49

Entrance Algorithm & Analysis Equations

Entrance into mainline automated vehicle traffic flow is a function of the gap size on the
mainline, the size of the platoon preceding that gap, and the maximum platoon size. The logic
behind the AET entrance algorithm is based on the concept that interrupting mainline traffic flow
through the merging maneuvers of entering vehicles is unacceptable, as mainline traffic streams
perform optimally under constant steady-state speed and spacing parameters. Therefore, the
algorithm attempts maximize the size of all mainline platoons and fill all acceptable gaps in the
mainline to the extent the ramp demand allows. Queued vehicles on the ramps are therefore
allowed to enter as Singletons, or as platoons.

The algorithm resembles a gap-based advanced ramp metering system. It acts as a single
server regulator for vehicles entering mainline automated traffic. Although ramp demand was
assumed to be large and constant in order to push the system to capacity, the algorithm does
account for scenarios where the ramp demand may be adjusted. A flowchart of the algorithm is
provided in Figure 9 and the visual basic computer code for the algorithm is found in the

appendix.

FIGURE 9. AET Entrance Algorithm Flowchart.
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The algorithm consists of two parts: a “Join Platoon” procedure and a “New Platoon”
procedure. In order to begin, a gap of at least the intra-platoon headway spacing (4 [ft]), the
length of a vehicle (/ [ft]), and the inter-platoon headway spacing (H [ft]) must exist to start the
algorithm. Therefore, the model requires pre-determined inputs for these parameters, as well as
for the maximum platoon size (N, [veh]). Once the algorithm starts, ramp demand (npemana
[veh]) is detected on the ramp, and the preceding platoon size (N, [veh]) and gap size (G [ft]) are
detected on the mainline.

Also, initial values for the platoon number (i [platoons, pls]) and the total number of
merging vehicles to be released for the current gap (n7,. [veh]) are set to 1 and 0, respectively.
Setting i to a value of one simply means that the platoon on the mainline preceding the gap being
analyzed is designated as the first platoon in the analysis. A “Join Platoon” procedure will
determine the number of vehicles from the ramp that will be released to merge by joining this
platoon, and, if space allows, a “New Platoon” procedure will determine the number of vehicles
from the ramp that will be released to merge by forming new platoons following the initial
mainline platoon.

The algorithm flowchart shown in Figure 9 was simplified to numbered junctions in the
process for visual simplification. Verbal and mathematical definitions of each junction are

described as follows:

1. Calculate the maximum number of vehicles that can fit into the gap, ngy. [veh],
assuming they perform the “Join Platoon” procedure. (Round down to the nearest whole

vehicle.)

(4.5)

NEnter = l+—h
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Does the maximum number of vehicles that can fit into the gap (ng.. calculated in
junction 1) exceed the number of vehicles required to fill the existing platoon to

maximum size?

4.6)
NEnter > Nmax - Np ?

Does the number of vehicles required to fill the existing platoon to maximum size exceed

the demand on the ramp?

4.7
Nmax - Np > Npemand ?

Send the demand.

(4.8)
Ni = Npemand
where
n; = number of platoons released for platoon i, [veh]

Fill the existing platoon to maximum size.

4.9)
n; Nmax Np

Does the maximum number of vehicles that can fit into the gap (ng.. calculated in

junction 1) exceed the demand on the ramp?

(4.10)

NEnter > Npemand ?

Send the maximum number of vehicles that can fit into the gap (ng... calculated in

junction 1).
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(4.11)
Ni = Ngnter

Determine the number of vehicles that will join the existing platoon, n,,;,, [veh]. Decrease
the ramp demand by the number of vehicles that join the existing platoon. Store the
count of the total number of vehicles released from the ramp for the current gap.
Determine the size of the gap remaining, G [ft], after the entering vehicles join the

existing platoon.

(4.12a)
Njoin =Ny
(4.12b)
Npemand = Npemand — Ni
(4.12¢)
Nrotal = z n;
(4.12d)

Is there any remaining demand on the ramp, and is the remaining gap large enough to

allow any more vehicles to enter, assuming they perform the “New Platoon” procedure?

