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EXECUTIVE SUMMARY

The research develops Eco-CACC algorithms by considering a single intersection, multiple
intersections, and field implementation for human drivers and automated vehicles. In this
research, the INTEGRATION microscopic traffic assignment and simulation software is
used to evaluate the performance of a proposed Eco-CACC algorithm by considering isolated
intersection to assess its network-wide energy and environmental impacts. A simulation
sensitivity analysis demonstrates that as the CACC-equipped vehicle market penetrate rate
increases the energy and environmental benefits also increase, and that the overall savings in
fuel consumption are as high as 19% when the market penetration rate is 100%. On multi-
lane roads, the algorithm may produce network-wide increases in the fuel consumption level
when the market penetrate rate is less than 30%. The analysis also demonstrates that the
length of control segments, the SPaT plan, and the traffic demand levels significantly affect
the algorithm performance. The study further demonstrates that the algorithm may produce
increases in fuel consumption levels when the network is over-saturated and thus further
work is needed to enhance the algorithm for these conditions.

This research also develops Eco-CACC-MS algorithms to minimize fuel consumption
for vehicles to pass multiple intersections. The algorithm accelerated or decelerated the
equipped vehicles to a constant speed to cruise to the intersections so as to reduce their fuel
consumption levels. In addition, the Eco-CACC-MS algorithm was evaluated with the
INTEGRATION microscopic simulator. The simulation of the single-lane intersections
proved that fuel consumption savings were greater at higher MPRs. The reductions in fuel
consumption reached 7% for Eco-CACC-MS-Q and 4.2% for Eco-CACC-Q at 100% MPR.
And, taking the vehicle queue into consideration, the Eco-CACC-MS-Q algorithm always
performed better than Eco-CACC-O. In the two-lane intersection, due to lane-changing and
passing behaviors, the proposed algorithm increased the total fuel consumption levels when
the MPRs were less than 30%. Once the MPRs were larger than 30%, positive savings could
be observed. In addition, the Eco-CACC-MS algorithm was implemented in a network with
four consecutive intersections, and the fuel consumption savings were also observed to be as
high as 7.7% for single-lane roads, and 4.8% for two-lane roads. The study also included a
comprehensive sensitivity analysis of traffic demands, phase splits, offsets, and the distances
between intersections. The analysis indicated that under the given offset of 75 seconds, the
phase split of 50%, and the 1000-meter segment between the two intersections, loading
vehicles at 700 vphpl resulted in the highest fuel consumption savings, at 13.5%. And, given
the offset, the demand and the distance between intersections, with a larger percentage of the
phase split, the savings from the proposed algorithm were smaller. In addition, when the
offset was closer to the optimal offset, fuel consumption savings were smaller. Furthermore,
the optimal distance between intersections exists to maximize the savings in fuel
consumption.

The research develops an Eco-CACC system to compute the fuel-efficient speed
profile in the vicinity of signalized intersections. The Eco-CACC algorithm is implemented
into an Eco-CACC system in the VTTI automated vehicle. In the Eco-CACC system, the
computed speed profile can either be broadcasted as audio alert to the driver to manually
control the vehicle, or be implemented into the automated vehicle (AV) to automatically
control the vehicle. From an algorithmic standpoint, the proposed algorithm addresses all
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possible scenarios that a driver may encounter while approaching a signalized intersection.
Additionally, from an implementation standpoint the research addresses the challenges
associated with communication latency, data errors, real-time computation, and ride
smoothness. The system was tested in the Virginia Smart Road Connected Vehicle Test Bed.
Four scenarios were tested for each participant, including a base scenario of uninformed
drive, a scenario that driver provided with a red indication countdown, a manual Eco-CACC
scenario that driver follows an audio recommended speed profile, and finally an automated
Eco-CACC scenario that vehicle uses longitudinally automated control to follow the speed
profile. The field test includes 32 participants, and each participant conducted 64 trips to pass
through a signalized intersection under different combination of signal timing and road
grade. The analyzed results demonstrate the benefits of the Eco-CACC system in assisting
vehicle to drive smoothly in the vicinity of intersections and therefore reduce the fuel
consumption levels. Compared to the uninformed drive, the longitudinally automated Eco-
CACC system controlled vehicle resulted in savings in fuel consumption levels and travel
times in the range of 37.8 and 9.3 percent, respectively.
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PROBLEM OVERVIEW

The United States is one of the prime consumers of petroleum in the world, burning more
than 22 percent of the total petroleum refined on the planet; with its transportation sector
consuming by itself nearly three-quarters of this product and is, consequently, ranked as the
second largest carbon emitter in the country. The surface transportation sector is faced by
three important challenges — availability of fuel to drive vehicles, emissions of greenhouse
gases, and vehicular crashes. Therefore, it is important to reduce petroleum consumption and
make surface transportation more safe, efficient and sustainable [1].

