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Abstract

The goal of this work is to eliminate unexpected stops to improve safety with the added
benefit of reducing accelerations to improve fuel efficiency. Congested traffic is characterized by
signals and waves propagating upstream through the queued traffic. Freeway drivers do not expect
to encounter abrupt drops in speed or stopped traffic, as a result, shockwaves sharply increase the
accident rates, particularly in the context of rear end collisions. This work seeks to use connected
and automated vehicles (CAV) to smooth out traffic disturbances on a freeway. Prior work in
Phase 1 developed a method for a single CAV to integrate the instantaneous state information from
the downstream vehicles to forecast the trajectory of the CAV's leader and proactively respond to
changes in state that have not yet reached the lead vehicle. Phase 2, extended the methodology to
a platoon of 15 CAV's, leading to greater smoothing than the single CAV results.

This study, Phase 3, extended the methodology to address several key aspects. First, to use
multiple platoons to buffer against capacity fluctuations and provide finer control. Second,
extending the methodology to accommodate lane change maneuvers so that they do not disrupt
platoons. Third, develop contingency plans to accommodate situations when the state evolution
deviates from forecasts. In this way, the research anticipates and develops the management
strategies needed to maintain smoothly flowing queued traffic with CAV's.
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Connected and Automated Vehicles; Freeway Traffic; Congestion; Safety; Stop waves
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1. Introduction

This work seeks to use connected and automated vehicles to smooth out traffic disturbances
on uninterrupted flow facilities like freeways, eliminating unexpected slowing and stops to
improve safety while reducing accelerations to improve fuel efficiency because an internal
combustion engine is more efficient cruising at a constant speed than when it is accelerating.
Connected and autonomous vehicles (CAV's) hold the promise to attenuate and eliminate
shockwaves, but only if the system is explicitly designed to do so. The very factors that give rise
to shockwaves in human driven vehicles (HDV's) can also do so in CAV's. While CAV's offer
new ways to manage traffic dynamics, an automated freeway will still be subject to traffic
dynamics.

This research essentially seeks to take conventionally unstable queued traffic and have
CAV's proactively respond to disturbances propagating upstream through the traffic to stabilize
the flow. The approach assumes all vehicles are connected and report their current state (location
and speed) to other vehicles. The main objective is to integrate the state across vehicles so that the
system can efficiently anticipate and respond to disturbances over large distances. It is this look
ahead that will allow the system to detect and attenuate shockwaves, resulting in smoother
conditions for safety and efficiency. It is also important to recognize the physical limits, namely,
that a queue simply represents the storage of demand in excess of capacity as the excess vehicles
wait to be served. To eliminate a queue requires increasing capacity or decreasing demand. This
work does not seek to achieve freely flowing traffic out of queued traffic. Rather, this work seeks
to take conventionally unstable queued traffic and bring it to a stable flow while queued at a near
constant speed that is below free speed.

This report is for Phase 3 of a multi-phase study. The previous phases of this work focused
on the initial transition from unstable HDV stop and go traffic to the first platoon of CAV's with
smooth trajectories, i.e., dissipating large shockwaves after they have formed and begun
propagating. The methodology is demonstrated using microscopic vehicle trajectory data from real
shockwaves in HDV traffic as both the initial conditions and bounding constraints of how the
system can respond. Phase 1 developed a method for a single CAV to integrate the instantaneous
state information from the downstream vehicles to forecast the trajectory of the CAVs leader and
proactively respond to changes in state that have not yet reached the lead vehicle (Coifman and
Liu, 2024). Phase 2, extended the methodology to a platoon of 15 CAV's, leading to greater
smoothing than the single CAV results of the prior work (Coifman and Liu, 2025). Collectively,
the previous phases showed that the system can rapidly nullify a stop wave. If all vehicles were
CAV's operating under this approach, then stop waves would rarely arise and when one did form,
it could quickly be dissipated.

The Phase 3 work in this report starts with the assumption that CAV's can stabilize flow,
as per Phase 1-2, and then seeks to optimize the flow of an indefinite number of CAV's. This work
requires 100% penetration of CAV's, i.e., no HDV. Like the previous phases, we use the empirical
HDV trajectories from the reextracted [-80 NGSIM data (Coifman and Li, 2024) to determine the
underlying demand and capacity. But because the CAV platoons have proven to be very effective
in stabilizing the flow, we now use the HDV to determine the cumulative number of CAV that
could have departed by the given time step but do not seek to directly follow the precise arrivals
or departures of the HDV. In the envisioned full CAV deployment control of a given link would
leverage knowledge of conditions far downstream of the link. With the NGSIM dataset we do not



have this information. So, instead, we use the HDV departure curve at the downstream end of the
link as a proxy for the unobserved downstream conditions. Thus, when a CAV enters the link, we
already know the earliest time it can leave the link via the HDV departure curve. But we always
have the liberty to hold the vehicle later than its earliest feasible departure time. One downside of
using the HDV departure curve is that we preserve the distortions in demand due to the stop waves,
but the method can handle those issues, so the results herein are probably more extreme than the
expected performance if the downstream links were actually under similar CAV control.

