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ABSTRACT

Truck platooning, a technology where connected and automated trucks travel in closely linked
convoys, promises significant reductions in fuel consumption and emissions. However, these
long convoys present a major safety hazard on existing roadways, particularly on rural two-lane
undivided highways. On these roads, human drivers must use the oncoming traffic lane to
overtake, and a long truck platoon acts as a dangerous and extended barrier. To address this
problem, we established a comprehensive framework to safely integrate platoons into mixed
traffic. The research progressed through four steps. First, we modeled the precise time and
distance required for a human driver to safely pass a platoon. Second, we developed a dynamic
algorithm that determines safe platooning limits, such as the maximum number of trucks
allowed, based on real-time road geometry and oncoming traffic. Third, we tested these rules
using advanced traffic simulations. Finally, we designed an active gap opening control system,
allowing automated trucks to proactively split apart and provide a safe harbor for passing
vehicles. Our findings demonstrate that while long platoons operate safely on multilane
highways, they require strict, dynamic limitations on two-lane roads. This research provides
transportation policymakers with a clear, data-driven blueprint. By shifting from rigid rules to
context-aware operational rules and utilizing cooperative gap opening technologies, agencies can
preserve the economic benefits of truck platooning while rigorously protecting the safety of
everyday drivers.
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EXECUTIVE SUMMARY

The freight transportation industry is undergoing a significant transformation with the
introduction of connected and automated vehicle (CAV) platooning. While electronically linked
truck convoys offer substantial benefits in fuel efficiency, emission reduction, and highway
throughput, their deployment on existing infrastructure introduces complex operational
challenges. These challenges are most acute in mixed-autonomy traffic environments,
particularly on two-lane undivided rural highways where human-driven vehicles (HDVs) must
share limited lane space and utilize opposing traffic gaps to safely overtake long platoons. This
report establishes a comprehensive, data-driven framework for safely integrating truck
platooning into existing mixed-traffic networks by evaluating the precise interactions between
roadway geometry, platooning parameters, and mixed-fleet safety.

The research methodology was conducted in four progressive phases:

1. Overtaking Behavior and Safety Risk Modeling: An integrated kinematic overtaking
model was developed to quantify the passing sight distance (PSD) and collision risks,
measured via time difference to collision, inherent in passing a truck platoon. The
analytical assessment confirmed that overtaking time, distance, and collision risks
increase linearly as platoon length grows, highlighting the severe safety hazards HDVs
face on two-lane undivided highways when confronting large platoons.

2. Dynamic Platooning Rule Development: Utilizing the safety constraints identified in
the overtaking model, a stochastic approximation-based algorithm was engineered to
define optimal truck platooning rules for two-lane operations. This algorithm
dynamically calculates the maximum safe operating speed, inter-vehicle following gap,
and the maximum number of trucks per platoon based on real-time restrictions from
opposing traffic flow, horizontal and vertical curves, and uphill grades.

3. Simulation-Based Rule Evaluation: The algorithm-generated rules were rigorously
evaluated using PTV-VISSIM microsimulation on a 25-mile segment of U.S. Highway
287 in Wyoming, incorporating both multilane divided and two-lane undivided segments.
The model was calibrated using real-world traffic volumes and speed distributions, and a
surrogate safety assessment model (SSAM) was utilized to measure conflicts. The
simulation demonstrated that enforcing the algorithm’s stricter rules—which frequently
limited platoons to a maximum of two trucks on undivided segments—testored traffic
fluidity and significantly reduced severe network delays by up to 150 seconds compared
with unregulated eight-truck platoons. However, SSAM evaluation revealed a critical
safety trade-off: the increased frequency of platoon boundaries inadvertently elevated
localized rear-end and lane-change conflicts among eager HDVs attempting to pass.

4. Gap-Opening Control Strategy: To resolve the friction identified in the simulation, an
active control strategy was developed utilizing cooperative adaptive cruise control
(CACC) frameworks. This strategy enables the CAV platoon to dynamically open an
internal gap to safely harbor an overtaking HDV. The control algorithms accurately
predict passing vehicle trajectories and calculate the optimal start time, end time, and gap
location to safely accommodate the HDV without sacrificing the platoon's string stability.
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This project, with the comprehensive approaches, demonstrates that dynamic, context-aware
operational rules, coupled with active gap-opening control systems, can preserve the economic
benefits of platooning while strictly protecting the safety of all road users. While highly effective
at managing truck platoons and mitigating safety risks, these dynamic regulations depend on
rigorous geometric and traffic constraints, making them inherently strict and frequently
restricting convoys to minimal sizes on two-lane undivided highways. To address this limitation,
the exploration of active, CACC-based gap-opening algorithms revealed that flexible platoon
control can safely relieve these rigid constraints. By cooperating with macroscopic dynamic
rules, flexible gap control presents a holistic pathway to successfully deploy automated truck
platoons on two-lane highways while fully maintaining the safety of HDVs. Follow-up studies
are necessary to evaluate the optimal strategies for co-implementing dynamic regulatory systems
alongside flexible truck platoon controls and to rigorously assess their combined effectiveness in
mixed-autonomy environments.
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1.  INTRODUCTION AND BACKGROUND

In recent years, truck platooning has emerged as one of the most promising technological
advancements for the freight transportation industry. By utilizing vehicle-to-vehicle (V2V)
communication and cooperative adaptive cruise control (CACC), heavy trucks can travel in
closely linked convoys, drastically reducing aerodynamic drag and lowering fuel consumption.
However, the deployment of these automated platoons introduces a unique set of challenges
within mixed-autonomy traffic, particularly concerning the strategic interactions between CAVs
and conventional HDVs.

A truck platoon operates as a highly elongated, train-like physical barrier. On multilane divided
freeways, HDVs can generally bypass these convoys using adjacent lanes. Yet, a vast proportion
of freight routing relies on two-lane undivided highways, especially in rural states like
Wyoming. In these environments, overtaking a heavy truck platoon demands that an HDV driver
enter the opposing traffic lane for an extended duration. This radically increases PSD
requirements and exposes passing vehicle drivers to elevated head-on collision risks. Current
geometric design guidelines and static infrastructure policies are calibrated for single-vehicle
overtaking only and would potentially fail to adapt to the dimensions and dynamics of automated
truck platoons. Therefore, adjustments in traffic rules are needed for implementing dynamic
platoon regulations that adapt to real-time roadway constraints, alongside active platoon control
systems designed to proactively accommodate overtaking vehicles.

To bridge the gap between platooning technology and existing highway infrastructure, this
project establishes a regulatory control framework to ensure overtaking safety for HDV's without
compromising the operational efficiency of the platoons. The scope of this research is structured
sequentially across four primary phases:

1. Modeling Overtaking on Two-Lane Highways: Modeling the complex overtaking
trajectories and safety parameters of human-driven vehicles (HDVs) attempting to pass
truck platoons to evaluate the required time, distance, and collision risks.

2. Developing Algorithmic Rules for Truck Platooning: Developing dynamic truck
platooning rules for two-lane highways by engineering a stochastic algorithm to compute
safe operational limits based on immediate geometric and traffic constraints.

3. Simulation for Evaluating Dynamic Truck Platooning Rules: Performing a
comprehensive simulation-based evaluation to test the operational efficiency and
surrogate safety impacts of these rules on rural highway networks.

4. Explore Active Platoon Control to Assist Overtaking: Developing and testing a
CACC-based control algorithm for truck platoon gap opening to actively assist
overtaking vehicles, resolve network turbulence, and facilitate guided, step-by-step
overtaking.
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This report is organized as follows: Section 2 investigates the theoretical modeling of overtaking
behavior and safety risks. Section 3 details the development of algorithm-driven truck platooning
rules for two-lane highways. Section 4 provides a simulation-based evaluation of these proposed
regulations. Section 5 introduces a cooperative gap-opening control algorithm to accommodate
passing vehicles. The report concludes in Section 6 with a summary of findings and strategic
recommendations for policy and implementation.
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2. MODELING OVERTAKING BEHAVIOR AND SAFETY RISKS ON
TWO-LANE HIGHWAYS

This section has been published as the paper “Integrated Overtaking Model and Safety Analysis
for Truck Platooning Requirements on Two-lane Undivided Highways” in Transportation
Research Record, DOI: 10.1177/03611981231220635. Slight modifications were applied to
ensure consistency in this report.

2.1 Introduction

In recent years, truck platooning has emerged as a promising solution for enhancing efficiency
and reducing fuel consumption in the freight transportation industry. This concept involves a
convoy of semi-automated trucks traveling closely together, utilizing V2V communication and
advanced driver assistance systems. However, the unique nature of a truck platoon, resembling a
long, train-like moving object on the road, presents challenges for other vehicles attempting to
overtake them. Consequently, it is crucial to address potential safety issues associated with
overtaking truck platoons as this technology gains momentum.

The objective of this section is to employ an integrated overtaking model and safety analysis to
model and analytically assess the safety risks involved in vehicle overtaking of a truck platoon.
By evaluating the inherent safety risks in this scenario, this research aims to provide insights that
will inform the specification of truck platooning requirements. The proposed overtaking model
builds upon classic models by incorporating lane change dynamics. Under assumptions about
vehicle dynamics and driver behavior, the model generates vehicle trajectories and kinematic
information, offering a more comprehensive understanding of safety risks during the overtaking
process. The overall safety assessment considers three aspects: roadway geometry, traffic
conditions, and driver behavior, described by measures that include overtaking distance, time,
and collision risks.

Through a numerical analysis, we show how different truck platoon configurations interact with
the three safety assessment aspects and influence overall safety in the overtaking process.
Following the numerical analysis, we discuss the insights we obtained from the analysis and
provide recommendations on how truck platooning safety would be ensured from an overtaking
perspective. The findings presented in this section have practical implications for policymakers,
transportation authorities, and industry stakeholders, enabling them to develop standardized
safety guidelines, establish appropriate inter-vehicle distances, and formulate protocols for safe
overtaking of truck platoons. Ultimately, this section contributes to the development of effective
safety regulations and guidelines for deploying truck platooning onto the existing roadway
systems while prioritizing safety.

2.2 Literature Review

2.2.1 Truck Platooning and Its Operational Safety Challenges

Truck platooning technology has advanced in recent years and has proven to be effective in
improving operational efficiency and reducing fuel consumption (/—/0). Challenges, however,

still exist and need to be addressed for this technology to be widely deployed. Some of the most
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critical obstacles to overcome are truck platooning’s compatibility with available infrastructure,
safety in critical situations, and safety effects on other road users (6). Prior studies on the effects
of general vehicle platooning have shown that platooning can reduce shockwave in traffic flow
and also improve throughput (2, /7). However, truck platooning, especially when operating at or
near freeway ramp locations and interacting with lane changing traffic, posts maneuvering
challenges and safety risks to the adjacent vehicles (/2—15). Prior driving simulation studies on
driver behavior around truck platoons have found preliminary evidence of driver behavior
changes in response to the maneuvering challenges when interacting with truck platoons,
including increased speeds and reduced following distances (16, /7). It has been noted that
platoon length, determined by the number of trucks and internal following gap, should be
carefully managed for operational safety considerations (/2, /4). Some platoon control strategies
have also been suggested to address the impact of platooning on lane changing; these strategies
include yielding and providing a gap for lane-changing vehicles to merge into and cut across the
platoon, although these may add complexity to the existing issues (/4, 8).

Apart from developing solutions on the truck platooning technology side, governments have also
started passing laws to promote and regulate truck platooning. Considering platoon operational
safety and the technology’s compatibility with the existing infrastructure, several U.S. states
have passed laws to legally define truck platooning, permit the technology, and require specific
operational features. For example, 20 states have passed laws or bills restricting truck platoons’
minimum internal following gap, ranging from 250 ft to 500 ft (/9). Infrastructure owners and
operators havemore to consider beyond the general regulations written into laws. The Federal
Highway Administration (FHWA) has published requirements for performance measures for
early deployment of truck platooning, which includes measures covering aspects such as
operations, safety, and infrastructure impacts (20). Recent studies have started pointing out and
addressing research gaps in truck platooning and infrastructure compatibility, from aspects of
contextual system design considering operational design domain or specific roadway geometric
design features such as passing zone length to count for overtaking of truck platoons (21, 22).
More research is needed to develop comprehensive and effective regulations and guidelines for
truck platooning.

2.2.2 Overtaking Longer Combination Vehicles

Longer combination vehicles (LCVs) are trucks with long multiple-trailer combinations. To
some extent, LCVs are similar to truck platoons as they are both configurations to achieve a
higher hauling capacity and lower energy consumption by increasing the combined cargo trailer
length. However, LCVs have a much longer history of operation on modern roadways. LCVs are
used in countries such as Australia, Canada, and the U.S. In Canada and the U.S., the overall
length of a longer combination vehicle can range from about 29 m (95 ft) of a Rocky Mountain
double to about 37 m (120 ft) of a turnpike double (23). In Australia, an LCV operating on public
roads can have four trailers and an overall length of about 54 m (177 ft) (24). Studies on
overtaking LCVs show that the overtaking time and distance increase as vehicle length increases.
Barton and Morrall’s study estimated that overtaking a Rocky Mountain Double would need 18.5
s and a distance of 623 m (2,044 ft), and a Turnpike Double would require 20 s and a distance of
674 m (2,211 ft) (25). Hanley and Forkenbrock’s simulation analysis also indicates that the
average time used when overtaking a 120-ft LCV is over 20% higher than the time used when
overtaking a standard 65-ft truck (26). A longer vehicle also makes it more difficult to find a
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proper gap in the opposing traffic to complete the overtake on a two-lane road. Based on field
observations of Barton and Morrall, the mean gap size accepted for passenger car drivers to
overtake a 30-m Rocky Mountain Double is 39 s, compared with 17 s when overtaking a
passenger car (25). Drivers also show more hesitation when deciding whether to accept a gap to
overtake a 30-m Rocky Mountain Double, with an indecision time of 8 s compared with 3 s
when overtaking a passenger car (25). Hanley and Forkenbrock’s simulation results also
confirmed that the odds of failing to overtake a 120-ft (37-m) LCV are about two to six times
that of a 65-ft (20-m) truck (26). Due to safety concerns, the use of LCVs in the U.S. is limited to
a few states and only on roadways with low traffic density and adequate bridge and interchange
conditions (27, 28).

2.2.3 Modeling of Overtaking

Early modeling of vehicle overtaking processes is seen in the efforts to determine proper passing
sight distance (PSD) and design passing and no-passing zones for two-lane highways (29-37).
The current guidelines published by the American Association of State Highway and
Transportation Officials (AASHTO) use PSD models developed by Glennon and Hassan et al.
(33, 35, 38). Those two models use the concept of “critical position” (i.e., the position of the
passing vehicle where the sight distances required to complete or abort the pass are equal) to
determine the minimum PSD. The Glennon model was the first to explicitly include lengths of
passing and impeding vehicles, and the Hassan et al. model, based on previous models, refined
the assumptions about the kinematic relationship between passing, impeding, and opposing
vehicles involved in the overtaking process (33, 35). A newer model developed by Wang and
Cartmell started to consider improved vehicle capabilities and an increase in maximum permitted
truck lengths (37). The model combines quintic polynomials and straight lines to simulate the
trajectories of passing vehicles, and uses a three-stage description of the overtaking process: 1)
the passing vehicle making a lane change to the left of the impeding vehicle and reaching the
position where the passing vehicle front bumper and the impeding vehicle rear bumper are
aligned; 2) the passing vehicle, in the left lane, passes the impeding vehicle until their front
bumpers are aligned; and 3) the passing vehicle completely returns to the right lane. Tang et al.
proposed an updated overtaking model describing the speed profile of the passing vehicle as a
fixed-end beam deflection curve (39). The curve represents a speed-changing process in which
the passing vehicle starts with reducing its speed to a speed greater than that of the impeding
vehicle, changes to the left lane to pass the impeding vehicle, passes the impeding vehicle from
the left lane, and returns to the right lane and its original speed. The overtaking time and distance
in Tang et al. are modeled based on the passing vehicle speed-changing curve, but the lane
change time was included in the model as an assumed constant.

2.3 Methodology

We analytically assess the safety risks in the process of a vehicle overtaking a truck platoon. The
assessment results would be helpful in developing requirements for truck platooning
configuration to accommodate the safety of surrounding vehicles. The analytical assessment is
done in two steps. First, we establish an overtaking model, similar to that in Wang and Cartmell,
considering vehicle lane change dynamics and truck platoon dimensions (37). Second, we assess
the safety risks in the overtaking process by measuring and visualizing the distance, time, and
collision risks involved in the overtaking process. The assessment is demonstrated in a numerical

5| Page



analysis with scenarios reflecting various roadway geometry, driver behaviors, and truck platoon
lengths.

2.3.1 Overtaking Model

To analytically assess the safety risks involved in overtaking a truck platoon, the overtaking
process must first be modeled. An overtaking model considering lane change dynamics and truck
platooning is developed due to limitations of most conventional models. Most conventional
overtaking models are developed to inform roadway geometric design, which does not require
the incorporation of vehicle dynamic details needed for safety assessments. Also, conventional
overtaking models assume one impeding vehicle and may not be feasible for multi-vehicle cases
as in truck platooning. Different impeding vehicle lengths may have been considered in existing
models. Nevertheless, a truck platoon would be much longer than a typical single tractor-trailer
or a longer combination vehicle, and it would likely create a very different overtaking scenario
that needs to be investigated.

The process of a vehicle overtaking a truck platoon starts with an initial state of the passing
vehicle (denoted by “A”) following the impeding truck or truck platoon (denoted by “B”),
followed by the following stages:

e Lane Change Stage: Vehicle A make a lane change into the left lane.

e Overtake Stage: Vehicle A passes Platoon B in the left lane.

e Back-to-lane Stage: Vehicle A merges back into the right lane.
The overtaking model should allow us to plot the trajectories of vehicles involved in the process
and understand the relationships between truck platooning configuration and overtaking distance
and time, as well as estimate the safety risks. Parameters involved in the overtaking model are
listed in Table 1.
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Table 1: Parameters in the Modeling of Overtaking Process

Parameter Definition

a, Longitudinal acceleration of A (passing vehicle)

hy Gap between A and B (truck platoon) when A starts left lane change
haq Gap between A and B when A finishes left lane change
hg Gap between B and A when A starts right lane change
hgi Gap between B and A when A finishes right lane change
ho Safety distance between A and O (opposing vehicle)
Ly Length of A

Lg Length of B

PSD Passing sight distance

W Total distance for A to overtake B

Sa1 Distance for A to accelerate from v44 t0 V4 max

Si1 Distance that A travels in the left lane to pass B and reach a gap of hg
So Distance covered by O

T Total time for A to overtake B

t; Time used by A to complete left lane change

tr Time used by A to complete right lane change

toLL Time taken for A to overtake B in the left lane

t Ist part of ty;; where A takes to accelerate to Uy ;qx
t, 2nd part of tp;;, where A passes B at V4 jmax

TDTC Time difference to collision

Uy Speed of A

Vao Initial speed of A

Va1 Speed of A when it finishes left lane change

Va2 Speed of A when it starts right lane change

Vimt Posted speed limit

Vya Longitudinal speed of A

Vg Speed of B

VA max Maximum speed of A

x Longitudinal position of A

X, Longitudinal displacement of A in lane changes

XoL Longitudinal displacement of A for left lane change
XoR Longitudinal displacement of A for right lane change

y Lateral position of A

Ve Lateral displacement of A in lane changes

Vio Initial lateral offset from right edge of lane (y = 0)

Assumptions for the model are as follows.
Initially, vehicle A follows a truck or truck platoon B at the speed of v4q = vp;

A keeps a constant longitudinal acceleration, a,, unless having reached its desired maximum
speed for overtaking, V4 maxs
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B keeps a constant speed, vg, in the process of being overtaken by A;

In the case of overtaking using the opposing lane (e.g., on two-way, two-lane highways), the
opposing vehicle keeps a constant speed of vy = vy¢;

For analytical assessment purposes, the lane change trajectory of A is assumed to follow certain
curves, as introduced in the following section about lane change trajectory models; and

All vehicles are assumed to follow smooth trajectories (i.e., lane change curves when changing
lanes, and straight trajectories when moving along straight roadway segments) without any
swerving.

Figure 1 illustrates the overtaking process and some parameters involved in the process. The
three stages, and the compositions of total overtaking time and distance, are shown in the
illustration.

Lane Change Stage Overtake Stage Back-to-lane Stage

...........

v
L'\
3

vgT >

»hBle

Figure 1: The overtaking process and related time and distance parameters

Lane change and back-to-lane

The lane change trajectory is formed by the longitudinal and lateral positions of a vehicle over its
course of moving from a lane to the adjacent lane. A lane change curve is typically an “S”
shaped curve, which has been modeled in prior studies using circular arc, polynomial, ramp
sinusoidal, spiral, and Bezier spline functions, but most commonly a five or higher-degree
polynomial (40—45). In a comparison of multiple lane change trajectory models, polynomial has
been shown (40) to be one of the best in representing an ideal or standard lane change trajectory.
The same trajectory function is also used in a PSD model in (37) to represent the passing
vehicle’s lane change trajectory. Therefore, in this section, the same five-degree polynomial
function is used to model the passing vehicle’s lane change trajectory. The functions for left and
right lane changes are as follows.
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Left lane change:

y(x) =, [10 (xie)g ~15 (%)4 +6 (x%)sl [2-1]

Right lane change during back-to-lane stage:

(X)) =Ye — Ve IlO (%)3 —15 (%)4 +6 (%)51 [2-2]

Per the model assumptions, the passing vehicle, A, takes a constant longitudinal acceleration, a,.
The longitudinal speed of vehicle A during the lane change is:

dx
va(t) = E = Vyo T Ayt [2-3]

The longitudinal displacement of vehicle A during the lane change is:
1
x(t) = vyt + Eaxt2 [2-4]

By replacing the x in the five-degree polynomial model y(x) with the function x(t), the lateral
displacement function can be written as:

1 3 1 *
UAOt +§axt2 UAOt +§axt2
— 2~ | —15y, | ———&—
XeL XeL

5 [2-5]

y(t) = Yio + 10y,

By solving the x(t) Equation [4], we have the time to complete left lane change as:

2
_ ~Vao TV Vi — 20axX,y
L=

[2-6]
Ax

The right lane change process is modeled similarly with Equations [7], [8], and [9] for
longitudinal displacement, lateral displacement, and time taken to complete the process,
respectively.

x(t) = min(v,,t + %axtz,vA maxt) [2-7]
~ x(®O\ x(®\* x(O\®
y(©) =y, — 10y, (m) + 15y, (xeR> — 6y, (xeR) [2-8]
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Overtake

The time needed by A to complete passing B in the left lane during the overtake stage consists of
two parts and is calculated as:

tOLL = tl + tz [2-10]

Where t; is the time A takes to accelerate from v,4, its speed after the left lane change, to its
desired maximum passing speed, V4 maqx; and t, is the time for A to continue passing B at the
speed of V4 4, until it reaches the position that the tail of it and the front bumper of B have a
gap of hg. There are two cases in the calculation of t; and t,:

Case I. If the distance for A to accelerate from v4q t0 U4 max» Sa1, 1S less than the distance that A
travels in the left lane to pass B and reach a gap of hz between B and A, sy;.

1
Spq1 = vAltl +Eaxt12 [2-11]
SAl = LA + LB + hAl + hB + vBtOLL [2-12]

Based on the relationship between distances traveled by A and by B during the same t,;;, we
have the total distance traveled by A during t; and t, equal to the sum of distance traveled by B
during (t; + t,), the following gaps h,; and hg, and the lengths of A and B:

1
<vA1tl + Eaxtf) + vyot, =vg(ty +t,) + hyy +hg + Ly + Ly [2-13]

For A to accelerate from v4; t0 V4 jmax, it takes the time of:

1% — D
t1 — Amazcl Al [2_14]
X

Then, the second part of ty;; is calculated as:

(UB - vAl - O.Sax)tl + (hAl + h’B + LB + LA)

t =
2 Vg2 — VUp 2-15
(vp — V4 — ()_jax)(UAz = Va1) + (hayr + hg + Lg + Ly) bl
X

Vg2 — VUp

The speed of A at the end of the overtake stage then equals to its desired maximum passing
speed:
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Va2 = Vs max [2-16]

Case II. If A is still accelerating and yet to reach its desired maximum passing speed, which
means Su; = S,1, then we have:

ti =tgr;and t; =0 [2-17]
and t,;; is calculated by solving:
Sa1—Sa1 =0 [2-18]
which is:
1 .
S xtor, + (Va1 —vpltor, — (har + hg + Ly +Lg) =0 [2-19]

2

The speed of A at the end of the overtake stage is:
Vaz = Va1 t axtoyry [2-20]
Total time

The total overtaking time is the sum of times needed for the three stages of lane change,
overtake, and back-to-lane (i.e., t;, to., and tg, respectively):

T:tL+t0LL+tR = tL+(t1+t2)+tR [2-21]
Total distance

The total overtaking distance covered by the passing vehicle, A, is the sum of the initial
following gap between A and B, the final following gap between B and A, the lengths of A and
B, and the distance traveled by B during the overtaking:

SA = hA + h’Bl + LA + LB + UBT [2-22]
Note on model validation

Validation of an overtaking model usually requires field observations or driving simulation tests.
Since all model components representing the three overtaking stages have been validated by
prior studies, we did not introduce a further validation (37, 39). However, for adaptation to truck
platooning analysis, the overtaking model would benefit from a validation, possibly using
driving simulation (46—517). In the simulation, we would be able to set up various truck
platooning scenarios and observe how drivers overtake the platoons. As suggested by prior
research on overtaking LCVs, drivers behave differently when overtaking longer and larger
vehicles from overtaking smaller vehicles such as passenger cars, and thus affect the vehicle
trajectory and measures like overtaking distance and time (25). Therefore, we might see similar
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or more complex driver interactions with truck platoons and then incorporate the behavior in our
overtaking model.

