert to the original
lane. The AV reverts to the original lane by generating a new virtual vehicle on the original
lane and applies the determined acceleration.

The collision avoidance strategy leverages the real-time safety envelope and risk
and complexity level assessments to enable the ADS to make prompt and appropriate
decisions. This involves adjusting the velocity without steering or lane-changing with
velocity adjusting to sustain its safety envelope and avoid potential collisions.

3.2. Lane-Changing Method
3.2.1. Determining the Position of Virtual Vehicle and Lane-Changing Duration

In previous studies on lane-changing, a target lane-changing destination was deter-
mined, and a reference trajectory was generated using polynomial models. The AV then
followed the reference trajectory using a PID controller. However, human drivers do not
generate a reference trajectory but determine the target lane-changing destination and steer
toward it based on their experience and visual inputs. To replicate this behavior, a virtual
vehicle is generated at the target lane-changing destination, and the front wheel steering
angle is determined using the PD controller to guide the AV steering toward the virtual
vehicle on the target lane instead of planning a reference trajectory.

Figure 4 shows that when the AV determines to change lanes, a virtual vehicle (semi-
transparent, magenta) is generated on the target lane-changing destination. The lateral
position of this vehicle is at the center of the target lane, and its longitudinal position is
determined by the lane-changing duration and the AV’s acceleration.

The lane-changing duration is determined based on the rear vehicle (vehicle 1 in
blue color) and front vehicle (vehicle 2 in blue color) on the target lane. The longitudinal
displacements X; and X, of vehicles 1 and 2, respectively, after the lane-changing duration
t;. are predicted based on the current velocities and acceleration, as shown in Equation (5).

X1 = oite + U
azt 2
Xa ot + %

(5)
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current lane

X Predlcted position of  Virtual Predicted position of
1 .
Vehicle 1 after t;. Vehicle Vehicle 2 after t;.

Figure 4. Illustration of determining virtual vehicle’s position. The solid magenta oval outline around
the AV represents the safety envelope of the AV, and the dashed magenta oval outline around the
virtual vehicle represents the safety envelope of the virtual vehicle.

To ensure safe lane-changing, neither vehicle 1 nor vehicle 2 after ¢;. should intrude the
safety envelope of the virtual vehicle. The lane-changing duration f;. must satisfy the two
longitudinal safe distance constraints in Equation (6). The constraints require the relative
distances between the virtual vehicle with vehicle 1 and vehicle 2 after ¢;. to be larger than
the safe distances.

(XO + xvv) - (xl + Xl) > Dy (6)
(2 +X2) = (¥g + %) = Dy’
where
_ agtic”
Xop = X+ Ut + T
Dy = max{ [v1p + $a10% + (yzlb;:fi:lb) 2uvm0axb +L1O,
D2 = max Dop + %IZOPZ + (020;,5:3,) zafnzaxh +L O

x1, v1, and a;, denote the longitudinal position, velocity, and acceleration of vehicle 1,
respectively. Similarly, xo, vp, and 4, denote the longitudinal position, velocity, and acceler-
ation of vehicle 2, respectively. xy, vo, and a¢ denote the longitudinal position, velocity, and
acceleration of the ego vehicle, respectively. x,, denotes the predicted longitudinal position
of the virtual vehicle, p is the response time, a,,;, , is the minimum reasonable deceleration
as introduced in 2.2, 4,,,, ;, denotes the maximum longitudinal deceleration, and L is the
length of the vehicles.

tic,max and ty. iy are calculated by solving the inequality constraints in Equation (6).
If t¢, jay is less than 3 s, the AV cannot change lanes to ensure its safety as a small lane-
changing duration requires high lateral acceleration, which is dangerous. If ¢}, ,,;, is less
than 3 s and ;. 4y is greater than 3 s, the lane-changing duration is set to 3 s. This is
because X; and X, are estimated based on the current states of vehicles 1 and 2, and a
shorter lane-changing duration helps to reduce the uncertainties associated with the future
behaviors of these two vehicles. If t;. ,,;, is greater than 3 s, the lane-changing duration
is considered tj. . After the lane-changing duration is determined, the position of the
virtual vehicle is determined.