We structure the CAV traffic stream to be a sequence of high-flow platoons and no-flow
gaps, as illustrated in Fig. 1B. HDV only maintain states on the fundamental diagram (FD) curve
in Fig. 1A, but CAV can also maintain states inside the FD. So, if downstream traffic were
restricted to flow gy HDV would take state N, with speed vy, equal to the slope of the radial to
point N. With the gaps, the platoon can take some higher speed state, e.g., A, at v,, where the
radial to A has a higher slope than the radial to N. But g, is greater than the downstream capacity
at qy. Which is where the gap comes in. The CAV traffic is essentially engineered to exhibit pulse
width modulation (PWM), with the high speed and flow pulse at A, balanced by no flow of state
O, to yield an average flow of gy over period "a" shown in Fig. 1B and yielding the average state
ain Fig. 1A.
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Figure 1, (A) Fundamental diagram of the traffic, (B) example of the platoon/gap structure.

This PWM platooning provides greater flexibility to respond to changing conditions. The
gaps naturally absorb disturbances that form within a single platoon, preventing minor
disturbances from impacting the other platoons (as illustrated in Fig. 1B). More generally, the gaps
provide a buffer where a platoon's dynamics can be changed without impacting any vehicles
outside of the platoon. So, if downstream demand exhibits a small unanticipated change, the next
platoon could be sped up or slowed down in response without immediately impacting platoons
further upstream, and if there is ultimately an impact to the platoons further upstream, the lead
time provides the same smoothing benefit that was demonstrated in the Phase 1&2 work. Although
we do not demonstrate it in the present study, the gaps between platoons also allow for pass through
lane change maneuvers, e.g., from lane 3 to 1, without interacting with the lane 2 vehicles.

In formulating the platoon strategy, we seek to ensure the last vehicle of the platoon departs
on time, as per the HDV departure curve. We call this last vehicle the ""key vehicle" and it departs
at time t;. All preceding vehicles are then scheduled so that they pass one ideal headway at the
given state before their follower. For example, suppose a platoon was departing the link operating
at state A in Fig. 1A. The second to the last vehicle would be scheduled to depart at t; — hy,, where
hy = 1/q4. The vehicle before that would depart at t; — 2h, and so forth. Since the platoon in
state A is operating at a higher flow than the HDV at state N, all vehicles in the platoon before the



last vehicle are slightly delayed. So, there is a small local cost to create the gap at state O ahead of
the platoon, but this local cost is limited to the vehicles in the platoon, it does not accumulate
across platoons. In this way, we are using the key vehicle to determine the dynamics of all
preceding vehicles in the platoon. Also, it is important to remember that the total flow remains
unchanged from the HDV, but the speeds are stabilized.

Next, we adjust the PWM platoons to accommodate lane change maneuvers, LCM, so that
the inflows and outflows do not disrupt the platoons. To this end, we treat LCM's as an exogenous
input that is determined by the HDV trajectory data. Thus, necessitating that we allow the vehicles
that enter the lane to change their order relative to other vehicles that started in the lane. This
modification is necessary because the new CAV trajectories are completely different than the
underlying HDV trajectories used to determine demand and capacity.

In this scheme, the LCM's are effectively random disruptions to a given platoon. We
decided to preserve the target lane vehicle and location of each HDV LCM, which typically
necessitates changing the time of the maneuver and source lane vehicle. The logic behind this
choice is that in a truly efficient CAV traffic stream the synchronization of LCM's would be a
complex process that balances origin-destination (OD) flows, lane utilization, and other
constraints. While this lateral flow control is a critical element of CAV operations, it is a large
research endeavor in itself and requires a move to strictly synthetic data across an extended
corridor to establish a meaningful set of OD flows. In the meantime, the methods we develop to
accommodate the effectively random LCM's in the present work should be fully compatible with
deliberately planned LCM's to accommodate OD flows and lane utilization.

