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EXECUTIVE SUMMARY

Truck platooning has been demonstrated as a promising approach to reduce freeway congestion,
engine energy consumption, and associated emissions. However, efficient local-level algorithms
to form a truck platoon without jeopardizing surrounding traffic flow’s safety and efficiency are
still lacking. Motivated by this view, this study developed a Sequential Truck Platoon Formation
(StPF) algorithm built upon a Reactive Controller following spring-mass-damper (SMD) control.
Specifically, the StPF identifies the pair of connected trucks to form/join a platoon while the
Reactive Controller manages the movement of the trucks, adapting to a mixed, hybrid, and
dynamic traffic environment on the freeway segment, including adjacent connected and
autonomous vehicles following cooperative adaptive cruise control, and non-cooperative human-
driven vehicles as well as distant aggregated traffic flow described by Cell Transmission Model
(CTM). Numerical experiments highlighted the significance of responding to macroscopic traffic
and its impact on successful platoon formation and dynamic order identification. The experiments
also indicated that platoon formation is favorable up to Level of Service (LOS) C, by Highway
Capacity Manual definitions, and high Connected and Automated Vehicle (CAV) penetration
traffic conditions, where it improved the overall traffic flow rate. To further show the merits of
truck platoon formation in mixed traffic, it is recommended to study the travel time benefits for
both the individual connected truck and the overall network in mixed traffic at various traffic
conditions. Quantifying this merit is crucial to build support for implementing platoon formation
in the field.






1.0 INTRODUCTION

1.1 BACKGROUND

Purchase and movement of goods, especially aggravated due to the growth in e-commerce during
the pandemic (US Census Bureau, 2024a), has been increasing over the past decade (US Census
Bureau, 2024b). Consequently, this has increased truck traffic which contributes substantial
greenhouse gas emissions (US EPA, 2023) and worsens urban traffic congestion (Mobility
Division, 2022). Truck platooning, linking two or more trucks in a convoy that moves in a compact
pattern at high speed, has been shown to be a promising solution for combating these issues. When
travelling in a straight section of a freeway, studies show that the follower trucks gain aerodynamic
benefits that can result in improved fuel efficiency (Zabat et al., 1995, Patten et al., 2012) and
reduced emissions (Barth et al., 2005). Additionally, with the recent advancement of autonomy
and vehicular communication, Connected Autonomous Vehicles (CAVs) have shown to help
significantly with this coordinated driving task (Shladover et al., 2015, VVan Arem et al., 2006) in
all aspects.

Motivated by these advantages, platooning control (also called stabling) algorithms have been
investigated extensively to ensure the efficiency and safety of truck platooning. External factors
such as communication time-delays and uncertainties in vehicle dynamics can interfere with
platoon control stability. Such uncertainties can be addressed by using a \H@\ controller, which
achieves stabilization by modelling the vehicle control problem as an optimization problem (Gao
etal., 2016). Further studies by Contet et al., (2007), Bang et al., (2017), and others have conducted
theoretical analysis to guarantee individual vehicle control stability. Li & Guo (2020), Li et al.,
(2020), and others have extended the studies to guarantee platoon string stability, where
disturbances at the front of the platoon are not amplified when propagating along the vehicle string
(Feng et al., 2019). Individual vehicle, string, and traffic flow stability can be ensured while
accounting for faults in actuators and discrete inputs (Guo et al., 2020). In summary, platoon
control is extensively studied and is summarized in Li et al., (2017). However, these studies
assume that a platoon already exists.

1.2 LITERATURE REVIEW ON PLATOON FORMATION

Efficient algorithms to locally form truck platoons are still nascent. Some initial studies are briefed
as follows. Liang et al., (2015) and Deng et al., (2022) researched how to have one CAV catch up
to another on the same lane. Zhang et al., (2022) advanced this study by considering two CAVs
on different lanes. However, none of these studies consider the interference of Human Driven
Vehicles (HDVSs). Having recognized this issue, Wang et al., (2022) proposed lane-management
to separate CAVs and HDVs for forming platoons on their corresponding lanes. Qiu & Du, (2023)
advanced these previous studies by developing a Model Predictive Control (MPC) that allows one
CAV to catch up with another in a different lane while navigating around a mixed surrounding
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traffic involving HDVs. However, the MPC optimizer relies on a predefined vehicle order in the
target platoon, which limits its application to a platoon formation of multiple vehicles since
planning real-time target vehicle sequence in a platoon itself is challenging. More recent merging
algorithms for forming the initial short platoon are summarized by Li et al. (2022).

1.3 PROBLEM STATEMENT

Existing studies have not fully solved the general truck platoon formation involving multiple trucks
scattered in mixed traffic consisting of CAVs and HDVs on multiple lanes. Moreover, it is still
unclear if platoon formation algorithms can be applied for truck platoons given that manipulating
multiple heavy trucks simultaneously could severely disrupt traffic flow. Finally, the traffic
conditions under which implementing truck platooning can improve traffic flow operations are not
well understood.