(4.13a, 4.13b)
Npemana >0 AND G >2H +1 ?

Calculate the maximum number of vehicles that can fit into the remaining gap, #ge-

(Round down to the nearest whole vehicle.)

(4.14)
G—2H+h
NEnter = l+—h

Does the maximum number of vehicles that can fit into the gap (ng.. calculated in

junction 10) exceed the maximum platoon size?
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(4.15)
Ngnter = Nmax ?
Does the maximum platoon size exceed the demand on the ramp?
(4.16)
Nmax > Npemand ?
Send the demand.
(4.17)
Ni = Npemand
Send a platoon of maximum size.
(4.18)

n; = Npax

Does the maximum number of vehicles that can fit into the gap (ng.. calculated in

junction 10) exceed the demand on the ramp?

(4.19)

NEnter > Npemand ?

Send the maximum number of vehicles that can fit into the gap (ng... calculated in

junction 10).

(4.20)
N; = Ngnter

Determine the number of vehicles that will form a new platoon, ny,, [veh]. Decrease the
ramp demand by the number of vehicles that form a new platoon. Update the count of

the total number of vehicles released from the ramp for the current gap. Store the number



54

of platoons that have been released. Determine the size of the gap remaining after the

vehicles form the new platoon.

(4.21a)
Nyew = Ny

(4.21b)

Npemand = Npemand — Ni
(4.21c)
Nrotal = z n;

4.21d)
i=i+1

(4.21e)

G=G—H-n;(l+h)+h

As soon as there is either no remaining demand on the ramp, or the remaining gap is not
large enough to allow any more vehicles to enter, node number nine produces a “False” result,
and the process terminates. Therefore, the analysis of the original gap is ended, and the output of
the algorithm is the total number of vehicles released from the ramp, n7,,, [veh], the total number
of platoons released from the ramp, iz, [pls], the remaining gap on the mainline, G [ft], and the
remaining demand on the ramp, npemaa [Veh]. Information about each platoon released from the
ramp is also obtained. This information includes the number of vehicles released to join the
existing platoon on the mainline, 7n,,;, [veh], the number of full platoons released (excluding the
first and last platoons), ng, [veh], and the number of vehicles released in the last platoon
(excluding the first platoon), 7, [veh].

This “release-to-gap” merging logic accomplishes the merging maneuver for automated
vehicles without imposing any significant interruption to the mainline flow, as was proven by
Ran et al. (6). Ran’s study explains that the consequence of prioritizing the mainline flow over
the ramp flow in this way is that the mainline will be able to operate with minimal impact from

the merging maneuver, which is the goal of this project. Thus, the algorithm developed
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inherently gives priority to mainline flows, which in turn transfers any delay that would be
experienced on the mainline from a merging maneuver to queued vehicles on the ramp.
However, while delay may be transferred to the ramp, it should be noted that large ramp queues
typically only develop under conditions of high mainline flows and few available gaps for
merging. It stands to reason that under these conditions, mainline flows should take priority over

ramp flows in order to move larger volumes of traffic.

Performance Measures

The performance measures used in this research were freeway and ramp lane capacities.
This first includes the optimal capacity of the mainline without traffic interruptions. Next, taking
check-in merging into account, ramp capacities for automated entrance ramps were assessed,
followed by the effective downstream capacity of the mainline, including the merging strategy

outlined previously.
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CHAPTER 5

ANALYTICAL RESULTS

The results of this research include a working micro-simulation model of an automated
merging strategy for vehicles in an automated electric transportation system. In addition,
accurate estimates of lane capacities for automated vehicle systems both upstream and
downstream of merging areas are calculated and proven. This analysis gives meaningful and

measurable insight as to the potential benefits and requirements of an automated system.