With the development of information and communication technology, connectivity
between vehicles and between vehicles and transportation infrastructure was made possible.
For instance, information of signal phasing and timing (SPaT) as well as, location and speed
of vehicles could be easily transmitted and exploited for any application. The advanced
communication power in connected vehicles ensures a very high update rate of the
information, which enables researchers to develop connected transportation systems meeting
safety, economy, and efficiency challenges [2]. Studies showed that vehicle fuel consumption
levels in the vicinity of signalized intersections are dramatically increased due to vehicles’
deceleration and acceleration [3, 4]. During the past decades, many studies have focused on
changing traffic signal timings to optimize vehicles’ delay and fuel levels [5, 6]. In recent
years, researchers attempted to use connected vehicles and infrastructure technologies to
develop eco-driving strategies that are more fuel-efficient. The concept of eco-driving is to
provide, in real-time, recommendations to drivers so that vehicle maneuvers can be adjusted
accordingly to reduce fuel consumption and emission levels [7-9].

One of such applications is the Eco-Cooperative Adaptive Cruise Control (Eco-
CACC) which was developed to optimize individual vehicle fuel consumption by
recommending a fuel-efficient trajectory using advanced information from surrounding
vehicles and upcoming signalized intersections [10]. Various Eco-CACC algorithms were
developed by researchers in recent years. Malakorn and Park proposed a cooperative
adaptive cruise control system by using SPaT information to minimize absolute acceleration
levels of vehicles and reduce fuel consumption level [11]. Kamalanathsharma and Rakha
developed a dynamic programming based fuel-optimization strategy using recursive path-
finding principles, and evaluated the developed strategy using an agent-based modeling
approach [12]. Asadi and Vahidi proposed a schedule optimization algorithm to allocate
“green-windows” for vehicles to pass through a series of consecutive signalized intersections
[13]. Guan and Frey further extended the work in [13] to generate a brake-specific fuel
consumption map which enables optimization of gear ratios, and dynamic programming is
used to find the optimum solution [14].

Although many Eco-CACC algorithms were developed in the previous studies, the
optimization for multiple intersections has not been considered to compare with the
optimization for isolated intersections in a traffic network. Moreover, most of Eco-CACC
algorithms are developed and tested in a traffic simulation environment where vehicles are
forced to follow the recommended speed as calculated by the Eco-CACC algorithms.
However, many problems that are not treated in simulation software need to be addressed in
order to implement Eco-CACC systems in the field, such as communication latency, system
malfunction, data collection error, driver perception/reaction delay, driver distraction
resulting from following posted recommended speed, etc. Few studies attempted to
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investigate the potentials of implementing Eco-CACC in the field. For instance, Barth and
Xia developed a dynamic eco-driving system and conducted a field test on arterial roads [15-
17]. However, vehicle fuel consumption is not explicitly considered in their algorithm
objective function. Instead, their algorithm attempts to optimize vehicle
acceleration/deceleration profiles to minimize the total tractive power demand and the idling
time so that the fuel consumption levels are also reduced [17]. Munoz-Organero and Magana
developed an expert system to reduce fuel consumption by calculating optimal deceleration
patterns and minimizing the use of braking. The system was implemented on Android mobile
devices and field-tested using five different vehicle brands and nine drivers [18]. However,
fuel consumption is also not explicitly considered in their objective function. The algorithm
provides the optimum solution for drivers to release the accelerator pedal and assumes it to
result in a deduction of fuel consumption.

Eco-Routing Modeling 4
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APPROACH AND METHODOLOGY

The Eco-CACC algorithms are developed in this project by considering a single intersection,
multiple intersections and field implementation for human divers and automated vehicles.

Eco-CACC Algorithms

The microscopic traffic simulator and the estimation of queue length at intersections are
introduced first, since they are the foundations of developing Eco-CACC algorithms.

INTEGRATION Microscopic Traffic Simulator

This project implemented the proposed Eco-Cooperative Adaptive Cruise Control (Eco-
CACC) system in the INTEGRATION microscopic traffic simulator, and then utilized the
simulator to quantify the network-wide energy and environmental impacts of the system.
This section makes a brief introduction of the INTEGRATION software, and then describes
how the Eco-CACC algorithm was implemented in INTEGRATION.

The INTEGRATION model was first developed in the mid 1980's [19, 20] and is
being continuously developed [21, 22]. It was conceived as an integrated simulation and
traffic assignment model and performs traffic simulations by tracking the movement of
individual vehicles every deci-second. This allows for detailed analysis of lane-changing
movements and shock wave propagations. It also permits considerable flexibility in
representing spatiotemporal variations in traffic conditions. In addition to estimating stops
and delays, the model can also estimate the fuel consumed by individual vehicles, as well as
the emissions [23]. Finally, the model also estimates the expected number of vehicle crashes
using a time-based crash prediction model. The model tracks each vehicle from its origin
until it exits the network at its destination.