3.2.2. Lane-Changing Control Using a PD Controller

For smooth lane-changing maneuvers based on the virtual vehicle, the AV uses a
PD-based steering controller to reach the position of the virtual vehicle. This controller
minimizes the deviation between the AV and the virtual vehicle by adjusting the AV’s
steering angle. The PID controller is a classical feedback control algorithm widely used in
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vehicle steering and trajectory tracking tasks because it is simple and effective [25]. The
general equation of PID controller is described in Equation (7).

de(t)
dt '

u(t) = Kpe(t)+ Ki/e(r)dT+Kd (7)
where u(t) is the control output at time t, e(t) is the error signal at time t, K, is the
proportional gain, K; is the integral gain, and K} is the derivative gain. The integral term
was neglected by setting K; = 0 to effectively obtain a PD controller:

5(t) = Kpe(t) + KddeT(t’f), ®)
where J(t) is the desired steering angle at time ¢ and e(f) is the tracking error. The tracking
error combines the lateral error Y, and heading angle difference 6.o,. As shown in
Figure 5, the lateral error Ye;or is the relative distance between the AV and virtual vehicle
along the lateral direction. The heading angle difference 6., is the angular difference
between the current orientation of the AV 5y and its direction toward the virtual vehicle
¢ as described in Equation (9).

6error = lPAV - (P/ (9)

current lane

Virtual
Vehicle

Figure 5. Illustration of tracking errors. The solid magenta oval outline around the AV represents the
safety envelope of the AV, and the dashed magenta oval outline around the virtual vehicle represents
the safety envelope of the virtual vehicle.

The two errors are combined to form a unified tracking error:
e(t) = wyYepor + Wepberror- (10)

As the two components of tracking error are measured in different units (meters and
radians), scalar weights wy = 0.8 and wy = 1.8 are employed to balance the contribution
of the errors to the control signal. These values were selected heuristically to determine the
relative physical impact of each error term on the vehicle’s control behavior. As heading
deviations often lead to more severe instability during lane changes compared with small
lateral offsets, a larger weight was assigned to the heading error to enhance its influence on
the combined error metric although its unit (radian) is typically numerically smaller than
that of the lateral error (meter).

Similarly, the proportional and derivative gains of the controller were determined
empirically via simulations. The evaluation of controller’s response across multiple lane-
changing cases revealed that K, = 0.02 and K; = 0.1 offered a well-balanced trade-off
between tracking accuracy, steering smoothness, and ride comfort. The chosen values
yielded a low tracking error without inducing oscillation or overshoot and were suitable
for real-time implementation.
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4. Verification of the Collision Avoidance Strategy Using the Safety
Envelope for the ADS

4.1. Highway Operation Scenario and Vehicle Dynamic Model

In this paper, the operational conditions of the AV were considered on highways that
are characterized by high velocities and unidirectional traffic flows. The dynamic bicycle
model was employed as the vehicle model, as shown in Figure 6. This model simplified the
vehicle’s motion by representing the four actual wheels with two virtual wheels (front and
rear) [26]. The vehicles in the simulation were assumed to be driven by front wheels, and
the rear wheel angle was consistently set to zero. This dynamic bicycle model is expressed
in Equation (11) [27,28].

X = UxCOos Y — vysiny,
Yy = vyxsiny + vycos P,

Y = lf”TXlrtanéf,

Uy = Yoy + ay,

v, = — vy + %(Fcfcoséf—f—Fcr),

§ = Iz—z(lchf—l,Fcr>,

Fcf = szf“f/

Fop = Curay.

(11)

x, y are the longitudinal and lateral coordinates of the vehicle’s center of gravity (c.g.) in
an inertial frame (X, Y), respectively. v and a, respectively denote the vehicle’s velocity
and longitudinal acceleration. ¢ is the orientation of the vehicle, and f is the slip angle. 6¢
denotes the angle of the vehicle’s front wheel. x and y denote the longitudinal and lateral
velocities in the body frame, respectively. ¢ is yaw rate of the vehicle. F, £ and F, are the
lateral tire forces at the front and rear wheels, respectively. a¢ and a, are the slip angles
of the front and rear wheels, respectively. Table 3 lists the definitions and values of m, I,
I iz Iy, Cy r and Cyy. aand ¢ ¢ are the control inputs for the motion of the AV, which are
determined using the collision avoidance strategy that employs the safety envelope.