2.4 Safety Assessment
2.41 Overtaking distance consideration

Overtaking distance is considered part of the overtaking safety assessment because enough sight
distance is required for a safe overtaking. Sight distance is considered in designing curves and
two-lane, two-way passing zones. Truck platooning may pose challenges to provide enough sight
distance for drivers that want to overtake platoons, as a long truck platoon may lengthen the
overtaking distance. On the other hand, current geometric designs may restrict the feasible length
of a truck platoon. For a case of multilane operation, the total overtaking distance, Sy, as we
calculate in the previous section, would be the value to use when assessing sight distances. For
one-lane operation on two-lane, two-way highways, the required PSD can be evaluated as
follows.

Assuming an opposing vehicle drives at the speed limit, v,,,;, the distance covered by the vehicle
during the period the passing vehicle completes its overtaking is:

So = Vime T [2-23]

The passing and opposing vehicles should maintain a safety distance, h,, at the time point when
the passing vehicle finishes its overtaking. Therefore, the PSD for the passing vehicle to
complete its overtaking is:

PSD =S, + Sp + hy [2-24]
2.4.2 Overtaking time consideration

Overtaking time is also considered in the safety assessment as the potential lengthened
overtaking time due to truck platooning may add stress to the passing vehicle driver and increase
the risk of collision (52—54). Moreover, a long truck platoon with small following gaps may not
permit enough chances for a passing vehicle to safely fall back if an overtaking maneuver is not
successful, leading to increased risk of collision. The total overtaking time, T, as we calculate in
the model presented in the previous section, can be used as a measurement to determine if the
length of a truck platoon is appropriate considering the passing vehicle driver’s tolerance.
Potentially, a long durational overtaking may affect a driver’s handling of the vehicle and affect
collision risks. However, we were not able to find literature specifically on drivers’ tolerance to
long-durational overtaking maneuvers yet, so we do not have an existing threshold for overtaking
time to compare to the assessed T.

2.4.3 Collision risk in lane change

When executing a lane change, the passing vehicle interacts with the impeding truck platoon and
potentially an opposing vehicle in one-lane operation cases. Those interactions make the passing
vehicle face inherent risks of rear-end, sideswipe, or head-on collisions (53, 56). A National
Highway Traffic Safety Administration (NHTSA) lane change crash study showed that light
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vehicle passing truck related crashes take more than 8% of all passing related crashes (57). To
measure the collision risk during lane change, we referred to a prior driving simulation study by
Zhang et al., where time difference to collision (TDTC) was measured between several key
points on the interacting vehicles and roadway, as shown in Figure 2 (56).

(a) Lane Change Stage (b) Overtake Stage (c) Back-to-lane Stage
;/ O S _Sro
V}‘SI/E . .
x1: Aand B x4: A and left side of road x7: Aand O
s Ssa S
Son 20 . x>0 B -
e Ssa
. R See
x2: Aand O x5: Aand O x8: Aand B
S5 . s . .
vB. 6A
— S _—
x3: A and left side of road x6: Aand B x9: A and right side of road

Note: Adapted from Figure 7 in (56).

Figure 2: Distance and speed measurements used in TDTC calculation

The TDTCs during each stage of the overtaking process are calculated based on the functions
listed in Table 2. Then at each time step of the overtaking process, depending on the stage, the
TDTCs form a vector, which can be compared against several collision safety thresholds. For
example, in the lane change stage, the vector [TDTC (x,), TDTC(x,), TDTC (x5)] would be
compared with three safety threshold vectors [3, 3, 3], [4, 4, 4], and [6, 6, 6] (element unit:
seconds). Each element of the TDTC vector is compared with its corresponding element in the
three threshold vectors. The level of collision risk is determined by the smallest threshold vector
that is larger than the TDTC vector, and the number of elements in the TDTC vector is smaller
than their corresponding elements in the threshold vector. This comparison algorithm gives us 10
levels of collision risks ranging from level 0.1 (when the TDTC vector is greater than the 6-
second threshold vector) to level 1.0 (when the TDTC vector is smaller than the 3-second
threshold vector and all three elements are smaller than 3), with an increment of 0.1.
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Table 2: Functions of TDTC at Each Stage of Overtaking

Lane-change Stage Overtake Stage Back-to-lane Stage
_ 51 _Ss _S70 S7a
TDTC(x,) = — [25] TDTC(x,) = — [28] | TDTC(x;) =——— | [31]
Va Va Vo Vs
S S S S S S
TDTC(x,) = =2 — 224 | [26] | TDTC(xs) = =2 -4 | [29] | TDTC(xg) = =2 -84 | [32]
Vo Uy Vo Vg Up Vg
TDTC _ 53 _Sep Sea 5
(x3) =— [27] | TDTC(xg) = ——— | [30] TDTC(x9) = — [33]
Va VB Va Va

Note: Adapted from Table 2 in Zhang et al. 2022 (56).

2.5 Numerical Analysis

The numerical analysis aims to show how the overtaking model and safety assessment procedure
can help determine requirements for truck platooning on specific highway segments. The
overtaking model is used to calculate the overtaking distance, PSD, and time for different truck
platoon configurations. To assess collision risks, the model is used to calculate positions of the
passing vehicle, truck platoon, and opposing vehicle (when applicable), forming corresponding
trajectories. Vehicle speeds and headings are also calculated for each time point to assess the
TDTC.

2.5.1 Overtaking Distance and Time

The assumed values used for the calculation of overtaking distance and time are as follows. The
depicted scenario is a passenger car following a truck platoon on a two-way, two-lane highway
segment, overtaking the platoon using the opposing lane. The length of the truck platoon varies
as its size varies from one truck to eight trucks. The 1-second platoon following time gap was
based on the suggested value from a USDOT Volpe Center research report, which considered
safety, fuel efficiency, and truck driver comfort factors for truck platooning (58). The required
overtaking distance, PSD, and overtaking time are calculated, with their relationships to the
platoon length illustrated by charts.

Speed: Posted speed limit, v;,,,; = vy = 50 mph = 22 m/s
Truck speed, vg =45 mph = 20 m/s
Passing vehicle longitudinal speed (overtaking speed), v4, =55 mph = 25 m/s

Platoon: Truck length: 70 ft =21 m
Platoon following gap: 20 m (1 s time gap at truck speed)
Lengths, Lg: 1-truck: 21 m; 2-truck: 21 x 2 + 20 = 62 m;
3-truck: 21 x 3 +20 x 2 =103 m; 4-truck: 144 m; 5-truck: 185 m;
6-truck: 226 m; 7-truck: 267 m; 8-truck: 308 m

Driver: “Moderate” behavior:
Following gap, hy = hg = 66 m (3 s time gap at posted speed limit)
Lane change longitudinal displacement, x,; = x,,, = 100 m

Other: Longitudinal acceleration, a,, = 3 m/s?
Vehicle widths: A: 59 ft=1.8m,B: 2.6 m, O: 1.8 m
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Lane width: 3.5 m

Lateral offsets: Right edge of road: 0 m
Initial offset of front center point of A, y;, =3.5%x0.5=1.25m
Front center point of B: 1.25 m
Front center point of C: 3.5 x 1.5=5.25m

Safety distance between A and O, hy = 160 m

As shown in Figure 3 (a) and (b), with the increase of platoon length, the overtaking distance,
PSD, and overtaking time all increased linearly. When the truck platoon size increases from one
truck to eight trucks, the overtaking distance increases from 904 m (2,966 ft) to 2,339 m (7,674
ft); the PSD increases from 1,863 m (6,112 ft) to 4,561 m (14,964 ft); and the overtaking time
increases from 36 s to 94 s. The PSD increases faster than overtaking distance, at a speed of 385
m (1,263 ft) per addition of one truck to the platoon vs. 205 m (673 ft) per addition of one truck.
The overtaking time increases 8.3 s per addition of one truck to the platoon.
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Figure 3: Effects of platoon length on overtaking distance, PSD, and overtaking time

2.5.2 Collision Risk

The safety risks are calculated and visualized for multiple types of overtaking behavior under the
two-lane and one-lane operation scenarios. The settings are shown in Table 3. Based on the
settings used for overtaking distance and time analysis, the only settings changed for collision
risk analysis were speed, platoon, and driver behavior parameters. Parameters for the two-lane
operation scenario reflect operational conditions on a single direction two-lane highway segment
with a 70 mph (113 km/h) posted speed limit and without opposing traffic; and parameters for
the one-lane operation scenario reflect operational conditions on a two-way, two-lane highway
segment with a 50 mph (80 km/h) posted speed limit and with opposing traffic. Three types of
passing vehicle driver behavior, “mild,” “moderate,” and “aggressive,” were differentiated by the
parameters of following gap and lane change longitudinal displacement. The assumption is that a
more aggressive driver would use a smaller following gap and perform a more evasive lane
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change maneuver. The lane change longitudinal displacement values were based on a
distribution found in a recent lane change trajectory study (44).

Table 3: Settings for Collision Risk Analysis

Speed and Platoon Passing Vehicle Driver Behavior

Two-lane Operation “Mild” - Following gap: 4 s (124 m)

Speed limit: 70 mph =31 m/s Lane change longitudinal displacement: 200 m

Truck speed: 65 mph =29 m/s “Moderate” - Following gap: 3 s (93 m)

Overtaking speed: 75 mph = 34 m/s Lane change longitudinal displacement: 140 m

Platoon length: 21*3 +29*2 =121 m “Aggressive” - Following gap: 2 s (62 m)
Lane change longitudinal displacement: 55 m

One-lane Operation “Mild” - Following gap: 4 s (88 m)

Speed limit: 50 mph =22 m/s Lane change longitudinal displacement: 170 m

Truck: 45 mph = 20 m/s “Moderate” - Following gap: 3 s (66 m)

Overtaking speed: 55 mph =25 m/s Lane change longitudinal displacement: 100 m

Platoon length: 21*3 +20*2 =103 m “Aggressive” - Following gap: 2 s (44 m)
Lane change longitudinal displacement: 40 m

As mentioned in the Methodology section, the collision risk is measured by a 10-level TDTC,
which is the result of comparing the estimated TDTC vector with three vectors representing 3-
second, 4-second, and 6-second TDTC thresholds. The collision risk level ranges from 0.1
(lowest) to 1.0 (highest), with an increment of 0.1. Figure 4 (a), (b), and (c¢) present color-coded
collision risks in a two-way operation scenario in formats of trajectory and time-space diagrams
by the three driver behavior types. Figure 5 (a), (b), and (c) present the trajectory and time-space
diagrams for the collision risks in a one-lane operation scenario.

We can observe from Figure 4 that the collision risks in the lane change and back-to-lane stages
increase as the passing vehicle driver’s behavior becomes more aggressive. However, the
duration of exposure to higher collision risks decreases as the driver’s behavior turns more
aggressive. That is because the overtaking distance and time decrease due to shorter following
gaps and lane change longitudinal displacements.

Figure 5 shows a slightly different pattern in the collision risk. Both the mild and aggressive
driver behaviors post a higher collision risk in the lane change and back-to-lane stages, but the
moderate driver behavior yields a lower collision risk. That is because, with an opposing vehicle
added into the overtaking interactions, a longer overtaking distance and time add risks of
collision between the passing vehicle and the opposing vehicle. When the passing vehicle enters
the back-to-lane stage, the opposing vehicle may have moved to a very close position to the
passing vehicle, yielding a short TDTC. The patterns in overtaking distance and time are similar
to those in the two-lane operation scenario, as they decrease along with the following gaps and
lane change longitudinal displacements.
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2.6 Discussion
2.6.1 Aspects to Consider for Truck Platooning Requirements

Roadway geometry. The numerical analysis results show that the increased length of a truck
platoon can greatly increase the overtaking distance and PSD. Current roadway geometric design
guidelines have not taken that into consideration. If operating on existing roadways, truck
platoon lengths should be regulated according to available sight distances for passing, especially
on two-lane undivided highway segments, with a considerable number of horizontal and vertical
curves, or in areas with frequent weather conditions that may limit driving visibility. On the
other hand, future guidelines can be developed to incorporate truck platooning needs by defining
preferable dimensions for truck platooning operation and criteria for selecting roadway segments
for truck platooning operation.

Traffic conditions. Along with the increased overtaking distance, the required overtaking time
also lengthens as the truck platoon length increases. Traffic conditions on a two-way, two-lane
highway determine if there is a large enough gap between opposing vehicles to allow a passing
vehicle to overtake a truck platoon. The small following gap between trucks in a platoon (e.g., 1
second) forces the passing vehicle to overtake the entire platoon rather than doing it one truck at
a time. When a truck platoon reaches a certain length, it may add challenge for the passing
vehicle driver to abort the overtaking task and thus increase the risk of collision with the truck
platoon or opposing vehicle. However, the relationship between platoon length and drivers’
overtaking decisions needs further investigations. Another challenge due to the increased
overtaking time is the potentially added stress to the passing vehicle driver. As shown by the
analysis results, under specific assumptions and settings, it would take a moderate driver over 50
seconds to overtake a three-truck platoon on a 50-mph (about 80 km/h) highway segment. A
larger truck platoon would require a longer overtaking time. For example, under the same
assumptions and settings, it would take a moderate driver about 70 seconds to overtake a five-
truck platoon, and over 90 seconds to overtake an eight-truck platoon.

Driver behavior. Different driver behaviors would lead to different collision risks while
overtaking a truck platoon. The numerical analysis briefly explores the relationship between
driver behavior, truck platoon configurations, and collision risks. The results show that in two-
lane operations, where the passing vehicle does not have potential conflict with traffic from the
opposing direction, the more aggressive the driver behavior is, the higher the collision risks.
However, in the more complex one-lane operations, with the introduction of an opposing vehicle,
the relationship becomes more complicated. A milder driver behavior may not necessarily lead to
lower collision risks, as the lengthened overtaking distance and time may leave a smaller
distance between the passing vehicle and the opposing vehicle, posting extra risks. Apart from
the inherent potential risks of driver aggressiveness, driver behavior in the overtaking process
may change with the dimensions of the impeding vehicle. Prior studies have suggested that
drivers show more hesitation and take more time to decide when overtaking longer vehicles (25).
Compared with a platoon of passenger cars, the dimension of a truck platoon may impact
drivers’ line of sight and confidence in deciding to overtake. Further investigations into how
drivers interact with truck platoons are needed to fully understand the potential risks.
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2.6.2 How to Ensure Safe and Efficient Truck Platoon Operations

Regulating truck platoon configurations. Truck platoon configurations can be adapted to
ensure safety operations. Basic operating parameters such as the speed, number of trucks, and
following gap can be planned or determined in real-time based on general knowledge or real-
time information of the three safety consideration aspects. From the perspective of infrastructure
owners and operators such as state departments of transportation, rules can be developed to
restrict truck platoon configurations to mitigate the potential negative safety effects of truck
platooning, while keeping its operational and environmental benefits. For example, data of
roadway geometry, passing zones, traffic conditions, and general driver behavior can be
collected and used to develop a map of truck platooning operational design domains, showing
specific restrictions on operating speed, maximum number of trucks in each platoon, and range
of following gap. The map can be integrated into trucks’ in-vehicle systems for truck platooning
control or broadcasted through vehicle-to-infrastructure (V2I) communication networks along
the routes. Real-time platooning restrictions can be implemented if real-time traffic and driver
behavior data can be collected and analyzed, with updated restrictions broadcast through V21
networks. Regarding the potential impacts on traffic flow, prior research has found that truck
platoons with two or three trucks do not affect traffic flow significantly, and the internal
following gaps do not affect flow but should be considered for safety (/2). On the other hand,
fuel savings and emission reductions may benefit from a larger platoon size and a smaller
following gap (59). Therefore, an optimal solution is needed to satisfy the multiple objectives.

Seeking assistance from advanced vehicle automation technologies. Advanced platoon
control such as the capability to vary following gap and allow passing vehicles to merge into the
platoon should be able to help address some issues in overtaking (/3, 60). However, that type of
control has its complexities. Trucks, compared with passenger cars, are heavier, thus require
more time to adjust their operating speed and following gap. A slow adjustment may not
accommodate the need of a driver urgently seeking a gap between trucks to temporarily dodge an
opposing vehicle. Other than truck platooning control, systems such as overtaking assistance
would help drivers to complete challenging overtaking tasks (6/—-68). With overtaking
assistance, drivers would receive messages informing them about available gaps, and the system
can also assist steering and speed control during overtaking. These advanced vehicle automation
technologies will potentially relax some regulations toward truck platooning configurations.

2.7 Section Conclusion

Through updating a vehicle overtaking model and integrating it with a safety assessment, this
section investigated the safety risks associated with the maneuver of overtaking truck platoons.
We explored three key aspects of safety considerations in overtaking for defining truck
platooning requirements: roadway geometry, traffic conditions, and driver behavior. We found
that as truck platoon length increases (due to increased number of trucks), the overtaking
distance, PSD, and time increased linearly. The extent of PSD and time for overtaking a truck
platoon on a two-lane highway suggests that regulations on truck platoon length may be
necessary to mitigate potential difficulties in overtaking the platoons. We also found, from the
collision risk assessment, that without the presence of an opposing driver, a more aggressive
driver would be exposed to higher collision risks but for a shorter period, compared with a
milder driver. However, with the presence of an opposing driver, a milder driver may be exposed
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to higher collision risks and for a longer period, compared with a more aggressive driver. It
indicates that potentially increased hesitation in driver behavior (due to the large dimensions of
impeding vehicles) when overtaking a truck platoon would increase collision risks. Based on
these findings, we suggest that guidelines and regulations to be established for truck platoon
length for operation on two-lane highways, to ensure safety in overtaking. For comprehensive
guidelines and regulations on truck platooning, other operational maneuvers, truck platoon
configuration parameters, and various types of roadway facilities should also be considered to
ensure truck platooning safety, while maximizing the technology's operational and
environmental benefits.

This section makes several contributions. First, incorporating vehicle lane changing dynamics in
the overtaking model enabled the estimation of collision risks along with calculating the
overtaking distance and time. We were able to quantify and visualize safety-related measures for
the entire overtaking process. Second, a framework was established for defining safety
requirements in truck platooning, considering roadway geometry, traffic conditions, and driver
behavior, which we anticipate being helpful for practitioners and researchers in assessing the
safety of overtaking a truck platoon. Furthermore, it opens new avenues for future research on
truck platooning safety. Further investigations of driver behavior and truck platooning control
algorithms to accommodate driver behavior would benefit the safety verification and validation
of truck platooning technology. Further definition of standards and regulations for truck
platooning is also a necessary next step, which requires collaborative efforts from researchers,
practitioners, and technology providers.

Future research can expand upon this section to enhance the overtaking model by relaxing some
of its assumptions. For instance, by gathering real-world data and acquiring localized parameter
distributions, it is possible to alleviate the driver behavior assumptions. Simulation can be
employed to validate the model, ensuring accurate and precise safety assessment results.
Additionally, analysis methods similar to those used in this section can be employed to evaluate
the safety implications of truck platooning, considering maneuvers other than overtaking.
Furthermore, investigating driver interactions with different truck platoon settings would be
valuable, either in a simulated environment or through staged, controlled field experiments.
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3. DECIDING TRUCK PLATOONING RULES FOR TWO-LANE
HIGHWAY OPERATIONS

This section has been published as the paper “Deciding Truck Platooning Operational Rules with
Stochastic Approximation for Vehicle Safe Overtaking on Two-Lane Undivided Highways” in
IEEE Transactions on Intelligent Transportation Systems, DOI: 10.1109/TITS.2025.3553841.
Slight modifications were applied to ensure consistency in this report.

3.1 Introduction

Truck platooning is the operation of electronically linking two or more trucks in convoy using
automated driving support systems and connected technology (/, 6, 69). It has great potential in
reducing fuel consumption and emissions while increasing highway freight transport capacity (8,
70—73). Currently, truck platooning has advanced to the stage where the technology is being
improved to adapt to complex roadway infrastructure and environments. It is crucial to
understand possible interactions in truck platoon operations and determine appropriate rules and
requirements for deployment of the technology on existing roadways where space is shared with
human drivers.

Prior research has assessed the safety impact of truck platooning and suggested general
operational requirements. Platoons should operate in a way that offers safe operating
conditions to surrounding vehicles when interacting with them, while under the constraints of
traffic, roadway geometric, and environmental conditions (/3, 18, 22, 74—77). Simulation and
field studies have shown that truck platoons, when navigating through various roadway
geometry, face control challenges such as losing string stability (72, 75, 78). Environmental
factors such as weather are also shown to affect truck platoon operations and safety (76, 79).
Adding to the complexity, truck platoons operating in mixed traffic need to avoid all types of
collisions with the surrounding vehicles (80). Prior research has offered solutions, including
applying collision avoidance systems or using complex control strategies to react to
surrounding vehicles’ risky maneuvers such as cut-ins (73, 77, 81).

Rather than solely relying on reactive collision avoidance, offering safe conditions for both truck
platoons and surrounding vehicles by establishing operating rules and regulations would be a
necessary action to ensure safe and efficient deployment of the technology, as it builds a multi-
layered safety guarantee. Infrastructure owner operators such as state transportation agencies
play an important role in the deployment of safe truck platooning by setting up and
implementing operational rules using conventional and innovative strategies and technologies
(70). Currently in the U.S., state laws on truck platooning are at the stage of defining operational
criteria and restricting certain operational parameters. For example, 20 states have passed laws
restricting truck platoons’ minimum internal following gap, ranging from 250 to 500 ft (76.2 to
152.4 m) (19). However, a following gap as large as those would likely diminish the fuel-saving
benefit of platooning, and may also induce cut-ins (82). To ensure safety while maintaining the
desired benefits of truck platooning, appropriate operating parameters should be determined
based on specific operating conditions. In addition to rules and regulations written into codes,
variable platooning rules and regulations can be implemented to accommodate the dynamic
changes in operating environments. Such an implementation would be similar to variable speed
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limit (VSL) systems, which have been shown to be effective in improving highway safety and
operational efficiency (83, 84).

Multilane highway settings have been the focus in prior truck platoon development and testing
(85). However, two-lane undivided highways also have the potential to allow truck platooning
(22, 86). Two-lane undivided highways take up a significant portion of all types of highways in
the U.S., as well as most other countries (87). This type of highway is especially prevalent in
rural areas, serving the mobility and accessibility needs of small cities and towns. Two-lane
undivided highways fall into various functional classes ranging from local roads to major
arterials, carrying vastly different traffic loads. The current practice of freight truck routing
already includes two-lane undivided highway segments, especially in rural areas. Therefore,
allowing truck platooning on those segments would bring further benefits of this technology to a
wider network and improve goods supply and accessibility to remote regions.

Deploying truck platooning on two-lane undivided highways is more challenging than
deployment on multilane divided highways. The interactions between truck platoons,
surrounding traffic, and roadway geometry are more complicated. Maneuvers like overtaking, for
example, would be more challenging on two-lane undivided highways as an overtaking vehicle
would need to use a gap in the opposite direction traffic to complete the maneuver. Analyses of
truck crashes on two-lane highways have shown that overtaking-related crashes are deadlier than
other types of truck crashes (88). Truck platoons would likely pose a higher risk for drivers
attempting to overtake them, as these convoys are formed by multiple closely following, large,
and heavy, tractor-trailer trucks, which bring expanded physical dimensions and additional
control complexity (6, 74).

Under the assumption that truck platoons, with CACC capability and sensing technology that
enables surrounding information gathering and processing, are to be deployed onto existing
roadways with traffic consisting of HDVs, this section focuses on addressing two research gaps:

1) The missing methodical procedure to determine operational rules for truck platooning
2) The shortage in investigation of truck platooning impacts and restrictions on two-lane
undivided highways

We focus on the scenario of overtaking, as that is a primary and unique challenge faced by truck
platoons when deployed on two-lane undivided highways. We propose an algorithm that
determines the rules truck platoons should follow to guarantee overtaking safety, considering
restrictions from traffic and roadway geometric factors. In the following sections, we summarize
related work, formalize a model framework and the overtaking safety guarantee problem, and
propose a solving algorithm, which is assessed using a numerical simulation.

3.2 Related Work

Related to overtaking truck platoons or longer combination vehicles (LCVs, which are trucks
with long multiple-trailer combinations) on two-lane highways, prior studies have focused on
modeling and simulating the effects of the convoy’s or combination’s large dimensions on driver
passing sight distance (PSD) (22, 25, 26, 74). A consensus of those studies is that overtaking a
truck platoon or LCV requires a much larger distance than overtaking a single standard 65-ft (20-
m) truck. For truck platooning on two-lane undivided highways, PSD is the most important
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safety parameter considered for overtaking safety. Therefore, to determine operational rules for
truck platooning on two-lane highways, PSD should be the core component of the model
framework that also incorporates traffic and roadway geometric factors.

In (74), the author proposed an overtaking trajectory model and assessed the effects of truck
platoon length and overtaking driving characteristics on PSD and collision risk involved in an
overtaking on two-lane undivided highways. The overtaking trajectory model from (74) is
incorporated in this section’s simulation section for PSD estimation. Note that the method in
(74) is only one way to model overtaking trajectory and estimate PSD, and the algorithm
proposed in this section is general enough that the model can be exchanged to other valid PSD
estimation calculations. Some examples include models included in the guidebooks published
by AASHTO (38), which were developed in (33) and (35) as a basis to suggest PSD values for
roadway design purposes. As the models were designed for roadway design tasks, such as
determining the length of passing zones, they do not model the overtaking vehicle trajectory in
detail and only consider a limited number of parameters to describe kinematics. Thus, the
AASHTO models do not offer a good estimation of the actual safety risks in overtaking. More
advanced trajectory prediction methods that leverage real-time sensing and machine learning
are also available for application to overtaking trajectories, which can be used to estimate PSD
and incorporated into our platooning rule algorithm (§9-96).

The available sight distance (ASD) is restricted by traffic and road geometric conditions
without considering weather related factors. Currently, there have been few studies
investigating traffic and road geometric restrictions on ASD in scenarios of overtaking a truck
platoon, and (97) is the only found publication that investigated the impact of horizontal
curves on ASD in such a scenario. The finding is that a truck platoon reduces an overtaking
vehicle’s ASD, but the gap between preceding and following trucks allow a slight increase in
ASD. In (97), the authors developed an analytical procedure to calculate the ASD, which is
adapted into our simulation analysis due to its simplicity for easy implementation.
Nevertheless, our platooning rule algorithm can incorporate newer methods such as 3-D ASD
estimation that relies on large datasets of roadway geometry, potentially obtained through
advanced sensing such as LiDAR (98—101).