Specifically, any entering vehicles are sequenced at the end of the platoon, with the last
entering vehicle becoming the key vehicle. Thus, the last vehicle that started in the lane is moved
forward by the number of vehicles that enter the lane. While many past studies focus on platoon
splitting, we deliberately avoid such an approach. If the CAV's have been consolidated into a tight
platoon, creating a gap will simply add delay to all vehicles upstream of that gap. An equal amount
of delay will be incurred if the entering vehicle is forced to join the platoon at the rear rather than
in the middle, but the dynamics are far simpler, and the delays are only experienced by that vehicle
that changes lanes. In practice, we expect that adjacent lanes would travel at slightly different
speeds, in which case, the exact time and location of a LCM might have to change so that the
vehicle can leave the source lane just as the rear of a platoon in the target lane passes. But CAV
flows should remove the human dynamics of weaving in and out of lanes of congested traffic to
get to the locally fastest lane. So, it becomes easier to swap one CAV for another when the
objective is simply to balance lane utilization without interfering with the net OD flows. In the
worst case, in practice, it might be necessary to occasionally split platoons to create a gap at just
the right point to facilitate a critical exchange of vehicles between lanes.

The final element of this work is developing contingency plans to accommodate unforeseen
events where the state evolution deviates from forecasts. Forecasts are never perfect, whether it is
due to a small drift from the assumed progression or an unanticipated large deviation like a blown
tire or an object falling from a truck, the CAV control scheme must be able to handle these
unanticipated events. We show how our methods can adjust in the presence of imperfect
predictions.

The remainder of this document is as follows. Section 2 presents the methodology, starting
with the underlying theory and then empirically demonstrating the approach using microscopic
vehicle trajectory data. Then this report closes with a brief discussion and conclusions in Section
3.



2. Methodology

The methodology is split between platooning the CAV in Section 2.1 and addressing
contingency plans in Section 2.2.

2.1. Platooning

This work is focused on platooning the CAV's, with the goal of having the last vehicle in
each platoon depart the link precisely on time. To this end, the vehicles for each platoon are first
grouped based on the number of vehicles departing, which comprise the through vehicles and those
vehicles that entered the lane via LCM's. We chose to aim for a platoon length of 15 simply because
it was large enough to form meaningful gaps between platoons while being small enough that large
disturbances are less likely to form within a given platoon. Obviously, disturbance formation is a
function of the CAV dynamics, which are mostly beyond the scope of this proof of concept study.
Ultimately, a dynamic platoon size would likely be a robust option.

Because we are designing to target specific departures, the number of vehicles that exit the
link via LCM's does not factor into the platoon size constraint for the given lane. Furthermore,
vehicles that pass through the lane (i.e., entering and exiting via LCM) within the link are excluded,
they are to be routed between platoons.

Fig. 2A shows an example of successive HDV's from the NGSIM data that will eventually
be grouped into a single CAV platoon. We start with the first vehicle after the last completed
platoon, and count off a total of 15 departures, i.e., vehicles crossing the cutline at 1,700 ft near
the end of the segment. If the 15" vehicle is not a through vehicle, we continue adding vehicles to
the group until we get to a through vehicle. This restriction on using a through vehicle keeps the
subsequent steps simple, but obviously it could be relaxed without many complications.

In any event, the last through vehicle is taken to define the key vehicle trajectory, which is
done by finding the straight line trajectory from its point of entry to its point of departure, as per
Fig. 2B. Each vehicle that enters the lane via a LCM is given a virtual trajectory from the start of
the link to the point of entry.! All of the entering vehicles are then moved to the end of the platoon
and sorted by the location of their respective LCM, where the first of these vehicles is the one that
entered most upstream in the link, and each successive vehicle entered further downstream of its
leader.

The rationale for sorting the entering vehicles this way is the fact that a LCM takes more
space to execute than simple car following. With each LCM at the rear of the platoon the new
vehicle makes their entrance in the gap, slightly upstream of the optimal location, then they
undertake the necessary speed and spacing adjustments to correct for the speed differential
between lanes and achieve the tight spacing of the platoon. Doing so in the gap at the end of the
platoon minimizes the potential disruption to the following vehicles.

The last of the entering vehicles is placed in the key vehicle slot, and the previous vehicle
is placed in the "perfect leader" position (i.e., the key vehicle's trajectory shifted earlier in time and
space via Newell, 2002). Each subsequent leader is then placed in the perfect leader position. After
all of the entering vehicles have been allocated their slots (Fig. 2C), all through and exiting vehicles
are added at the front of the platoon, retaining their relative arrival order from the start of the link.

! As discussed in Section 1, the location of the HDV LCM is preserved, but the time is allowed to change. The presumption is
that in centrally controlled CAV flows, LCM's will primarily be for balancing lane utilization. So, in this context, the number of
vehicles that leave the lane is important, but which vehicle changes lanes is not. When dealing with adjacent lanes like this, the
entering vehicle would simply be whatever vehicle was immediately upstream of the entering location at the time of the LCM.