0

PR I
Dt

Figure 6. Dynamic bicycle model.
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Table 3. Definitions and values of parameters used in the dynamic bicycle model.

Parameter Definition Value
m Mass of the vehicle 1723 kg
I, Yaw inertia of the vehicle 4175 kg-m?
l¢ Distances from the vehicle’s c.g. to the front axle 1.23m
Iy Distances from the vehicle’s c.g. to the rear axle 1.47 m
Cay Lateral cornering stiffness of the front wheel 66,900 N/rad
Caur Lateral cornering stiffness of the rear wheel 62,700 N /rad

4.2. Sensor Specification

For robust and comprehensive environmental perception, AVs are equipped with a
multimodal sensor suite, including LiDAR, cameras, and radars with different detection
ranges [29]. Herein, a sensor configuration comprising a 360-degree rotating LiDAR
mounted at the center of the roof was employed. This sensor provided full-surround 3D
point cloud data with a range of up to 200 m. A long-range radar installed at the front
bumper enhanced forward object tracking, whereas medium-range radars positioned at
the rear corners monitored the lateral-rear vehicles within an 80 m range. In addition, six
short-range radars covered all close-range zones within 20 m.

Cameras were installed to perform semantic perception tasks. A main forward camera
and a wide-angle forward camera were mounted on the upper center of the windshield
and front bumper, respectively, for long-range detection and wide field-of-view coverage
up to 200 and 50 m, respectively. Side cameras that were positioned on both doors near the
mid-front or mid-rear areas provided lateral monitoring up to 50 m. Based on a previous
study [30], the combined sensor architecture, as summarized in Table 4, enabled the AV to
detect short-, medium-, and long-range targets in all directions.

Table 4. Directional perception coverage enabled by the sensor suite.

Mounting Position Sensor Type Detection Range
LIDAR.ong rnge e andvide forward 200m
Rear Medium-range radar and short-range radar 80 m
Left LiDAR, side camera, and short-range radar 50 m
Right LiDAR, side camera, and short-range radar 50 m

4.3. Simulation Assumptions

The proposed collision avoidance strategy by utilizing safety envelope for ADS under
hazardous situations was verified via a simulation in MATLAB R2023b. Simulation func-
tions were implemented in MATLAB to execute actions described in the activity diagrams
shown in Figures 2 and 3. The simulation scenario comprised an AV (ego vehicle) and
six human-driven vehicles (HDVs). The sizes of the AV and surrounding vehicles were
assumed to be 4.92 m x 1.86 m. All seven vehicles drove forward on a three-lane highway,
with a width of 3.6 m. The simulation time step was 0.01 s. The simulated hazardous sce-
nario featured multiple surrounding vehicles approaching from various directions. Some
surrounding vehicles performed aggressive maneuvers, such as sudden acceleration and
deceleration. Sudden cut-ins by these vehicles were also considered aggressive driving, we
have shown simulation results that contain the sudden cut-ins scenario [20], simulation

https:/ /doi.org/10.3390/systems14010089


https://doi.org/10.3390/systems14010089

Systems 2026, 14, 89

15 of 24

results for hazardous situations only contain sudden acceleration and deceleration are
discussed herein. The initial conditions of vehicles are as follows:

AV: Driving in the middle lane with an initial velocity of 23 m/s. The expected driving
velocity is 30 m/s.

HDV 1: Driving in the left lane with an initial velocity of 16 m/s and then sharply
decelerates to interfere with the AV.

HDV 2: Driving in the left lane with an initial velocity of 18 m/s and sharply acceler-
ating to interfere with the AV.

HDV 3: Driving in the middle lane behind the AV with an initial velocity of 23.5 m/s
and accelerating.