Optimal Mainline Capacity

First, using the equations shown in the previous chapter, and assuming values of / =
16.40 ft, h = 3.28 ft, H = 98.43 ft, and u = 74.56 mph, Figure 10 shows the maximum capacity on
the mainline of an AET freeway lane with respect to platoon size (N is varied) and compares it to
a typical flow vs. density curve for a “normal” freeway lane. The term *“’Normal’ Case” here
refers to a flow vs. density curve typically seen on today’s freeway lanes. It is re-emphasized
here that this maximum value for AET capacity does not take into account any disturbances in
mainline travel.

Next, in order to verify that the micro-simulation model accurately represented this
maximum flow, a simple network consisting of a single lane of traffic with no interruptions was
created in Paramics. As vehicles were generated, they would assume the car following logic
described in this thesis and maintain the proper headway spacings, # and H. As the generation of
the vehicles in the simulation was random, it was necessary to create a “dummy link” that was
used for platoon forming purposes. In this dummy link, vehicles would travel at high speeds in
order to “catch up” to the vehicle they would be following until they achieved the required
spacing. After they had successfully formed and maintained their platoons for an acceptable

amount of simulation time, they would then enter the “AET link,” where vehicle flows were
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FIGURE 10. Maximum Mainline Capacity Flow vs. Density.

measured under platooned conditions.

It was anticipated that the simulated flows would match very closely with the calculated
flows shown previously due to the fact that the speed and spacing of each vehicle in the model
was under automated control. As is shown in Figure 11, this was found to be true. The vehicle
flows under each scenario were exactly the same flows as the calculated results.

The usefulness of these values for optimal capacity is reflected in the growing concern of
traffic congestion management where demand frequently surpasses supply, especially in locations
where additional lanes are not viable options in terms of land space. Therefore, based on the
results presented here, the automated platooning of traffic streams presents immediate benefits,
even at the “All Singleton” level due to the use of constant spacing and automated vehicle
control. In classical models, freeway traffic flows above a critical density of approximately 50
vpm enter into a congested state, where vehicles travel closer together, but at lower speeds until
traffic comes to a complete stop at a jam density of approximately 100 vpm. However, the results

of the micro-simulation model verify that traffic flow under automated control is capable of



58

20,000 Infinite Platoon —©

25-Vehicle Platoons
20-Vehicle Platoons

15,000 15-Vehicle Platoons

10-Vehicle Platoons (@&
—o— Calculated Maximum Flow
¥— "Normal" Case

10,000 - 5-Vehicle Platoons — © — Simulated: All Singletons

[vph]

Flow

— © - Simulated: 5-Veh Platoons

= © = Simulated: 10-Veh Platoons
- ® - Simulated: 15-Veh Platoons
= © = Simulated: 20-Veh Platoons

5.000 = © - Simulated: 25-Veh Platoons

Simulated: Infinite Platoon
All Singletons

I
1
1
0.00 50.00 100.00 150.00 200.00 250.00 300.00

Density
[vpm]

FIGURE 11. Simulated Results for Maximum Mainline Capacity.

achieving traffic flows at the upper bounds of “theoretical” optimal capacity. But in order for a
traffic system to operate with a traffic flow at these upper limits, the admittance of vehicles to this
system should be limited to ensure that the correspondent maximum density would never be

surpassed (38).

Ramp Capacity

Using the merging strategy presented previously, the ramp flow is a function of the size
of the gap in the mainline, the maximum platoon size, and the size of the platoon directly
preceding the gap. As assumed in previous research, the average size of the gap in the mainline
may be calculated as a function of the speed and flow rate of the mainline vehicles using
Equation 4.4. Taking this value as an input for the merging algorithm, and using values for
maximum platoon size equal to five and varying the mainline flows, Figure 12 shows an

illustrative example of the calculated ramp capacity. The “Mainline Capacity” line is calculated
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by subtracting the actual mainline flow from the calculated optimal capacity for the given
maximum platoon size, and is shown for reference. The ramp capacity should never exceed this
line, as that would cause the freeway to exceed maximum density, thus creating negative
shockwaves that would impose delay on the mainline traffic flow.