Like the vehicles that entered via LCM, each added vehicle is done so with a perfect leader spacing.
The result is shown in Fig. 2D.

A) B)
1500 | 1500
£ 1000} £ 1000
(0] (0]
o o
S S
b 500 + k] 500
(a) o
O %
-500 = : : : : : : -500 Lt ~ : : : - :
40 60 80 100 120 140 160 40 60 80 100 120 140 160
Time (sec) Time (sec)
C) D)
1500l | = — - Original final venicle 1500
------- Virtual trajectory
Entering vehicle
£ 1000} £ 1000
(O] Q
o o
C C
£ 500t £ 500 -
2 2 Original final vehicle
----- Virtual trajectory
0 0 —— Entering vehicle H
7. —— Through vehicle
/ —— Exiting vehicle
.500 1 1 1 1 L L 1 _500 1 Il 1 1 T T T
40 60 80 100 120 140 160 40 60 80 100 120 140 160
Time (sec) Time (sec)
E) F)
. . ; ; ; : 3000
1500 2500
£ 1000+ = 2000}
[0} <
g 2 1500} — 15 mph
3 500 + E g W= p
a = 1000 /
0 v, =50 mph
500 |
-500 L L L L L L L 0 L L L L )
40 60 80 100 120 140 160 0 50 100 150 200 250
Time (sec) density (veh/mile)
Figure 2, Platoon formation: (A) Counting out all vehicles until reaching the 15th through/entering

vehicle. (B) Finding the straight line between the start and end points for the final vehicle,
establishing the trajectory for the key vehicle. (C) Put all entering vehicles at the rear of
the platoon, sorted by the location where they enter. (D) Then add all through and exiting
vehicles that passed the start of the link, without reordering them. (E) Close the gaps left
behind each vehicle exit. (F) The FD used throughout this example.

Next, the gap downstream of each exiting vehicle is closed using the following technique.
Leveraging the fact that the CAV's do not behave like HDV's, we have all of the vehicles in the
platoon downstream of the exit slowdown in unison, taking state B in Fig. 3A, and then return to
the original state A once the gap is closed. This maneuver is possible because the CAV can exhibit
inhuman behavior and take states inside the FD curve. From a traffic flow theory perspective, the
vehicles downstream of the exit will drop from the speed of state A to the speed of state B together,



maintaining the density, k, and giving rise to an interface that travels instantaneously, as shown in
Fig. 3B. The vehicle immediately behind the exit sees its headway double and then while the
downstream vehicles are moving slower, they close the gap and return to the original state A. Since
this vehicle maintains their speed throughout, its state A' evolves on the radial at the speed of state
A. There is no problem if the response to two (or more) exits overlap, the accommodation period
simply lasts longer to close the two gaps. The net result for the ongoing example of Fig. 2 is the
final platoon shown in Fig. 2E.
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Figure 3, (A) Schematic showing the state changes used to close the gap left after an exiting

vehicle left the lane. (B) The corresponding states in the flow density plane.

After the platoon is formed, it is checked against the previous platoon to ensure it never
overtakes the safety boundary of its predecessor. As long as there are no disruptions to the
departure rate and each platoon is able to leave on time, the following platoon should not overtake
the preceding platoon. This safety check remains necessary because sometimes forecasts are
wrong. If the following platoon catches up to its leader, the following platoon will slow and
temporarily join the leading platoon. The platoons will separate when the downstream departure
rates (as seen in downstream links) will allow the lead platoon to pull ahead. Once the platoon's
path has been finalized, we find the safety boundary for this platoon. At any given location the
boundary is set to be the "perfect follower" spacing (again, shifting the trajectory via Newell,
2002). Note that this step ignores the virtual trajectories of any vehicle that has not yet entered the
lane.

Now consider the final results for the reextracted NGSIM data. Fig. 4 shows an example
of the first six platoons in lane 2. The top plot shows the original HDV trajectories, with black
curves denoting the last vehicle allocated to each successive platoon. The bottom plot shows the
corresponding CAV platoons that emerge from the HDV arrival and departure pattern. Note that
throughout this report, all of the CAV platoons derived from the NGSIM data are based on the FD
in Fig. 2F.