Variable traffic rules such as VSL have proven to be effective traffic management tools in an
intelligent transportation system (83, 84). Rules are automatically determined by algorithms,
and are updated with an interval of as short as a few minutes (§4). Depending on specific
traffic management goals, VSL algorithms make decisions based on real-time data of road,
weather, and traffic conditions. VSL algorithm objectives vary, for congestion management,
the 85th percentile of congested traffic speeds can be used as the speed limit (/02); for safety
management, safety models relating speed, weather, and roadway conditions are used (/03);
implementations aiming at both improving mobility and reducing environmental impacts use
more complex objective functions for speed limit determination (/04). A variable truck
platooning rule system would be similar to a VSL system.
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3.3 Model Framework and Problem Setup

3.3.1 Model Framework

To establish rules for truck platoon operations, the relations between platoon operational
parameters, traffic, and roadway geometry are modeled. This section introduces the model
framework and explains how truck platooning operational rules can be determined based on
the framework. Figure 6 visualizes the framework. We are interested in knowing appropriate
values for three parameters of truck platooning operations: the operating speed v, internal
following gap h, and the number of trucks in a platoon n. Considering two-lane highway
operations and overtaking safety, we included posted speed limit, traffic flow, horizontal and
vertical curve features, and uphill grade as restricting factors. Overtaking behavior is an
umbrella term for the various parameters describing the overtaking process and is included in
the framework as part of the restricting factors. The three platoon operational parameters and
four restricting factors are interrelated with the two sight distances, PSD and ASD, in the
overtaking scenario. The definitions of variables are provided in Table 4.

ASD can be calculated through a function of parameters, including traffic flow, horizontal and
vertical curve features, and truck platoon following gap: ASD =f{q, R, L, A, h). PSD can be
calculated through a function of parameters, including overtaking vehicle parameters and truck
platoon parameters: PSD = g(La, vao, Gx, Vamax, ha, hB, XeL, Xer, da, v, h, n).
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Figure 6: Relations among truck platooning parameters, sight distances, and restricting factors
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Table 4: Definition of Variables

Variable | Definition
v Truck platoon operating speed (m/s)

h Platoon inter-truck following gap (m)
n Number of trucks in a platoon
Viim Speed limit (m/s)

Traffic flow rate in the opposite direction (veh/h)

Horizontal curve radius (m)

Vertical curve grade difference (%)

q
R
L Vertical curve length (m)
A
G

Uphill grade (%)

Ly Overtaking vehicle length (m)

Va0 Overtaking vehicle initial speed (m/s)

a, Overtaking vehicle acceleration (m/s?)

Vamax | Desired overtaking speed (m/s)

hy Initial following gap between front bumper of the overtaking vehicle and rear bumper of the
last truck in platoon (m)

hg End following gap between front bumper of the first truck in platoon and rear bumper of the
overtaking vehicle (m)

Xop Overtaking vehicle left lane change longitudinal displacement (m)

XoRr Overtaking vehicle right lane change longitudinal displacement (m)

dy Overtaking decision (overtake or not) with 1 = yes and 0 = no

The exact forms of functions fand g are rather complicated and are dependent on specific
models chosen. Thus, we represent them here on an abstract level as it is enough for us to
introduce our algorithm. In simulations, we instantiate them with specific models, whose
details are presented in the Appendix section.

We use a vector, 6, to collect the overtaking vehicle parameters, and a vector, y, to collect the
traffic and roadway geometric factors: @ = [L4, vao, x, VAmax, ha, hB, XeL, Xer, da]; and y = [Viim, q,
R L A G].

3.3.2 Problem Setup

Given that overtaking vehicles’ parameters are random, for a fixed truck platoon, PSD for any
overtaking vehicle is a random variable. We introduce the overtaking safety probability, s, to
be the probability that vehicles arriving behind a truck platoon are offered conditions to safely
overtake the platoon or decide to keep following it. Note that s is to be achieved on the
population level with respect to the distribution of overtaking vehicles’ parameters. Given
calculations of ASD and PSD, and definition of s, s can be calculated as:

s = E1[PSD(6;,y,v,h,n) < ASD(y, h)] [3-1]

where the indicator evaluates to one if ASD is greater than PSD, and expectation is with respect
to randomness in parameter 6.
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Given this setup, our goal is to search for values for variables v,h n such that s is greater than
or equal to a target safety guarantee, . Note that this is a feasibility problem. This is possible
when distribution of parameter 6 is known, in which case stochastic optimization algorithms
can be invoked. In reality, distribution of 8 is not known, and fitting a distribution for & takes
substantial effort. More importantly, in a real time environment, the distribution of 6 changes.
Thus, instead of trying to achieve s and ensuring that s > 7, which requires knowing the
distribution of 6, we ensure the lower bound of s, which can be estimated quickly from a given
sample, to be greater than or equal to 7.

3.3.3 Approximate Optimization Objective from Sample

Assume that a sample of k overtaking vehicles’ parameters 0 are available, a safety probability
estimated from the sample, denoted by S, is defined as the proportion of vehicles with PSD <
ASD on the sample of k vehicles. We can call S the estimated safety ratio, and it is related to
the truck platoon operational parameters, v,h,n:

S(v,h,n) ==Xk 1[PSD(8;,y,v,h,n) < ASD(y, h)] [3-2]

where i denotes the ith vehicle in the sample. Note that s = E[S(v,h,n)], where the expectation
here is taken over different samples. By the central limit theorem, s is within below range (44,
105-112):

S(v, h,n) — ZCl\/S(v,h,n)(lk—s(v,h,n)) <s<Swhn)+ ZCl\/S(v,h,n)(lk—S(v,h,n)) [3-3]
Where z; is the z-score at confidence level cl.

Defining the lower bound of s as:

Su(v,hm) = S(o,hm) — 7 [CRCSeA) [3-4]

our goal is now to find v,h,n values such that Su(v,h,n) = 7, in which case s 2 7 is also guaranteed.

Essentially, S is an estimate of the probability of success, s, calculated from the outcome of a
series of success-failure experiments (i.e., the “safe-unsafe” status of each vehicle arriving
behind a truck platoon). From running the comparison of PSD and ASD for each vehicle in the
sample, we know the sample size, k, and the number of successes, Z{-‘zl 1[PSD < ASD]. The
assumption we have for the “safe-unsafe” status of vehicles is that their probabilities of being
safe or unsafe are independent. To ensure that s is at least the target safety guarantee, 7, at a
confidence level, cl, we need to ensure the lower confidence limit Sz = 7. To estimate the
confidence interval, the distribution of each overtaking success-failure experiment can be
approximated using a normal distribution, based on the central limit theorem (/05—-107). The
confidence interval estimate is reliable with a large sample (i.e., k 2 40) and an s not close to 0 or
1 (105). In the following section, we present an iterative algorithm to find feasible solutions
rather than solving closed form on the sample for v,h,n. The reason is that the complex PSD and
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ASD functions are difficult to differentiate and solve. We expect effective ways to be available to
obtain samples of overtaking vehicle parameters using appropriate sensing techniques.

3.4 Algorithm Design
3.4.1 Algorithm

To solve the feasibility problem on the sample with the stochastic approximation objective, we
designed an iterative algorithm, Algorithm 3-1 PlatooningRules. The reason for not using
existing algorithms to solve the stochastic approximation objective is because in high
dimensions, an existing algorithm relies heavily on first order or second order information
(108, 109). In the current problem setup, finding the gradient or hessian with respect to v,h,n is
quite involved, given the inclusion of PSD models and an indicator function in objective. The
algorithm we propose instead only uses zero-th order information. It evaluates PSD and ASD
values and uses reductions in objective value Si(v,h,n) to decide iterations. Similar to
coordinate descent in spirit, we define a fixed step for each variable to take in each iteration
and choose the move with the largest potential gain among all possible moves.

The algorithm takes as inputs the sample overtaking vehicle parameters, 6, restricting factors,
y, a set of initial values of the truck platooning parameters, Ro = [vo,ho,no], minimum values of
the platooning parameters, Rmin = [Vmin,hmin,nmin], weights on platooning parameters, w =
[wv,wh,wn], and the step sizes for adjusting platooning parameters, § = [Av,Ah,An]. The
algorithm output is a set of truck platooning parameters, v,h,n, on the given sample of
overtaking vehicles and restricting traffic and road geometric factors.

Algorithm 3-1 PlatooningRules.

Input: (6,7,Ro, Rmin, 7,cl,w,0); RO = [vo,ho,no]; Rmin = [vmin,hmin,nmin|
w = [wy,Wn,wn]; 0 = [Av,Ah,An]
Output: (v,h,n)

INITIALIZE:
V<« vo; h < ho; n < no
Sw,hn)(1-S(v,h,n))

Sy(v,h,n) — S(v,h,n) — chJ p
S hn) — 2 X, 1[PSD (B, y,v,hn) < ASD(y, b))

FIND FEASIBLE SOLUTION OR SUGGEST NO PASSING:

while Su(v,h,n) <t :
vi «— max((v — AV), Vimin) h1 «— max((h — Ah), hmin) n1 «— max((n — An), imin)
Calculate Siu(vi,h,n),Su(v,h1,n),Su(v,h,n1)
Sy — wy - Su(vi,h,n)

Sin <— wi - Su(v,hi,n) Sin <— wy - Su(v,h,n1)
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if max {Suv,SunSint =Sy : v
elif max{Su,Sin,Sin} = Sun:h«— h
elif max{Si,Sin,Sin} = Sin:n«— m
1f v < Vpin AND h < hyin AND 1 < #min :
return NO PASSING
return v,h,n

The step sizes, 6§ = [Av,Ah,An], in Algorithm 3-1 can be determined based on the precision of
traffic management and vehicle control. To restrict speed and following gap, Av and Ah can take
values smaller than 1 with several decimal places. To restrict the number of trucks, only integers
are possible for An. The weights on platooning parameters, w = [wy,wn,Wwn], in estimating Si, can
be set to reflect the needs of a traffic management agency wishing to prioritize certain
operational features. The weights can range between 0 and 1, with a smaller value indicating less
restriction. For example, if an agency wants to prioritize operating speed and implement a
relatively flexible restriction on that parameter, a smaller value can be assigned to wythan the
other two weights. In Algorithm 3-1, each weight is multiplied by the corresponding new Si
values obtained from updating one of v,h,n, which has been proven effective in differentiating
priorities on v,h,n, as shown in the simulation. Other ways to apply the weights, on Av,Ah,An or
on v—-Av,h-Ah,n-An, are not applied because they fail to differentiate priorities on v,h,n in the
simulation, leading to a result where only changes in n affect Si. An alternative method of
applying weights is to define weights as the probabilities of selecting one of v,h,n as the descent
direction; so, for example, a (wy= 0.5,wn= 0.3,wn = 0.2) setup means that the probabilities of
selecting v,h,n as the descent direction are 0.5, 0.3, and 0.2, respectively. However, the
probabilistic weighting method is not used in Algorithm 3-1 because it makes the algorithm
random.

3.4.2 Complexity

In the worst case, Algorithm 3-1 returns No PassiNg, with the initial values of v,h,n having to
reduce to their corresponding minimum values by step sizes Av,Ah,An, respectively. The time
taken is: Tv= (vo = Vmin)/Av, Th= (ho = hmin)/Ah, and Th = (no - nmin)/An, respectively.
Therefore, the “while” loop would take max{Tv, Th, Tn}. The ASD-PSD calculation costs different
amounts of time depending on the specific mathematical models implemented. In the models
used in our simulation, the calculation of PSD for a trailing vehicle involves 43 operations, and
the calculation of ASD for a road segment involves 140 operations. For a given road segment
and a sample of k trailing vehicles, the number of operations taken to calculate an Suis (43k +
140). Therefore, the worst-case runtime of Algorithm 3-1 is T(k) = max{Tv, Th, Tn}(43k + 140) =
O(k). Linear time is good enough for a variable regulatory system using real-time traffic data.
Similar to a VSL system, the most frequent update of regulatory information is once every few
minutes, and in practice, truck platooning operating rules should not be expected to change as
frequently.
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3.4.3 Sensitivity

Assume that in the current traffic, vehicles’ parameters (for overtaking modeling) follow a

distribution D. True proportion of vehicles with PSD < ASD, EnS(v,h,n) can be thought of as:

EbS(v, h,n) = Ep1[PSD(8,y,v, h,n) < ASD(y, h)] = Po(PSD(6,y,v,h,n) < ASD(y,h))
[3-5]

Thus, the sensitivity of EnS(v,h,n) with respect to, for example, changes in v, denoted Av can be
thought of as:

EbS(v + Av,h,n) = Po(PSD(0,y,v + Av,h,n) < ASD(y, h)) [3-6]

For fixed y,h, ASD(y,h) is a constant. Thus, a change in the above two probabilities when PSD is
evaluated at v + Av and v, respectively, is decided by changes in PSD and changes in the
distribution function. If we approximate changes in PSD with respect to Av by a multiplicative
factor r(v), which can be decided by taking derivative of function for PSD and evaluating at v:

PSD(8,y,v,h,n) . )
—onm ~ TW) [3-7]

The changes in probability mass [3-6] can be written as:

Po(PSD(0,y,v + Av,h,n) < ASD(y,h)) = Po(PSD(0,y,v,h,n) < r(v) - ASD(y, h))

[3-8]
Thus, the increase in ES(v,h,n) can be written as:
ES(v + Av,h,n) — ES(v,h,n) = Po(PSD(6,y,v,h,n) < r(v) - ASD(y,h)) —
Po(PSD(6,y,v,h,n) < ASD(y,h)) [3-9]

Note that this increase is dependent on distribution D of 8 from here on. To be more exact, how
much density of this distribution is between ASD and r(v)-ASD. Figure 7 shows an
illustration of two densities of PSD values under the same distribution but evaluated at v and v
+ Av, respectively. We note the same style of analysis applies to changes in n and h.

In some cases, if the distribution of current traffic and a vehicle’s parameters follow a specific
parametric form, its density function can be assumed to be Lipschitz with constant Lp, with
respect to PSD values. For example, Lipschitz constant for Gaussian densities can be
calculated. Then the changes in ES(v,h,n) can be succinctly expressed as:

ES(v + Av,h,n) — ES(v,h,n) = LD(r(v) - ASD — ASD) [3-10]
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Figure 7: An illustration of two densities of PSD, evaluated at v and v +Av, respectively: In density
of PSD(v + Av), less probability densities are on the right side of fixed ASD value

3.5 Simulation

To assess Algorithm 3-1, we carry out simulation analysis with a large sample of overtaking
vehicles, with parameters 6 generated based on the distributions shown in Table 5 and Table 6.
We run 10 simulations, each with a pseudo-random sample consisting of 10,000 vehicles. Integer
random seeds of 1, 2, ..., 10 are used. We consider various vehicle lengths, initial speeds,
accelerations, desired overtaking speeds, longitudinal displacements in lane change, and starting
and ending following gaps. The overtaking decision is determined by a conditional probability
based on the speed difference between the overtaking vehicle and the platoon. The conditional
probability distribution is from (/10).

We first assess how sensitive the safety ratio is to the change in input variables v,h,n in
Algorithm 3-1. By varying one of the three input variables v,h,n while holding the other two
constant, we can observe how many steps it takes for each of them to reach the target. The
second aspect of the assessment is the effects of target safety guarantee, 7, in which we are
interested in knowing the maximum 7 that can be reached, and how platoon operational rules
change to achieve the targets for the given data sample. The third aspect of the assessment is to
see how the restricting factors in y affect the platoon operational rule output.

The initial values of the platoon operational parameters vo,ho,no are set to 27 m/s (60.4 mph), 30
m (98.4 ft), and 10 trucks. The reduction step sizes Av,Ah,An are set to 0.45 m/s (1 mph), 0.3 m
(0.98 ft), and 1 truck, respectively. The minimum values Vmin,hmin,nmin are 18 m/s (40.3 mph),
13.2 m (43.3 ft), and 2 trucks, respectively. The one-sided confidence level, cl, is set to 0.975.
The detailed models and other assumed values for calculating ASD and PSD are listed in Table
21 in the Appendices.
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Table 5: Overtaking Vehicle Parameters

Parameter Distribution Source

Vehicle length (m): L4 Normal: mean = 5.5; s.d. =0.56 [64]

Initial speed (m/s): c: Lognormal: mean = 1.08; s.d. = 0.04 | [65]

viO=c-vp

Acceleration (m/s?): a Lognormal: mean = 1.31; s.d. = 0.68 [65]

Desired speed (m/s): f: Lognormal: mean =2.8; s.d. = 0.1 [65]

vAmax =vAO0 +f - ax

Following gaps (m): h4,hB h4: Normal: mean = 7.5; s.d. =3.7 [65]
hp: Normal: mean = 21.2; s.d. = 8.2

Lane change longitudinal displacements (m): | Normal: mean = 100; s.d. = 35 [66]

xel,xeR

Overtaking decision d4: Conditional probability [63]

Table 6: Overtaking Decision Probability Distribution

Decision: dy4 Speed Difference: v4— vz (m/s)

(-0, -1.67] | (-1.67,-0.83] | (-0.83,0] | (0,0.83] | (0.83, 1.67] | (1.67, )

1 =yes 0.17 0.47 0.64 0.93 0.95 1.00
0=no 0.83 0.53 0.36 0.07 0.05 0.00
Source: (110).

3.5.1 Sensitivity of Sito (v,h,n)

We know that the overtaking safety ratio must be negatively correlated with each of (v,h,n),
based on intuition and the mathematical model framework (Figure 3-1). We can validate that
statement by running the simulation with one of the parameters (v,h,n) varying and the other two
parameters fixed. Simulations are run with the assumed parameters and distributions in Tables 3-
2, 3-3, and 8-1, with varying 7. In each iteration of the algorithm, we keep track of how much
the lower limit of safety ratio Suincreased and plotted the results, as shown in Figure 3-3. Mean
values of Snat each step of (v,h,n) change are plotted, with t varying from 0.5 to 0.9 and
increasing by 0.05. Note that the standard error of Siat each step, from the 10 simulation results,
ranges from 0.09 to 0.19, so the confidence intervals are very small considering the magnitude of
Siand are omitted from the plots. The varying line widths do not indicate confidence intervals
but are used to avoid total overlapping between lines.

We observe that Siis not as sensitive to the change in v or h in the simulation when the other
parameters are fixed (i.e., with weight = 0). Neither descending only on v nor on h can help Su
reach the target 7. On the other hand, n affects Susignificantly when the weights are set to wy =
wh= 0,wn= 1, as shown in Figure 8 (a). Under a different preset 7, as n decreases, Siincreases.

We adjust the weights to wv= wnr= 1,wn = 0.6, to investigate how the descent on v,h,n works
together to reach the target t. Figure 8 (b), (c), and (d) show the curves of Suvs. n,v and h. We
observe that as n is given a smaller weight, it is kept at the initial value 10, initially, with
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descent in h contributing to the increase in Su, then v, then at the final stage, n. The pattern is
recognized by observing the density of plotted round dots in Figure 8 (b), (¢), and (d). Each
dot represents an Sivalue obtained at each iteration.

We adjust the weights to wv=wn= 1,wn = 0.6, to investigate how the descent on v,h,n works
together to reach the target t. Figure 8 (b), (c), and (d) show the curves of Suvs. n,v and h. We
observe that as n is given a smaller weight, it is kept at the initial value 10, initially, with descent
in h contributing to the increase in Su, then v, then at the final stage, n. The pattern is recognized
by observing the density of plotted round dots in Figure 8 (b), (¢), and (d). Each dot represents
an Sivalue obtained at each iteration.
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Figure 8. Change in the lower limit of safety ratio, Sy, with: (a) number of trucks, n (weights w, = wy=
0,wn=1). (b) number of trucks, n (weights w,= wn=1,wy= 0.6). (¢) speed, v (weights w,= wn=1,w,=
0.6). (d) following gap, h (weights wy = wiy= 1,wn,= 0.6).

3.5.2 Effects of Target Safety Guarantee, r

We wanted to evaluate, given the 10,000-vehicle sample in the simulation, how large a safety
ratio we can guarantee. Thus, we vary the T input from 50% to 100% and run the simulation
with two sets of weights: (Wwv=wn=wn= 1) and (wy=wn= 1,wn= 0.6). The roadway
conditions are set to: ¢ = 30, R=999,999, L =0, A =0, and G = 0, which describe a straight
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and flat segment with sparse opposing traffic. The results are shown in Figure 9 (a) and (b),
respectively. We found that the maximum safety ratio Sithat we can reach is around 93% for
both cases. With equal weights, as T increases, n decreases to obtain a desired Si, but vand h
do not contribute much until T is over 90% and n is at its minimum of 2. With a smaller weight
on n, we are discouraging the reduction in number of trucks; therefore, we observe in Figure 9
(b) that n is kept at higher numbers while v and h decrease from the beginning to obtain the
desired Si. However, for a t as high as 90%, n has to be limited to 2 to provide enough safety
guarantee.

100 v (m/s) o 100 v (m/s)
—— h(m) — h(m)
—&— n (trucks) S i —&— n (trucks)
804 5 11 (%) 80 1 s 11 (%)
--- tau (%) -=== tau (%)
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b .
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50 60 70 80 90 100
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Figure 9: Change in platooning rules and the estimated lower limit of safety ratio, Sy (%), with the
preset safety guarantee, 7. Weights: (a) wy=wn=wx= 1. (b) wy=wn=1,wy= 0.6.

3.5.3 Effects of Restricting Factors in y

We are also interested in how the restricting factors in y affect the output truck platooning rules.
Thus, we vary the inputs’ traffic flow, g, horizontal curve radius, R, crest vertical curve grade
difference, A, and uphill grade, G, in the simulations, and observe the results. The target safety
guarantee, T, is set to 75%. As the sample size of 10,000 vehicles is large, the same results are
obtained from the 10 simulation runs.

Traffic Flow: The simulations of platooning rule determination with varying traffic flow, g on
the opposite direction is done by keeping the other input parameters in y constant. The road
geometric features are set to: R =999,999, L =0, 4 =0, and G = 0. Simulation results are
shown in Figure 10 (a) and (b), for equal weights and (w,=w,=1,w, = 0.6), respectively. As
shown in Figure 10 (a), starting with a flow of 10 veh/h, Algorithm 3-1 determines that to
guarantee the safety of 75% of overtaking vehicles, n should be limited to 4, while v and /4 can
be kept at the initial values of 27 m/s (60.4 mph) and 30 m (98.4 ft). We can observe that the
actual safety ratio, Sy, that can be achieved by this feasible solution is 79.4%. With ¢
increasing, n decreases further and reaches the minimum value of 2 at ¢ = 50 veh/h. The safety
guarantee fluctuates but stays above the target of 7 = 75%. Once ¢g exceeds 50 veh/h, the target
7 cannot be achieved.

34 | Page



801

60 4

401

20 1

v (m/s)
~%— h(m)
—®— n (trucks)
5_I1 (%)
---- tau (%)
~ ~ AR

\-%%(—x—x

B e S W S S S

20 40 60 80 100
a (veh/h)

(2)

80 -

60 -

40+

204

v (m/s)
~%— h(m)
—®— n (trucks)

5_I1 (%)
---- tau (%)

D P VA P

20

40 60 80 100
a (veh/h)

(b)

Figure 10: Change in platooning rules and the estimated lower limit of safety ratio, Sy, with the

opposite direction traffic flow rate, q. Weights: (a) wy=wn=wn= 1. (b) wy=wn= 1,wn= 0.6.

Horizontal Curve: To assess the effects of horizontal curves on platooning rules, traffic flow is
kept at 30 veh/h in the simulations, and L, 4, G are kept at 0. We can observe from the results, as
plotted in Figure 11 (a) and (b), that the target safety guarantee cannot be achieved until curve
radius reaches 200 km (124 mi). As shown in Figure 11 (a), at 200 km horizontal curve radius,
Algorithm 3-1 determines that a maximum v of 27 m/s (60.4 mph), /4 of 15.9 m (52.2 ft), and n
of 2 would guarantee at least 75.06% of overtaking vehicles to be safe. As curve radius increases,
the output / increases and reaches the initial value of 30 m at curve radius of 250 km (155.3 mi).
The output n stays at 2 throughout the change in curve radius from 100 km (62.1 mi) to 300 km
(186.4 mi). The safety guarantee increases as curve radius increases, reaching 78.95% at 300 km.
When weights (w,= wi =1, w, = 0.6) are applied, as shown in Figure 11 (b), the outputs v,h,n

are restricted to 18 m/s, 13.2 m, and 2 trucks.
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Figure 11: Change in platooning rules and the estimated lower limit of safety ratio, Sy, with the
horizontal curve radius, R. Weights: (a) wy=wn=wy= 1. (b) wy=wn= 1,wy,= 0.6.

Crest Vertical Curve: Crest vertical curve is controlled by two parameters, L and 4. In the
simulations, L is kept constant at 1,609 m (1 mi), with A varying from 0 to 0.6%. All other
parameters were kept constant, with ¢ = 30, R = 999,999, and G = 0. The simulation results, as
shown in Figure 12 (a) and (b), suggest that a crest vertical curve with 4 > 0.3% will result in a
restriction on overtaking of any truck platoon. Figure 12 (a) shows that, when using Algorithm
3-1, with A between 0% and 0.15%, n should be limited to 3 to reach a safety guarantee of 75%,
but v=27 m/s and # = 30 m do not need to change. From 4 = 0.15% to 0.4%, n starts to be
further restricted, followed by the reduction in allowed operating speed and desired following
gap. Figure 12 (b) shows that when weights (w,= w;, = 1,w,= 0.6) are applied, v and / are
restricted to 18 m/s and 13.2 m. When 4 is between 0% and 0.15%, n can be as large as 4, but
further restricted to smaller numbers as 4 increases. Once A is larger than 0.3%, Sy falls below
75%.
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Figure 12: Change in platooning rules and the estimated lower limit of safety ratio, Sy, with the
vertical curve grade difference, A. Weights: (a) wy=wn=wy= 1. (b) wy=wn= 1,wy,= 0.6.
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Uphill Grade: Uphill grade varies from 0% to 20% in the simulations. Other parameters are kept
constant with ¢ = 30, R = 999,999, and L and A both set to 0. Results shown in Figure 13 (a)
indicate that Algorithm 3-1, with equal weights, determines that v and / can stay at the initial
values of 27 m/s and 30 m, but n should be restricted to 3. The safety guarantee stays above 80%
within the simulated range of uphill grade. When weights (w,= w,= 1,w, = 0.6) are applied, as
shown in Figure 13 (b), n can be as high as 4 when the uphill grade is below 15%. Operating
speed, v, is restricted to 18 m/s and does not change as the grade increases. The following gap, 4,
can be restricted to 13.2 m when grade is less than 8%, but it cannot hold to that value as it
increases due to the increasing uphill grade and the limited truck acceleration capability. The
safety guarantee is maintained above 75% by compensating for the increasing following gap with
a decreased n.
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Figure 13: Change in platooning rules and the estimated lower limit of safety ratio, Sy, with the
uphill grade, G. Weights: (a) wy=wn=wn= 1. (b) wy=wn= 1,wn= 0.6.