14 OBJECTIVE|

Motivated by this view, this study seeks to develop a novel Sequential truck Platoon Formation
(StPF) algorithm to manage the creation and expansion of a truck platoon and a reactive control
scheme that efficiently forms a CAV platoon in a mixed traffic environment while factoring in
both neighboring adjacent traffic and distant traffic impacts. Specifically, a subject CAV (s-CAV)
is a truck that is seeking another downstream connected truck (target truck) to catch up with and
form a short platoon or join an existing neighboring truck platoon IP. The target truck or the truck
platoon could be on a different lane in the multi-lane freeway segment. Additionally, there could
be other HDVs or other CAVs (n-CAVs) that do not want to join the platoon on this segment.



2.0 RESEARCH APPROACH

2.1 DYNAMIC MIXED TRAFFIC ENVIRONMENT

To explore this platoon formation problem formally, a straight section of the freeway is considered
with L lanes with individual lane denoted by [ € L. The reactive control for the platoon formation
will be performed in discrete timestepst € Z+ := 0,1, 2, ... with a uniform time interval At >
0. Let the s-CAV be denoted by s. Its corresponding length, position, lane, speed, and acceleration
vectors will be L, x,4(t), L, (t), vs(t), us(t). The platoon, if it exists, contains IP vehicles and their
lengths, position, lane, and speed will be L,, x,,(t), 1, (t), v, (t), a, (t), p € IP. The set of vehicles
in the platoon is denoted by Q,,(t). In particular, the target leader for the s-CAV will be indexed
by p. The adjacent HDVs belQong in a set Oy, (t), the n-CAVs belong in the set Q,,(t). As a result,
the set of vehicles, at every timestep, is defined by Q(t) = Q,(t) U Q,(t) U Q,(£) U Qpy(t). We
acknowledge that there can be multiple s-CAVs willing to form/join the platoon at any given
timestep. This methodology will first focus on developing the reactive controller for one s-CAV.
Then a discussion how to manage the platoon formation when there are multiple s-CAVs willing
to join the platoon will be presented.

2.1.1 Neighboring HDVs, CAVs and Platoon Control

First of all, this controller must have the s-CAV react to the dynamics of its neighboring HDVs
and CAVs to ensure traffic safety. Among existing HDVs’ car-following models, this study uses
the Modified Pitt model described by (Cohen, 2002), considering its simple formulation (see (1))
fits the Reactive Controller well. |Moreover, this car-following model has been well calibrated,
especially with respect to commercial trucks through previous studies and implemented in
SwashSim (Washburn, 2024).

Xy () =X () —Ln, —TaVR(E)+[vp(£)—Vvh, (£)]At—0.5ap , (£)AL?

At(1h+$)

‘ ap(t+1) =K (1)‘

) Existing Platoon (T ) Other CAvs (B HDVs ) SubjectCAV

Adjacent Vehicles
(P
) (P

Figure 1: Representation of the traffic stream, various elements of the reactive controller.
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https://github.com/swash17/SwashSim

Where, a,(t+ 1) is the modelled acceleration for the HDV h at timestep t + 1. x,, (t) —
xp(t) — Ly, represents the current spacing between the HDV and its leader h, and 7, v,(t) +
[vr(t) — vp, (£)]At — 0.5a,, (t)At? is the target spacing. 7, is the target headway, vy, (t), v, (t)
are the velocities at timestep t. K is a sensitivity parameter analogous to a spring constant. For
uninterrupted flow, K = 0.75. The HDVs have a constant acceleration during the timestep.
Therefore, the position and velocity trajectories can be found using the double integral model in

2.
— 1 2
xp(t +1) = x,(t) + v () X At + %/ up(t) X At tez, @
Uh(t + 1) = vh(t) + ah(t) X At
Next, the n-CAVs are considered to follow Cooperative Adaptive Cruise Control (CACC).
Without loss of generality, the well-calibrated CACC scheme derived by PATH (California
Partners for advanced transportation technology (no date)) Hrom field data (Milanés and
Shladover, 2014) is chosen.

en(t) = Xn, ()= %, ()~ tyn (1) @3)
v (t 4+ 1) = v, (t) + kye,(t) + kye,(t)

Where, v, (t + 1) is the target velocity for the n-CAV attimestep t + 1. e,, is the error in position
and é,, is its time derivative. t,, k4, k, are tunable parameters of the system. For a car-following
scheme, k; = 0.45s72,k, = 0.25s71,t, = 1s. CACC assumes that the vehicles have a
constant velocity during a timestep. Therefore, the n-CAV’s position is found using the single
integral model.

Xp(t+1) =x,(t) +v,(t) XAt, tE€Z, 4)

At the initial stage when StPF is activated, a CAV truck platoon may not exist in the traffic stream.
Once the first platoon is formed, this approach can adapt to various platooning control schemes,
such as CACC or more advanced platoon-centered control schemes (Zhang et al., 2022).

2.1.2 Macroscopic Traffic Characteristics

The platoon formation, if not well operated, is one of the most disruptive maneuvers to the traffic
flow (Maiti et al., 2019, Woo and Skabardonis, 2018). To mitigate such disruption, the controller
must factor in impacts on the surrounding traffic environment; that is, the distant macroscopic
traffic flow, which features an aggregated traffic stream, such as density and speed. To do that,
this study uses Cell Transmission Model (CTM) to mathematically capture discrete traffic
evolution dynamics by dividing each road segment into road cells ¢ € C with the length L, of each
cell constrained by the Courant-Friedrichs—Lewy (CFL) condition given below.