Fig. 5 shows the resulting platoons in lane 2 during the entire available time period, and
Fig. 6 repeats the presentation for lane 3. The varying gaps between successive platoons reflect
artifacts from the HDV arrivals and departures. This unevenness arises from when and where
delays impact the HDV's. The downstream departure pattern maintains the variable rates from the
HDV traffic (including stop waves). For example, the key vehicle in one platoon would exhibit a
slow speed if the original HDV passed through a stop wave, meanwhile, the key vehicle in the next
platoon will take a much higher speed if the stop wave exited the link before that key vehicle
entered. This outcome is one of the liabilities of using the empirical HDV trajectories, but this
work shows the method is robust to the fact that fluctuations in HDV demand modulate the CAV
traffic dynamics. If we had CAV control of the downstream link the departures would be more
uniform since the uneven delays from stop waves would have been dissipated from the traffic
stream and the more uniform departures would be even easier to control.
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Figure 4, Using lane 2 data, (A) the original HDV trajectories from the reextracted NGSIM data,

and (B) the corresponding CAV platoons from our method. Note that the black lines in the
top plot correspond to the last vehicle in the corresponding CAV platoon.
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2.2. Contingency Plans

The platoon formation in the previous section relies upon the forecasted departure curve.
Under normal conditions this assumption is reasonable for the envisioned system where an
extended corridor is under central coordination, and all vehicles follow prescribed trajectories. But
even the best forecasts are imperfect. For example, the forecasts would fail if a CAV had to
undertake an unexpected maneuver, e.g., in response to debris in the road, a flat tire, or sensor
failure. This section develops a suite of contingency plans for when the state progression diverges
from the forecasts. We specifically focus on situations where vehicles need to move slower than
originally forecast, i.e., unanticipated delays, because these events represent a safety hazard.

We start with the base case, at some time, t;, during the period that a well-formed platoon
(e.g., Fig. 2E) is traversing the segment and an updated forecast postpones the departure time. In
particular, the new forecast reports that the first vehicle in the platoon can now depart at some
time, t,, that is later than its original departure time. In the base case, this t, proves to be accurate.
Next, in the extended case, the forecasted t, proves to be too early and the platoon must be further
delayed. Then in the truncated case the forecasted t, proves to be too restrictive and the platoon
can be released earlier than anticipated. Next, in the slowed case the forecasted ¢, proves to be
correct but the speed after the departure is slower than anticipated. Each of these cases are
discussed in their own section below. Some of these cases include the following platoons, but not
all of them do. So, we also include a separate section impacts on the following platoon that
explicitly considers the following platoons. The discussion of contingency plans closes with a
section providing overall comments that apply to the various cases.

2.2.1. Base Case

At t, the revised forecast indicates that the first vehicle in the platoon can now depart at t,.
and in the base case, ultimately this revised forecast proves to be accurate. However, the final
outcome is not known at tg, only the revised forecast. So, at ts all vehicles in the platoon are
slowed, with each CAV after the first taking a speed slightly faster than their leader. Thereby
giving rise to an instantaneous transition at t; and a controlled transition to the final state beginning
at t,., as shown in Fig. 7. Specifically, the first vehicle in the platoon is slowed from v, to vg, so
that it will depart the link at exactly t,. and simultaneously take on the new speed v after leaving
the link. Initially, all vehicles in the platoon are uniformly spaced corresponding to the density of
state A. The second vehicle in the platoon aims to become a perfect follower (as per Newell, 2002)
in state C as it crosses the signal chord emanating from the lead vehicle at t,. that travels with the
wave velocity, w, corresponding to the slope of the congested regime. To do so, the second vehicle
must move faster than its leader to close the gap, taking vg,. In terms of the FD, Fig. 7B shows
that the second CAV transitions instantaneously from state A to state B,, and then maintaining
that speed, slowly closes the gap and progresses to state B, that falls on the FD. The progression
is timed so that at the instant the second vehicle reaches the FD it instantaneously transitions to
the final state C. This process continues for each successive vehicle in the platoon, with vg; <
Vgy < Vgz < ---. In this nomenclature, one could conceive of states B; and B;', but because the
first vehicle has a large gap by design, that vehicle's state would generally fall somewhere on the
radial at vy, far inside of the FD.
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Figure 7, A hypothetical example of the unanticipated delay for the base case. (A) Vehicle

trajectories in the time-space plane. (B) The corresponding states taken by the vehicles.
Note that the transition from state A to the family of states B; is instantaneous while the
transition from B; to B;' is a continuous evolution.