Combined Effects: The combined effects of restricting factors on the platooning rule output is
determined by the strictest restriction, as we are essentially looking for an upper bound of the
truck platooning parameters. For example, when we have a traffic flow that is high enough to
restrict the platooning parameters more than the horizontal curve radius, traffic flow would
become the determining factor for the output.

3.6 Section Conclusion

We proposed an algorithm to determine operational rules for truck platooning on two-lane
undivided highways, considering overtaking safety. Based on existing models of vehicle
dynamics and driver sight distance in overtaking scenarios, we constructed a framework that
describes the relationship between truck platoon operational parameters and traffic and roadway
geometric factors. The core component of the framework is comparing PSD and ASD. If ASD
cannot satisfy the needed PSD, safe overtaking then cannot be achieved. Based on existing
models, truck platooning parameters, operating speed, and length affect PSD, along with
overtaking vehicle’s physical and behavioral parameters. ASD is affected by traffic flow and
horizontal and vertical curves. In addition, truck platooning parameters are directly related to
posted speed limit and uphill grade.
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We formulated the problem of guaranteeing overtaking safety of truck platoons on two-lane
highways as a feasibility problem. By solving the problem, we look for a set of operational
parameters for truck platooning, v,h,n, which would guarantee a desired percentage of trailing
non-platoon vehicles can safely overtake or continue following the platoons. To find feasible
solutions, the algorithm employs a method similar to coordinate descent, which runs iteratively
along the dimensions of the three operational parameters. The output can be a feasible solution,
or a recommendation to forbid overtaking, depending on the input of traffic and roadway
geometric factors, and the trailing vehicles’ physical and behavioral parameters.

The algorithm has a running time of O(k), where k is the input vehicle sample size, showing that
it can provide a performance similar to a typical VSL system with an update frequency of once in
several minutes. In terms of safety guarantee, the simulation assessment shows that given a
straight, flat two-lane highway with sparse traffic, the algorithm can generate platooning rules
that guarantee up to 93% of trailing vehicles’ overtaking safety. Among the input truck
platooning parameters, v,h,n, we found that n affects the safety guarantee most significantly. By
comparing the results obtained from applying equal and unequal weights on v,h,n, we found that
lower-weight parameters receive less restrictions and are kept at higher values until they are
required to contribute to the increase of safety guarantee.

From the applications perspective, the iterative algorithm can be used to generate variable
platooning rules to be displayed or broadcast to truck platoons on segments of two-lane
highways. Surrounding vehicles’ physical and behavioral parameters can be collected in real
time by roadside sensors or mobile sensors on trucks and transmitted to a traffic management
center, where platooning rules are determined and quickly updated by the iterative algorithm. For
future research, the algorithm can be improved by incorporating more restrictive factors that are
likely to affect truck platooning operations and surrounding traffic safety such as weather. Efforts
can also be put into calibrating sets of weights for the weighted rule-determining algorithm, to
meet specific management needs. The current algorithm, under the assumption that HDV's
overtake platoons in one take, tends to suggest small platoon sizes, n. A future research effort can
focus on investigating if coordinated driving behavior and improved ASD-PSD models can lead
to a larger n. The scope of this section is limited to overtaking safety on two-lane highways. To
expand the scope and make the algorithm more comprehensive, we can identify and incorporate
other potentially risky interactions between human drivers and truck platoons by collecting data
using driving simulation.
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4. EVALUATING TRUCK PLATOONING RULES FOR TWO-LANE
HIGHWAY OPERATIONS

4.1 Introduction

This section presents a study evaluating truck platooning rules on a segment of U.S. Highway
287 in Wyoming using microscopic traffic simulation. The segment is between the U.S. 287
junction with Interstate 80 in Laramie, Wyoming, to the state border of Wyoming and Colorado,
a corridor of strategic importance to freight transportation within the state. This segment was
chosen because of its unique blend of rural highway attributes, a multilane divided highway
alongside a two-lane undivided highway. The two-lane undivided segment of the roadway offers
an optimal setting for assessing the impacts of potential implementations of regulations for
overtaking the truck platoon by HDVs in a mixed traffic scenario.

The assumptions made in this analysis are as follows:

e As this part of the project concentrates only on traffic interactions and the effects of
platooning, dry and sunny weather conditions were assumed. The impact of weather
changes was not considered in the simulations.

e To reflect a realistic close following gap in platooning operation through CACC and V2V
communication, an aggressive driving behavior with a 0.6-second following gap was
used for the platooned trucks in PTV VISSIM simulations.

¢ In order to simulate typical mixed-traffic behavior without adding needless complexity,
standard car-following and lane-changing models built in VISSIM were applied to
HDVs.

e To simplify the analysis and to compare the pure effects of platooning regulations, the
segment used for this part of the project was considered as a long continuous roadway.
Merging lane scenarios were not considered.

The objective was to evaluate the network operation performance and safety impacts of truck
platooning regulations application on Wyoming’s rural two-lane undivided highways, with the
consideration for overtaking maneuvers by HDVs in mixed-traffic environments. To achieve this
goal, the following objectives were defined:

e Develop a microsimulation model of U.S. Highway 287 using real-world geometric and
traffic data

e Implement and evaluate truck platooning regulations derived from Song’s (/13)
stochastic approximation-based algorithm

e Analyze the network-level performance by microsimulation PTV VISSIM software with
varying traffic demands and truck compositions scenarios

e Evaluate safety implications using surrogate safety assessment modeling

e Conduct statistical modeling to quantify factor significance and variable interactions on
operation performance and safety assessment

e Contribute to optimizing truck platooning performance and safety on rural highways by
providing a foundation for evidence-based policy development and future field testing in
Wyoming
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4.2 Methodology

4.2.1 Network

The study area selected for the simulation is a segment of U.S. Highway 287, starting from the
Wyoming-Colorado state border to the I-80 and U.S. 287 interchange near the 3rd Street
intersection in Laramie, Wyoming. This pathway was chosen because of its unique blend of rural

highway attributes and being multilane divided highway alongside a two-lane undivided

highway. The length of this U.S. 287 segment is around 25 miles, starting from milepost 401 to

ending at milepost 425, as shown in Figure 14. Each of the two different corridor types

(multilane divided and two-lane undivided) constitutes roughly 50% of the total segment length,
making it an ideal location for analyzing corridor type impact on traffic flow and safety for

overtaking truck platoons by HDVs.
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Figure 14: Study location: Map of U.S. 287 roadway segment (study area shown in black outline)
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4.2.2 Data Collection

Data were collected from multiple sources, including the Wyoming Department of
Transportation (WYDOT), Google Earth, and Google Street Map. The roadway geometry data
such as horizontal curve radius, vertical curvature, elevation, grades, and geographic coordinates
(latitude and longitude) were collected from WYDOT’s roadway inventory databases. Additional
roadway information such as the number of lanes, posted speed limits, and classification of
roadway sections (i.e., multilane divided highways and two-lane undivided segments) was
extracted through visual assessment using Google Earth and Google Street View imagery.
Traffic-related data, including average annual daily traffic (AADT) volumes, vehicle speed
distributions, and AADT disaggregated by vehicle type, were obtained from WYDOT. For the
traffic volumes, the April 2024 Monthly Hourly Volume Report, publicly available data from
WYDOT, was utilized. Collectively, the integration of geometric, traffic, and roadway
classification data from these diverse sources ensured a robust and comprehensive dataset to
support the study’s analytical objectives.

By using the roadway geometry data together with geographic coordinates information obtained
from WYDOT, the following maps (Figure 15, Figure 16, and Figure 17) were created for
identifying the location and value ranges of horizontal curves, grades, and crest vertical curves
by using the ArcGIS.
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4.2.3 Algorithm and Model Setup

By using the roadway geometry data, truck platooning operation rules were established to the
required sections of the roadway. The assigned operational rules for truck platoon were
implemented based on the stochastic approximation-based algorithm developed by Song (/13).
Song’s algorithm provides a systematic method to determine the platooning parameters that
maintain overtaking safety on a two-lane undivided highway. The core component of the
stochastic model framework, introduced by Song (/13), was comparing passing sight distance
(PSD) and available sight distance (ASD) to ensure overtaking safety. Song’s algorithm was
designed to determine the operational rules for truck platooning, considering factors such as
horizontal and vertical curvature, uphill grade, traffic flow, vehicle dynamics, and the safety
threshold for overtaking. The algorithm’s simulations generated platooning regulation guidelines
for two-lane undivided highways, focusing on overtaking safety, in terms of three key
parameters: 1) the operating speed of the truck platoon, 2) the inter-truck following gap in the
truck platoon, and 3) the number of trucks in the platoon.

Only the number of trucks in the platoon was set as a variable parameter for platoon regulations
in the simulation. Values of the other two parameters (speed and following) were pre-determined
for this part of the project. The operating speed of the truck platoon is limited to a range that is
practically operable, considering the posted speed limits along the roadway segments. Similarly,
the inter-truck following gap in the truck platoon was also set into a fixed gap of 0.6 seconds,
matching the assumption of the VISSIM simulation model for aggressive automated vehicles in
driving behavior settings.

By using the WYDOT data for restricting factors such as horizontal and vertical curvature, uphill
grade, traffic flow, and posted speed limit, Song’s algorithm (//3) was used to reference an
approximate representation of the recommended truck platooning rules for the minimum number
of trucks in the platoon. To maintain methodological consistency and to reflect CACC capability,
Song’s algorithm was executed exactly as described in (//3)—except that a modification of using
the operating speed of the truck platoon with respects to the posted speed limit along the study
segment of U.S. 287 and fixed inter-truck following gap parameter of 0.6s instead of around 1s—is
used in the published results. The algorithm generated platooning rules were then applied to
respective sections of the roadway.

The length of each section along the roadway segment to assign different platooning regulations
was determined to be one mile through detailed calculations that considered the inter-vehicle
following gaps within the platoon, the length of the vehicles, the operating speed, and the distance
required for the platoon to adjust its operational parameters when assigned rules were changed.
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Stage 3: Truck 1 and 2 keeps traveling at 65mph;
Truck 3 and 4 speed up back to 65mph while keeping the required following gaps
between the trucks in two platoons.

Figure 18: Three stages of truck platooning splitting procedure
(when the platoon operating speed is 65 mph)

As shown in Table 6, different regulations on the maximum allowable numbers of trucks to form
a platoon were assigned to each section of the roadway based on the algorithm guidelines.
However, to maintain consistency in comparing multiple simulation scenarios with various
traffic input levels, the strictest regulation was picked from all the restricting factors. Therefore,
the lowest number of trucks (n=2) was assigned for nearly all two-way undivided highway
sections, except for a few sections where the overtaking safety ratio dropped below 75%, and the
no-overtaking rule was applied. When the platoons enter the sections, assigned with different
platooning rules than they were traveling with before, they will adjust by splitting into smaller
platoons or by merging two or more platoons into one. According to the PTV VISSIM 2024
Manual (/174), platoon splitting in a VISSIM simulation model occurs by the speed adjustments
of the leaving vehicle and its following vehicles. An example procedure of the platoon splitting
steps is shown in Figure 18.

The number of trucks on the multilane segments of the highways were not restricted with the
algorithm generated platoon regulations as HDVs can overtake the platoons via adjacent lanes
(115). Restrictions were applied only in the two-lane undivided sections of the highway as
overtaking on those sections amplify hazardous risks for the passing vehicles where they must
share the same lane with the opposing traftfic (74, 97, 116, 117), (118). To compare the effects of
having restrictions on the maximum number of trucks allowed to form a platoon on two-lane
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undivided highway segments, two model groups (A and B) were set up differently on the two-
lane undivided highway segments as follows:

e Group A (with regulations): the maximum number of trucks allowed to form a platoon on
two-lane undivided highway segments were restricted according to algorithm-generated
values

e Group B (without regulations): the maximum number of trucks allowed to form a platoon
on two-lane undivided highway segments were not restricted according to algorithm-
generated values

Therefore, in this project, the platoon regulation assigned means having a restriction on the
maximum number of trucks allowed to form a platoon on two-lane undivided highway segments
according to algorithm-generated values. The maximum number of allowed trucks to form a
platoon for the U.S. 287 two-lane undivided highway segments are shown in Table 7.
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Table 7: Platoon Regulations Assigned to each Section of U.S. 287 (Group A vs. Group B)

Sections | Milepost |Miepost| Horizontal Uphill Crest Roadway Platooning Regulations of | Platooning Regulations of
Startpoint | Endpoint Curve Grade Vertical Type Group Group
R G Curve A B
A (Maximum allowed number | (Maximum allowed number
of trucks in a platoon) of trucks in a platoon)
1 402 403 Multilane 8 g
2 403 404 Multilane 8 g
3 404 405 Two-Lane Undivided 8 8
4 405 406 X Two-Lane Undivided| No Overtaking Zone No Overtaking Zone
5 406 407 X Two-Lane Undivided 2 g
6 407 408 .4 Two-Lane Undivided 2 8
7 408 409 X Two-Lane Undivided 2 8
8 409 4100 X Two-Lane Undivided 2 8
9 410 411 .4 Two-Lane Undivided 2 8
10 411 412 b4 ) 4 Two-Lane Undivided 2 8
11 412 413 X » b 4 Two-Lane Undvided No Overtaking Zone No Overtaking Zone
12 413 414 X Two-Lane Undivided| No Overtaking Zone No Overtaking Zone
13 414 415 X X Two-Lane Undivided| No Overtaking Zone No Overtaking Zone
14 415 416 Two-Lane Undivided 8 8
15 416 417 Multilane 8 g
16 417 418 Multilane 8 g
17 418 419 Multilane 8 g
18 419 420 Multilane 8 g
19 420 421 Multilane 8 g
20 421 422 Multilane 8 g
21 422 4123 Multilane 8 g
22 413 424 Multilane 8 g
23 424 415 Multilane 8 g
No Restriction
» Restriction
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By assigning the different platoon regulations to each section of the roadway, simulation models
with 20 different scenarios were built to evaluate the operational effects of truck platooning
regulations under varying traffic and composition conditions, as shown in Figure 19. Those 20
simulation scenarios were then grouped into two main groups (Group A and Group B) to be
compared under a structured set of traffic input levels and truck percentage compositions to
assess performance sensitivity. Traffic volumes varied across five levels [50, 100, 150, 300, and
400 vehicles per hour (vph)] to represent a range from light to moderately dense to peak-hour
rural highway conditions. For each traffic volume, two different truck composition ratios were
applied: 20% (low truck share) and 50% (high truck share). This resulted in a total of 10
simulation scenarios per model.

Model Traffic Truck Model Traffic Truck
Input Percentage Input Percentage

50 vph <

50%

20@6

50 vph <

100 vph <

50%

—

50%

—

50%

Group B

(Without 150 vph
Regulations)

(With _
Regulations)

300 vph

20%
400 vph <
50%

Figure 19: Simulation scenarios

4.2.4 Microsimulation Model Development in VISSIM

The simulation models were developed in VISSIM by using the data and model setup described
in previous sections. The simulation setup consists of the following steps: 1) network
development, 2) driving and link behavior parameterization, 3) speed calibration, 4) vehicle
route decision and traffic inputs according to 20 model scenarios, 5) simulation parameters, and
6) evaluation parameter configurations. The simulation network was developed by replicating the
actual roadway geometry using Google Maps and Google Street View as references. Links and
connectors were manually constructed to match the real-life lane configurations, road curvature,
and intersections along the selected study corridor. This process ensured the spatial accuracy of
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the modeled environment and preserved the realism of vehicle dynamics throughout the
simulation. Traffic demand was generated using VISSIM’s Vehicle Input and Vehicle
Composition objects. Vehicle inputs were defined at the network entry points of each traffic
direction. To ensure vehicles followed the appropriate paths through the network, static route
assignments and desired route decisions were utilized. Speed distribution was set up with real-
world speed distribution data obtained from WYDOT traffic data. The simulation incorporated
two distinct driving behavior profiles using VISSIM’s Driving Behavior settings (Wiedemann 99
model) (114).

For HDVs, the default Wiedemann 99 car-following model parameters were used with slight
calibration to reflect better typical freeway car-following behavior, lane-change aggressiveness,
and response times. Adjustments were made to parameters such as desired safety distance (CC1)
and headway time to match observed driver behavior in mixed traffic. The parameters of the car
following model for HDVs are shown in Figure 20.

Wiedemann 99 ~

Model parameters

CC0 (Standstill distance): 492 ft CC5 (Positive speed difference): 0.41
CC1(Gap time distribution): W02 155 ~ CCE (Distance dependency of oscillation): 11.44
CC2 ('Following' distance oscillation): 10,99 ft CC7 (Oscillation acceleration): 1.51 ftfs2
CC3 (Threshold for entering 'Following'): -13.00 CCB (Acceleration from standstill): 11.48 ft/s2
CC4 (Negative speed difference): -0.24 CCY (Acceleration at 30 mph): 4.92 ft/s2

Figure 20: Parameters of the car following model for HDVs in VISSIM

For platooned trucks, a separate driving behavior type called AV aggressive (CoExist) driving
behavior was used to represent connected and autonomous vehicle (CAV) operations in platoons.
These profiles included:

Shorter standstill distance (CCO0)

Reduced desired safety distance (CC1) according to platoon time gap

Lower thresholds for speed difference (CC4/CC5)

Increased look-ahead distance to simulate vehicle-to-vehicle communication effects

These adjustments were made to enable CACC dynamics, enabling tighter headways and
smoother acceleration/deceleration behavior within platoons (7/9). The parameters of the car
following model for the trucks in the platoon are shown in Figure 21.

Wiedemann 99 v

Model parameters

CCO (Standstill distance): 3.28 ft CC5 (Positive speed difference): 0,10
CC1 (Gap time distribution): 103: 065 ~ CCh (Distance dependency of oscillation): 0.00
CC2 ('Following' distance oscillation): 0.00 ft CC7 (Oscillation acceleration): 0.33 ft/s2
CC3 (Threshold for entering 'Following'): -6.00 CC8 (Acceleration from standstill): 132 ftfs2
CC4 (Negative speed difference): -0.10 CC9 (Acceleration at 50 mph): 6.56 ft,s2

Figure 21: Parameters of the car following model for platoon trucks in VISSIM
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Configuring platooning behavior involves setting several parameters that define how vehicles
operate within a platoon. One of the key settings is the maximum number of vehicles that can
form a single platoon. According to the regulations assigned at different corridor types, the
platooning behavior was built into two types, one for eight-truck platoons and another one for
two-truck platoons. Platooning sizes can impact factors like roadway capacity, string stability,
and aerodynamic benefits. Another important parameter is the maximum desired speed, which
specifies the highest speed at which both the lead and following vehicles in the platoon are
allowed to travel. In this part of the project, the maximum desired speed was controlled by the
posted speed limit. This helps ensure consistent movement among the vehicles in the platoon and
prevents speed mismatches that could disrupt formation or create instability.

Additionally, the maximum distance for catching up to a platoon defines how far behind the last
vehicle in a platoon another vehicle can be and still be eligible to join. If a vehicle falls within
this distance, VISSIM allows it to accelerate and merge into the platoon. This is important for
enabling dynamic platoon formation in traffic streams. The time gap parameter controls the
desired time headway between vehicles within the platoon. This time gap is usually much shorter
than in normal traffic since platooned vehicles, particularly autonomous or CACC-enabled
trucks, are designed to maintain close distances safely using synchronized acceleration and
braking. Finally, the minimum clearance sets the physical bumper-to-bumper distance that a
following vehicle must keep from the vehicle in front of it. This ensures that even at low speeds
or stops, the platoon maintains a realistic and safe following distance. Figure 22 shows the
parameters that were used to develop platooning behaviors in VISSIM. Different roadway
segments were designated to simulate variable platooning regulations by assigning different
driving behavior profiles and vehicle compositions to each segment. This was achieved by using
Vehicle Routing Decisions and Route Decisions in VISSIM, which allowed for platooned and
non-platooned vehicles to follow specific paths based on the simulation scenario.

The simulation parameters were set up with 10 simulation runs, as shown in Figure 23. The
simulation period was 5,400 s (1,800 s warm-up period + 3,600 s simulation period). A warm-up
time of 1,800 s was applied to allow the network to reach a stable traffic flow state before data
collection began, as recommended by the VISSIM User Manual for large-scale freeway models
(114). Each scenario was simulated 10 times (n=10) to account for the stochastic variability in
vehicle behavior and ensure statistically reliable outputs. These replications were generated using
different random seeds, configured under Simulation Parameters > Random Seed in VISSIM.
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Following Carfollowing model Lane Change Lateral Signal Control Autonomous Driving  Driver Errors  Meso
] Enforce absolute braking distance @

() Use implicit stochastics

Platooning

8 Platooning possible

Max. number of vehicles: 2
Max. desired speed: 74.56 mph
Max. distance for catching up to a platoon: 820.21 ft
Gap time: 0.60s

Minimum clearance: 6.56 ft

Figure 22 Platooning parameters in VISSIM.

B, simulation parameters ? *

General Meso

Comment:

Period: 5400 = Simulation seconds

Start time: 00:00:00

Start date: |11/ 6/2025 [H~

Simulation resolution: 3 Time step(s) / simulation second

Randem Seed: 42

Mumber of runs: 10
Random seed increment: 1

Dynamic assignment volume increment: 0.00 %

Simulation speed: () Factor 3
O Maximum

|_| Retrospective synchronization

[_| Break at: 0= Simulation seconds

Mumber of cores:  use all cores ~

Figure 23: Simulation parameters in VISSIM.
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4.2.5 Model Calibration and Validation by Using a Base Model

Before evaluating the operational and safety impacts of truck platooning, the baseline (non-
platooning) VISSIM model was calibrated to accurately represent existing traffic behavior on the
U.S. 287 study corridor. Calibration consists of adjusting model parameters so that simulated
traffic performance measures closely match real-world field observations. This step is essential
to ensure that all platooning scenarios are assessed within a reliable and representative
simulation environment.

The model was calibrated using two primary parameters: traffic volume and speed. These
parameters are widely recommended for freeway and rural highway calibration because they
reflect fundamental traffic flow characteristics. Observed data were obtained from WYDOT
traffic monitoring stations along the corridor.

GEH Statistic:

In microscopic traffic simulation, the GEH statistic is commonly used to assess how well
simulated and observed traffic volumes match. The GEH formula is:

- 2
GEH — 2 (qun Qobs) [4_ 1]
\} QsimtQobs

where:

QOsim = simulation traffic volume (vph) from VISSIM

Qobs =0bserved traffic volume (vph) from WYDOT traffic data
GEH = Geoffrey E. Havers statistic for traffic volume validation

Speed calibration was evaluated using multiple statistical measures to demonstrate agreement
between simulated and observed traffic conditions.

Percent Error / Normalized RMSE (NRMSE):

Percent Error =| Zn=Yebs |5 100 [4-2]

obs

where:
Vsim = Simulated average speed (mph) obtained from VISSIM
Vobs = Observed average speed (mph) collected from WYDOT traffic data

In VISSIM, a traffic input of 300 vph was used for the base model as it was close to the monthly
average traffic volume at the 2 p.m. to 3 p.m. time period in the WYDOT field observations
document. Regarding truck percentage, 84.19% was used for the passenger vehicles and 15.81%
was used for the trucks to match the average WYDOT traffic data. An average speed of 72 mph
under free-flow conditions was calculated from WYDOT’s 2024 speed distribution data. These
values served as calibration targets. The baseline VISSIM model was run for 3,600 seconds after
an 1,800-second warm-up period, using 10 random seed replications to account for stochastic
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variation. Results from the simulations were averaged across the 10 replications to provide stable
performance estimates. The baseline simulation produced a mean traffic volume of 295 vph and
an average speed of 63.6 mph, as shown in Table 8.

Table 8: Model Calibration Test Results

Measure Observed | Simulated | Statistic Threshold Result
Traffic Volume (vph) | 300 295 GEH =0.29 GEH <5 Pass
Average Speed (mph) | 72 63.6 Error = 11.67% | < 15% acceptable | Pass

A GEH value below 5.0 is typically considered an excellent match, and a value below 2.0
indicates near-perfect agreement. The calculated GEH of 0.29 indicates that the simulated
throughput closely corresponds to the actual field volume, thereby meeting volume calibration
requirements with a high level of confidence. Similarly, the percent error for speed calibration is
11.67%. This value falls within the widely accepted 10%—15% error range recommended for
rural highway microsimulation models, indicating that the model adequately reproduces field
speed conditions. In summary, the calibration results demonstrated that the baseline VISSIM
model closely replicates observed traffic conditions on U.S. 287.