Le = At X vy ©)

Where, At is the uniform time interval, and vy is the free-flow speed of the traffic stream. The

evolution of the traffic density p’(t) of each cell on each lane [ at timestep ¢ is further calculated
from the flow conservation law as:

pe(t+1) =pe(t) +Le[ee(t) — dera(D)]/At (6)
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Figure 2: Fundamental Diagram
¢¢(t) = min[D_; (1), SE(1)] U]
Di(t) = min[v{(t) X p(t),q, | ®)
si(t) = min[w(t) x (B, = PL(D) 7] ©

Where, ¢L(t) is the traffic flow into the cell ¢ of lane [ attime ¢ and can be calculated by the lower
of the sending flow from the upstream cell ¢ — 1, D._, (t) in (8) and the receiving flow of the cell
¢, St(t) in (9). Clearly, the demand or sending flow is the number of vehicles wanting to enter the
cell c at time t and it must be lesser than or equal to the capacity. The supply or receiving flow is
the number of vehicles that can be accommodated by cell ¢ at time t and is lower of the cell’s
available and maximum capacity (g,). The available capacity is the product of the shockwave
speed (W,, obtained from the fundamental diagram (Figure 2) and the remaining density.
Mo‘reover, the average vehicle speed in each cell can be calculated from the fundamental equation
as:

| vl(t) = PL(t)/pL(t) (10)

The formulations above enable the capture of the s-CAV’s neighboring and surrounding traffic
dynamics. The following section will focus on the reactive controller development for the s-CAV
to form the platoon while being aware of its traffic environment.






3.0 REACTIVE CONTROL

This section will develop the reactive controller to efficiently make an individual s-CAV approach
its target leader to form/extend a platoon without jeopardizing the safety and efficiency of its
surrounding traffic. To do that, the motion of the .s-CAV considering its physical limitations is
described first. Building on that, the s-CAV’s longitudinal motion and lane change control inputs
are developed based on its response to its target leader, adjacent traffic, and distant macroscopic
traffic flow. This is done in order to comprehensively factor the platoon formation efficiency and
safety as well as their impacts on surrounding microscopic and macroscopic traffic flow. As
alluded to earlier, this section assumes that the s-CAV and its target lead truck p are given.
Therefore, their corresponding sets are omitted to simplify the notations. The controller and the
traffic environment are shown in Figure 1

3.1 DESCRIPTION OF MOTION AND CONTROL SCHEME

Vehicle movement has been described by simplified vehicle dynamics models such as the bicycle
model (El Ganaoui-Mourlan et al., 2021, Zhang et al., 2022) or the double integral model (Bang
et al., 2017, Qiu & Du, 2023) in literature. This study assumes that the acceleration remains
constant during a timestep, and lane changes happen in one timestep, after checking for an
available gap, allowing the use of the double integral model below to describe the longitudinal
motion.

Xy (E+ 1) = x(t) + vs(8) X At + 115 u,(8) x Atzrt cz, an
vt + 1) = v,(t) + uy(t) X At

Where, x,(t). v,(t). us(t) represents the longitudinal position, velocity, and acceleration of the s-
CAV at time t. Physically, it relies on the tractive force (F;) to overcome the aerodynamic (F,)
and rolling (F3) resistances, and the grade of the road (F,). Balancing these forces, we get:

méué(t) = Fl,a (t) - Fz,a (t) - F3,5 (t) - F4,5 (t), te Z+ (12)

The maximum tractive force F,(t) is assumed to be known, which is dependent on s-CAV’s
current powertrain state, is known. Therefore, the s-CAV’s maximum possible acceleration at
every timestep, a,(t) can be calculated as:

mzsaé(t) = Fl,s(t) - FZ,a(t) - F3,5(t) - F4,5(t)'t € Z+ (13)

The reactive controller will therefore calculate the control input as a fraction of the maximum
acceleration of the current state, while responding to its target leader, indexed by p , the set of
adjacent vehicles, indexed by A € Q4(t) and the macroscopic upstream and downstream traffic,
accented by « and — in the respective lane. Then, the acceleration and relative alignment vectors



are represented by the s-CAV’s responses to the target leader, adjacent vehicles, and upstream and
downstream traffic.

a(t) = [a,(t), an(t), a'(t), @' ()], A € Qu(t), L ELt € Z,
0(t) = [0,(t), 0a(t), 0'(t), 6 ()], A € Qu(t), L EL L € Z,

Finally, it is converted to the control input as u,(t) = f(a(t),0(t),a,). The discussions on the
calculations of the acceleration and alignment vectors and conversion to the control inputs is
presented in the next sections.