HDV 4: Driving in the middle lane ahead of the AV with an initial velocity of 22 m/s
and then sharply decelerates and drives aggressively toward the AV.

HDV 5: Driving in the right lane with an initial velocity of 32 m/s and then accelerating.

HDV 6: Driving in the right lane with an initial velocity of 32 m/s.

In this simulation, four surrounding vehicles (HDV 1, HDV 2, HDV 3, and HDV 4) were
designed to perform aggressive driving to against the AV and two surrounding vehicles (HDV
5 and HDV 6) were designed to drive with high velocities. In this way, the simulation created
hazardous scenarios for verifying the proposed collision avoidance strategy.

4.4. Simulation Results

Figures 7-13 show the simulation results for the assumed conditions over a period
of 17 s. From 0.01 to 1.13 s, the AV remains safe as the number of vehicles inside its safety
envelope is 0; this corresponds to condition (a) in the proposed strategy. The current
velocity of the AV is lower than the expected velocity of 30 m/s; thus, it accelerates to meet
the expected velocity. However, at 1.14 s, HDV 5 (yellow vehicle) suddenly applies sharp
brakes and drives aggressively against the AV (magenta vehicle). It thus enters the safety
envelope of the AV from the front, as shown in Figure 7. As HDV 5 (yellow vehicle) has a
high danger level and is the only vehicle inside the AV’s safety envelope, this situation is
considered to have a high risk level and low complexity level and corresponds to Situation
2 of the collision avoidance strategy. Consequently, the AV decelerates immediately to
avoid potential collision with HDV 5 (yellow vehicle) without considering riding comfort,
as shown in Figure 8.

N Av I HDV 1 | JHov 2 I HDv 3 I HDV 4 | JHDV 5 | JHDV 6|

60 80 100 120 140 160

Figure 7. Positions of the AV within its safety envelope and surrounding vehicles after 1.14 s. Each
colored rectangle represents the AV and HDVs. The solid magenta oval outline around the AV
denotes its safety envelope. The black dashed lines represent the lane boundaries.

During the deceleration of the AV, at 5.34 s, HDV 3 (black vehicle) accelerates and
enters into the safety envelope of AV from behind, as shown in Figure 9a. In this situation,
the two vehicles in the AV’s safety envelope travel in opposite directions and have low
danger levels. This situation corresponds to Situation 3 of the collision avoidance strategy,
with low risk level and high complexity level. A virtual vehicle (semi-transparent magenta
vehicle) is generated on the left lane to check the possibility of safe lane-changing as
Figure 9a shows. Since safe lane-changing is possible, the AV shifts from the middle
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lane to the left lane guided by the virtual vehicle to avoid potential collisions. At7.52 s,
HDV 1 (blue vehicle) and HDV 2 (green vehicle) decelerate and accelerate, respectively,
to interrupt AV’s lane-changing task. HDV 1 (blue vehicle) and HDV 2 (green vehicle)
ultimately enter the safety envelope of the virtual vehicle from different directions as shown
in Figure 9b. Based on the collision avoidance strategy introduced in session 3.1.2, the AV
needs to abort the lane- changing and return to its original lane. A new virtual vehicle
(semi-transparent magenta vehicle) is generated in the middle lane as described in Figure 9¢c
to guide the AV to the middle lane by applying deceleration as shown in Figure 8. Figure 10
shows the trajectory of the AV changing to the left lane and reverting to the middle lane
and the trajectories of surrounding vehicles. The front wheel steering angle of the AV is
shown in Figure 11.

jE E 9 I
26 It—1.14 t—11.07|t 13.67I
’\(/7 | | I
E2af | ' '
<>( [ [
I [ I
522 [
P
g I I I
<20F 1 [ I
> | I |
18f | '
L 2 2 g Nt | Ly 2
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Time (s)

Figure 8. Time history of AV’s velocity.