As the size of the platoon preceding the gap on the mainline will vary stochastically from
one to the maximum platoon size (in this case five), the ramp capacity was calculated for each
case. While the results for uniform platoon sizes of 1, 3, and 4 are shown for reference, the solid
black line in the figure represents the average for all cases, and can be taken as an average
estimate of the ramp capacity at any given mainline flow. Under low mainline flows, the results
show that the ramp capacity can be very high, as the mainline is free to accept large flows of
vehicles from the ramp without interruption. However, these values are only applicable assuming
constant and large ramp demands in order to determine the capacity. Under normal conditions,

although the ramp capacity may be high, actual ramp flows will likely be limited to the ramp
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FIGURE 12. Ramp Capacity vs. Mainline Flow.
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demand.

Conversely, under high mainline flows, there is a threshold where allowing merging
vehicles is not acceptable without interrupting mainline flow, which would cause mainline
vehicles and platoons to brake in order to allow merging vehicles to enter the freeway. As this
scenario was determined to be unacceptable for this analysis, ramp capacity under these
conditions is low, and eventually approach zero. It is acknowledged that this effectively gives
priority to the mainline flow, which in turn transfers delay to the vehicles waiting on the ramp.
While this may be true, at the small cost of delaying vehicles on the ramp, the mainline flows are
able to operate with minimal impact from merging vehicles, thus maximizing mainline vehicle
flow. The actual effect this has on mainline flows is explored in the discussion following on
effective mainline capacity.

In order to verify this analytical analysis, the micro-simulation model was used to run
multiple scenarios with varying mainline flows. Mainline flows in the model exist with
stochastic variations in gap size and the size of the platoon preceding the gap on the mainline.
This was achieved by seeding the demand in the simulation for each run. It was found that by
following the merging algorithm for automated entry to an AET freeway lane, the simulation
accurately represented both the mainline and ramp flows under high mainline flows. However,
under low mainline flows, the simulation produced ramp flows slightly lower than the analytical
model.

This was due to the fact that the ramp in the model was limited to two lanes, so as to
more accurately represent a real-world on-ramp. Since there is a time lag between the time a
platoon is released from the ramp and the next platoon on the ramp reaches the stop bar to
analyze either the remaining gap or the next gap, some usable gaps in the mainline may pass by
unused. This results in some capacity loss and was discovered while the scenarios were being

analyzed using a single-lane on-ramp. Therefore, a two-lane on-ramp was then modeled, and the
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results nearly doubled, as expected, with the addition of a second lane. It is anticipated that this
trend would continue with the addition of multiple lanes on the on-ramp, however, these
scenarios were not analyzed due to the fact that the flows achievable with two lanes were
determined to be adequate with respect to the capacity loss and the land space required for
additional lanes.

Therefore, rather than depicting the scenario for a ramp operating at maximum capacity,
this phenomenon describes the model for the scenario of a ramp operating at flow levels
corresponding to the actual demand at the ramp. Under these conditions, neither the ramp nor the
mainline flows are expected to reach capacity, as the system lacks the required demand.
However, through the merging logic presented in this research, operations under these conditions

allowed the traffic flows to merge seamlessly, thus maximizing mainline and ramp flows.

Effective Mainline Capacity

While optimal mainline capacities and ramp capacities are useful tools in the analysis of
an AET interchange, effective mainline capacity represents the merging of the two flows. The
capacity of a merge or diverge area is always controlled by the capacity of its entering and exiting
roadways (4). However, by monitoring and controlling the traffic operations and vehicle
movements at these locations, turbulence due to typical merging maneuvers can be avoided, and
thus the capacity of the roadways involved may be maximized.

When the vehicle speeds and headway spacings are controlled automatically through
various communications and controls protocol, optimal mainline capacity can be broken down to
the simple calculations shown in Equations 4.1 and 4.2. Then, using Equation 4.4 as well as the
merging algorithm discussed, ramp capacity is broken down to basic gap acceptance theory. This

section provides a comparative analysis of how this merging logic improves on past research,
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focusing on the effective mainline capacity, or the capacity of the mainline at or directly
downstream from an automated merging location.