3.2 REACTION TO THE TARGET LEADER BY SPRING-MASS-
DAMPER

This reactive controller seeks to drive the s-CAV to approach its target leader p on a different
lane with a safe car-following distance. To facilitate the catch-up maneuver, a virtual spring-mass-
damper (SMD) link is created between the s-CAV and its target leader. The spring is featured by
a spring function Fg, (t), length £, ,(t), and natural resting length ¢, ,,(¢) will push the 5-CAV
toward its target leader, while the damper described by a damper function }g‘fl;,(t) will match their
velocities. The s-CAV has a virtual mass m.

To allow for a rapid approach, the s-CAV should maintain a constant and high acceleration as it
catches up to its leader. Once it gets close, the acceleration should transition to a linear function to
facilitate finer control and allow for precise maneuvering. If the lead vehicle is identified at the
upper limit of the sensing/communication range, the acceleration should increase smoothly. It is
imperative that the transition between the states is smooth in order to ensure passenger comfort.
To address these special requirements, this study designs the spring following a nonlinear model
defined by (14) and visualized in Figure 3.

N —_
F$,(t) = tanh (alem(t)) (14)
Fs(Ax)
15 -
g Constant acceleration
s 1
('
s
w0 = ]
3 05 No attraction past the
N -U.
= \ sensing distance
E 1 Linear function for
5 15 fine control
-200 0 200 400 600 800

Actual spacing — Target spacing (ft)
Figure 3: Spring function.

10



Ax&,p (t) = ‘Cé,ﬁ (t) - f&,;}(t) (15) ‘

’\Nhere, Ax, ,(t) is the stretch in the spring and x,, is the breakoff distance where the attraction
diminishes and represents the communication range, which is about 1000 ft. @, is a tunable
coefficient between 0 and 1 that defines the curvatures of the force function near the ideal
following distance. Larger «; allows the spring function to achieve the maximum force at a shorter
stretch at the expense of stability issues. Smaller a; provides finer control for longer but results in
a slower catch-up. The natural resting length of the link is the ideal car-following distance between
the two vehicles. There are multiple variations of the ideal car-following distance developed in
literature and it is not the focus of this study. Therefore, without the loss of generality, the ideal
car-following distance developed by Gong & Du, (2018) which ensures conflict-free driving is
chosen.

Ly p(t) = Ly +1,,0,(t) + vs(t)?/2b, — v,(t)* /2D, (16)

Where L, is the length of the s-CAV, t,, is target headway and v,(t)*/2b,,v,(t)*/2b,
represents the braking distance of the s-CAV and the target leader. The actual gap is the bumper-
bumper distance given by:

Lspt) =xp(t) = Lp — x5(1) A7)

Similarly, a non-linear damper is defined in (18) that allows the s-CAV to reduce a large relative
velocity at a constant acceleration and transition smoothly to a linear function when it becomes
small enough to allow precise control. The damper function is visualized in Figure 4.

F&,(t) = tanh (a3Av5,p(t)) (18)

Avs,p(t) = Up(t) — v,(0) (19)

|\Nhere, Av, ,(t) is the relative velocity between the target leader and the s-CAV. a; defines the
curvature at 0 relative velocity and takes any value between 0 and 1. The optimal value should
give a good balance between the linear and nonlinear parts of the damper force. It is related to the

Fd(Av)
o 15 _
o Constant acceleration
o 1
(TS
9]
g 05
§ -0.5 Linear function for
',—é 1 fine control
= Constant deceleratior
2 -1.5
-70 -35 0 35 70

Leader velocitv s-CAV velocitv (mi/h)
Figure 4: Damper function.
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spring parameter a, through the damping ratio and will be discussed in Section 3.5. The relative
alignment 8, ,(¢) is found using trigonometry and the resultant acceleration a; ,(t) produced in
this virtual link is found using force balance.

@, (8) = (FSp(0) + Fp(®)) /m, (20)

B5,(t) = tan™tn, ,(t) X w/L, , ()] (21)

Where, n, ,(t) is the number of lanes between the s-CAV and the target leader and « is the lane
width. This study sets the lane width to be 12 ft, per AASHTO Guidelines.

3.3 REACTION TO THE TARGET LEADER BY SPRING-MASS-
DAMPER

The 8-CAV must catch up to its target leader while avoiding collision with its adjacent vehicles
and interrupting their mobility. To do this, it is assumed that the s-CAV uses onboard or roadside
sensors to detect its surrounding vehicles in adjacent lanes. According to existing studies, the
sensors to have a limited range x; (e.g., 650 ft). All the vehicles within the sensing distance are
added to the Adjacent Vehicles set Q4 (t) and virtual SMD links are created for the s-CAV to
respond to every adjacent vehicle in Q4 (t) at every timestep to avoid collision. The actual
(£4,a(t)) and the natural resting length (£, 4 (t)) of each SMD link is dependent on the position of
the s-CAV and is defined as:

_(xa(®) — Ly —x,(t) ifxa(t) > x,(t)
Laa® = {0~ e ) itrg(®) < gy b € O 22
Ly + T,405(t) + v5(t)?/2b, — va(t)?/2bs if x4(t) > x,()

fon® = {Lé T av(0) + Va(t)/2by — (022D, ifxa(8) <,y € MO )
The spring force (F; 4(t)) can be calculated by plugging Ax,4(t) = Lsa(t) — £54(t) in (14).