[ Av I Hov 1 (EEHov 2 I Hov 3 I HDVY 4 | JHDV 5 [ JHDV 6 | | Virtual Vehicle |

0 1 ! ] ] ] 1
160 180 200 220 240 260

(a)5.34s
|-Av I Hov 1 EEENHov 2 I HoV 3 I HDV 4 | JHDV 5 | JHDV 6 | | Virtual Vehicle |

200 220 240 260 280 300
(b)at7.52s
Ay I Hov 1 T Hov 2 I HoY 3 IHDY 4 | JHDV 5 [ |HDV 6 [ ] Virtual Vehicle |

_______________

200 220 240 260 280 300
(c)at7.53s

Figure 9. Positions of the virtual vehicle and AV within the safety envelope and surrounding vehicles
at5.34 s (a), 7.52 s (b), 7.53 s (c). Each colored rectangle represents the AV, virtual vehicle, and HDVs.
The solid magenta oval outline around the AV represents the safety envelope of the AV, and the
dashed magenta oval outline around the virtual vehicle represents the safety envelope of the virtual
vehicle. The black dashed lines represent the lane boundaries.
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I A I -0V 1 [ Hoy 2 I Hov 3 I HDV 4 | JHDV 5 [ JHDV 6|

200 220 240 260

Figure 10. Trajectory of the AV changing to the left lane and reverting to the middle lane, and the
trajectories of surrounding vehicles from 180 to 300 m. Each colored rectangle represents the AV and
HDVs, and the numbers in the rectangle denote the simulation time step in seconds. The x-axis is
scaled twice as much as the y-axis, where the visualized size of the vehicles is changed accordingly.
The black dashed lines represent the lane boundaries.
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Figure 11. Steering angle of the AV’s front wheel.
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(a)at 1147 s
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0
280 300 320 340 360 380 400
(b) at 1258 s

Figure 12. Positions of the virtual vehicle and AV with their safety envelope and surrounding vehicles
at 11.47 s (a) and 12.58 s (b). Each colored rectangle represents the AV, virtual vehicle, and HDVs. The
solid magenta oval outline around the AV represents the safety envelope of the AV, and the dashed
magenta oval outline around the virtual vehicle represents the safety envelope of the virtual vehicle.
The black dashed lines represent the lane boundaries.
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Figure 13. Trajectory of the AV changing to the right lane and the trajectories of surrounding vehicles
from 320 to 440 m. Each colored rectangle represents the AV and HDVs, and the numbers in the
rectangle denote the simulation time step in seconds. The x-axis is scaled twice as much as the y-axis,
where the visualized size of the vehicles is changed accordingly. The black dashed lines represent the
lane boundaries.

After the AV successfully changes lanes, it continues to drive in the middle lane again.
As the AV’s safety envelope does not contain any intruding vehicles, the AV accelerates to
reach the expected velocity as shown in Figure 8. At 11.07 s, HDV 3 (black vehicle) sharply
accelerates and enters the safety envelope of the AV from behind, as shown in Figure 12a.
In this situation, HDV 3 has low danger level and is the only vehicle inside the AV’s safety
envelope. Thus, both the risk and complexity levels of the situation are low, corresponding
to Situation 1 of the proposed collision avoidance strategy, where the riding comfort is
considered. As the riding comfort is satisfied, the AV accelerates to avoid potential collision,
as shown in Figure 7. At 11.98 s, HDV 3 (black vehicle) continues to accelerate, causing
the necessary acceleration for the AV to avoid collision extending the riding comfort range.
Consequently, a virtual vehicle (semi-transparent magenta vehicle) is placed on the right
lane to determine the possibility of safe lane-changing as shown in Figure 12b.

As lane-changing can be performed safely, the AV accelerates to change from the
middle lane to the right lane as shown in Figures 8, 11 and 13. During lane-changing at
13.67 s, no vehicles remain in the AV’s safety envelope and the AV accelerates until the lane
change is complete and continues to accelerate thereafter, as shown in Figure 8.

These results indicate that the collision avoidance strategy enables the AV to respond
dynamically and adaptively to hazardous situations in highway scenarios.