Using Equations 4.1 and 4.2, the optimal mainline capacity was calculated with varying
values for maximum platoon size and mainline steady-state speed. This was done to provide
insight to moderate speed and high speed applications as well as optimal maximum platoon size.
Clearly, if increasing optimal capacity was the only goal, longer platoon sizes provide more
desirable results; however, considering safety and efficiency, especially relating to string stability
of platooned vehicles, the analysis of a variety of platoon sizes aids in weighing options for
various applications.

Table 2 shows the results of that analysis. These values represent the maximum
achievable freeway lane flows for an automated system, given the parameters for speed, spacing,
and platoon size, and represent the values that the merging logic should strive to achieve along
the freeway.

Two trends recognized from this table are that as maximum platoon size increases, the
optimal mainline capacity increases asymptotically to the infinite platoon case. The other is that
as steady state speed increases, optimal mainline capacity increases linearly. Therefore, one can

conclude that the benefits of increasing platoon size provide diminishing returns in terms of

TABLE 2. Optimal Mainline Capacity, [vph].
Speed, [mph]

Platoon Size, [veh]
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capacity. However, increasing speeds continually provides added benefit, regardless of the
platoon size. This may be especially insightful for research related to string stability for
platooned vehicle formations and safety. If larger maximum platoon sizes can only produce
limited improvements, efforts should be less focused on this factor and more focused on being
able to safely control smaller platoons at higher speeds.

In order to perform a comparative analysis between past Automated Highway Systems
(AHS) research and this current AET research, the same assumed values for spacing discussed
previously in this report were used in all the relevant equations. Using the analysis equations and
merging logic used in past AHS research found in (5), the average effective capacity was
calculated as an average mainline flow at or directly downstream from the merge area of the
freeway. This was obtained by finding the average flow for each maximum platoon size at
increasing values of initial upstream mainline flow and preceding platoon sizes from one to the
maximum value. Finally, an overall average for each case was calculated, the results of which
are tabulated in Table 3. The values shown for the infinite platoon case were estimated based on
the trend seen as maximum platoon size increased.

Again, it was observed that increases in maximum platoon size provided diminishing

returns, asymptotically approaching the infinite case. Furthermore, it was observed that increases

TABLE 3. Effective Capacity (AHS), [vph].
Speed, [mph]

Platoon Size, [veh]
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in steady state speed provided improvements in a nearly linear fashion. However, the results for
effective capacity were considerably lower than the results for optimal capacity. This is due to
the fact that the logic used in the AHS work does not utilize acceptable gaps in the mainline to
their full potential. Also, in this past work, entering vehicles were permitted to impose delay on
the mainline traffic stream. This delay was calculated, and efforts were made to minimize the
imposed delay to less than a ten percent flow reduction. However, while this delay under
conditions of low mainline traffic flow may not have been significant, it eventually increases
exponentially under conditions of high mainline traffic flow.

Using the equations and merging logic described in this report, the same analysis was
performed to determine the average effective capacity for an AET system. As was accomplished
in the AHS analysis, the average effective capacity was calculated as an average mainline flow at
or directly downstream from the merge area of the freeway. This was obtained by finding the
average flow for each maximum platoon size at increasing values of initial upstream mainline
flow and preceding platoon sizes from one to the maximum value. Finally, an overall average for
each case was calculated, the results of which are tabulated in Table 4. The values shown for the
infinite platoon case were estimated based on the trend seen as maximum platoon size increased.

Again, it was observed that increases in maximum platoon size provided diminishing

TABLE 4. Effective Capacity (AET), [vph].
Speed, [mph]

Platoon Size, [veh]
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returns, asymptotically approaching the infinite case. It was also observed that increases in
steady state speed provided improvements in a nearly linear fashion. Furthermore, the results for
effective capacity using the AET logic were lower than the results for optimal capacity, although
not as significantly as seen in the AHS analysis. This is due to the fact that the logic used in the
AET merging algorithm fully utilizes the acceptable gaps in the mainline. Also, entering vehicles
were not permitted to impose delay on the mainline traffic stream.