The relative velocity depends on the s-CAV’s position and is defined as:

va(t) —vs(t) ifxa(t) > x5(0)

Do(t) — va(t)  ifxa(t) < xy(t)’ 2 € B (24)

Bvaa(t) = {

The damper force (F,(t)) can be calculated by plugging Av, 4 (¢) in (18). Then, the reaction to
every adjacent vehicle and the relative orientation is calculated as:

a,a(8) = (FSa(t) + Fia(®))/ms, A € Q4(0) (25)

tan™ n 4 (t) X w/ L4 ()] if xa () > x,4(t)

tan~1[n, a0 (t) X /L, a(8)] + 180° ifxs(t) < x4(t) AChLO @

ga,A(t) = {
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3.4 REACTION TO DISTANT TRAFFIC

The platoon formation process must hold the following two merits: (i) not causing severe traffic
fluctuations that propagate upstream and (ii) responding to the variations in downstream traffic
conditions to improve platoon formation efficiency; for example, choosing a lane with relatively
sparse traffic to form the platoon. To do these, design additional virtual SMD links that respond to
the upstream and downstream macroscopic traffic conditions are designed. These macroscopic
traffic conditions can be tracked using the CTM introduced in (6)-(10) with the boundary and
initial conditions observed by various V2X technologies at each timestep. However, to capture the
impact of s-CAV’s movement on distant traffic, the interaction between s-CAV’s adjacent
microscopic flow and the distant macroscopic flows still needs to be captured. Namely, a vehicle
in the adjacent vehicles set Q4 (t) at timestep t may move away and be aggregated as a part of the
macroscopic traffic and vice versa by responding to motion of the s-CAV and/or general traffic
dynamics.

To identify this micro- and macro- traffic interaction, the interaction zone is defined as the region
that affects/is affected by the movement of the s-CAV in one timestep. To be noted, this zone is
not stationary, and its length depends on the traffic flow dynamics. The disturbance created by the
8-CAV to its adjacent vehicles will propagate upstream or downstream as a shockwave with the
speeds calculated by (25) through the interaction zone.

We,(©) = (8,0 = ¢e®)/(pe. (O = pe®)

_ NtEZ, (27)

@e,(1) = (e, (8) = De(®))/(pe,(®) = (D))
Where cs is the segment containing the s-CAV and its adjacent vehicles, ¢ and ¢ are the CTM cells
containing the downstream and upstream interaction zones, respectively. Their length can be
calculated by:

AZ(t) = W, (t) X At Viez 28
AX(t) = v, (t) X At * (28)
Given the length of a CTM cell is also constrained by the CFL condition in (5), the interaction
zones will be constrained within one CTM cell each since the shockwave speed will always be less
than or equal to the free flow traffic speed. The micro- macro- interaction zones consisting of ¢, ¢
and the segment c; is visualized in Figure 1. The segment ¢, contains the s-CAV and its adjacent
vehicles and its boundary and length are given below.

X, (8) = x5(8) + xp
Xe, ®) =x5(t) —Ls—xp (29)
Lc5 = Ec‘s(t) — Xe, ) =Ls+2x

The s-CAV can sense the position and velocity of each vehicle in cell ¢, and their position and

velocity can be predicted by using (1)-(4). Therefore, the density per lane of c, can be measured
by (30) at the current timestep and be estimated for the next timestep.
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péé(t) = Zwen(t) Aéu,cé (LL)/ALC5 WVIeLte Z+ (30)

Where, AL, .. (t) = 1 if vehicle w is in lane [ of cell c at time ¢ and is used to identify the cell and
lane of the s-CAV and its adjacent vehicles. Using this density, the flow propagation
(¢c, (), P(t)) among cells can be captured by (7)-(9) and the density evolution can be calculated
using (6). The average speed in the interaction zones can be calculated from the fundamental
equation using (10).

The impacts of the s-CAV’s movement on the interaction zone in one timestep is counted in the
next time in this discrete control. To do this, the location of the adjacent vehicles and s-CAV are
predicted for the next timestep using (1)-(4), (11), (34) and the same procedure described above
(27)-(30) can be repeated to estimate the average speed in the interaction zones in the next timestep
(P4t + 1), B'(t + 1)). Finally, the impact of the s-CAV on the macroscopic traffic can be
quantified as the difference in average speed of the cells between two timesteps.

ADY(E) = D) = Dt + 1)

WVIELtEZ 31
ABY(E) = D) = DYt + 1) * (1)

A positive AD!(t) or Av!(t) means the 8-CAV’s movement will slow macroscopic traffic in the
next timestep and is undesirable. To compensate for this, dampers are added between the s-CAV
and the interaction zones. By plugging in the relative velocities calculated in (29) in (17), the

damper forces F} and F. are obtained. The relative alignment and the acceleration due to these
forces are:

61(t) = tan~ [ng (£) X w/x+(t) — x,5(8)]

i Wl vientez, (32)
6! (t) = tan"[ng (t) X w/x4(t) — X~ (1)]

al(t) = Ei(t)/m,
al(t) = F} (t)/m,

The above formulations (11) to (33) respectively calculate the s-CAV’s responses to its target
leader, adjacent vehicles, and distant upstream and downstream traffic.