4.5. Comparative Simulations on Safe Distance Modifications

The safe distances proposed by Mobileye [7] can lead to overly conservative driving
behavior because the assumed worst-case scenarios rarely occur in real traffic. To reduce
conservatism, the safe distances are modified in this research by using the actual accelera-
tions of surrounding vehicles instead of maximum values. In addition, vehicle body size is
not accounted for in Mobileye’s formulation. For safety concerns, the length and width of
vehicles are added to the safe distances to avoid collisions in near-limit interactions. These
modifications are made to reduce conservatism while improving safety. The effectiveness
of the two modifications is evaluated through two comparative simulations.

Three variants are considered in the following comparisons.

Baseline variant (V0): Original safe distances defined by Mobileye.

Acceleration modified variant (V1): The safe distances are modified by replacing the
maximum acceleration assumption with the actual accelerations of surrounding vehicles.

Acceleration and size modified variant (V2): The vehicle body size is incorporated into
the safe distances, and the maximum accelerations are replaced with the actual accelerations.
These are the safe distances formulations used in this research.
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4.5.1. Scenario A: Conservatism Reflected in Lane-Change Feasibility

Overly conservative safe distances can unnecessarily restrict maneuver permissiveness,
causing an AV not able to perform an intended maneuver even when it would remain
feasible under more realistic assumptions. This scenario illustrates such conservatism using
a lane-change example. Specifically, the AV intends to immediately change to the left lane,
while during the lane change, the front and rear vehicles in the target lane decelerate and
accelerate, respectively, to interrupt the AV’s maneuver. In the proposed strategy, once lane
changing is initiated, the necessity of lane-changing abortion is checked as described in
Section 3.1.2.

Figure 14 compares the lane-change behaviors for the baseline variant (V0), and the accel-
eration modified variant (V1) under the same initial condition. As shown in Figure 14a, under
VO, the conservative safe distances trigger lane-changing abortion when HDV 1 accelerates
and HDV 2 decelerates during the AV’s lane change. In contrast, as shown in Figure 14b,
under V1, the AV maintains its safety envelope without triggering abortion and successfully
completes the lane-changing. This comparison indicates that overly conservative safe dis-
tances assumptions can induce unnecessary maneuvers that make the AV unable to reach
the intended target position. The simulation results show that the modified safe distances in
V1 reduce conservatism compared with the original ones in V0.

[N~ SOV 1 ROV 2]

80 100 120 140 160 180
(a) Lane-change behavior under baseline variant (V0)

N~y I Hov 1 [HDV 2

80 100 120 140 160 180
(b) Lane-change behavior under acceleration modified variant (V1)

Figure 14. Comparison of lane-change behaviors for baseline variant (V0) and the acceleration modified
variant (V1) under the same initial condition. The black dashed lines represent the lane boundaries.

4.5.2. Scenario B: Vehicle Size Effect in Near-Limit Scenarios

Scenario B evaluates the safety impact of vehicle size compensation in near-limit sce-
narios, where relative distances between vehicles become critical. Although safe distances
in acceleration modified variant (V1) reduce conservatism, omitting the vehicle body size
may underestimate collision risk in extreme cases. Therefore, safe distances in acceleration
and size modified variant (V2) further incorporate vehicle length and width to reflect the
physical size of the vehicle body. In the near-limit scenario, the vehicle in front of the AV
suddenly brakes hard to a complete stop, requiring the AV to also perform to a full stop to
avoid a rear-end collision.

Table 5 summarizes the results for Scenario B, including minimum relative distances
between the AV and the surrounding vehicle, which are the distance between the two
vehicle’s centers of gravity. Collisions are observed for VO and V1, while V2 avoids
collision. Although V0 and V1 exhibit a minimum relative distance of 1.04 m and 1.05 m,
the collision occurred because the vehicle’s length is 4.92 m, which means an overlap
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occurred. Incorporating vehicle length in V2 increases the effective safety margin, resulting
in a minimum relative distance of 5.43 m, which exceeds the vehicle length and therefore
avoids overlapping and prevents collision in this near-limit case.

Table 5. Safety outcomes in the near-limit interaction scenario (Scenario B).