4.2.6 SSAM, Surrogate Safety Measures

The study utilized the Surrogate Safety Assessment Model (SSAM) developed by the FHWA to
perform a surrogate safety analysis based on vehicle trajectory data generated from
microsimulation modeling in PTV VISSIM 2024. This approach enables a proactive safety
assessment by identifying and quantifying vehicle interactions that have a high potential for
collision but do not necessarily result in actual crashes. Each model scenario underwent 10
independent simulation runs to account for the stochastic nature of driver behavior and traffic
flow variability. These multiple replications increase the reliability and statistical robustness of
the resulting safety evaluation. For each simulation run, VISSIM generated a vehicle trajectory
file. These files recorded the time, position, speed, and acceleration of every vehicle at each
simulation time step and were subsequently used as inputs for the safety analysis in SSAM. The
flow steps of the SSAM analysis are shown in Figure 24 (/20).
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Figure 24: Procedure of SSAM analysis (120)

A conflict is defined in SSAM as ““a situation in which two road users would collide unless at
least one of them performs an evasive action” (/27). SSAM was used with its default conflict
detection thresholds, time-to-collision (TTC) < 1.5 seconds and post-encroachment time (PET) <
5.0 seconds, as shown in Figure 25.

r Conflict Threshalds

Maximum time-to-collision {TTC): 1.5 j

Maximum post-encroachment time (PET): I [ ::ll

Conflict angle threshalds: Click here for Conflict Angle Diagram |

Rear end angle: I 30 ::II
Crossing angle: 80 j
Spedify number of threads: I 4 I Ouput trj files in Text Format I calculate mTTC, mPET, P{UEA)

Analyze |

Figure 25: Parameters of conflict thresholds in SSAM
For each scenario, SSAM classified conflicts into the following types:

Unclassified

Crossing conflicts
Rear-end conflicts
Lane-change conflicts

The total number of conflicts identified across all 10 replications per scenario were aggregated to
assess and compare safety performance. These conflict categories provide insight into the nature
of potential safety issues within the simulated traffic system.
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4.3 Analysis

The analysis includes two parts: 1) Network operation performance analysis and 2) Safety
performance analysis. The objective of this analysis is to determine how different platooning
regulations influence key operational measures and safety performance under varying traffic
inputs, vehicle compositions, and roadway geometries. By distinguishing between multilane
divided and two-lane undivided segments, the study captures the impact on traffic dynamics
arising from differences in lane configuration, overtaking opportunities, and interactions between
platooned and non-platooned vehicles.

4.3.1 Network Operation Performance Analysis

To accurately assess the effects of truck platooning on traffic network operation under varying
roadway corridor types, the performance evaluation was conducted separately for multilane
divided and two-lane undivided highway segments. This separation was essential because traffic
behavior, vehicle interaction patterns, and assigned platoon regulations differ substantially
depending on whether opposing traffic streams are physically separated. Two-lane undivided
segments, in which both directions of travel share the same carriageway without a physical
median or barrier, typically exhibit greater variability in speed, higher potential for interference
from opposing vehicles, and increased delay due to overtaking limitations. In contrast, multilane
divided segments generally provide a more consistent traffic flow environment, allowing for
smoother platoon movement and fewer disruptions.

The undivided segment was designated as the control condition, representing the baseline or
reference scenario for performance comparisons. Using the undivided section as a control
enables the assessment of how roadway geometry influences the overall benefit of platooning. In
addition to the comparison of different corridor types (Group A, representing conditions with the
application of truck platoon regulations, and Group B, representing conditions without
restrictions on platoon regulations), two groups of simulation models within the same type of
corridors were analyzed as well. Therefore, this design produced four distinct comparison
scenarios:

Comparison between Groups A and B for divided segments

Comparison between Groups A and B for undivided segments

Comparison between undivided segments and divided segments using Group A
Comparison between undivided segments and divided segments using Group B

The comparison was conducted in two main stages. First, within each corridor segment type, the
results of Model A and Model B were compared to quantify the effect of implementing platoon
regulations under that specific geometric condition. In the second stage, comparisons between
different corridor segment types were performed to determine how the effect of restricted
platooning regulations differentiate between divided and undivided segments. Using the
undivided segment results as the baseline, performance metrics from the divided segments were
expressed as relative improvements or degradations. This two-level comparison approach
provided a structured way to evaluate not only the overall benefit of platooning but also its
dependency on roadway configuration.
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Through this analytical framework, the study ensured that performance differences attributed to
platooning were interpreted in the context of geometric conditions. The approach also allowed
for a clearer identification of whether platooning regulations yielded consistent benefits across
different highway types or whether their effectiveness was influenced by roadway division
characteristics.

To assess the effects of applying platooning rules on the traffic network, average speed and
average delay were selected as the primary performance metrics. Both parameters are widely
used in traffic simulation and performance analysis studies due to their strong correlation with
mobility and operational efficiency, which are most affected by the application of platooning
rules.

Data Processing of Evaluation Results:

To evaluate the network operation performance, raw link evaluation outputs, containing over
110,000 records for each link of each model scenario from 10 VISSIM simulation runs, were
collected. To get meaningful data from over 110,000 records, the data cleaning process was
performed, which involved removing incomplete or zero-volume records and excluding any
entries with physically unrealistic values, such as negative speeds or excessively high delays.
After that, the average speed for each link was calculated across all runs to obtain a stable
estimate of link-level performance. The links were then grouped according to their corridor type,
classified as either divided or undivided based on the roadway geometry. As both segment types
are long, continuous sections of the corridor instead of frequently switching into different types,
it was possible to meaningfully group the segments by corridor type and average the speeds and
delay along the entire divided and undivided portions of the network.

The overall average speed and delay for each segment type was therefore computed as the means
of all roadway links’ average speeds. This method provides a representative measure of corridor-
level performance for each segment type while retaining the geometric and operational
continuity of the simulated roadway. It also allows a direct comparison between the divided and
undivided segments under each traffic and platooning scenario by minimizing the local noise
from individual link-level fluctuations.

4.3.2 Statistical Analysis of Network Operation Performance
Statistical Model Design and Structure:

The simulation results data of the 20 scenarios from VISSIM microsimulation software were
structured as shown in Table 9. Each parameter set i=1, 2, ..., 10 appears under all combinations
of (j,k), and the resulting data represent a within-subject factorial design. Consequently, the
analysis focused on paired-sample statistical methods that account for the dependency among
repeated measurements within the same scenario.
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Table 9: Data Structure of Statistical Model

Scen.arlo Parameter Models Group (j) Corridor Segment Type Simulation results
Set (i) (k)
1-10 AB Multilane Divided, Two- Average Speed,

’ lane Undivided Average Delay

Paired Comparison Tests:

As each Group A observation corresponds directly to a Group B observation under identical
traffic and truck percentage conditions, the samples are dependent (paired). Similarly, within
each group, the results for the divided and undivided segments are also paired for each scenario.
Independent sample methods such as one-way ANOVA would ignore this dependency and
inflate error variance; therefore, paired t-tests were used. Four paired comparisons were
performed:

e Group A vs Group B on divided segments

e Group A vs Group B on undivided segments
e Group A (divided vs undivided)

e Group B (divided vs undivided)

Paired t-Test Formulation:

The paired t-test evaluates whether the mean difference between two related measurements
differs by using the following hypotheses:

Ho:pp # 0 [4-3]
Hytpup # 0 [4-4]

where D;-X,; — Xp is the difference between paired observations for the ith parameter set. The

test statistic is:
D

L= e .

where D= mean of differences, sp= standard deviation of differences, and n= number of paired
observations. A significant level of a=0.05 was used for all tests.

Validation of Test Assumptions:

To make sure the statistical analysis fits the model and does not violate the model’s assumptions,
the following tests were done for validation. The normality assumption of the paired t-test was
verified using the Shapiro-Wilk test:

n 2
<Zi=1 aiX(i)(i)>

R [4-6]
(zi=1(xi_)_()
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where a; are constants derived from the expected order statistics of a standard normal
distribution, x(i) represents the i™ordered sample value (from smallest to largest),

xj denotes each individual observation in the sample, and X is the arithmetic mean of all
observations. A p-value greater than 0.05 indicates that the differences do not deviate
significantly from normality. Additionally, QQ plots of residuals were visually inspected to
confirm the normal distribution of paired differences.

Nonparametric Robustness Check:

To ensure robustness, a Wilcoxon signed-rank test was performed as a nonparametric alternative
to the paired t-test. The test statistic, W, sums the ranks of absolute differences, preserving signs.
It evaluates the null hypothesis that the median difference equals zero without assuming
normality.

Effect Size and Confidence Intervals:

To quantify the magnitude of differences, Cohen’s d, for paired designs was computed as
follows:

D
d, == [4-7]

where sp is the standard deviation of the paired differences and D is mean of differences.

In interpreting Cohen’s d,values, the magnitude of the effect provides insight into the practical
significance of the observed difference. According to Cohen’s (/22) conventional benchmarks, a
value of approximately 0.2 indicates a small effect, around 0.5 shows a medium effect, and 0.8
or greater signifies a large effect. These thresholds help translate statistical differences into
meaningful interpretations, where larger d,values imply that the difference between paired
conditions is more substantial relative to the variability in the data (/22).

To obtain distribution-free uncertainty estimates, bootstrapping (10,000 resamples) was applied
to compute 95% confidence intervals for the mean differences. The percentile method was used:

CI95% = [PZS(E* ), P97.5(ﬁ*)]CI95% = [PZS(B* )' P97.5(ﬁ*)] [4'8]
where D* are bootstraps resampled mean differences.
Multi-Factor ANOVA Analysis:

The analysis of network-level performance was performed by using a multi-factor ANOVA
framework designed to evaluate how platooning regulations interact with roadway geometry and
traffic conditions. A three-way ANOVA was conducted for each performance metric to quantify
the contributions of the primary factors and their interactions.

This approach was selected because the study involves multiple independent variables that may
influence each other, and ANOVA provides an efficient way to detect both main effects and
interaction effects within a unified model structure. It also allows for the comparison of
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numerous factor levels simultaneously, which is necessary when evaluating networks that vary
by segment type, traffic input, and truck percentage. The structure of the ANOVA model
followed the general expression:

Y=p+ai +pj +yvk +6l + (af)ij + (ay)ik + (By)jk + ¢ [4-9]

Where, a represents the effect of the platooning regulation group, B represents the effect of
segment type, vy denotes the influence of traffic input, 6 corresponds to truck percentage, and €
captures the random error term.

Statistical significance for each factor and interaction was determined using F-statistics and
corresponding p-values to evaluate whether each term contributed meaningfully to variations in
average speed and average delay. Before interpreting the ANOVA results, assumption checks
were performed to ensure model validity. ANOVA relies on three core assumptions: normality,
homoscedasticity, and independence. Each assumption was evaluated using standard diagnostic
tools. Normality was assessed using Shapiro—Wilk tests applied to the residuals, and QQ plots
confirmed an approximately normal distribution.

Homoscedasticity, defined as the equality of variances across factor levels, was evaluated using
Levene’s test, which indicated sufficiently stable variance for our data. Independence was
ensured by the simulation design, as each scenario was generated and executed separately
without influence from previous runs. These diagnostics supported the reliability of the model.
This method was chosen because it provides a statistically robust and computationally efficient
approach to determining whether platooning regulations introduce significant performance
differences after accounting for the dominant effects of roadway geometry and traffic input.

4.3.3 Safety Performance Analysis and Results

This section presents the traffic safety performance results of the microsimulation case study and
evaluation on the effects of truck platooning regulations on a rural highway based on different
characteristics of traffic inputs (50, 100, 150, 300, and 400 vph) and truck percentages in the
traffic (20% and 50%).

Surrogate Safety Measures:

Traditional crash-based safety evaluation usually relies on existing observed crash data.
However, crashes are rare, random, and often unavailable for new or hypothetical designs. The
SSAM methodology allows for safety assessment before crashes occur by using simulated
vehicle trajectories to identify “conflict events,” situations where two vehicles would likely
collide without evasive action (/21). Moreover, conflict frequency has been shown to correlate
with crash risk, thus serving as a reliable surrogate safety measure (SSM) in transportation safety
research (121).

The major advantages include:

e Ability to assess safety of new designs or interventions where crash history is not
available
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e Derivation of quantitative measures (conflict counts, severity metrics such as TTC, PET,
etc.)

e Ability to compare alternative scenarios (group A vs B) in a consistent microsimulation-
based environment

Because of these advantages, we consider that using SSAM conflict-point metrics is appropriate
and robust for our analysis purposes.

Conflict Types:

Traffic conflicts were analyzed not only in terms of the total number of conflicts but also by each
conflict type, to provide a more detailed understanding of how different operational and traffic
conditions influence roadway safety. Examining the overall number of conflicts alone can mask
important behavioral patterns; therefore, disaggregating conflicts by type allows for
identification of specific risk mechanisms associated with truck platooning, such as following
behavior, lane-changing maneuvers, or lateral interactions.

According to the FHWA (/23) surrogate safety methodology, vehicular conflicts can be
categorized into four main types based on the relative trajectories and potential points of
collision between vehicles: rear-end conflicts, lane-change (sideswipe) conflicts, crossing
conflicts, and unclassified conflicts.

Unclassified Conflicts: The “unclassified” conflicts category essentially captures interactions
between vehicle pairs that do not meet the stricter geometric or lane-link change criteria to be
reliably classified as rear-end, lane-change, or crossing conflicts. While less descriptive, these
events still indicate proximity and evasive action potential, and thus they represent latent risk.
The SSAM documentation notes that every conflict event is assigned a type “rear-end, lane-
change, or path-crossing (crossing)” but acknowledges that some events may remain unclassified
due to incomplete link data (/21).

Crossing Conflicts: “Crossing” conflicts occur when two vehicles’ paths intersect at appreciable
angles such that one vehicle crosses the path of another (for example a turning vehicle crossing
through-traffic or adjacent-lane weave). SSAM classifies a path-crossing event when the conflict
angle is greater than a threshold (e.g., ||ConflictAngle|| > 80°) if link/lane information is
insufficient (/21).

Rear-End Conflicts: “Rear-end” conflicts represent vehicle pairs in which one vehicle trails
another in the same lane/link without a lane change or link change during the conflict (or the
conflict angle is small: ||ConflictAngle|| < 30°) (/21). In practice, rear-end conflicts are one of
the most frequent surrogate conflict types because trailing vehicles reacting to slower lead
vehicles or platoons are a common source of collisions, particularly in dense-flow or platooned
scenarios.

Lane-Change Conflicts: “Lane-change” conflicts involve maneuvers in which at least one
vehicle changes lanes (or occupies different lanes at start and end of conflict) and interacts with
another vehicle because of the lane change. SSAM uses lane/link data and conflict angle logic to
identify such events (121).
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4.3.4 Statistical Analysis of Safety Performance

The primary advantage of using conflict-point and conflict types as surrogate safety measures via
SSAM enables the quantification of safety risk by identifying potential collisions (or conflicts)
drawn from simulated trajectories, thus allowing a proactive rather than reactive safety
assessment (/21). Traffic conflicts were analyzed not only in terms of their total frequency but
also by conflict type, to provide a more detailed understanding of how different operational and
traffic conditions influence roadway safety. By evaluating each conflict category type separately,
our analysis captures not only the overall safety but also the nature of interactions most affected
by platooning regulations and different input factors. This level of detail enables a better
interpretation of safety trends. It also supports the identification of targeted countermeasures for
specific conflict types.

The analytical framework employed a two-stage approach combining nonparametric and
factorial ANOVA models. To make sure the statistical analysis fits for the model and does not
violate the model’s assumptions, the following tests were performed for validation and initial
assumption checks were performed for Shapiro—Wilk normality and Levene’s homogeneity of
variances. Given the small sample size and non-normal data, the Mann-Whitney U test was
selected for overall pairwise comparisons between the two groups. This nonparametric method
does not assume normality and is suitable for independent samples with potentially unequal
distributions.

For a more comprehensive understanding of factor interactions, two-way factorial ANOVA
models were conducted for each conflict type. The factors included group, traffic input level, and
truck percentage. The inclusion of interaction terms is crucial in transportation simulation
analysis, as the combined influence of flow rate and truck percentage can nonlinearly affect car-
following and lane-changing behaviors.

4.4 Results and Discussion (Network Operational Performance)

We use two metrics to evaluate the network operation performance: average speed and average
delay. The analysis for both metrics’ results proceeds in two layers for statistical tests as follows:

e Paired comparisons across corridor types and groups to test specific hypotheses with
minimal assumptions

e ANOVA analysis to quantify combined and interaction effects of roadway geometry
(divided vs. undivided), platoon configuration (Group A vs. Group B), and traffic
composition (traffic input and truck percentage), while accounting for between-scenario
heterogeneity.

The platoon regulations assigned to Groups A and B differ only in undivided segments (Group A
limits platoons to two trucks, while B allows up to eight). On multilane divided segments,
overtaking the platoon is not restricted by opposing traffic. Therefore, both Groups A and B were
allowed to have up to eight trucks, serving as a functional control for comparing configurations
under high-maneuverability conditions.
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4.41 Average Speed
Comparison by Corridor Segment Types (Divided vs. Undivided):

The results from the statistical analysis of the average speed comparison were shown in Table
10. The table summarizes the outcomes of the paired statistical comparisons between Group A
and Group B across the divided and undivided highway segments. Four sets of paired t-tests
were conducted to evaluate differences in average speed performance:

1. Group A vs Group B on divided segments (as both groups A and B were assigned the
same number of trucks allowed to form a platoon on multilane divided highway
segments, the results from this comparison were used as a control condition to make sure
the results in the rest of the three comparisons are not caused by model bias)

2. Group A vs Group B on undivided segments

Group A divided vs undivided segments

4. Group B divided vs undivided segments

(98]
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Table 10: Statistical Analysis Results for Average Speed Comparison by Segment Types

Comparison Pairs |t stat | T p g’i’;ltcoxon Wilcoxon p (S“l:?g:g: w (S)l:laggf(; P dCZohen ??(Imfow ??(I)ofligh
A vs B (Divided) 10 | -0.7980 | 0.4454 22 0.62501 0.9677 0.8688 -0.2524 | -0.7831 | 0.2819
A vs B (Undivided) 10 | 2.8152 | 0.0202 | 6.0000 0.0273 0.9039 0.2420 0.8902 | 0.2412 | 1.0961
A (Divided vs Undivided) | 10 | 6.6297 | 0.0001 | 0.0000 0.0020 0.9120 0.2951 2.0965 | 3.8719 | 6.8749
B (Divided vs Undivided) | 10 | 6.5300 | 0.0001 | 0.0000 0.0020 0.9481 0.6466 2.0650 | 4.2742 | 7.6516
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Group A vs Group B on multilane divided segments (Validation of the control condition)

Group A vs Group B - Divided
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Figure 26: Average speeds comparison for multilane divided highway segments between Group A
(with platooning regulations) and Group B (without platooning regulations)
across various traffic input levels and truck percentages.

Figure 26 shows the average speed results of divided highway segments for Group A (with
platooning regulations) and Group B (without platooning regulations) under two truck
percentages (20% and 50%) across increasing traffic inputs. Overall, both groups A and B
exhibit a distinct pattern of decreasing speed as traffic volumes increase, which is consistent with
the effects of congestion. Average speeds are consistently lower for the 50% truck scenarios than
for the 20% truck cases, indicating that even on divided highways, higher truck proportions more
severely restrict the traffic flow. However, in comparison of the groups A and B, all average
speed results are nearly identical. As both groups A and B were assigned the same number of
trucks allowed to form a platoon on multilane divided highway segments, these results align with
the model setup and show that the control is performing as it should be.

However, the statistical comparison between Group A and Group B on multilane divided
segments did not show a significant difference (t =-0.8, p = 0.445), with Group A showing a
slightly higher average speed (58.07 mph vs 58.00 mph), a difference of only 0.07 mph. As the
speed difference is insignificantly minimal, it is negligible in practical terms, suggesting that
both platooning regulations groups (A and B) performed nearly identically under divided
highway conditions. Therefore, these results confirm the validity of the control condition and
clearance of the model bias on the following three comparisons according to segment types.
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Group A vs Group B on undivided segments

Group A vs Group B - Undivided
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Figure 27: Average speeds comparison for two-lane undivided highway segments between
Group A (with platooning regulations) and Group B (without platooning regulations)
across various traffic input levels and truck percentages

As shown in Figure 27, regulations help maintain smoother flow at lower traffic volumes.
However, the difference between the two groups (A and B) becomes minimal at truck
percentages (50%), indicating that the presence of heavy trucks reduces the effects of platooning

regulations on undivided highway segments.

Statistical analysis showed that group A (with platooning regulations) had a slight but
statistically significant speed advantage over Group B (t = 2.82, p = 0.020), averaging 0.65 mph
faster. This difference suggests that the assigned platooning regulations in Group A may provide
slightly improved mobility benefits on two-lane undivided segments.

Group A comparison of divided vs undivided segments and Group B comparison of divided vs

undivided segments
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Figure 28: Average speeds comparison for Group A (with platooning regulations) on divided
and undivided highways across varying traffic inputs and truck percentages
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Figure 29: Average speeds comparison for Group B (without platooning regulations) on divided
and undivided highways across varying traffic inputs and truck percentages
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The results from Figure 28 and Figure 29 demonstrate higher average speeds in divided
segments than in undivided segments across all conditions. Similarly in statistical analysis, the
comparisons of each Group A and B between divided and undivided segments revealed very
strong effects for both groups. When comparing divided segments to the undivided segments,
Group A had an average speed difference of approximately +5.31 mph (t =6.63, p <0.001) on
divided segments, while Group B showed an average speed difference of +5.90 mph (t =6.53, p
<0.001) on divided segments. Additionally, Cohen’s d, result was greater than 2.0, which also
confirms a large effect size that roadway geometry type is the dominant factor influencing
overall traffic performance, outweighing any differences attributable to the platooning
regulations differences. Overall, the results demonstrate that while significant differences exist
between the two platooning regulations scenarios (Groups A and B), the impact of the roadway
type is far greater.

Comparison by Factors and Interaction Effects:

Segment
[ Divided
X1 Undivided Group A (With Regulations) - Average Speed
(Color = Truck %, Hatch = Segment)

Truck Percentage
Bl 20% trucks
B 50% trucks

60 A

50 1

40 4

30 1
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Traffic Inputs (vph)

Figure 30: Average speeds comparison for Group A (with platooning regulations) across divided
and undivided highway segments for varying truck percentages and traffic input levels
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Figure 31: Average speeds comparison for Group B (without platooning regulations) across divided
and undivided highway segments for varying truck percentages and traffic input levels

As shown in Figure 30 and Figure 31, both Group A (with platooning regulations) and Group B
(without platooning regulations) have higher average speeds on divided segments compared with
undivided segments. Additionally, both groups have downward trends on average speeds as
traffic input increases. The downward trend is steeper in undivided segments compared with
divided segments. These findings fit with the practical terms as undivided segments have
overtaking limitations and the impacts of the opposite traffic. The effect of the truck percentage

is also evident, with a higher truck percentage (50%) causing the reduction of speeds in both
groups.

Table 11: ANOVA Results for Average Speed Comparison by Factors and Interaction Effects

Effect Sum Effect Size F p- Interpretation

Sq M%) value
Groups A vs B 1.28 0.012 0.401 0.531 Not significant
(Regulations)
Segment Type 314.15 | 0.744 98.519 | <0.001 | Highly significant effect
Group x Segment Type | 0.87 0.008 0.273 0.604 | Not significant
Traffic Input 843.33 | 0.886 264.472 | <0.001 | Significant negative effect
Truck Percentage 622.88 | 0.852 195.336 | <0.001 | Significant negative effect

The ANOVA test results shown in Table 11 indicate that segment types (divided vs. undivided),
traffic input, and truck percentage are the three factors that have significant effects on the
average speed. In contrast, the effect of regulation groups, A (with platooning regulations) vs B
(without platooning regulations), does not show a significant difference. This is because the scale
of speed difference caused by platoon regulations is overshadowed by the large effect sizes of
the segment types, traffic input, and truck percentages on speed differences. Regulations
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differences (the number of trucks allowed to form a platoon) affect microscale behavior, but their
impact on macroscopic speed is small compared with the other three factors: segment types
(divided vs undivided), traffic input, and truck percentage.

4.4.2 Average Delay
Comparison by Corridor Segment Type

The statistical comparison between Groups A and B, as well as between divided and undivided
roadway configurations, reveals several notable trends in traffic performance. Similar to the
average speed analysis, four sets of paired tests were conducted to evaluate differences in
average speed performance:

1. Group A vs Group B on divided segments (as both groups A and B were assigned the
same number of trucks allowed to form a platoon on multilane divided highway
segments, the results from this comparison were used as a control condition to make sure
the results in the rest of the three comparisons are not caused by model bias)

2. Group A vs Group B on undivided segments

Group A divided vs undivided segments

4. Group B divided vs undivided segments

[98)
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Table 12: Statistical Analysis Results of Average Delay Comparison by Segment Types

Comparison Pairs | t stat | T p ;’i’;ltcoxon Wilcoxon p Ell:?il:;lf‘: w (S)l:lag:;'f(; P dCZohen ](3?(1)_olt0w ](3?(1)_olt1igh
A vs B (Divided) 10 -3.52 0.00651 | 0 0.001953 0.77033 0.00631 -1.1132 | -8.2984 | -2.7232
A vs B (Undivided) 10 -2.7916 | 0.021 3 0.009766 0.87071 0.10188 -0.8827 | -28.066 | -6.2738
A (Divided vs Undivided) | 10 -4.8907 | 0.00087 | 0 0.001953 0.92275 0.38053 -1.5465 | -207.95 | -93.0646
B (Divided vs Undivided) | 10 -4.9380 | 0.00080 | 0 0.001953 0.93109 0.4587 -1.5615 | -223.363 | -100.861
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Both parametric (paired t-test) and non-parametric (Wilcoxon signed-rank) tests were applied to
verify statistical significance, and Cohen’s d, was used to evaluate the magnitude of the effect
size. Normality of paired differences was assessed using the Shapiro-Wilk test. The statistical
analysis results are shown in Table 12.

Group A vs Group B on multilane divided segments (Validation of the control condition)
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Figure 32: Average delays comparison for multilane divided highway segments between
Group A (with platooning regulations) and Group B (without platooning regulations)
across various traffic input levels and truck percentages

The comparison in Figure 32 shows an upward trend in delays as traffic input increases under all
circumstances, as expected given the higher vehicle interactions at higher volumes. When
comparing the average delay results between groups A and B at 50% truck percentage, a slight
increase in the average delay difference is observed as the traffic input increases. As the same
platooning regulations were assigned to both groups A and B on the divided highway segments,
vehicles arriving from the undivided segments with varying headways, speeds, spacing patterns,
and lane usage distributions start with different initial conditions in A vs. B. Therefore, this
results in a difference in performance when the truck percentage is high enough to create a
tailgate impact from the undivided segments.