With the unanticipated delay, the rerouted platoon might impinge on the planned path of
the following platoon. So immediately after calculating the revised path for the current platoon it
must be checked against the existing plans for the following platoon. If there is an impingement,
the corrections will need to continue into the subsequent platoon. It might be that the following
platoon simply has to maneuver around the tail of the first platoon but can still depart on time
(effectively turning the corner of the lead platoon using the techniques of Coifman and Liu, 2026),
or it may have to temporarily join the end of the previous platoon until such point that the previous
platoon can pull away. Fig. 8 shows an example where the third platoon in lane 2 with t5 =
140 sec and t,, = 197 sec. This disruption impacts the paths of the next two platoons, but both of
the following platoons were able to turn the corner from the first platoon and depart on time. Each
gap and subsequent platoon absorbs the disturbance until it completely disappears. In this case the
sixth platoon and all subsequent platoons are unaffected by the disturbance.
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Figure 8, A hypothetical example of the response to unanticipated delay for the base case. Bold

curves show the three impacted. Note that all three platoons respond at t, but the speed
change is small enough that it is not perceptible for the middle platoon and the final
impacted platoon enters with the speed change already in place.

2.2.2. Extended Case

Fig. 9 shows that the extended case begins with the base case. At some point in time, this
case diverges when it becomes clear that the platoon cannot start its recovery at t,.. This discovery
does not need to be known in advance, it could happen as late as t,.. Instead of recovering as
planned, the lead vehicle in the platoon must maintain v, for some time beyond t,.. The end point
is denoted t,, which may or may not be known at the time of the extension. Since the first vehicle
does not speed up as anticipated, each subsequent vehicle must slow down and take state B; upon
crossing the signal cord from the lead vehicle at t, as it becomes a perfect follower. So now all
vehicles will pass through state B;’. Eventually the first vehicle can transition to v, and all
subsequent vehicles in the platoon transition to state C as perfect followers.

Clearly, this case is very flexible in terms of timing, but it relies on vy, continuing to be
viable for the first vehicle. If a lower speed is necessary, then one needs to reinvoke the Base Case
with that lower speed, as per the Truncated Case below with t; > t,.
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Figure 9, A hypothetical example of the unanticipated delay for the extended case. (A) Vehicle

trajectories in the time-space plane, (B) the corresponding states taken by the vehicles.

2.2.3. Truncated Case

Fig. 10 shows that the truncated case also begins with the base case, however, at time t, a
revised departure time, t;:, is determined. As originally envisioned, t; < t,, hence the word
"truncated" in the title, but the method also works with t; > t,.. Essentially, at t, the base case is
reinvoked with t;, except that the traffic immediately before t; is not in a steady state. The first
vehicle continues at vg,. Then for each subsequent vehicle, as per Fig. 10, the ith vehicle is in its
own state B;"' along the progression from B; to B;" while it is traveling at vg;. Like the base case,
each vehicle instantaneously changes speed from vp; to vp; at t; while preserving their spacing.
The vehicles then continue to state D;" on the FD. Once more, they become a perfect follower in
state C upon reaching D;’ and crossing the signal chord from the lead vehicle at t,. traveling at w.
Note that Fig. 10B shows vp; < vg(;41), but that is simply for clarity of presentation, the method
also works when vp; = vp(;41). It is a simple extension of this case to have the first vehicle change
speeds at t, and all subsequent vehicles adjust accordingly.
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Figure 10, A hypothetical example of the unanticipated delay for the truncated case. (A) Vehicle

trajectories in the time-space plane, (B) the corresponding states taken by the vehicles.

2.2.4. Slowed Case

Fig. 11 shows that the slowed case follows the base case up to t,. At t, instead of
transitioning to the forecast state C at v, the state is only allowed to reach state C' at v,, where
v < V.. As such, the traffic is delayed, but all of the delay occurs in the final state.

2.2.5. Impacts on the Following Platoon

Both the extended case and the slowed case can impact the following platoons, this section
explains how we address those cases. If there is enough warning and either t; is known for the
extended case or v, is known for the slowed case, then the following platoon can adjust using the
process from the base case. Otherwise, if the final states are not known, we let the following
platoon catch up to the current platoon and temporarily join the earlier platoon. Fig. 12A illustrates
this process when the following platoon catches up after the slowed case. Here, the duration that
the lead platoon will stay at v, is not known. So initially the following platoon responds as per
the base case, speeding up to the intended final state when the vehicles reach the signal chord from
the lead vehicle at t, traveling at w. However, the lead platoon remains at the slower v,, so the
second platoon is forced to slow and join the lead platoon. Naturally, this strategy can also be
applied to the extended case too.