For a more clear understanding of the results seen in Tables 2 — 4, Figure 13 shows a
graph of the results for optimal capacity, effective capacity using past AHS logic, and effective
capacity using the AET logic presented in this report, all for the 75 mph case at each maximum
platoon size (1, 5, 10, 15, 20, and 25). The results clearly show that the merging logic outlined in
this report for AET improve upon what has been achieved in the past, especially as maximum
platoon size increases.

While there remains a capacity loss using the AET logic, it is important to clarify that the

capacity loss experienced using the AET logic is not the result of causing delay in the mainline.

20,000

15,000

10,000

== Optimal Capacity
—@-Effective Capacity (AET)
—a—Effective Capacity (AHS)

Flow, [vph]

5,000 -

85%

0 5 10 15 20 25 30

Platoon Size, [veh]

FIGURE 13. Capacity Comparison.



66

Rather, it is attributed to unused capacity. As the size of the gaps in the mainline varies
stochastically, it is expected that not all gaps will be filled perfectly by merging vehicles or
platoons. Therefore, some capacity will be lost due to this unused space. However, it is
anticipated that this unused space, or this capacity loss, may be regained downstream by platoons
re-assuming their optimum safe headway spacing. Thus, slight forward-moving shock waves
may be seen in mainline traffic flows between interchange locations.Further analysis of the
results shown by this research provide some additional insight relating to the transition strategy
for automated electric transportation. The results shown for the low-speed scenarios provide
information for policy makers and stakeholders in terms of the benefits that AET would provide
in an urban setting. Major arterials that currently operate at speeds near 45 mph would see instant
benefits in terms of capacity due to the fact that even with platoons operating as all singletons, a
single lane of arterial roadway is capable of handling capacities only seen on freeways today.

The “All Singleton” scenario was chosen as an example for an urban setting due to the
fact that arterial streets require more access points for entry and exit maneuvers than a limited-
access freeway. Therefore, platooning may prove to be difficult, and if priority is always given to
the major arterial as it was in the freeway scenario, it may also prove to be unfavorable in terms
of entrance delay. However, under automated control, in addition to keeping constant spacing
parameters, vehicles would also have the ability to safely increase steady state travel speeds.
Applying this to the urban setting, capacity would then increase by nearly 1,000 vph.

For the freeway setting, the results of two scenarios can be compared to draw conclusions
related to policy decisions concerning the operations of an AET freeway. The first is the scenario
at 65 mph with a maximum platoon size of 10 vehicles per platoon. Referring to Table 4, the
effective capacity under these conditions is just over 10,000 vph. The second is the scenario at 90
mph with a maximum platoon size of 5 vehicles per platoon. Again referring to Table 4, the

effective capacity under these conditions is similar — just over 10,000 vph. Since the resulting
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effective capacity is nearly the same, the difference between the two scenarios is the maximum
platoon size and the steady state speed of the freeway.

Much research has gone into the investigation of linear platoons of vehicles (61, 62). Itis
recognized that as the number of vehicles in a platoon increases, string stability becomes more
difficult to control. The consequence is that when string stability is lost, oscillations in intra- and
inter-platoon spacing will cause degradations in safety and efficiency, and is unacceptable for an
automated system. Therefore, in order to avoid this phenomenon yet still achieve freeway lane
capacities above 10,000 vph, it may be wiser to set freeway operations at lower maximum

platoon sizes, but increased steady state speeds.
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CHAPTER 6

SUMMARY AND CONCLUSION

The importance of this work is propelled by the fact that after decades of use and deferred
maintenance, the roadway infrastructure of this nation (in particular the interstate highway
system) is in need of innovation. Our mobility, safety, health, prosperity, and security depend on
reimagining, rather than repairing, that infrastructure. The subjects discussed in this thesis,
including vehicle automation, energy transfer, and mobility, are becoming increasingly
interdependent. Therefore, reimagining this nation’s infrastructure has required looking at the big
picture of how these different systems can work together to positively impact lives.