The statistical comparison between groups A (with platooning regulations) and B (without
platooning regulations) on multilane divided highways also showed a significant difference (t=-
3.52, p=0.0065), with Group A exhibiting lower delay than Group B. However, the magnitude of
the mean difference is small, approximately 5.2 seconds on average. As shown in Figure 21, the
difference becomes more visible primarily at the 50% truck percentage level as the traffic input
increases. This pattern suggests that the observed difference was not generated by the divided
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segment itself but originated externally by the carry-over effect of the vehicle flow from the
undivided segments, which had substantially higher delays. In practice, small stochastic
fluctuations in vehicle entry times, lane changes, and spacing patterns could easily account for
the observed sub-second differences in the divided segments. Therefore, despite the presence of
statistical significance, the multilane divided segment still functions as an appropriate and
technically justified control condition.

Group A vs Group B on undivided segments
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Figure 33: Average delays comparison for two-lane undivided highway segments between
Group A (with platooning regulations) and Group B (without platooning regulations)
across various traffic input levels and truck percentages

Due to the limited passing opportunities and significant impact of slow-moving trucks on two-
lane undivided highways, average delays increase dramatically with volume across all traffic
input levels. Group A consistently outperforms Group B at the higher truck percentage of 50%,
while the difference in average delays between Group A and B is minimal at the lower truck
percentage of 20%.

As shown in Figure 33, on undivided highway segments, Group A recorded higher performance
with an average delay (255.19 s) compared with Group B (271.87 s), with a mean difference of
—16.68 s (t=-2.79, p = 0.021). The Wilcoxon test confirmed this significance (p = 0.0098). The
95% bootstrap CI [-28.07, —6.27] further validates that the longer platoon (Model B)
consistently produced higher delay time in undivided highway segments. This finding can be
explained by the effects of platoon length and the overtaking constraints inherent to undivided
highways. This result is consistent with realistic traffic flow expectations: longer platoons
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considerably reduce the opportunities for following traffic to overtake on undivided, single-lane-
per-direction roads.

When an eight-truck platoon occupies the lane, HDV's must wait for extended passing gaps,
causing local queuing and increased average delay. In contrast, when the number of trucks
allowed to form a platoon is restricted in Group A, shorter two-truck platoons in Group A create
more frequent overtaking opportunities, allowing general traffic to recover faster after
slowdowns or interruptions. Therefore, the higher delay observed in Model B is directly linked to
longer platoons acting as mobile bottlenecks on undivided segments. Model A’s shorter platoons
produced lower total delays, confirming that on constrained two-lane highways, platoon size
should remain limited to maintain operational fluidity.

Group A comparison of divided vs undivided segments and Group B comparison of divided vs
undivided segments
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Figure 34: Average delays comparison for Group A (with platooning regulations)
on divided and undivided segments across varying traffic inputs and truck percentages
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Group B - Divided vs Undivided
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Figure 35: Average delays comparison for Group B (without platooning regulations)
on divided and undivided segments across varying traffic inputs and truck percentages

The delay patterns in both Figure 34 and Figure 35 demonstrate a clear and consistent
difference between divided and undivided highways. Delays are significantly reduced on the
divided multilane segment in both Groups A (with regulations) and B (without regulations), and
they progressively rise with increased traffic volumes. In both comparisons, a truck percentage
of 50% creates higher delays than 20% at each traffic input level. This illustrates the
compounding effects of mixed traffic and few opportunities for overtaking: as trucks slow down,
lines quickly form behind them, constricting the flow of traffic.

Similarly in statistical results, both comparisons of segment types (divided vs undivided) for
group A and B exhibited significantly higher average delay on undivided segments compared
with divided ones. For Group A, the average delay increased from 106.71 s (divided segments)
to 255.19 s (undivided segments), resulting in a mean difference of 148.48 s (t =—4.89, p =
0.0009; d, =—1.55). For Group B, the average delay increased from 111.92 s (divided segments)
to 271.87 s (undivided segments), resulting in a mean difference of 159.95s (t=-4.94,p =
0.0008; d, =—1.56).

Therefore, both effects are statistically significant with very large effect sizes, indicating that a
multilane divided segment type produces a significantly greater improvement in performance
than a two-lane undivided segment type. The average reduction of approximately 150—160

seconds demonstrates that roadway geometry (corridor segment type) greatly impacts the delay
outcomes.
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Average Delay Comparison by Factors and Interaction Effects:

Group A (With Regulations) - Average Delay
(Color = Truck %, Hatch = Segment)
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Figure 36: Average delays comparison for Group A (with platooning regulations) across divided
and undivided highway segments for varying truck percentages and traffic input levels

Group B (Without Regulations) - Average Delay
(Color = Truck %, Hatch = Segment)
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Figure 37: Average delays comparison for Group B (without platooning regulations) across divided
and undivided highway segments for varying truck percentages and traffic input levels
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According to Figure 36 and Figure 37, undivided segments have substantially higher average
delays than the divided segments. The average delay difference between divided and undivided
segments grows dramatically with increasing traffic input. When traffic input exceeds 150
vehicles per hour, average delays increase sharply in undivided segments, while those in divided
segments increase gradually. The truck percentage also shows a disproportionate increase, from
20% to 50% generally.

Table 13: ANOVA Test Results for Average Delay Comparison by Factors and Interaction Effects

Effect Sum Sq Effect Size F p- Interpretation
M%) value

Group 1,196.95 0.008 0.265 0.610 Not significant

Segment Type 237,818.55 | 0.608 52.684 | <0.001 | Highly significant

effect

Group x Segment 329.13 0.002 0.073 0.789 Not significant

Type

Traffic Input 591,783.25 | 0.794 131.097 | <0.001 | Significant

Truck Percentage 85,808.73 | 0.358 19.009 | <0.001 | Significant

Similar to the average speed comparison, segment types (divided vs. undivided), traffic input,
and truck percentage are the three factors that had significant effects on the average delays,
according to the ANOVA test results shown in Table 13. The effect of regulation groups, A
(with platooning regulations) vs B (without platooning regulations), did not show a significant
difference (p = 0.610, n%, = 0.008). This is because the scale of the differences in average delay
caused by Groups A and B is minimal compared with the large effect sizes of the segment types,
traffic input, and truck percentages. Therefore, platooning regulations did not generate
significant changes at network-scale congestion levels. Traffic input had the strongest effect on
delay (n?% = 0.794), indicating that higher traffic input disproportionately increases delay, even
before the system reaches full capacity. This outcome aligns with established traffic engineering
principles and reflects the expected behavior of mixed traffic operation. In conclusion, segment
types (divided vs. undivided), traffic input, and truck percentage dominated the average delay
outcomes.

4.5 Results and Discussions (Safety Performance)

This section focuses on conflict-based surrogate safety outcomes generated using the SSAM.
Safety evaluation is performed across a full factorial combination of traffic input and truck
percentage, allowing systematic examination of how operating conditions influence conflict
patterns. The results from SSAM analysis for Group A (with regulations) and Group B (without
regulations) are summarized in Table 14.
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Table 14: SSAM Results

E 2 - %
= o = bl =
z % S Seo|luwzg| Bz |2
2 2 . % © 222 =8 |02
g - S g = SE| 28|58 | g%
S = = 58|58 |28 | 38
A 50 veh/hr | 20% | 13 0 0 12 1
(With Regulations) 50% | 12 0 3 9 0
100 veh/hr | 20% | 49 0 3 42 4
50% | 68 0 6 56 6
150 veh/hr | 20% | 397 0 26 348 23
50% | 342 0 25 310 7
300 veh/hr | 20% | 342 0 25 310 7
50% | 8,687 |0 334 | 8,216 | 137
400 veh/hr | 20% | 13,091 | 0 1,886 | 10,539 | 666
50% | 18,392 | 0 2,868 | 15,062 | 462
B 50 veh/hr | 20% | 5 0 0 3 2
(Without Regulations) 50% | 17 0 3 13 1
100 veh/hr | 20% | 89 0 4 80 5
50% | 89 0 7 78 4
150 veh/hr | 20% | 517 0 47 449 21
50% | 551 0 27 515 9
300 veh/hr | 20% | 5,824 | O 390 |5,224 | 210
50% | 11,233 | 0 302 10,811 | 120
400 veh/hr | 20% | 14,031 | 0 2,029 | 11,285 | 717
50% | 19,675 | 0 2,998 | 16,298 | 379
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4.5.1 Total Conflicts

Wireframe Comparison - Total Conflicts
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== Group B (without regulations)

35000
30000
25000
20000
15000
10000
5000

Conflicts

Figure 38: 3D wireframe comparison of total conflicts between Group A and B

Wireframe plots in Figure 38 demonstrate that Group A (with platoon regulations) have higher
total conflict counts than Group B, especially at traffic inputs of 300 vehicles per hour or more.
This reduction is caused by the stabilizing influence of longer platoons in the network. An eight-
truck platoon performs as a cohesive and predictable unit, which reduces speed variance and
minimizes overtaking maneuvers. Conversely, limiting platoons to two trucks, as in Group A,
produces a greater number of small platoons distributed throughout the network. The frequent
formation and dissolution of these small platoons generate more interactions with surrounding
traffic, increasing turbulence and the likelihood of conflicts. Consequently, the higher number of
small platoons directly contributes to the elevated conflict counts observed in Group A.
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QQ Plot of Residuals — Total Conflict
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Figure 39: QQ plot of residuals for total conflicts
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The Shapiro-Wilk test (p = 0.0925) supports the assumption of normality, and the QQ plot
(Figure 39) shows residuals closely following the theoretical diagonal, indicating acceptable
distributional symmetry and homoscedasticity.

Table 15: ANOVA Test Results Summary for Total Conflicts

Source Sum Sq df | F-Value P-Value
(PRF))
Group 5,658,352.2 1.0 | 12.093442 | 0.025408
Traffic Input 796,957,711.2 | 4.0 | 425.829001 | 0.000016
Truck Percentage 30,524,263.2 | 1.0 | 65.238676 | 0.001276
Group & Traffic Input 11,717,268.8 | 4.0 | 6.260750 0.051681
Group & Truck Percentage 315,005.0 1.0 | 0.673252 0.458002
Traffic Input & Truck Percentage | 46,717,352.8 | 4.0 | 24.961931 | 0.004337

The ANOVA results shown in Table 15 indicate significant main effects for Group (p = 0.025),

Traffic Input (p < 0.001), and Truck Percentage (p = 0.001). The Group X Traffic Input

interaction approached significance (p = 0.052), suggesting that platooning regulations’ impact
on total conflicts may vary across traffic demand levels.
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4.5.2 Crossing Conflicts

Wireframe Comparison - Crossing Conflicts
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Figure 40: 3D wireframe comparison of crossing conflicts between Group A and B

As shown in Figure 40, crossing conflicts followed a similar trend, with Group B showing lower
conflict values compared with Group A. The key factor driving this result is the temporal gap
structure created by platoons of different sizes. The long platoons in Group B pass through
crossing points as a single coordinated block, followed by a large, predictable gap in traffic.
Minor road vehicles typically adjust their behavior by waiting for the platoon to clear and then
accepting the large gap that follows, resulting in fewer risky crossing attempts.
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QQ Plot of Residuals — Crossing Conflict
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Figure 41: QQ plot of residuals for crossing conflicts

The Shapiro-Wilk test (p = 0.0332) indicates mild non-normality, which is visible in the QQ plot
(Figure 41) as slight deviations in the tails. Despite this, the residual distribution remains
approximately linear, supporting the robustness of ANOVA inference.

Table 16: ANOVA Test Results Summary for Crossing Conflicts

Source Sum Sq df | F-Value P-Value
(PR(>F))
Group 19,908.05 1.0 | 2.625292 0.180488
Traffic Input 18,165,841.30 | 4.0 | 598.886393 | 0.000008
Truck Percentage 233,928.45 1.0 | 30.848352 | 0.005143
Group & Traffic Input 26,579.70 4.0 | 0.876272 0.549386
Group & Truck Percentage 9,202.05 1.0 | 1.213482 0.332471
Traffic Input & Truck Percentage | 730,010.30 4.0 | 24.066776 | 0.004647

The ANOVA results in Table 16 show that Traffic Input and Truck Percentage both exhibited
strong effects (p < 0.01), while the Group effect was non-significant (p = 0.180). Crossing
conflicts are driven primarily by traffic flow dynamics rather than platooning regulations
implementation.

80 | Page



4.5.3 Rear End Conflicts

Wireframe Comparison - Rear End Conflicts
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Figure 42: 3D wireframe comparison of rear end conflicts between Group A and B

Figure 42 indicates that rear-end conflicts showed a strong dependence on platoon size, with
Group B consistently experiencing fewer incidents than Group A across all traffic conditions.
The frequency of rear-end conflicts was substantially higher in Group A, particularly under
conditions of high truck percentages and heavy traffic volume. Mechanistically, small two-truck
platoons create more interfaces where vehicles must adjust speeds when encountering or
catching up to these platoons. Rear-end collisions are more likely as a result of these interactions,
which intensify speed differentials and produce braking shockwaves that travel upstream. In
contrast, longer platoons formed in group B (without regulations) maintain more stable internal
spacing and impose steadier flow conditions on surrounding vehicles. The uniform speed and
synchronized behavior of long platoons reduce abrupt decelerations and mitigate the formation
of shockwaves, thereby reducing rear-end conflicts.

81 | Page



QQ Plot of Residuals — Rear End Conflict
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Figure 43: QQ plot of residuals by rear end conflict

The Shapiro-Wilk test (p = 0.2250) confirms residual normality, and the QQ plot (Figure 43)
shows points tightly aligned with the 45° line, suggesting that model assumptions were well
satisfied.

Table 17: ANOVA Test Results Summary for Rear End Conflicts

Source Sum Sq df | F-Value P-Value
(PR(>F))
Group A vs B 4,853,095.0 1.0 | 15.431436 | 0.017128
Traffic Input 541,333,800.0 | 4.0 | 430.321153 | 0.000016
Truck Percentage 26,625,090.0 | 1.0 | 84.660065 | 0.000775
Group & Traffic Input 10,249,570.0 | 4.0 | 8.147666 0.033238
Group & Truck Percentage 149,299.2 1.0 | 0.474728 0.528704
Traffic Input & Truck Percentage | 41,624,240.0 | 4.0 | 33.088256 | 0.002531

The ANOVA results in Table 17 show that significant effects were observed for Group (p =
0.017), Traffic Input (p < 0.001), and Truck Percentage (p < 0.001), along with notable Group &
Traffic Input (p = 0.033) and Traffic Input & Truck Percentage (p = 0.003) interactions. Rear-
end conflicts are significantly reduced with platooning regulation implementation, especially at
higher traffic inputs. This aligns with expectations, as automated following control stabilizes
headways and dampens stop-and-go oscillations.
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4.5.4 Lane Change Conflicts

Wireframe Comparison - Lane Change Conflicts
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Figure 44: 3D wireframe comparison of lane change conflicts between Group A and B

As shown in Figure 44, lane-change conflicts were consistently higher in Group A. The large
number of small platoons creates more platoon boundaries where passing and merging attempts
occur. Each two-truck platoon introduces two boundaries that vehicles attempt to overtake or
merge into, increasing the frequency of lane-changing maneuvers. By contrast, Group B forms
fewer but substantially longer platoons. This reduces the number of platoon boundaries and
therefore decreases the number of opportunities for lane-changing interactions to occur. In
addition, drivers are less likely to attempt overtaking an eight-truck platoon because the required
passing distance is considerably longer, making the maneuver more challenging and less
attractive. Overall, the reduced frequency of passing events around long platoons explains the
lower lane-change conflict rates observed in Group B.

Lane-change conflicts were consistently higher in Group A. The large number of small platoons
creates more platoon boundaries where passing and merging attempts occur. Each two-truck
platoon introduces two boundaries that vehicles attempt to overtake or merge into, increasing the
frequency of lane-changing maneuvers.

By contrast, Group B forms fewer but substantially longer platoons. This reduces the number of
platoon boundaries and therefore decreases the number of opportunities for lane-changing
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interactions to occur. In addition, drivers are less likely to attempt overtaking an eight-truck
platoon because the required passing distance is considerably longer, making the maneuver more
challenging and less attractive. Overall, the reduced frequency of passing events around long
platoons explains the lower lane-change conflict rates observed in Group B.

QQ Plot of Residuals — Lane Change Conflict
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Figure 45: QQ plot of residuals by lane change conflict

The QQ plot (Figure 45) reveals moderate skewness and heavier tails, consistent with the
Shapiro-Wilk result, suggesting that the variance structure may differ slightly across traffic
conditions. However, given the balanced design and relatively low F-ratios, ANOVA remains
appropriate for exploratory interpretation.

Table 18: ANOVA Test Results Summary for Lane Change Conflicts

Source Sum Sq df | F-Value P-Value
(PR(>F))
Group 1,201.25 1.0 | 0.463588 | 0.533326
Traffic Input 907,009.20 | 4.0 | 87.508606 | 0.000380
Truck Percentage 14,098.05 | 1.0 | 5.440742 | 0.080029
Group & Traffic Input 7,705.00 4.0 | 0.743381 | 0.609600
Group & Truck Percentage 6,230.45 1.0 | 2.404465 | 0.195928
Traffic Input & Truck Percentage | 59,940.20 | 4.0 | 5.783054 | 0.058795

The ANOVA results in Table 18 show that although traffic input remained significant (p <
0.001), Group had no effect (p = 0.533). Interactions were all non-significant. Lane change
conflicts are primarily influenced by flow intensity. This may reflect that platooning constrains
lane changes but does not eliminate lane-change-induced turbulence.
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In summary, the combined results suggest that truck platooning implementation meaningfully
influences rear-end and total conflict types, the categories most directly associated with
longitudinal vehicle control. However, crossing and lane-change conflicts remain largely
governed by exogenous traffic factors and driver behavioral variability. These findings highlight
that, from a surrogate safety perspective, permitting longer platoons may be advantageous on
rural highways if roadway geometry, traffic regulations, and communication systems can support
their safe operation.

4.6 Section Conclusion

This part of the project evaluates the operational and safety impacts of truck platooning on U.S.
Highway 287 in Wyoming, a rural corridor with limited overtaking opportunities. Using high-
resolution microsimulation and conflict-based safety analysis, the research assessed the effects of
roadway geometry, traffic demand, truck percentages, and platoon size regulations. Two
configurations were tested: Group A (maximum of two trucks on undivided segments) and
Group B (up to eight trucks). The findings offer practical guidance for evidence-based freight
and CAV policies, demonstrating that successful platooning requires a context-dependent
approach balancing mobility and safety.

Roadway geometry is the primary determinant of traffic performance. Multilane divided
segments consistently supported higher speeds (5—6 mph greater) and significantly lower delays
(150-160 seconds less) than two-lane undivided segments, highlighting the critical role of
overtaking opportunities and directional separation. On undivided segments where overtaking is
restricted, long platoons act as moving bottlenecks. Under these conditions, shorter two-truck
platoons (Group A) slightly but significantly improved mobility by reducing queues and delays
compared with eight-truck platoons (Group B). Furthermore, increased traffic inputs (exceeding
150 vehicles/hour) and higher truck percentages (from 20% to 50%) severely exacerbated
mobility penalties on undivided highways. Ultimately, long platoons are viable on divided
highways, whereas shorter platoons are necessary on undivided segments to maintain flow
quality.

The safety analysis revealed substantial differences based on platoon size regulations. Shorter
platoons (Group A) generated a higher number of total and rear-end conflicts, especially under
heavy traffic and high truck percentages. Numerous small platoons create more boundaries and
speed variability, which increases interactions with human-driven vehicles and leads to more
frequent braking events. Conversely, longer platoons (Group B) operate as stable, synchronized
units that smooth surrounding traffic flow and mitigate shockwaves, effectively reducing
longitudinal conflict risk. Lateral conflicts (crossing and lane-changing) were primarily driven by
overall traffic demand rather than platoon regulations. Therefore, while longer platoons enhance
longitudinal safety under heavy traffic, this benefit must be carefully weighed against their
operational drawbacks on constrained rural segments.

Despite its rigorous design, this part of the project has two primary limitations. First, the absence
of active truck platoon operations in Wyoming prevented the calibration and validation of the
simulation using real-world observed behaviors, traffic interactions, and safety outcomes.
Second, the simulations relied on idealized weather assumptions and did not account for severe
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weather conditions typical of Wyoming, such as snow, fog, and strong winds, which
significantly impact real-world traffic operations and safety.

To advance truck platooning research and deployment, future efforts should transition from fixed
restrictions to real-time, V2X-enabled (V2V and V2I) dynamic platoon management. This
approach would allow for variable lengths, adaptive gap-opening, and cooperative multi-step
overtaking. Furthermore, simulation models must be expanded to test platoons under stress
conditions like higher volumes, steep grades, and adverse weather, while incorporating mixed-
fleet dynamics and varied human driver compliance. Moving forward, these advanced modeling
efforts must be empirically calibrated and validated using real-world data from WYDOT
connected vehicle testbeds. Analysis should then be expanded statewide to fully evaluate
Wyoming’s infrastructure readiness. Finally, these technical evaluations should be paired with
comprehensive cost-benefit and policy analyses to quantify the trade-offs between fuel
efficiency, safety, and traffic delay, helping formulate practical and operationally relevant
regulatory recommendations.
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5. GAP OPENING CONTROL FOR TRUCK PLATOONS TO
FACILITATE OVERTAKING ON TWO-LANE HIGHWAYS

This section has been published as the paper “Gap Opening Control to Facilitate Human-Driven
Vehicle Overtaking of Connected and Automated Vehicle Platoons on Two-Lane Highways”
2025 IEEE 3rd International Conference on Mobility, Operations, Services and Technologies
(MOST), DOI: 10.1109/MOST65065.2025.00017. Slight modifications were applied to ensure
consistency in this report.

5.1 Introduction

Despite the advantages and benefits from the strategy of implementing truck platoons on
highways, connected and automated vehicle (CAV) platooning introduces new challenges,
particularly regarding its safe integration into mixed traffic environments shared with human-
driven vehicles (HDVs) (13, 18, 22, 73, 74, 80, 81). One of the most pressing concerns is that
HDVs often struggle to navigate around these closely spaced convoys. Safety risks are
heightened in situations where overtaking maneuvers are necessary (26, 87). The limited gaps
within the platoon can obstruct a clear path for human drivers. These risks are amplified on two-
lane undivided highways, where passing vehicles must share the same lane with opposing traffic,
making overtaking maneuvers both complex and hazardous (22, 74, 97, 117, 118).

The safety implications of overtaking platoons on two-lane highways bring the need for adaptive
strategies to accommodate HDVs. A key aspect of this challenge is to determine when and how
the platoon should dynamically adjust its formation to create a sufficient gap for overtaking.
Failure to provide adequate space could lead to incomplete overtaking and collisions with
oncoming traffic. Conversely, if the platoon splits unnecessarily, it may compromise the
efficiency benefits of platooning, undermining its primary advantage of reduced aerodynamic
drag.

Guided step-by-step overtaking is a potential solution to address the safety challenges in HDV's
overtaking of CAV platoons (124, 125). In guided step-by-step overtaking, the passing vehicle
overtakes part of the platoon in each step and overtakes the entire platoon with multiple steps. In
each step, the passing vehicle provides a message of where in the platoon is safe to merge into to
avoid collision with oncoming traffic. The message can be provided using indicator or message
sign displays on platoon vehicles or transmitted directly onto the passing vehicle’s in-vehicle
driver assistance devices (68, 97, 126, 127).

There are two major control tasks in guided overtaking of platoons: (1) determine a suitable gap
in the platoon for the passing vehicle to merge into; and (2) control the gap’s follower vehicle to
open the gap to a length that can safely accommodate the passing vehicle in a timely and smooth
manner. Prior studies have focused on either task but not integrating both. Existing research on
merge gap identification has focused on modeling and incorporating the passing vehicle’s
driving behavior in the overtaking platoon scenarios, formulating the problem from the passing
vehicle’s perspective, and developing algorithms to solve for optimal passing vehicle movements
to complete the step-by-step overtaking (124, 125). While providing a driver assistance solution
for the overtaking platoon problem is significant progress, to truly guarantee safety and
efficiency of step-by-step overtaking, more work can be done from the platoon’s perspective. An
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advantage to developing a platoon vehicle control solution for the overtaking problem is that
platoon vehicles are already equipped with CAV technologies, which provide the necessary
platform and resources for implementation of sophisticated control algorithms. Additionally,
existing gap opening controller designs are available and are developed based on the CACC
framework, although mostly for handling cut-in or on-ramp merging scenarios (/28—134). They
can be easily adapted to handle step-by-step overtaking once we incorporate scenario-specific
setup parameters and constraints in the control decision process. Our controller design considers
constraints such as the variability in HDV behavior, real-time adjustments to opposing traffic
dynamics, and the need to optimize platoon stability during gap opening.

This chapter’s objective is to address the technical challenges in accommodating HDVs in
overtaking CAV platoons by developing a platoon control strategy to identify the optimal gap in
a platoon to open in order to facilitate safe and efficient overtaking, as well as the optimal time to
start the gap opening maneuver. This chapter extends existing gap opening controller designs
from ramp merging applications in (/3/, /32) to the overtaking context, incorporating scenario-
specific dynamics and restrictions. The strategy consists of a set of algorithms that determine the
key parameters for gap opening (i.e., gap location, start and end times) based on real-time
dynamics of passing and opposing vehicles and the platoon vehicles, ensuring that the maneuver
can be completed efficiently and accurately without compromising safety. We focus on the
partial overtaking scenario, where the platoon temporarily adjusts to open a gap for a single
vehicle. We aim to provide a robust solution for this basic and more general problem so it can be
further expanded to resolve more complex problems of step-by-step and multi-passing-vehicle
step-by-step overtaking of platoons on two-lane undivided highways.

This chapter is followed by the formulation of a research problem in Section 5.2. Section 5.3
introduces the details of control strategy design, including algorithms for determining optimal
gaps to open and optimal gap opening start time. Section 5.4 presents simulation results and
discusses the performance and potential further improvements of the control strategy. Section 5.5
concludes the chapter and provides recommendations on applications.

5.2 Problem Statement

Overtaking a platoon involves critical challenges, including ensuring safe interactions of the
passing human-driven vehicle (HDV) with opposing traffic and the control reliability of a
vehicle platoon when opening a gap to accommodate the passing vehicle. Therefore, a robust
strategy is needed for guiding the passing vehicle during overtaking of a platoon and
simultaneously providing a safe space for the vehicle to merge into the platoon.