13



Figure 11,

Figure 12,

B3

1

s tr t

A hypothetical example of the unanticipated delay for the slowed case. (A) Vehicle
trajectories in the time-space plane, (B) the corresponding states taken by the vehicles.
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A hypothetical example of how addressing the unanticipated delay in the first platoon can
impact the following platoon(s). This figure illustrates the scenario of the slowed case,
with the key vehicle from the first platoon shown on the far left and the first vehicles in
this platoon entering in state X. To distinguish the second platoon from the first platoon
we use states X, Y, and Z in place of A, B and C. (A) Vehicle trajectories in the time-
space plane, (B) the corresponding states taken by the vehicles.
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2.2.6. Overall Comments

The following comments apply to all of the various cases. If the departure time is
continually evolving, a new case can be invoked before the prior one is resolved. Next, throughout
the examples we used non-zero speed, but these methods are compatible with a full stop for the
final speed in the case of a major event or complete closure.

To fully address these unanticipated delay scenarios, we need downstream information on
vehicles beyond 1,800 ft that we do not have. When a delayed platoon exits, it needs to do
something, whereas its following platoon is targeting the ‘corner’ point where the last vehicle
speeds up. To avoid having to synthesize the unobserved downstream data, we set the last CAV
so that the leading platoon takes the final speed of the first CAV in the following platoon. If the
downstream link's dynamics were known (as would be the case in the envisioned system), the
departure speeds would be adjusted accordingly. Finally, there are a myriad of anticipated and
unanticipated delays and early recovery scenarios, our coverage is not meant to be exhaustive,
rather, it is illustrative of representative examples that could be used to address most delays while
also recognizing that other solutions are possible.

3. Conclusions

This report presents the results from Phase 3 of a larger study. The overall study seeks to
develop a novel anticipatory control method for CAV's, designed to mitigate and smooth
disturbances in congested freeway traffic. By enabling CAV's to anticipate stop waves, they can
proactively generate smooth trajectories. The method reduces unnecessary accelerations and
decelerations, thereby improving safety, driving comfort, and fuel efficiency. This research
essentially seeks to take conventionally unstable queued traffic and have CAV's proactively
respond to disturbances propagating upstream through the traffic to stabilize the flow. From a
broader perspective, the overall study recognizes the limits of automation in resolving fundamental
capacity constraints. While the proposed CAV control strategy significantly smooths traffic flow
and reduces the negative impacts, it does not increase maximum roadway throughput. Congestion
ultimately stems from demand exceeding capacity, and true resolution may require infrastructure
expansion or demand management. Nonetheless, by stabilizing flow and minimizing stop-and-go
dynamics, this approach represents a substantial step forward in improving the safety and
efficiency of congested traffic networks.

The previous phases of this work focused on the initial transition from unstable HDV stop
and go traffic to the first platoon of CAV's with smooth trajectories, i.e., dissipating large
shockwaves after they have formed and begun propagating. Collectively, the previous phases
showed that the system can rapidly nullify a stop wave. If all vehicles were CAV operating under
this approach, then stop waves would rarely arise and when one did form, it could be quickly
dissipated.

The Phase 3 work in this report starts with the assumption that CAV's can stabilize flow,
as per Phase 1-2, and then seeks to optimize the flow of an indefinite number of CAV's. This work
assumes that all vehicles are CAV's. Like the previous phases, we use the empirical HDV
trajectories from the reextracted 1-80 NGSIM data (Coifman and Li, 2024) to determine the
underlying demand and capacity. In the envisioned full CAV deployment, control of a given link
would leverage knowledge of conditions far downstream of the link. With the NGSIM dataset we
do not have this information. So, instead, we use the HDV departure curve at the downstream end
of the link as a proxy for the unobserved downstream conditions. Thus, when a CAV enters the
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link, we already know the earliest time it can leave the link via the HDV departure curve. But we
always have the liberty to hold the vehicle later than its earliest feasible departure time.

This study begins with the platoon formation based on the forecasted departure curve. We
structure the CAV traffic stream to be a sequence of high-flow platoons and no-flow gaps. This
platooning provides greater flexibility to respond to changing conditions. The gaps naturally
absorb disturbances that form within a single platoon and provide a buffer where a platoon's
dynamics can be changed without impacting any vehicles outside of the platoon.

The platoon formation seeks to collect the vehicles into platoons of roughly the same length
as they depart the link. In formulating the platoon strategy, we seek to ensure the last vehicle of
the platoon departs on time, as per the HDV departure curve. We use this key vehicle to find the
constant speed trajectory from its entrance point to exit point. Then we re-sort the vehicles from
their HDV order so that all entrances occur at the rear of the platoon. Leveraging the gap at the
end of the platoon, it is far easier to use this space for the vehicle to enter the lane and match the
speed, rather than attempting to split a platoon to make room for an entrance. Then, for exiting
vehicles we exploit the fact that CAV can exhibit inhuman dynamics and have the platoon's
vehicles ahead of the exit briefly slow to close the gap. Thus, keeping the platoon at the highest
possible flow for the given speed. By closing the gap in this way, each exiting vehicle effectively
removes the first vehicle position in the platoon.