The INTEGRATION model uses the Rakha-Pasumarthy-Adjerid (RPA) car-
following model to model longitudinal vehicle motion [24-26]. The RPA model integrates a
steady-state car-following model with a vehicle dynamics and a collision avoidance model to
ensure that vehicle movements are consistent with vehicle dynamics and driver input. The
steady-state model is the Van Aerde model [25, 27, 28], which describes the relationship
between the traffic stream speed, flow and density (also known as the fundamental diagram),

as illustrated in Figure 1.
1

. €2
c1+c3 v(x,t)+vf_v(x‘t)

plx,t) = (1a)

where v(x, t) is the traffic stream space-mean-speed at location x and time t. The coefficients
can be computed as

v
= pjig (Zvc — vf), (1b)
_ vf 2
€= (v —ve) (1c)
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@
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where vy, p;, q., v, are the free-flow speed, jam density, roadway capacity, and speed-at-
capacity, respectively. Figure 1 provides an example illustration of the fundamental diagram.
Here, we also have the speed-density v(x,t) = V(p(x,t)) and flow-speed q(x, t) =
Q,(v(x, 1)) = p(x,0) - v(x,t) relationships (Figure 1 (b) and (c)). Given (q., vy, p;, vc.), the
speed of the rarefaction wave generated by the green traffic signal indication can be
estimated, and the time of the queue dissipation can also be estimated.

V a 1%
A

Vf
Vf
Ve

Ve

(b)

Qg ,

ll)c' Pj =

(©)
Figure 1: Sample Van Aerde fundamental diagram: (a) speed-flow, (b) speed-density,
(c) flow-density

Moreover, the model computes the vehicle speed as the minimum of three speeds,
namely: the maximum vehicle speed based on vehicle dynamics considering the driver
throttle input, the desired speed based on the Van Aerde steady-state car-following model
formulation [25], and the maximum vehicle speed that the vehicle can travel at ensuring that
it does not collide with the vehicle ahead of it. In addition, the model is open-source, and
allows users to add functions to realize various traffic and vehicle control strategies. In this
study, we incorporate V21 communications to transmit two types of information to probe
vehicles: (1) the SPaT information from the intersection controller, and (2) the queue

Eco-Routing Modeling 6
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information, including its length and the time of dissipation, estimated by loop detectors
installed at the beginning and the ending of the control segment upstream of the traffic signal.
The Eco-CACC algorithms utilize this information to estimate the advisory speed limit.
Subsequently, every deci-second, the probe vehicle receives an advisory speed limit, which
controls the vehicle motion through the intersection. The actual speed of the vehicle at time t,
v(t), is determined by two values: (1) the advisory speed limit, v, (t) and (2) the speed
computed by INTEGRATION, v,(t); i.e.,v(t) = min{v,(t), v;(t)} . Hence, the influence
of the Eco-CACC-Q algorithm on driving behavior of individual vehicles and its
environmental benefits on the network performance can be assessed using the
INTEGRATION software.

Queue Length Estimation at Intersections

This project attempts to develop an Eco-CACC algorithm that predicts vehicle queues
upstream of signalized intersections to develop fuel-optimum vehicle trajectories in the
vicinity of signalized intersections. In this project, a kinematic wave model is reviewed to
describe traffic dynamics on a signalized road, and is used to predict the vehicle queue
length.

The Lighthill-Whitham-Richard (LWR) is one traditional kinematic wave model that
describes traffic dynamics on roads. Assume that {p(x, t), v(x, t), q(x, t)} represent the

density, speed, and flow at location x and time t, respectively then the LWR model gives

ap(x,t) | 9q(xt)
“r +_ax = 0. 2

The model assumes that there exist a relationship between flow and density, i.e., the
fundamental diagram,

q(x,t) = Q(p(x,1)); A3)

Figure 2 illustrates a general fundamental diagram. Generally, the flow is a concave
function of the density.

g

qcf~""22 i

qo

Po Pe P

Figure 2: General fundamental diagram
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With green and red indications, traffic signals generate various shock waves and rarefaction
waves, which lead to significant variations in vehicular movements. Figure 3 shows the
movements of a series of vehicles approaching and passing an intersection with traffic waves.
If one vehicle arrives at the intersection when the traffic signal indication is green, it
proceeds through the intersection without any delay; while it has to wait at the stop bar for a
green indication when the traffic signal indication is red. The red signal indication generates
a shock wave upstream of the intersection.