Recognizing that interconnectedness, AET’s realization has the potential to revolutionize
the way people move by providing unparalleled benefits to human health and safety, economic
independence, and quality of life. With human error and vehicle emissions contributing to the
vast percentage of the number of annual deaths directly related to motor vehicles, significant
impacts could be achieved through the synergy of motor vehicle automation and electrification.
AET has the potential of alleviating and even resolving many of these issues, all while achieving
increased mobility.

Therefore, the underlying aim of this thesis was to provide a foundation upon which the
technology surrounding AET may be further developed by evaluating the operational parameters
where AET will be feasible from a transportation operations prospective. The research conducted
targeted the subjects of transitioning to an automated electric transportation system as well as
quantifying the traffic flow impacts and lane capacity impacts concerning automated freeway
lanes and on-ramps, with particular focus placed on the merging strategy at these locations. It
also touched on the continuing challenge of modeling automated and/or cooperative vehicle

behavior in traffic micro-simulation software packages. As a result, this thesis provides a robust
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literature review to understand what has been achieved in past highway/vehicle automation
efforts, and identifies areas of improvement.

Central to this research was the formulation of an algorithm that improves upon past
automated vehicle entrance logic by updating the limitations of headway spacing with respect to
current electric vehicles compared to internal combustion engine vehicles, as well as maximizing
mainline and ramp flows under automated control. The expectation is that the work performed in
this thesis will provide better understanding of the requirements and potential impacts this
technology would have on a typical freeway interchange and provide useful information to

transportation professionals attempting to perform analyses in related fields of research.

Conclusion

The information found in this thesis provides quantified measurements in automated lane
capacities and traffic flows. The analysis of the algorithm developed was compared to past work
that has been done in similar areas. It was shown in this research that the theories and logic
presented indeed improve on past successes in terms of ramp capacity and effective capacity of
the mainline freeway and was verified using Quadstone Paramics. It was found that by using the
logic outlined in this thesis, under the conditions of maximum platoon size set at 5 vehicles per
platoon and steady state speeds set at 75 mph, lane capacities may be more than quadrupled to
above 8,000 vph for automated vehicle lanes. This is meaningful due to the fact that string
stability has been proven for platoon sizes of 5 vehicles, and steady state highway speeds of 75
mph are safely achievable along the majority of today’s freeways without alterations to geometric
design.

In addition, the strategies utilized in this research maximize automated mainline traffic

flow, even at merging areas of the freeways, allowing actual traffic flows to approach maximum
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capacity without imposing delay on mainline traffic streams. This information may be useful in
cost/benefit analyses for land use and the acquisition of right-of-way.

One major hurdle that was overcome through this research was the lack of existing traffic
simulation software packages to be sufficiently flexible to give accurate and reliable estimations
of automated traffic flow, especially considering automated vehicle platooning and automated
vehicle merging maneuvers at freeway on-ramps. The work presented in this thesis, particularly
the algorithm developed, thus has the potential to be integrated with available traffic simulation
products such as Paramics (as was used in this research), VISSIM, etc. Improved computer based
simulation modeling techniques may prove to be a useful tool to help assess alternative automated
entry and exit configurations and further identify optimal strategies to balance traffic management

and safety concerns with automated vehicle control.

Recommendations for Future Research

A significant limitation in micro-simulation modeling was that vehicles could not
communicate and move simultaneously, or cooperatively. This hurdle was overcome by
modifying the car following properties of the vehicles within the software and adjusting the
length of the area of analysis in order to allow platoons to form. However, if vehicles had the
ability to move cooperatively within the software, many issues in the simulation analysis may be
simplified greatly, and the amount of lane miles required for a simple model would be more
accurate.

Also, this research introduced an algorithm to overcome past limitations related to
automated vehicle entry, but with one key assumption that may be critical to applying the results
of this work on the network level. That assumption is that platoons are formed in such a way that

the vehicles that will exit from the platoon are always in the rear. However, as destinations for
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vehicles arriving at automated vehicle check-in locations will differ stochastically, a strategy for
forming platoons optimally remains an area of significant importance.