Taken together, exiting vehicles shrink the platoon from the front and entering vehicles
grow the platoon from the rear. Furthermore, the vehicles within the platoon exhibit an average
speed higher than the platoon itself.

After the platoon is formed, it is checked against the previous platoon to ensure it never
overtakes the safety boundary of its predecessor. Once the platoon's path has been finalized, we
find the safety boundary for this platoon.

We are not presently assessing optimal platoon length nor how to maintain platoon lengths
in the presence of LCM. There are some opportunistic strategies that can be employed, e.g., if
several vehicles leave the lane, that might also be a good time to split a platoon. In practice, CAV's
at the front of a platoon could accelerate to join the platoon ahead or vice versa for vehicles at the
rear of a platoon. These dynamics could be realized with modifications to the controls we use to
coordinate departures from the link. However, the greater issue is lane balancing, and as noted
below, that is a topic for future research related to managing an extended corridor.

Of course, reordering vehicles like we do assumes that the LCM's are transferable, i.e., we
can swap any two CAV's. The present study treats the LCM as an exogenous input determined by
the HDV trajectory data. The logic behind this choice is that in a truly efficient CAV traffic stream
the synchronization of LCM's would be a complex process that balances OD flows, lane utilization,
and other constraints. While this lateral flow control is a critical element of CAV operations, it is
a large research endeavor in itself and requires a move to strictly synthetic data across an extended
corridor to establish a meaningful set of OD flows. In this context, although there will be some
vehicles that need to remain in their given lane (e.g., vehicles approaching their freeway exit or
trucks that should stay in the slow lanes), most vehicles do not have a lane dependence and thus,
swapping which one of these vehicles changes lanes will not impact the individual OD
requirements.

More generally, the human tendency of drivers jockeying to find the fastest lane in queued
traffic will be negated by centrally coordinated CAV flows that balance speeds across lanes, so the
total number of LCM's for CAV flows should be lower than HDV. We anticipate that an optimal
CAV LCM strategy would seek to optimize lane utilization and minimize LCM, e.g., vehicles
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traveling a long distance would be moved to the left lane while vehicles traveling only a short
distance would be kept in the right lanes. While a few vehicles might be shuffled back and forth
between lanes to optimize lane utilization, most vehicles would exhibit monotonic LCM behavior.
After entering the freeway, they would either maintain their lane or move to the left. Eventually
that would switch and they would either maintain their lane or move to the right. But this LCM
optimization requires a much longer corridor study and is left to future research.

Using the HDV to determine demands and capacities of the CAV's inadvertently retains
artifacts from the HDV dynamics. This unevenness arises because of when and where delays
impact the HDV's, e.g., the downstream departure pattern maintains the variable rates from the
HDV traffic (including stop waves). This outcome is one of the liabilities of using the empirical
HDV trajectories, but this work shows the method is robust to the fact that fluctuations in HDV
demand do not correspond to the CAV traffic dynamics. If we had CAV control of the downstream
link the departures would be more uniform since the uneven delays from stop waves would have
been dissipated from the traffic stream before reaching the study link and the more uniform
departures would be easier to control.

Fig. 6 shows many large gaps between platoons in lane 3. We suspect many of these are
due to long vehicles being treated as if they are cars. One could modify the code to accommodate
multi-class traffic (i.e., different vehicle lengths). When contemplating multiple classes using
Newell (2002), one must be careful to recognize the model implicitly constrains the relationship
between reaction time, jam spacing, and wave velocity. As per Coifman (2015), these parameters
exhibit a strong dependency on vehicle length. Of course, CAV can be engineered to deviate from
HDYV behavior, but care must be taken to ensure the multi-class model interacts with the platoon
dynamics as desired. Such multi-class modeling is left to future work. For the current study the
fact that we do not account for the impact of vehicle length simply lowers the entering demand
and departure capacity of the link when we use the single class model.

The platoon formation relies upon the forecasted departure curve. Under normal conditions
this assumption is reasonable for the envisioned system where an extended corridor is under central
coordination, and all vehicles follow prescribed trajectories. But even the best forecasts are
imperfect. For example, the forecasts would fail if a CAV had to undertake an unexpected
maneuver, e.g., in response to debris in the road, a flat tire, or sensor failure. So, we develop a suite
of contingency plans to employ when the state progression diverges from the forecasts. We
specifically focus on safety hazards, where vehicles move slower than originally forecast, i.e.,
unanticipated delays.
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