VIeELteZ, (33)

3.5 OUTPUT OF THE REACTIVE CONTROLLER

This section demonstrates how to comprehensively use the reactive accelerations obtained in the
above sections to control the s-CAV’s longitudinal and lateral movement during platoon formation
in this complicated traffic environment. Specifically, the s-CAV’s longitudinal motion follows the
double integral model described in (11), which is built upon the longitudinal acceleration
u,(t) = f(a(t),0(t),as) . The accelerations calculated in the previous sections
a(t) = [a,(t), an(t), a'(t), @' (t)] must be resolved to their longitudinal and lateral components
by their relative alignment 6(t) = [6,,(?), BA(t),él(t)ﬁ’(t)]. The lateral components will
determine the lane changes.
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Tunable weights B,, B,, B3, satisfying §; = 0,Y; 5; = 1 are defined for each of the three types of
SMD links. B; is the weight for the link between the s-CAV and the target leader and prioritizes
platoon formation efficiency. 3, is the weight for the links between the s-CAV and its adjacent
vehicles and secures traffic safety. 85 is the weight for the links between the s-CAV and the
macroscopic traffic and ensures traffic efficiency. The weights determine the priority of their
corresponding response and their effects will be demonstrated through sensitivity tests. Then, the

net longitudinal acceleration in (34) is scaled by the s-CAV’s maximum acceleration (13).

B X s ,(t) X cos(8s,(0)) +
u,(t) = @,(t) X max Bz X Ta(asa(t) X cos(0;4(t))) + 1r (34)
Bs X Y, (@l () X cos(BL(t)) + al(t) x cos(6'(t)))

The net lateral acceleration in (33) serves as the motivation for lane change as needed for the
platoon formation.

By X aw,(t) X sin(GM,(t)) +
ul(t) = a,(t) X max B2 X Xa(asa(t) X sin(0,,4(1))) + 1 (39)
Bs X ¥, (@'(t) x sin(6'(t)) + @'(t) x sin(6L(t)))

A positive value of uj(t) indicates the s-CAV wants to switch to an outer lane, while a negative
value indicates the s-CAV wants to switch to an inner lane. These lane changes, which are
discretionary in nature, are executed according to the following the two conditions.

e First, the s-CAV must be attracted to (or repelled by) an adjacent lane with sufficient
motivation; that is, an acceleration greater than a threshold, H;. A low threshold allows
earlier lane changes but may also have the s-CAV frequently oscillate between lanes,
which would risk traffic safety and degrade occupants’ comfort. A high threshold makes
the s-CAV too conservative to change lanes and lose opportunities to form a platoon on a
sparse lane.

e Second, both the lead and lag gaps in target lane must be acceptable for safety consideration
(Ahmed, 1999). Following this thought, the spring connecting to the adjacent vehicles must
be stretched for a gap to be acceptable. Let A_, A, € Q4 (t) be the lead and lag vehicles in
the target lane that the s-CAV wants to change to. If £, 4, (t) > €54, (t) A Lya_(T) >
£5a_(t), the gap is acceptable. If both conditions are satisfied, then a lane change request
is granted to the s-CAV and will be executed in the current timestep. The catch-up
maneuver is completed when the s-CAV is in the same lane as its target leader, their gap
is the same as the ideal following distance and have the same speed; that is, ]nw(t) =
0,L,,(t) = £,,(t),Av, ,(t) = 0. \In this state, the platoon will absorb the s-CAV and
will switch to the control scheme described earlier.

The SMD-based Reactive Controller needs to transition smoothly between different equilibrium
points under dynamic traffic conditions. The smooth spring and damper functions enable the
resultant forces to push the s-CAV towards the dynamic equilibrium. The damping ratio of the
spring and damper dictates the efficiency of this motion. Over-damped systems take longer to
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approach the equilibrium point, while under-damped systems approach the equilibrium point faster
but oscillate around it, which causes discomfort and is unsafe. Theoretical analysis showed that
for the customized spring and damper functions, the most efficient and safe way to reach
equilibrium can be achieved under the critical damping ratio by setting a; = a, a;%/4.
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4.0 SEQUENTIAL TRUCK PLATOON FORMATION
ALGORITHM

As mentioned in the problem statement, there may multiple s-CAVs within the communication
range of each other willing to form/join the platoon at any timestep (©,(t)). This situation calls
for an algorithm that can manage those requests to form platoons efficiently, while mitigating
negative traffic impacts. Given truck platoon formation and their associated movements are prone
to cause significant traffic safety concerns, this study proposes a Sequential truck Platoon
Formation algorithm (StPF) that sequentially feeds the reactive controller with the next s-CAV
8(t) and its target leader p(t) to satisfy the platoon formation requests from multiple trucks. To
develop this algorithm, the set IP(t) that contains the trucks in the formed platoon is utilized.
Below, the key ideas of the algorithm are introduced and its two unique and enhanced features are
highlighted. StPF will start with the most downstream pair as the leader (using (36)) and the
follower (using (37)) and form the first two-vehicle platoon.

p(t) = argmin,i{x,(t),p € P(t)}; P(0) := argmax,, {x,(0),Vw € Q,(0)} (36)
v }
8(t) = argmax,, {x,(t), Yo € Q,(t) \ ()} 37)

Once the platoon is formed, s(t) will be added to P(t). StPF will sequentially add the next most
downstream s-CAV to the platoon by assigning its most upstream truck in the platoon as its target
leader. This procedure will be repeated until all the s-CAV’s within the communication range has
been added to the platoon.