Variant Collision Minimum Relative Distance

(Center of Gravity)
Vo0 Yes 1.04 m
V1 Yes 1.05m
A\ No 543 m

4.5.3. Summary

The comparative results highlight two complementary effects of the safe distances
modifications. Scenario A indicates that the baseline formulation can be conservative in lane-
change maneuver, and that incorporating actual accelerations can reduce this conservatism
and improve maneuver permissiveness. Scenario B indicates that vehicle size compensation is
important for safety in near-limit interactions, where small center-to-center distances may still
imply overlap. Overall, the safe distances formulations used in this research that combines
acceleration and vehicle size modification can reduce conservatism and improve safety.

4.6. Discussion

The proposed collision avoidance strategy utilizing the safety envelope for ADS
was verified in terms of AV safety in hazardous situation cases as shown in Section 4.4.
During simulation, a dynamic bicycle model was used to represent vehicle dynamics
that captured longitudinal-lateral coupling while linearizing tire behavior and omitting
nonlinear effects, as shown in Equation (11). The dynamic bicycle model is generally
appropriate for maneuvers with moderate lateral acceleration and small slip angles, for
which the linearized tire assumption is reasonable. In the simulation conducted in this
study, the maximum lateral acceleration was 0.23 g, and the maximum slip angle was
0.035 rad, the dynamic bicycle model therefore provided a suitable representation for
verifying the proposed collision avoidance strategy. In future work, the verification will
be extended to more hazardous scenarios by applying more advanced vehicle models.
The scenarios will include cases where the AV performs maneuvers with high lateral
acceleration and large slip angles under different road surface conditions, and high-fidelity
tire models and multi-degree-of-freedom vehicle dynamics will be applied accordingly.

The safe distances in this paper were adapted from Mobileye’s formulation [7], which
can lead to conservative driving. To reduce conservatism, actual accelerations of surround-
ing vehicles were used instead of the maximum values as shown in Equations (3) and (4)
to shorten the safe distances and make the strategy less conservative, as demonstrated in
Section 4.5.1. The accelerations of the surrounding vehicles in Equations (3) and (4) were
determined using the dynamic bicycle model. In practice, these accelerations are estimated
from the velocities of surrounding vehicles detected by sensors. As such estimations can
involve temporal delays and estimation noise, a state observer (e.g., Kalman filter) must be
used to estimate and denoise accelerations while accounting for latency. Note that such
gaps can impact simulation results.

In this study, the safety envelope was constructed from longitudinal and lateral
safe distances computed separately in each direction, providing a dynamic boundary
for distinguishing the AV’s safe and unsafe situations through envelope intrusion. The
simulation results showed that the envelope successfully distinguished the AV’s safe and
unsafe situations and supported collision avoidance, even after reducing conservatism.
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To further improve dynamics consistency and better capture coupled longitudinal and
lateral limits, future work will investigate formulations with stronger coupling, including
friction circle constraints and reachability based and invariance based safety sets. In
addition, for practical deployment, robustness of the safety envelope can be improved by
incorporating behavioral uncertainty of surrounding vehicles and tire road friction limits
into the safe distances, which are then reflected in the envelope construction and evaluation.
Accordingly, future work will consider measures such as adding error margins to the safe
distances, enforcing friction limited acceleration constraints, and incorporating uncertainty
detection and behavior prediction for surrounding vehicles.

In the collision avoidance strategy proposed in this paper, when the safety envelope
of the AV was intruded, a binary high/low assessment for both risk level and complexity
level was introduced to clearly and quickly categorize the AV’s situation. The combination
of the risk and complexity levels results in four possible combinations, which categorizes
the situation into three types as introduced in Figure 3. For the scope of the present study,
this provides a practical way to categorize situations. After the situation categorization, the
decision-making logic performs a sequence of subsequent checks and evaluations to finally
determine an appropriate response for the AV. As future work, continuous indicators as well
as threshold and sensitivity analyses will be considered to assess the risk and complexity
levels which may reduce the reliance on such downstream checks and evaluations.