This optimal platoon configuration may likely be achieved by some strategy at the on-
ramps, however, in order to avoid unnecessary delays by forcing vehicles to wait for an optimal
mainline platoon structure, it is anticipated that the analysis may have need to expand to include
two lanes. The first lane would be designated specifically for steady-state travel, and the second
lane would be used for adjusting the platoon structure such that the optimal configuration is

achieved by the time the platoon reaches the nearest desired exit of any vehicle in the platoon.
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APPENDIX

VISUAL BASIC COMPUTER CODE

'Define Variables

Public 1 As Integer ' Vehicle Length, [m]

Public u As Integer ' Average Speed, [km/h]

Public h As Integer ' Intra-Platoon Headway, [m]

Public Hsafe As Integer ' Inter-Platoon Headway, [m]

Public Nmax As Integer ' Maximum Platoon Size, [veh]

Public nDemand As Integer ' Ramp Demand, [veh]

Public Np As Integer ' Size of the Platoon Preceding the Gap, [veh]

Public G As Integer ' Gap Size, [m]

Public Q As Integer ' Mainline Flow, [veh/hr]

Public i As Integer ' Counter for the Number of Platoons Analyzed for the Existing Gap,
[platoons]

Public n As Integer ' Counter for the Number of Vehicles, [veh]

Public nEnter As Integer ' Number of Vehicles that can Fit into a Gap, [veh]

Public nTotal As Integer ' Total Number of Vehicles that are Released for the Existing Gap, [veh]
Public nJoin As Integer ' Number of Vehicles that Join the Rear of the Platoon Preceding the Gap,
[veh]

Public nFull As Integer ' Number of Full Platoons that are Released in the Existing Gap,
Excluding the Platoon Preceding the Gap and the Last Platoon Analyzed, [veh]

Public nLast As Integer ' Number of Vehicles that are Released in the Last Platoon Analyzed,
Excluding the Platoon Preceding the Gap, [veh]

Public Cleak As Integer ' Capacity Leak, or Excess Headway Existing After the Analysis, [m]
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Public qRamp As Integer ' Ramp Flow, [veh/hr]

Function AETEntry(Nmax, Np, Q)
'Input Given Data
1 =Range("D3").Value
u = Range("D4").Value
h = Range("D5").Value
Hsafe = Range("D6").Value
nDemand = Range("D8").Value
'Initial Conditions
i=1
nTotal =0
G = Application. WorksheetFunction.RoundDown(((3600 * Np) / Q) * (u * (1000 / 3600)) -
Np * (1+h)+h,0)
'‘Block 1
nEnter = Application. WorksheetFunction.RoundDown((G - Hsafe) / (1 + h), 0)
'Diamond 2
If nEnter > Nmax - Np Then
'Diamond 3
If Nmax - Np > nDemand Then
'‘Block 4
n =nDemand
Else
'‘Block 5

n =Nmax - Np



End If
Else
'Diamond 6
If nEnter > nDemand Then
'‘Block 4
n =nDemand
Else
'‘Block 7
n = nEnter
End If
End If
'‘Block 8
nJoin =n
nDemand = nDemand - n
nTotal =n
G=G-n*(1+h)
'Diamond 9
While G >= 2 * Hsafe + 1 And nDemand > 0
'Block 10
nEnter = Application. WorksheetFunction.RoundDown((G - 2 * Hsafe + h) / (1 + h), 0)
'Diamond 11
If nEnter > Nmax Then
'Diamond 12
If Nmax > nDemand Then

'Block 13
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n =nDemand
Else
'‘Block 14
n = Nmax
End If
Else
'Diamond 15
If nEnter > nDemand Then
'‘Block 13
n =nDemand
Else
'‘Block 16
n = nEnter
End If
End If
'‘Block 17
G=G-Hsafe-n*(1+h)+h
nLast =n
nDemand = nDemand - n
nTotal = nTotal + n
i=i+1
Wend
'End (Diamond 18)
If i <3 Then

'Block 19
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nFull =0
Else
'Block 20
nFull=1i-2
End If
'‘Block 21
Cleak = G - Hsafe
'‘Block 22: Output
'Return to Start
qRamp = nTotal * (Q / Np)
AETEntry = qRamp

End Function
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