StPF is further enhanced to compensate for non-cooperative HDVs following the target leader,
blocking the platoon formation. To enable this, the current s-CAV is allowed to follow a proxy
leader by examining the vehicle immediately upstream of the target leader (38).

P(6) = {w: (x,(t) — x4 (1) < x,(t) — x4 (), YW € Q(B), 0" € Q(t) \ w,l €L} (38)

If the immediate vehicle behind the target leader is the s-CAV that needs to join the platoon, then
there is no need for any adjustment. Otherwise, if the gap between the target leader and its
immediate upstream vehicle is smaller than the ideal following distance for the s-CAV, it would
not be able to cut in front of this vehicle. Therefore, this vehicle will be deemed to be a non-HDV
and will be selected as the proxy target leader, using (39).

o (p@) AL, () > £, 1)
pO) = {ﬁ_(t) otherwise (39)
Where, £L,,- ,(¢) is the actual bumper-bumper gap and £,- ,(t) represents the ideal following
distance. Without the loss of generality, it can be assumed to follow equations (16, 17), by plugging

in p~ instead of 5.
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Furthermore, this StPF algorithm allows the formation of multiple platoons in different positions
of the freeway simultaneously, when the s-CAVs clusters (such as 01, Q2, etc.) are outside the
communication range of each other. If a short platoon approaches another one, StPF can connect
them to form one long platoon. The algorithm can be further extended to simultaneous platoon
formation (SiPFA) which will be more suited to cars and other light vehicles, which cause lower
disruption to traffic during the platoon formation process.
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5.0 EXPERIMENTS

This study conducts numerical experiments to demonstrate the effectiveness of the reactive
controller and StPF. The experiments will show the importance of reacting to macroscopic traffic
and identify traffic conditions where platoon formation is successful. Numerical experiments were
performed on the traffic micro-simulation tool SwashSim (SwashSim, 2024). A straight 3-lane 10-
mi freeway segment was set up without branches. The input flow rate and the vehicle mix were
varied based on Vehicle Class History and Hourly Continuous Count data for various Telemetered
Traffic Monitoring Sites on 1-75 taken from the Florida Department of Transportation’s Florida
Traffic Online website (Florida traffic online, n.d.). All experiments were run on an Acer laptop
with Intel Core i7-7700HQ CPU with 4 cores running at 2.8GHz and 16 GB RAM in Windows.

5.1 SIGNIFICANCE OF RESPONDING TO MACROSCOPIC TRAFFIC

The experiments were conducted with an input flow rate of 1500 veh/h and a vehicle mix of 28%
light passenger vehicles (sedan, hatchback), 42% heavy passenger vehicles (pickup }trucks\ and
SUVs), 5% single unit trucks (SUTSs), and 25% large trucks, half of which are willing to form
platoons. Response to the macroscopic traffic was studied by varying g,, 8., B3. Therefore, the
other parameters were set to their optimum value: a; = 0.25, a3 = 1,u; = 0.025. To highlight
the importance of responding to macroscopic traffic, the following three combinations are
illustrated.

e Uniform reaction: g; = B, = f3=1/3
¢ No response to macroscopic traffic: g, = f, =1/3,8; =0
e Best combination: g; = 1/4,6, =1/2,6; = 1/4

Our experiment results showed that over a 10-minute period, 15 and 14 platoons were successfully
formed when using B1 = 14, B2 = 12, B3 = 1/4 and 1 = B2 = B3 = 1/3 respectively, while only 8
platoons were formed with 81 = B2 = 12, 3 = 0, half of which are formed by catching up to the
leader on the same lane and no non-cooperating vehicles (simple catch-up). Therefore, it is claimed
that accounting for the macroscopic traffic enabled the s-CAV to maintain a high speedﬂ (safely,
relative to the surrounding traffic), find proper gaps to perform lane changes, and expedite platoon
formation.
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More interestingly, it often enabled the s-CAV to get ahead of its target platoon leader and
ultimately lead a platoon with a higher speed. These can be visualized in Figure 5. Vehicle 199
(yellow box) entered the communication range of Vehicle 192 (red box) in Figure 5a and began to
catch up to it. Without reaction to the macroscopic traffic (Figure 5b), it could not find a gap to
enter the middle lane and was stuck in the right lane. However, reacting to the downstream traffic
(Figure 5c) allowed it to accelerate and find a gap to enter the middle lane. This reaction can be
seen in Figure 6. The s-CAV maintained its speed (solid purple line) despite the adjacent vehicles
slowing down at 685 s, seen as the drop in the average speed in the cell cs (solid yellow line).
Without this reaction, the s-CAV slowed down (dashed purple line) to match the speed of its
adjacent vehicles (dashed yellow line), resulting in a negative feedback loop, and making the s-
CAV a moving bottleneck. By responding to the surrounding traffic, the s-CAV moved faster than
its surrounding traffic and \could complete the catch-up lto its target leader in less than 120 s.
Finally, when the entry flow rate was doubled to 3000 veh/h (Figure 5d), Vehicle 199 was in the
rfaster%right) lane. The attraction to the downstream traffic was greater than to its target leader (not
shown in Figure 6), kherefore Vehicle 199 gets ahead of Vehicle 192 and swaps role to be the target
leader. Vehicle 192 was later able to successfully catch up to Vehicle 199