Assumptions used in this chapter of the report are:

1) Only the platooned vehicles are CAVs with CACC capabilities, and all other vehicles are
HDVs without any active data sharing with the platoon vehicles. All vehicle kinematics of the
HDV are assumed to be detected by the platoon vehicles and used in the CAV platoon’s control
decision making. The CAV platoon provides guidance messaging to the passing HDV, which is
assumed to follow the guidance when overtaking.
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2) The scenario of overtaking on a two-lane undivided highway has a similar merging maneuver
with the on-ramp scenario, but the constraints considered in selection of merging gap are related
to the movement of vehicles in the opposing direction and not static geometric constraints.

3) Considering that a passing vehicle starts its overtaking maneuver near the tail of a platoon, the
platoon can start guiding the passing vehicle when it is still following the tail.

Therefore, in circumstances where the passing vehicle has a clearance to overtake multiple
platoon vehicles, the spatial and temporal clearances should allow us to optimize the control
strategy to maximize accuracy and reliability.

Variables used throughout this section and their definitions are listed in Table 19.
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Table 19: List of Variables and Definitions

Variable Definition
a;(t) Acceleration of i-th platoon vehicle
d;(t) Gap between i-th and (i — 1)-th platoon vehicles
d,;(t) Desired gap between i-th and (i — 1)-th platoon vehicles
eri,ez;,and e3; | Gap, speed, and acceleration errors of i-th platoon vehicle
pred Vehicle trajectory prediction error
Y;(t) Gap opening term of i-th platoon vehicle
Yini and Yen g Initial and final gap increase
Jervor Gap opening controller error of the k-th platoon vehicle
k ID of the platoon vehicle to be primarily controlled to open gap between itself
and its preceding vehicle
ky and kg4 Control gain parameters
L; Summation of platoon vehicle’s length, standstill distance, and following gap
A Polynomial fitting weight decay parameter
n Platoon size (total number of vehicles in the platoon)

qp(t) and q,(t) | Position and predicted position of passing vehicle

qo(t) and qg(t) | Position and predicted position of opposing vehicle

q:(t) and g7 (t) Position and predicted position of platoon head (front bumper of 1* platoon

vehicle)
Qp» Qo and Q; Sets of passing, opposing, and platoon vehicle position data
teurrent Current time
tend Time to complete merge of passing vehicle, also time to complete gap opening
tstart Time to start gap opening
T Platoon vehicle driveline dynamics parameter
U; Control input of i-th platoon vehicle
v;(t Speed of i-th platoon vehicle
w; Weights of the i-th data point of polynomial fitting

Guided step-by-step overtaking of a platoon is an operation for a situation where a passing
vehicle attempts to overtake a multi-vehicle platoon on a two-lane undivided highway but cannot
complete it in one step due to restrictions from opposing traffic. The step-by-step operation
allows the passing vehicle to overtake part of the platoon (i.e., m out of n vehicles, where n is
the size of the platoon and m <n) in one step and complete overtaking the entire platoon (of n
vehicles) in multiple steps. In each step, the passing vehicle is guided by messages sent by the
platoon indicating when it is safe to start passing and where it is safe to merge. Each step is a
basic scenario of “single vehicle overtaking part of a platoon,” as shown in Figure 46. To safely
accommodate the passing vehicle in each basic scenario, the platoon tracks and predicts all
vehicle trajectories to determine the gap position as well as the start and end times for gap
opening. Since the control strategy operates iteratively in real time, the trajectory predictions and
outputs are updated at each time step.
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At t_start,

Figure 46: Illustration of the “single vehicle overtaking part of a platoon” scenario and the gap
opening problem. Parameters in the figure: t,+ and tend are time points to start and end the gap
opening process; q,(T) and qo(T) are the distances covered by passing and opposing vehicles by time T,
respectively and b is the safety buffer distance between the two vehicles.

5.2.1 Identifying the Gap

Identifying the gap is the first important task of the opening strategy. We define sets as:

Qp = {Qp(t) |0 <t < teurrent) [5-1]
Qo = {CIo(t) |0 <t < teurrent} [5-2]
Q: = {Qt(t) |0 <t < teurrent) [5-3]

Representing real-time position data of the passing, opposing, and platoon vehicles. Predictions
of positions at a future time point T > t.,,-rent Can be obtained at each t.,,rens and are denoted
by q;(T), qo(T) and q; (T). We assume that to avoid collision, the passing vehicle needs to
complete merging back into its original lane and still is away from the opposing vehicle by a
certain distance, b. Therefore, by the end of the scenario described, we have a relationship of
qo(T) — q5(T) — b = 0 . Using the relationship, we can determine if the passing vehicle can
complete overtaking the entire platoon or if a gap needs to be opened in the platoon to safely
accommodate the passing vehicle.
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5.2.2 Opening the Gap

In Figure 47, we can see the variables in maintaining a platoon’s inter-vehicle following gap.
The gap is between two adjacent vehicles, a preceding vehicle (i — 1) and a follower vehicle i.

__ v;(t) 2 Vi—1(t)
: i-1 Z
R -
|

- >l >
A r ]H’,‘(f) )i

Figure 47: Following gap between two adjacent platoon vehicles and relevant variables. Parameter

in the figure: l; and 1;_; are lengths of the follower and preceding vehicles, v; and v;_; are their speeds,

d; i (1) is the desired following gap, r and h are standstill distance and tie gap, respectively. These terms
were adapted from (131).

A CAV platoon using CACC keeps a constant time gap h as short as 0.3—0.5 seconds. The actual
gap is the sum of a constant standstill distance r and the multiplication of constant time gap and
vehicle speed hv;(t). To open the gap, we must add an extra distance upon the existing
following gap. We can achieve that by setting up a function of desired following gap d, ;(t),
which consists of  + hv;(t) and a term for additional gap length, y(t), and increasing y(t) over
time, until the gap is large enough to safely accommodate the passing vehicle. The desired gap
size can be predetermined based on platoon speed and a typical time gap that is comfortable for
human drivers (e.g., 2-3 seconds).

5.2.3 Optimizing the Process

As mentioned in the assumptions, the gap opening process can be optimized to ensure maximum
control accuracy and reliability. The potential parameters for implementing gap opening control
are the gap location and gap opening start and end times. The gap location is denoted by k,
representing the gap between the (k — 1)-th and k-th platoon vehicles. The start and end times
are denoted by tg; 4+ and t,.,q. Given that the gap selection process will determine k and t,,,4,
we identify a trade-off, with respect to ts 4., between the gap selection accuracy, gap opening
control reliability, and platoon string stability. With the trade-off identified, we can add an
optimization component to the control strategy to determine the optimal tg; 4.+, as shown in
Figure 48. The cost function is formulated as:

ming, . — Qtseare + Blerrork (Estart) + 0Jss(Estart) [5-4]

to reflect the trade-off, where Jorror k (tstare) and Jss(tseqre) are the error generated by
controlling the k-th platoon vehicle for gap opening and the error generated by k-th vehicle’s
follower vehicles for assessing string stability; the parameters o, B, and 0 are weights on the three
cost terms. By solving the optimization problem, we can obtain a tg,,+ that minimizes the
overall cost.
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Figure 48: The gap opening decision-making process. Arrows indicate data flows
5.3 Control Strategy

This sub-chapter presents details of the platoon gap opening control strategy designed for the
scenario of a single vehicle overtaking part of the platoon. The control strategy is explained in
three different sections: Gap Selection, Gap Opening, and Optimal Start Time for Gap Opening.
At the end of this subsection, we will talk briefly about the control strategy as a whole.

5.3.1 Gap Selection

In this subchapter, we are going to discuss real-time merge gap identification; first we are going
to work from the point where, as assumed, the platoon is equipped with sensors that track the
passing and opposing vehicles’ positions in real time. The positions are used in predicting
passing and opposing vehicles’ trajectories, which are fitted as fifth-degree polynomials, as what
has been implemented in prior research for modeling vehicle longitudinal trajectories (133, 136).
Higher-degree polynomials are not used to reduce risk of overfitting. The polynomials are:

qp(t) = ait® + ayt* + azt? + ast? + ast + a, [5-5]

q5 (1) = Bit> + Bot* + Bat® + Bat? + Bst + B [5-6]

where a1 ... as and B1 ... Bs are coefficients of the passing and opposing vehicle polynomials,
respectively.

The polynomials are fitted in real-time using the exponentially weighted least squares method.
The objective function for the polynomial fitting is to minimize the weighted least squares error:

Jpoty = Xi=a wi(q(t) — q*(t))? [5-7]

where n is the total number of data points; w; is the weight of the i-th data point defined as w; =
g ~Altcurrent=ti) \ith ] a weight decay parameter controlling how quickly older data points lose
importance, and t.yrrent the current time; and q(t;) and q*(¢;) are the true and polynomial-
estimated vehicle position of the i-th data point (i.e., time point t;).
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For the passing vehicle to safely complete an overtaking or partial overtaking, we need to make
sure that the passing vehicle safely returns to its original lane before the opposing vehicle
reaches the same position. So, the positions of the two vehicles have the following relationship at
the time point tapg:

qo(tend) - qp(tend) =b [5-8]

where q, (tong) and q,(tenq) are the positions of opposing and passing vehicles at time point
tend, and b is a safety buffer distance, which can be preset as a constant.

We can use the predicted passing and opposing vehicle trajectories and the above relationship to
solve for the time t,,,;, which would be the time the passing vehicle should complete the
merging into a gap in the platoon or in front of the platoon head.

From time point 0 to time point t,,4, the platoon is also assumed to be able to track its own
moving trajectory and predict the platoon head position at time t.p,4, qfteng. Assuming that if
vehicles in the platoon are the same length, we can then identify the k-th vehicle, which is the
follower vehicle of the merge gap for the passing vehicle to avoid collision with opposing traffic:

k= (qz(tend)_q;(tend))

i

+1 [5-9]

Where L; = l; + r + hv; is the “footprint” of a platoon vehicle. It is the sum of each platoon
vehicle’s length, [;, standstill distance, 7, and following gap, hv;, determined by the platoon’s
constant time gap following policy, h, and the vehicle’s speed v;. If k < 1, the passing vehicle
can safely overtake the entire platoon.

Pseudo code of the gap selection algorithm is presented in Algorithm 5-1. The algorithm takes
inputs of the current time t.,;-rent» Step size At related to sensor sampling rate i in Hz, sets of
passing and opposing vehicle positions:

Qp = {qp Mo=st< tcurrent} [5-10]

Qo = {CIO Mo<st< tcurrent} [5-11]

That are functions of platoon position g¢ (t), which is assumed to be readily available for the
platoon controller, passing opposing safety buffer b, exponential weight decay parameter A for
polynomial fitting, and platoon vehicle’s footprint L;.

The outputs are the gap identifier k and the gap opening and passing vehicle merge end time
tena- Algorithm 5-1 consists of major steps, including fitting the passing and opposing vehicle
polynomials, solving for t,,4, and calculating k.

Next, we will discuss the complexity that Algorithm 5-1 can adopt, the terms that it is based on,
and how it is developed. The relevant inputs affecting complexity are s and the sets of Q,, and
Q,, the size of which can all be represented by: s + 1 = |t yrrent/At| + 1, with step size At. The
operation to check if t4,., < 6 has a complexity of O(1). The polynomial fitting steps involve
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fitting a polynomial function of degree d, and the complexity is typically O(d?), where d =

5 under the current setup, and d < s. Assume that m is the number of iterations required for
solving the equation qg(tenq) — qp(tena) — b = 0 for t,,q4, then the process costs O(m).
Evaluating polynomial values q; (tenq) and qp(tenq) have a complexity of O(d), and the final
calculations of q; (tenq), k, and others have a complexity of O(1). Therefore, the overall
complexity is primarily determined by polynomial fitting (O (d)), equation solving (0 (m)), and
processing the dataset (O(s + 1)). We can expect that d < s + 1 and m < s + 1, thus the
complexity of Algorithm 5-1is O(s + 1), where s is dependent of At determined by sensor
sampling rate in Hz. For a sampling rate of 1 Hz (1 sample per second, i.e., At = 1 s), the
complexity would be O (toyrrent + 1). Since toyprent + 1 < teng, the final complexity is

O(tend)‘

Algorithm 5-1. Gap Selection
Input: tcurrentlAt: Qpr QOr q{?(t), b: /‘i, Li
Output: Predicted gap k and merge time t,,4 for the current time ¢,y rent

S < |tCUTT€Tlt/At|
if s+ 1 < 6 then

Return None, None = Not enough data for fitting
end if

Fit polynomial gy (t) with (Q,[0: s], )

Fit polynomial g (t) with (Q,[0: 5], 2)

Solve for tepng form qg(tena) — q; (tena) —b=0
if q; (tena) > qp (tena) then

k < [(q;(tend) - qz;(tend)) /Li]
else

k<1

end if

return k, t,,q

We now move on to the accuracy of gap selection. We can state that at each time point, t < t 4,
Algorithm 5-1 iterates once to identify the merge gap, k, and time to complete the merge, t,,,4-
We noted that as (t,,q — t) reduces, meaning that t is moving closer and closer to t,, 4, the
accuracy of gap prediction improves, thus we formulate the following subroutine as a small
proposition:

At time t, if we determine the gap to open and start the opening maneuver, we will base our

decision on the passing and opposing vehicle polynomials fitted at time ¢ and their
corresponding predictions of te,4 and g, (tenq)- The prediction error can be expressed as:

€pred = Zifﬁ?(%(ti) - q;(ti))z = teng [5-12]
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where g, (t;) and g, (t;) are the true and predicted positions of passing vehicle at time point t;.

As t moves closer to t,, 4, the number of time points between t and t,,4 reduces, so the number
of terms in the error summation reduces, thus, the prediction error decreases. This analysis shows
that the later the gap is selected before time t,,4, the more accurate the selection will be.

5.3.2 Gap Opening

First, we need to discuss the vehicle model and controllers: The vehicle dynamics, error
dynamics, and control law designs are adopted from (/317, 132, 136), for a CACC-based vehicle
platoon gap opening to handle on-ramp merging scenarios.

The vehicle dynamics are modeled as follows:

q:(t) = v; (1) [5-13a]
di(t) = v;_1 () — v;(0) [5-13b]
Vi (t) = a;(t) [5-13c]
a;(t) = zw;(t) — 2 (t) [5-13d]

The desired inter-vehicle following gap based on the constant time gap policy is:
dri(t) =7+ hvi () + y:(t) [5-14]
where y;(t) is a term of increased gap, which is adjusted by the gap opening controller.

The error is defined as e; = d; — d,.;. The error states are [e;; e,; e3;] = [e;, é;, €;] The error
dynamics of the controller are:

e = d; — dy [5-15a]
€2i =Vi-1— Vi~V — hg [5-15b]
esi=ai1—a(1-7) =7~ T [5-15¢]
é3; = —593,1' + %ui—l - %fi [5-15d]

Where &; = h;ju; + u; + ¥; + t¥;. By designing the function as: §; = kyeq; + kgez; + u;_q,
with control parameters k,, and k4, the control law is derived as:

L1 e
U= (kper; + kaesi + ui—y — wi; — ;) [5-16]
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Here, it is important to underscore the gap opening term, which will be represented as y. The y
trajectory is modeled as a fifth-degree polynomial to ensure C? continuity, so that the third
derivative, ¥, can be obtained at all times (/37). For this particular section, coefficients in the y
function are preset or calculated based on specific constraints of the vehicle overtaking platoon
scenario.

Y(t) = c1 + ot + c3t? + cyt3 + cst?t + ct® [5-17]

The coefficients (c) are:

€1 = Yini» €2 = Vini» €3 = 0.5Vini, [5-18a, b, c]
€y = 20(Vend_Vini)z_;:(4’7ini+T7ini) [5-18d]
cs = —30(Vend_yini)2_T7;(167ini+3T'yini) [5-18¢]
co = 12(Yend—Vini)z—TZ(GT/ini+Ti7im') [5-18f]

where T = tonq — tseare 1S the amount of time between the start and end of the gap opening
process.

The controller is designed to reach y,,4 at time t,,4, so that the preceding ((k — 1)-th) and
follower (k-th) vehicles should be able to accommodate the passing vehicle in between. For gap
opening, the initial y value is set to y¥;,;= 0. The final y value, Y., 4, 1s preset based on the length
of passing vehicle and typical following gaps that human drivers feel comfortable with (e.g., 2—3
seconds).

The gap opening end time, t,, 4, is determined by Algorithm 5-1 based on vehicle trajectories in
the overtaking process, and tg:,,+ Will be determined by solving the optimization problem of
balancing the trade-off between gap selection accuracy, control error, and platoon string stability.

The next step is the controller error and string stability: The gap opening controller follows a
feed-forward design and increases the gap between the k-th and (k — 1)-th platoon vehicles by
slowing down the follower, k. As the maneuver tries to follow a desired gap-increase trajectory,
the induced errors between the actual and desired trajectories should be assessed.

Over the period between the start and end times of the gap opening maneuver, ts; 4+ and tenq,
the controller error can be measured as a root mean squared error (RMSE):

tend v3 2
ffstart Li=1 ei'k(t)dt

[5-19]

tend—tstart

]error,k (tstart) = j

where k indicates the k-th vehicle in the platoon, which is the primarily controlled vehicle to
achieve gap opening.
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As the k-th vehicle reduces speed to open its following gap, the platoon vehicles following the
k-th vehicle (i.e., the (k + 1) th, (k + 2)-th, ..., and n-th vehicles) are disturbed. Following the
CACC control dynamics, the follower vehicles will need to adjust their speed along with the k-th
vehicle. Considering potential error propagation, we want to make sure that the gap opening
process does not cause a significant disturbance and the platoon stays string stable. String
stability can be quantified by measuring the amplification of velocity errors between consecutive
vehicles and the propagation of position or gap errors over time. For simplicity, we can measure
the sum of follower vehicles’ control errors as follows and ensure the gap opening process
minimizes it.

Jfemd 53 e (t)at
tstart 174) [5_20]

tend—tstart

Jss(Estart) = ?=k+1\/

Instead of having an increasing y (t) in the desired following gap and error dynamics, the
follower vehicles use regular CACC error dynamics as the model adopted from (7/36), with
y(t) = 0, aiming to keep a following gap of d,.; = r + hv; with their corresponding
preceding vehicles. The control law is instead u; = (kp ey tkgey; +uj—q — ul-) /h.

5.3.3 Optimal Start Time for Gap Opening

We need to state the optimal start time for gap opening in different stages: formulation of
optimization problem, complexity of Algorithm 5-2.

Formulation of optimization problem: At each current time point, ty,rent, during the
overtaking process, before the passing vehicle reaches the gap determined by Algorithm 5-1 as
the safe merge gap, we need to decide on a time point, denoted by tg:,,¢, to start the gap opening
maneuver. The value of t ., affects the accuracy of gap selection as well as the controller error
and platoon string stability; we formulate the following optimization problem to determine the
optimal tgp gt

min ¢, = tstare + Blerrori (tstare) + 0Jss(Eseart) [5-21a]
S.t teurrent < Ustart < tend [5-21b]

The a, B, and 8 parameters are weights on corresponding parts of the objective function that
represent gap selection accuracy, gap opening controller error, and control error related to string
stability, respectively. The optimization problem is solved concurrently with the gap selection
algorithm and a simulation of the gap opening controller. The gap selection algorithm provides
real-time estimation of t,, 4, and the controller simulation provides estimations on errors and
string stability effects. To solve the optimization problem, sequential quadratic programming
(SQP) is used to handle the dynamic constraints.

Pseudo code of the optimization process to determine optimal tg;4,¢ 1S shown in Algorithm 5-2.
At each time step, Algorithm 5-2 runs concurrently with Algorithm 5-1. Algorithm 5-2 takes
inputs of the current time ¢ ,;-rent> gap opening end time tend determined by Algorithm 5-1,
platoon following time gap h, standstill distance 7, vehicle driveline parameter t, weights
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objective function terms a, 3, and 0, final gap increase Y., 4, k-th platoon vehicle initial state
[qrdiviaxug], and control parameters k,, and k4. The output is optimal gap opening start time

tstart optimal- The primary steps in Algorithm 5-2 are those of solving the optimization problem
using sequential least squares programming (SLSQP).

Algorithm 5-2. Optimal Tg4p¢
Input: t.yrrents tenas b 7, T, @, B, 6, Venq, initial state [qdy v axuy], parameters k,
kq
Output: Optimal start time tsqrt optimat-

if t,q = None AND ¢, rent < teng then
Define constraints:

teurrent < Ustart < lend
Define objective function:

J(Estart) = —tseart + Blerror ik (Estart) + 0Jss(Estare)
where J,,-ror: integrated error based on system dynamics.
Solve optimization problem using SLSQP:
Minimize ] (ts:qr¢) Subject to constraints.
Obtain optimal tstare: Estart_optima

if tcurrent = tstart_optimal then
return None

end if

else
return None

end if

return tgiqrt optimai

Complexity of Algorithm 5-2: The key variables or components affecting complexity of
Algorithm 5-2 are tonq, Jerror (Estart)s Jss (Estare), and the SLSQP algorithm. The initialization
of tseart initiqr has a complexity of O(1). The objective function involves three terms: (1) a linear
term of —atgq,+ With complexity of O(1); (2) an error term of Joppor (Estqre) With its complexity
depending on the evaluation of system dynamics, which we can denote as C,;-,,-; and an string
stability error term of Jopyor (Estart), With a complexity depending on (n — k)Copror, Where n is
the total number of platoon vehicles, k is the gap opening platoon vehicle, and (n — k) is the
number of follower vehicles behind k. Based on the system dynamics, Cprror = O((toena —
terare) /AL), with step size At related to the sensor sampling rate in Hz. The complexity of the
SLSQP algorithm is related to the number of iterations required by the optimizer, m, and the cost
of evaluating Jt .+ in each iteration, C,,4;. Thus, the SLSQP complexity is O(m -+ Cppq). We
assume that:

Coval = (n -k + 1) * Corror = 0(("' -k + 1) ) (tend - tstart)/At) [5-22]

then the overall complexity of Algorithm 2 is:
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O(m ' (n -k + 1) : (tend - tstart)/At)
[5-23]

For a sampling rate of 1 Hz (i.e., At =1 s) and assuming t.,;rent =0, m =1, and k = 1, the
complexity is O(n - t.nq), related to the size of platoon and passing vehicle merge time.

5.3.4 Control Strategy as a Whole

The gap opening control strategy as a whole determines k, t,,4, and t 4.+ iteratively in real
time, from when a passing vehicle starts to overtake the platoon until tg 4.+, during which
Algorithm 5-1 and Algorithm 5-2 are called at each time point. The process is presented as
pseudo code in Algorithm 5-3. The algorithm takes all inputs needed for Algorithms 5-1 and 5-
2, and generates outputs of k, t,,4, and tg 4+ Optimal. Algorithm 5-3 runs iteratively until

teurrent 2 Ustartoprimar and the gap opening controller will start executing the actual gap

opening maneuver between the k-th and (k — 1)-th platoon vehicles.

The complexity of Algorithm 5-3 is analyzed as follows. The whole loop iterates when

teurrent = tena SO the number of iterations N = topq — tourrene. Algorithm 5-1 and
Algorithm 5-2 have complexity of O (teyrrent/At) andO(m - (n — k + 1) - (tepa —
teurrent)/AL), respectively, and are called in each iteration. Therefore, the overall complexity of
Algorithm 5-3is O(N - (teyrrent T M- (M —k + 1) (tena — tewrrent))/At). For At = 15,
and assuming m = 1and k = 1, the overall complexity would be about O(n - t2,,).

Algorithm 5-3. Gap Opening Decision

Input:

For GapSelection: teyrrent, At, Qp, Qo, q: (£), b, 4, L;

For OptimalTstart: teyrrents tena, 175 T, @, B, 0, Yenar (ks ks Vie» Ak, Uk, kp, kg
Olltpllt: k; tend, tstartoptimal

Initialize: ¢, rent < 0; tong <« Lk < 1

While ¢t rent < teng do

k, t.nq < GapSelection (tcwrent,At, Qp, Qo qf(t)), b, A, L;)

— OptlmaIStart tendr h, rT,Q, ﬁ, 8, Yend» [qk' dk, Vg, Ak, uk], kp, kd

tStartoptimal
Increment ¢y rent < tewrrent + 1
end while

return k, t,,4, tstartoprimal

5.4 Simulation
5.4.1 Simulation Setup

We present a numerical simulation to show how the gap opening control strategy works. In the
simulation scenario, a vehicle following a platoon of n = 5 vehicles on a two-lane undivided
highway starts to overtake the platoon. The parameters used to initiate the simulation are listed in
Table 20. In this simulation, the following assumptions are made to simplify the scenario and
provide a clear illustration of the results: (1) the platoon moves at a constant speed; (2) the
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passing and opposing vehicles maintain constant acceleration and deceleration, respectively; and
(3) the buffer distance between the passing and opposing vehicles is set to 0 m.

Table 20: Parameters Used in the Simulation Setup

Parameter Definition
Platoon head initial position q:(0) =200m
Platoon size n = 5vehs
Platoon vehicle length Li=15m
Platoon time gap h=0.75s
Platoon standstill distance r=5m

Platoon speed

ve(t) =20m/s

Platoon head trajectory

q:(t) = q:(0) + v, (0)t

Passing vehicle initial position

qgp(0)=0m

Passing vehicle initial speed

v,(0) = 22m/s

Passing vehicle acceleration

a,(t) = 0.05 m/s?

Passing vehicle trajectory

4y (t) = q,(0) + v,(0)t + 0.5a, (t)t?

Opposing vehicle initial position

q,(0) = 2,000 m

Opposing vehicle initial speed

v,(0) =20m/s

Opposing vehicle deceleration

a,(t) = —0.03m/s?