For lane-changing, existing studies commonly generate a reference trajectory using
polynomial models and integrate a PID controller with a lookahead model for the AV
to follow the reference trajectory. The proposed lane-changing method does not require
generating a reference trajectory. Instead, a virtual vehicle is generated to guide the AV’s
maneuver. When a lane change must be aborted and the AV needs to return to the original
lane, trajectory based methods typically regenerate a return trajectory and apply a tracking
algorithm to follow it, whereas lane changing abortion in the proposed method is achieved
by relocating the virtual vehicle to the original lane. The lane-changing and lane-changing
abortion of the AV are achieved by integrating a PD controller to guide the AV’s steering
toward the virtual vehicle. In the PD controller, the tracking error combines the lateral
error and heading angle difference between the AV and the virtual vehicle as shown in
Figure 5. A fixed gain set (K, = 0.02 and K; = 0.1), used in Equation (8), enables the AV
to successfully achieve lane-changing behavior guided by the virtual vehicle; however,
this behavior may require further tuning for different driving conditions. Compared with
lane-changing trajectories generated using the polynomial models, the trajectory of the
AV guided by the virtual vehicle exhibits higher curvature in the middle segment. In
future, differences between the trajectories generated by the lane-changing method and
polynomial models will be analyzed and the causes for such differences will be determined
(e.g., virtual vehicle’s initial position and PD controller gains). Based on the findings, the
proposed lane-changing method will be improved accordingly.

5. Conclusions

ADS is considered an effective solution to reduce traffic accidents caused by human
errors. However, in hazardous and complex traffic situations where an AV dynamically
interacts with multiple surrounding vehicles, including aggressive maneuvers by some
vehicles, the AV still faces the challenge of promptly distinguishing safe/unsafe situations
and determining appropriate responses to prevent potential collisions.

To address this challenge, this paper proposed a collision avoidance strategy utilizing
safety envelope for ADS. The safety envelope was defined based on longitudinal and
lateral safe distances adapted from Mobileye’s formulation, allowing an AV to distinguish
between safe and unsafe situations through envelope intrusion detection. When the AV
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is in an unsafe situation, the risk and complexity levels of the situation are assessed and
combined to categorize the situation into three types. Based on the situation type, the
decision-making logic then performs subsequent checks and evaluation to determine an
appropriate maneuver for the AV, which contains adjusting velocity or lane-changing with
velocity adjusting. In addition, a novel lane-changing method was proposed without
generating a reference trajectory. In the method, a virtual vehicle was introduced along the
preceding path in the target lane, and a PD controller guided the AV’s steering toward the
virtual vehicle, enabling safe lane-changing and lane-changing abortion when necessary.

The collision avoidance strategy was verified using MATLAB via a highway traffic
simulation involving hazardous situations with multiple surrounding vehicles in various
directions performing aggressive driving behavior. Results showed that, for all three
situation types, the ADS followed the intended strategy, secured the safety envelope
and avoided collision. Based on the simulation results, two main findings are obtained.
First, categorizing the AV’s situations by combining the risk level and complexity level
provides a structured and systematic way to handle complex interactions between the
AV and multiple surrounding vehicles. Rather than relying on case by case handling,
it provides a more unified and reliable basis for response determination. Second, the
comparative study indicates that modified safe distances can reduce conservatism by using
the actual accelerations of surrounding vehicles instead of maximum values, and improve
safety by accounting vehicles’ body size, thereby balancing conservatism and safety for
AV’s maneuvering.

This paper mainly focused on verifying the proposed collision avoidance strategy on
highway traffic scenarios, with characteries of high velocity and unidirectional traffic flows.
In future research, the proposed strategy will be extended and verified on curved roads
and urban intersections, with more complex traffic environments. The traffic participants
of the AV will be extended to static obstacles, pedestrians, and surrounding AVs. The
effectiveness and generalizability of the collision avoidance strategy that uses the safety
envelope will be further evaluated.
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Abbreviations

The following abbreviations are used in this manuscript:

AV Automated Vehicle

ADS Automated Driving System

PD Proportional-Derivative

SysML System Modeling Language
ODD Operational Design Domain

TTC Time to Collision

cTTC Critical Time to Collision

PID Proportional-Integral-Derivative
HDV Human-driven Vehicle
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