(d) — With Reaction to Macroscopic Traffic at higher flow rate

Figure 5: Benefits of responding to the macroscopic traffic.
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Figure 6: Speed of 5-CAV and the CTM cells during platoon formation.

fThese results confirmed the significance of reacting to macroscopic traffic. According to this
result, the weights are chosentobe 8; = 1/4,8, = 1/2, 83 = 1/4 in the rest of the experiments.

52 MACROSCOPIC TRAFFIC FAVORING PLATOON FORMATION

fThis section attempts to identify macroscopic conditions that are favorable for truck platoon
formation. The freeway configuration (3 lanes, 65 mi/h free-flow speed) and the vehicle type mix
were retained from the previous section while the input flow rate was varied from 1500 veh/h to
5400 veh/h. At an input flow rate of 1500 veh/h, the average density was about 10 mi/h/In, which
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Figure 7: Time taken to form a platoon under various traffic conditions.
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corresponds to a Level of Service of A (LOS A) while the average density at input flow rate of
5400 veh/h was about 44.5 veh/mi/ln, which corresponds to LOS E.

The results indicated that the time taken to form platoons decreased up to LOS C, as the
surrounding flow assisted the catch-up. In these conditions, the median flow rate in the cell ¢, was
greater than the input flow rate (see Figure 7). Beyond LOS C, the opportunity to make lane
changes reduced due to the higher density condition, leading to the only type of platoons that were
formed being simple catch-up type platoons. Therefore, even though the time taken to form a
platoon was low, the number of successful platoon formations was also low. Furthermore, the flow
rate surrounding the s-CAV was much lower than the average input flow rate (see Figure 8). It
caused the s-CAV to function as a bottleneck and led to traffic congestion. Therefore, the above
experiments demonstrated that LOS C (i.e., a density of approximately 23.4 veh/mi/In) served as
the upper limit of favorable conditions for platoon formation. |
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Figure 8: Flow rate around the s-CAV during platoon formation.
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6.0 CONCLUSION

This project resulted in the development of the StPF algorithm|, which is designed to form CAV
platoons in a dynamic and mixed environment that adaptively chooses the platoon leader and the
target platoon lane by actively responding to the surrounding traffic conditions. The StPF
algorithm is built upon a Reactive Controller that responds to the target leader and surrounding
micro- and macro- traffic by modeling their interactions as a Spring-Mass-Damper system with
unique non-linear springs and dampers. Experiments conducted on a micro-simulation tool
explored optimal parameter settings for the Reactive Controller and validated the StPF algorithm’s
effectiveness. Mainly, the experiments confirmed that responding to complicated adjacent
microscopic and macroscopic traffic will enhance platoon-forming opportunities and mitigate its
negative traffic impacts. The experiment results also indicated that platoon formation was
generally favorable in high truck mix, high CAV penetration, and up to LOS C conditions, whereas
both mildly congested and low connected truck percentage conditions inhibit platoon formation.
Future work will explore the Simultaneous Platoon Formation Algorithm (SiFPA) that will be
tailored for passenger vehicles. Additionally, further experiments will be conducted to quantify
the travel time benefits for an individual vehicle as well as the traffic stream by enabling platoon
formation. Finally, theoretical analysis must be conducted to identify the conditions necessary for
guaranteeing platoon formation.

\The methodological contributions of this work are summarized as follows. First, to enable StPF, a
novel Reactive Controller was developed to manage trucks’ longitudinal (car-following) and
lateral (lane change) movements and proactively responds to the target leader for efficient catch-
up while also reacting to adjacent traffic on multiple lanes and far-away traffic to ensure anti-
collision behavior and traffic smoothness. Next, the StPF algorithm built upon the Reactive
Controller was developed with the following enhanced features. It can adaptively determine the
order of vehicles forming/joining the platoon as well as the target lane by reacting to real-time
surrounding micro- and macro- traffic conditions. The adaptive order determination also allows
StPF to merge two short platoons into a large one. It can also accommodate any groups of non-
cooperative HDVs that prevent the formation of a pure CAV platoon by identifying and choosing
an appropriate proxy HDV target leader. Finally, the performance of the algorithm and controller
was evaluated using numerical experiments, suggested various traffic conditions that are favorable
for plat(‘)on formation, and outlined the benefits of this controller during the platoon formation
process.
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