Opposing vehicle trajectory

q,(0) = qo(0) —v,(0)t — O-Sao(t)tz

Passing-opposing buffer

b=0m

Polynomial fitting wight decay parameter

A=0.1

Driveline dynamics parameter

T = 0.1; Source: (/31)

Control gain parameters

k, =0.2; kg = 0.7; Source: (/31)

Initial and final gap increase

Yini = 0M; Yepg = 65m

Optimization objective weights

a = 0.05; f = 0.50; 6 = 0.45

5.4.2 Results

Figure 49 shows the time-position diagram that indicates the trajectories of platoon vehicles as
well as the passing and opposing vehicles. As we set b = 0, the intersecting point between the
passing and opposing vehicle trajectories is where—in time and position—the passing vehicle
needs to completely merge into the platoon to avoid collision with the opposing vehicle. The
gap-selection Algorithm 5-1 predicts the vehicle trajectories at every time step and the
intersecting point, and generates the outputs, t,,4 and k, which are the time to complete merge
and the gap (between the k-th and (k — 1)-th platoon vehicles) to use for the merge,
respectively. In the simulation, Algorithm 5-1’s prediction of t,,,; = 47.09 s stabilized from
teurrent = 5 s, and the predicted gap location is k = 3 (i.e., between the 3rd and 2nd platoon
vehicles). The k-th vehicle then has two followers, k + 1and k + 2.
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Figure 49: Simulated vehicle trajectories and merge gap

While Algorithm 5-1 is predicting t,,4 and k at every time step, Algorithm 5-2 determines the
optimal tg,,. Figure 50 presents the optimal tg; 4.+ at every time step until the 16th second. The
results were based on unstable trajectory prediction for t,yrene = 0 to 5 s, and the optimal tgp 4t
stayed at 16.12 s afterwards. Therefore, the controller should start opening the gap at t.y;rent =

16.12 s.
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Figure 50: Optimal tg;,; determined at each time point
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The optimal tg 4.+ 1s determined based on the cost function and constraints (Equations 5-21 a
and b) to balance the trade-off between gap prediction accuracy and gap opening control and
platoon string stability errors. Figure 51 shows the simulated controller dynamics for ts; g+ =
16.12 s and t,,4 =47.09 s. We observe that the simulated “actual” gap trajectory closely follows
the desired trajectory; the acceleration of the follower (k-th platoon vehicle) also closely follows
the control input, leading to a smooth change in its speed and achieves the goal of gap opening
within the 30.97 seconds between tg 4+ and top4. The (k + 1)-th and (k + 2)-th vehicles
adjusted their speeds and accelerations following the k-th vehicle and maintained their following
gap well without a large deviation from 20 m. The following disturbance dissipates quickly after
tena, Which is observed from the velocity and acceleration/control dynamics plots.
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Figure 51: Gap, velocity, and acceleration/control dynamics,
with optimal tg, .« =16.12 s and te,q =47.09 s
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To verify that ts 4+ = 16.12 s is the optimal start time of the gap opening maneuver given a
determined t,, 4, we compare the controller dynamics and error results from using ts; g = 16.12
s with those from using ts;q+ = 20 s, 25 s, and 30 s. The comparison is shown in Figure 52,
from which we observe that the controller error Jgyyor i Increased from 0.44 to 0.73, 1.90, and

44 35 as tgy 4yt increases. The string stability related error ¢ increased from 0.0000 to 0.0001,
0.0004, and 0.0180. The increased errors can also be observed from the vehicle gap, velocity,
and acceleration/control dynamics. As we use errors in all three dynamic measures in the
calculation of Jgyror k and Jgs, the significant change in gap dynamics from an early start to a late
one primarily contributes to the change in those errors, which can be viewed in the side-by-side
comparison of the gap dynamics plots. We also observe increased oscillations in the vehicle’s
velocity and acceleration with delayed tg;4,+. These simulation results show again that as tgq,¢
moves closer to t,,4, the controller will start struggling to fully open the gap and maintain string
stability within the more limited amount of time.
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Figure 52: Comparison of vehicle dynamics and gap opening controller and string stability errors
with different tg;,,: and the same t.,q =47.09 s
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5.4.3 Discussion

As shown by the simulation results, the proposed algorithms successfully provided suggestions
of optimal gap location and start and end times for gap opening based on predicted passing and
opposing vehicle trajectories. The amount of time between the tg;4,+ and t,, 4 determined by the
algorithms is enough for the gap opening controller to smoothly conduct the maneuver, with
minimal control error and impact on string stability.

There are some challenges the proposed Algorithm 5-1 and Algorithm 5-2 face and could be
further addressed in future work:

1) Fitting a 5th degree polynomial of the position-time trajectories of passing and opposing
vehicles is only one method of tracking and predicting the vehicles” movements. Predictions
based on those polynomials may not be accurate if adversarial movements such as frequent
acceleration changes occur. We used an exponentially decayed weighting method to address the
issue, but techniques such as incorporating physical models or Kalman filter into polynomial
fitting will be tested in future studies.

2) To determine the optimal start time tg;4,+, the objective function can incorporate other types
of costs such as energy consumption and emission-related costs. We only considered the gap
prediction inaccuracy and gap opening control and string stability error costs because we found a
significant trade-off relationship with regard to ty,,+ between those costs. To incorporate other
costs, the relationship between the newly introduced costs and existing ones needs to be
investigated.

3) For simplicity, the proposed algorithms use the same t,,4 as the end time of both the passing
vehicle merge and platoon gap opening maneuvers. For a more sophisticated decision process,
the gap opening maneuver can be restricted to complete just before the start of the passing
vehicle’s merging maneuver. To achieve that, the algorithms need to incorporate prediction of
the passing vehicle’s lateral movement. Polynomial fitting techniques similar to what is used for
longitudinal trajectory prediction may be investigated to examine feasibility for lateral trajectory
prediction.

5.5 Section Conclusion

The proposed control strategy for guided step-by-step overtaking of CAV platoons on two-lane
undivided highways demonstrates its effectiveness in addressing the safety and efficiency
challenges posed by mixed traffic environments. Through simulation, the gap-selection
algorithm successfully identified the optimal location and duration for gap opening to ensure that
passing vehicles could merge safely into the platoon. The optimization algorithm determined
optimal timing for initiating the gap opening maneuver, balancing the trade-off between gap
prediction accuracy, controller performance, and platoon string stability. The results confirm the
feasibility of implementing the proposed solution in CAV platooning systems to ensure safe
integration with HDVs. In addition to the promising performance of the proposed control
strategy, we also identify directions for future improvement. Enhancing trajectory prediction
accuracy through advanced methods such as incorporating physical models or Kalman filtering
could mitigate errors in adversarial traffic conditions. Expanding the cost function for optimal
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start time to include considerations like energy efficiency and emissions would further refine the
system’s effectiveness and sustainability. Additionally, separating the end times of the gap
opening and merging maneuvers by integrating lateral movement predictions could optimize
maneuver coordination and reduce unnecessary delays. By addressing these challenges, future
research can build upon the foundational framework established in this part of the project to
develop more comprehensive and adaptive solutions for safe and efficient CAV platooning in
diverse traffic environments.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Discussion of Findings

The findings of this research highlight a fundamental tension between the operational
efficiencies of automated truck platoons and the geometric limitations of rural, two-lane
undivided highways. The analytical overtaking models demonstrated that as platoon length
increases, the time and distance required for a human-driven vehicle (HDV) to safely complete a
passing maneuver scale linearly, effectively transforming long convoys into hazardous rolling
blockades. On divided multilane highways, the microsimulation confirmed that these large
platoons operate seamlessly, maintaining high speeds and low delays because passing vehicles
can easily utilize adjacent lanes. However, on undivided segments, the available sight distance is
severely restricted by oncoming traffic, horizontal curves, and crest vertical curves. Under these
conditions, an unregulated eight-truck platoon forces human drivers to accept significantly
higher collision risks or face severe, cascading delays, underscoring that existing static
infrastructure policies are entirely inadequate for mixed-autonomy freight operations.

While the implementation of dynamic platooning rules proved highly effective at resolving these
macroscopic mobility issues, the simulation revealed a paradoxical microscopic safety challenge.
By actively restricting platoon sizes to a maximum of two trucks on constrained segments, the
system successfully restored network fluidity and drastically reduced overall travel delays. Yet,
breaking large convoys into numerous smaller platoons inadvertently multiplied the number of
platoon boundaries across the corridor. The surrogate safety analysis exposed that this
fragmentation generates localized traffic friction, leading to a measurable increase in rear-end
and lane-change conflicts as human drivers attempt to weave between the segmented convoys.
Conversely, longer platoons were shown to act as stable, synchronized units that smooth
surrounding traffic and dampen longitudinal shockwaves, presenting a complex trade-off
between network capacity and localized collision risk.

These conflicting dynamics demonstrate that passive regulation alone cannot safely integrate
automated platoons into human-driven traffic on two-lane roads; active, cooperative vehicle
control is required. The exploration of the CACC-based gap-opening control strategy provides a
robust technological resolution to the friction observed in the simulation. By enabling a platoon
to actively predict an approaching human driver’s trajectory and dynamically open an internal
gap, the system can safely harbor passing vehicles for guided, step-by-step overtaking. This
cooperative approach balances the competing demands identified throughout the study: it allows
freight operators to maintain the aerodynamic and string-stability benefits of longer platoons
while actively mitigating the severe safety hazards and mobility constraints imposed on everyday
drivers traversing rural highway networks.

6.2 Conclusions

The progression from analytical modeling to active control development in this project highlights
that integrating truck platooning on two-lane undivided highways requires a fundamental shift
from static legislation to dynamic, cooperative systems. Analytical overtaking models confirmed
that long truck platoons exponentially increase the time and distance required for HDVs to
complete a passing maneuver. On two-lane undivided highways, unregulated large platoons act
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as dangerous moving bottlenecks that severely elevate collision risks and constrain the entire
traffic corridor. However, the stochastic algorithm developed to dictate platooning rules proved
highly effective at mitigating these mobility risks. By actively restricting platoon lengths based
on immediate horizontal or vertical curvature and opposing traffic flow, the dynamic rules
successfully prevented severe upstream delays and restored macroscopic traffic fluidity.

While mandating smaller platoons improves overall travel times on undivided roads, the
microscopic simulation-based evaluation demonstrated a critical operational trade-off. The
increased frequency of segmented platoon boundaries introduces significant localized friction,
and surrogate safety analysis revealed that this fragmentation slightly elevates lane-change and
rear-end conflicts among eager HDV drivers attempting to navigate between the smaller
convoys. To address these limitations, the development of an active gap-opening control
algorithm effectively neutralizes the localized conflicts observed in the simulation. Utilizing
cooperative adaptive cruise control to sense approaching HDVs and proactively split the platoon
provides safe, temporary harbors for passing vehicles, enabling guided, step-by-step overtaking.
By cooperating with macroscopic dynamic rules, this flexible gap control presents a holistic
pathway to successfully deploy automated truck platoons on two-lane highways while fully
maintaining the string stability of platoons and the safety of all road users.

6.3 Recommendations for Implementation and Future Research

To ensure the safe and highly efficient deployment of truck platooning technologies,
infrastructure owner-operators and policymakers must adopt synchronized, adaptive
management strategies. Implementing the frameworks established in this research offers several
distinct advantages for state and local transportation authorities, primarily through proactive risk
management. By relying on surrogate safety measures to strictly quantify safety risks prior to
crash occurrences, agencies can confidently integrate heavy automated freight without
jeopardizing the safety of human drivers. Furthermore, dynamic platooning rules allow agencies
to maximize the throughput and economic benefits of existing rural corridors. This context-
aware approach reduces or delays the immediate need for costly physical capacity expansions,
such as adding passing lanes or widening roads, by substituting physical infrastructure with
digital traffic management, ensuring freight efficiency is not needlessly throttled where the
roadway can safely accommodate it.

Transitioning these findings into real-world practice requires a strategic, phased approach
centered on deploying digital infrastructure and mandating adaptive vehicle behaviors. State
transportation agencies should begin deploying roadside units and V21 communication networks
along critical freight corridors to establish geofenced zones where maximum platoon sizes and
speeds dynamically adjust to local geometries. In conjunction with these limits, state policies
should require that platooning systems deployed on undivided roadways integrate active,
cooperative gap-opening algorithms to recognize HDV overtaking attempts and proactively yield
space. These frameworks must then be empirically calibrated through controlled field testing via
small-scale pilot programs on representative rural corridors to gather real-world kinematic data.
Finally, future research must prioritize enhancing the robustness of the underlying control
algorithms by incorporating physical models or Kalman filtering to better anticipate erratic HDV
cut-ins, alongside aggressive testing under adverse weather scenarios like snow and fog to
validate the system before widespread commercial rollout.
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8. APPENDICES

8.1 ASD/PSD Models and Assumed Parameter Values Used in
Simulation

Overtaking safety is primarily determined by the comparison of ASD and PSD. Based on the
model framework, ASD is restricted by traffic flow, horizontal and vertical curves, and truck
platoon following gap. PSD is affected by truck platoon operating speed and total length, which
are further affected by posted speed limit and roadway uphill grade. Additionally, PSD is also
related to the operational parameters of surrounding vehicles related to overtaking. This
Appendix section provides modeling details of ASD and PSD related parameters used in
simulation.

8.1.1 ASD

1) Traffic Flow: An overtaking vehicle needs to take a gap in the opposing traffic to complete the
maneuver. Therefore, available gaps in the opposing traffic limits the ASD. In our simulation, we
assume that the opposing vehicles arrive following a Poisson process. We pre-set a probability,
p, of seeing a gap greater than or equal to the one calculated, then the time gap is:

__3600In (p)

tOgap - q [8'1]

where togap is the time gap in opposing traffic in seconds; is the assumed probability of seeing a
gap larger than or equal to what is calculated; and g is the mean flow rate of opposing traffic in
vehicles per hour.

The space gap is then the ASD restricted by traffic flow which is calculated as:
ASDl = Uotogap [8-2]

where ASD1is the ASD restricted by traffic flow in meters; vois the average speed of opposing
vehicles in m/s. Note that in a real-time traffic management application of the algorithm, feed of
updated traffic conditions can be used to estimate the available gaps in traffic stream.

2) Horizontal Curves: When overtaking takes place on a horizontal curve, the truck platoon
obstructs the sightline of the overtaking vehicle driver, restricting the ASD. The horizontal curve
ASD model we used is based on a model developed by Garcia and Pastor-Serrano, which also
considers the increase in ASD due to truck platoon’s inter-truck following gap (97). Figure 53
illustrates the restricted ASD on horizontal curves, with the platoon following gap considered.
The calculation process is detailed as follows.
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Figure 53 Variables for assessing ASD on horizontal curves, adapted from (97).

The angle between the curve’s starting point and the trailing truck’s front bumper is calculated as
the summation of two angles. One angle is between the curve’s starting point and rear bumper of
the trailing truck, and the other is between the rear bumper and front bumper of the trailing truck.
200TKP 200Ly
T(R+WL;+WLy) = m(R+TP)

a, = [8-3]
where aais the angle between curve starting point and trailing truck’s front bumper in
gradians; TKP is the distance between curve starting point and trailing truck’s rear bumper in
meters; R is the curve radius in meters; WL1and WLz are the widths, in meters, of the right
and left lane, respectively; Lris length of the truck in meters; and TP is the distance between
right edge of the right lane and center axis of the truck in meters.

The position of trailing truck’s front left corner is calculated by solving the following pair of
equations.

2 2 TW)\ 2
17 + [ys = (R + WLy + WL,)J? = (R + WL, + TP+ =%)

(100—ay)m
4 X,
200

[8-4]
y4=R+WL1+WL2—tan[

where (x4,y4) is the position of trailing truck’s front left corner; TW is width of the truck in
meters.

The angle between curve starting point and rear left corner of the preceding truck is calculated
as:

200TKP 200L7+h
n(R+WL{+WL,) n(R+TP)

s

where as is the angle between curve starting point and rear left corner of the preceding truck; h
is the following gap between the trailing and preceding trucks in meters.
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The position of preceding truck’s rear left corner, (xs,ys), is calculated by solving the following
pair of equations:

2 4+ [ys — (R + WLy + WL )]2—(R+TP+M)2
X5 T |Vs 1 217 = > (8-6]

ys =R+ WLy + WL, — tan [ 2227 o

200

Truck platoon’s inter-truck following gap contributes to the ASD when the overtaking vehicle
driver’s sight line aligns with the straight line going through (x4,y4) and (xs,ys). The driver’s
position (xe,y6) can be calculated by solving the following pair of equations.

X6—X4 _ Y6~ YV4

X5—Xg Ys—=Ya [8-7]
x¢ + [yg — (R + WL; + WL,)]? = (R + WL, + VP + VD,)?

where (x6,y6) is the overtaking vehicle driver’s position; VP is the distance between the center
lane line and center axis of the overtaking vehicle; and VD1 is the distance between driver’s
position and center axis of the vehicle.

The farthest point where the overtaking driver can see an opposing vehicle is on the straight line
passing through (xs4,y4), (x5,y5), and (xe,y6). This point is the front right corner of the opposing
vehicle and is calculated by solving the following pair of equations.

X7=Xa _ Y7~ Va4

X5—X4 Y5—Y4

0w\ 2 [8-8]
X2 + [y, — (R + WL, + WL,)]? = (R + WL, + VP +T)

where (x7,y7) is the position of opposing vehicle’s front right corner; OW is the width of
opposing vehicle.

ASD is the arc length between the overtaking vehicle’s front bumper and the opposing vehicle’s
front bumper, which is calculated as:
n(R+WL1+VP)(f—a)

ASDZ = 200 - VDZ [8‘9]
_ -1 Xs 200 -

@ = tan (R+WL1+WL2—y6) n [8-10]
— tan-1 X7 200 ;

f = tan (R+WL1+WL2—y7) n [8-11]

where ASDz s the horizontal curve restricted ASD; a is the angle between curve starting point
and the overtaking vehicle driver’s position; 8 is the angle between curve starting point and the
opposing vehicle’s front bumper; VD2 is the distance between overtaking vehicle’s front
bumper and driver’s position.
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3) Crest Vertical Curves: Crest vertical curves on a two-lane highway also restrict driver’s sight
distance in overtaking, as shown in Figure 54. The AASHTO Green Book provides models
relating the sight distance, crest vertical curve length, and grade difference.

H1 A JHZ

L

Figure 54 Variables for assessing ASD on crest vertical curves.

Based on the AASHTO model, we use the following equations to calculate the vertical curve
restricted ASD (38).

_ (ASDs3q,if ASD3, > L
A5Ds = {ASng,if ASDsp < L [8-12]
2
ASD3q ==+ _1°°W”_;+JH_2) -
2
ASDyy = (L0 5141

where ASDs is the crest vertical curve restricted ASD; L is the vertical curve length in meters; A
is the grade difference in percentage; H1and H2 are the heights of overtaking vehicle driver’s
eyes and the opposing vehicle in meters, respectively, and are both given a value of 1.07.
ASDasaqis the restricted sight distance if it is larger than the curve length; and ASD3p s the
restricted sight distance if it is smaller than the curve length.

After calculating the three types of restricted sight distances, ASD1, ASD2, ASD3, we can then
determine the ASD to be the minimum of the three considering traffic and roadway geometric
conditions.

ASD = min (ASD, ASD,, ASDs) [8-15]
8.1.2 PSD

1) The Overtaking Process: We model the overtaking process into three stages and consider
dynamics involved in vehicle lane changing (74). The three stages are the lane change stage,
overtake stage, and back-to-lane stage, as illustrated in Figure 55. Variables related to the
process are also shown in the figure.
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Figure 55 Three stages of overtaking and related variables.

The PSD for overtaking on two-lane highways consists of three parts, the distance needed to
be traveled by the overtaking vehicle A to finish the overtake, S, the distance traveled by a
potential opposing vehicle during the same period, So, plus a safety buffer distance, ho:

PSD =S, + S + ho [8-16]

To calculate PSD, we first calculate the time needed to finish the overtake. With overtaking
time, it is then easy to calculate the distances. We use a “uniform acceleration until a final
speed” (UAFS) model to describe the overtaking vehicle’s acceleration [65]. Time to complete
the lane change stage is then calculated as:

—Va0+ /vfm—ZaxxeL [8-17]

Ayx

tL:

where t1is the time to complete lane change in seconds; vao is the initial speed of overtaking
vehicle in m/s; axis the longitudinal acceleration of overtaking vehicle in m/s2; and XeL is the
longitudinal displacement of overtaking vehicle in lane change stage in meters.

Time to complete the overtake stage consists of two parts. The first part allows the overtaking
vehicle to continue accelerating after completing the lane change to its desired maximum speed
for overtake. The second part is to finish the overtake stage by reaching a desired gap between
the front of truck platoon B and the rear bumper of overtaking vehicle A.

tor, =t + 1t [8-18]

where t,;; is the time to complete overtake stage in seconds; t; is the time to complete the first
part of overtake stage; and t, is the time to complete the second part.

t, = w [8-19]
Va1 = Vao + axty [8-20]

where V4,4, 1 the desired final overtaking speed in m/s; v44 is the longitudinal speed of
overtaking vehicle at the end of lane change stage in m/s.
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_ (‘VB—‘UAl—O.Sax)t1+hA1+hB+LA+LB

t, = Fpw— [8-21]
Va2 = Vamax [8-22]
hAl S vBtL + h’A - xeL [8'23]

where vy is the speed of truck platoon in m/s; v,, is the speed of overtaking vehicle at the end of
overtake stage in m/s, and is assumed to be equal to V4 ; ha1is the gap between the front
bumper of overtaking vehicle and rear bumper of truck platoon at the end of lane change stage in
meters; hp is the desired gap between the rear bumper of overtaking vehicle and front bumper of
truck platoon at the end of overtake stage in meters; L, is the length of overtaking vehicle in
meters; and Lg is the length of truck platoon in meters.

Time to complete the return-to-lane stage is calculated as:

tp = —<R [8-24]
VA2

where tris the time to complete return-to-lane stage in seconds; Xeris the longitudinal

displacement in return-to-lane stage in meters.

The total time needed for the overtaking process is:
T = tL + tOLL + tR = tL + (tl + tz) + tR [8-25]

PSD is calculated as:

PSD =SA+So+h0 = (hA+hB+LA+LB+VA2tR_VBtR+VBT)+V0T+h0
[8-26]

where hpi is the gap between the front bumper of truck platoon and the rear bumper of overtaking
vehicle in meters; vois the speed of opposing vehicle in m/s; and the safety buffer hois the
distance between the front bumpers of overtaking vehicle and opposing vehicle in meters, which
can be pre-set to a reasonable positive value (e.g., ho = 2.5(Vamax + Vo), accounting for a 2.5-s
buffer time).

2) Truck Platoon Parameters: Determination of PSD involves truck platooning parameters
operating speed, vs, and platoon length, Lp. Operating speed is restricted by the posted speed
limit, viim, and trucks usually adhere to the limit by driving at a speed close to or under it. A
minimum truck operating speed should be set to avoid severe obstruction of traffic. Platoon
length is determined by the number of trucks and the inter-truck following gap:

Ly =nly + (n—1Dh [8-27]

where n is the number of trucks in platoon; Lris truck length in meters; and h is the following
gap in meters.

There is no consensus on how many trucks can fit into a platoon or what the optimal number is
for different scenarios. Existing research on platoon interactions with traffic and roadway
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infrastructure usually arbitrarily sets a number (e.g., 2, 3, 4, or 5) or runs simulation with a
series of numbers (e.g., from 2 to 100 in ascending or descending order). There is consensus,
however, that there should be at least two trucks to form a viable “platoon.” Therefore, our
model limits the minimum platoon size to two trucks.

The inter-truck following gap is determined by the capability of the cooperative adaptive
cruise control (CACC) technology used by trucks to form platoons. Current technology allows
a following time gap as small as 0.3 s. With an operating speed, for instance, of 29 m/s (65
mph), the gap would be 8.7 m (28.5 ft). Ideally, truck platoons would operate with a minimal
following gap as much as possible to achieve a better acrodynamic, which saves fuel
consumption and reduces emissions. However, roadway geometry restricts the inter-truck
following gap from going toward such a small number. Our model considers uphill grade to be
the major roadway geometric restriction on following gap. The relationship between uphill
grade and inter-truck following gap is modeled in (72).

Considering the impact of uphill grade on truck acceleration, the CACC operational policy
requires time headway between consecutive trucks in a platoon to follow this inequality:

feoLr)

. u 96 ) ]
m1n[1_a(1 100a % +61

ty = [8-28]

where tnis the headway between consecutive trucks (i.e., the time difference between the front
bumpers of two consecutive trucks passing the same reference location) in seconds; f&(L7) is
jam spacing in meters, which is a function of truck length, Lr; &11s the minimum acceptable
time gap in seconds; u is free flow speed in m/s; g is the gravity constant (i.e., 9.8 m/s2); amis
truck’s maximum acceleration rate in m/s?; a is acceleration capability in fraction of amat u,
(i.e., 1 <a<1),and a larger @ means a more aggressive acceleration; G is uphill grade in
percentage.

The spacing between two consecutive trucks in the platoon is the larger of the following two
possible values related to platoon operating speed:

s = max (vBth, Evp + fr, (LT)) [8-29]
where s is the inter-truck spacing in meters; vsis the platoon operating speed.

The inter-truck following gap can then be calculated by subtracting truck length from the
spacing: h = s — L.
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8.1.3 Assumed Values Used in Simulation

Assumed values of other parameters used in the simulation are listed in Table 21,

supplementing the overtaking parameters listed in Table 5 and Table 6 in the main text.

Table 21 Other Parameters and Assumed Values

Parameter Value
Input
Posted speed limit: vy, 29 m/s
Parameters for ASD Calculation Lane width: WL, and WL, 35m
Truck width: TW 2.6 m
Distance between truck’s center axis and inner edge of lane: TP 1.75 m
Overtaking and opposing vehicle width: VW and OW 2.1m
Distance between overtaking vehicle’s center axis and center lane line: VP 1.75m
Distance between overtaking vehicle’s center axis and driver’s position: VD, 0.45m
Distance between overtaking vehicle’s front bumper and driver’s position: VD, | 2.2 m
Distance between opposing vehicle’s center axis and center lane line: OP 1.75 m
Platoon Parameters Truck length: Ly M 4m
Truck’s acceleration capability: o 0.2
Truck’s maximum acceleration: a, 3 m/s?
Jam spacing: fi(Lr) = Lr+5 27.4m
Minimum acceptable time gap: & 0.3s
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