A

Signal

{A1op bar;

-— Fen-CA4CT-0

1— Leo-CACC-0

Road

Figure 3: Vehicle trajectories at one intersection

Assume that the flow entering the intersection is q,, and during the green indication,
the traffic state upstream of the intersection is A, as shown in Figure 2. Once the signal turns
red, no vehicles can proceed through the intersection, i.e., within the queue the traffic stream
is at the maximum road density, p;, and the discharge rate is reduced to 0. The upstream state
becomes C, and a shock wave is generated and propagates backward. The speed of the shock
wave is determined by the states A and C as

qo
Vye = . 4
Ac Po—pPj ( )

Once the traffic signal turns green, the intersection starts to discharge vehicles at the
saturation flow rate, i.e., g, in Figure 2. As a result, a rarefaction wave is formed to release
the queue upstream of the intersection, and the downstream state becomes B. The speed of
the rarefaction wave is computed as

dc
Vepg = . 5
CB Pc=Pj ( )
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At time t, an Eco-CACC vehicle enters the control segment (travels a distance d
from point ES to the traffic signal) with the speed v, (v, = q¢/po)- Then, the tail location of
the queue can be estimated as

vac _ _ _a
dy = {vatvae [d —vy(t, — t)] Vte[tr vo’tg+

UAC(tg_tr)
Vact+VeDp (6)

0 otherwise

Here, t,- and ¢, are the times that the traffic signal turns to a red and green indication,
respectively. The stop duration of the vehicle ahead of the intersection is
14 d—dg
tso = At + At ——,

()

Vo

d
where At = t, —t,, and At/ = v—°
CB

Note that if there are other Eco-CACC vehicles ahead, the propagation speed of the
shock wave and the rarefaction wave cannot be estimated accurately using the fundamental
diagram. Without vehicle-to-vehicle communication, the tail location cannot be identified
exactly either. However, for the Eco-CACC vehicle, as it is controlled and does not pass any
vehicles ahead, it considers all vehicles ahead as its queue. Hence, Eq(6) can still be applied
to estimate the queue length with the assumption that all vehicles in the queue will stop at the
traffic signal, which could result in an overestimation of the queue length.

In general, the speed of the rarefaction wave, vz, is greater than that of the shock
wave, v,z, as shown in Figure 2. As time progresses, the rarefaction wave will catch up with
the shock wave and dissipate the queue. The traffic signal generates stop-and-go driving for
individual vehicles, which increases fuel consumption levels significantly (see the base case
in Figure 3). Consequently, controlling vehicle movements to ensure that they proceed
through intersections smoothly without stopping is a critical factor in reducing vehicle fuel
consumption levels.

Eco-CACC Algorithm at Independent Intersections
Eco-CACC Algorithm Considering Queue Effects

In this section, an Eco-CACC algorithm is developed to improve an algorithm developed
earlier in [29] with the consideration of vehicle queues and to further minimize the fuel
consumption of vehicles proceeding through intersections. The mechanism of vehicle control
in the algorithm is described as follows. Once an Eco-CACC vehicle enters the segment
between the point ES and the traffic signal, which is defined as the upstream control segment
of length d, as shown in Figure 3, the following two actions will be applied.

1. If the Eco-CACC vehicle can pass through the intersection at its original speed, v,
without hitting the queue or the red indication, no control action will be applied to the
vehicle, and the advisory speed limit is set as the free-flow speed, vy.

2. If the vehicle cannot proceed through the intersection, we provide a lower speed limit,
v, < vy, for the vehicle to approach the signal.

The basic criterion for estimating the advisory speed limit, v, is to reduce the stop
duration while maintaining the average speed of the controlled vehicles without increasing
their travel times. [29] has demonstrated that the most critical strategy to reduce fuel
consumption levels is to prevent vehicles from coming to a complete stop at the stop bar.

Eco-Routing Modeling 9
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However, without considering the impact of the queue, the strategy cannot prevent vehicle
stops. Illustrated as the blue line (Eco-CACC-O) in Figure 3, the strategy proposed in [29]
still forces vehicles to stop for the time ¢ ;.

ts1 = At. — At + At/ (8)

where At, =

d;d", and v, = % is the advisory speed limit estimated by the Eco-CACC
2 c

system without queue consideration (Eco-CACC-0). While considering the queue, the delay
can be totally removed (see the green line (Eco-CACC-Q) in Figure 3).

In Figure 3, vehicles are controlled assuming infinite acceleration/deceleration levels,
which is not realistic. In this section, we develop an Eco-CACC algorithm considering queue
effects (Eco-CACC-Q) to minimize vehicle fuel consumption levels while proceeding
through an intersection with the consideration of realistic deceleration and acceleration
levels, followed by an investigation of the impact of queue length on the algorithm
performance.

Eco-CACC Algorithm at One Intersection

The Eco-CACC algorithms estimate time-dependent advisory speed limits considering
realistic deceleration and acceleration levels to ensure that Eco-CACC vehicles decelerate to
target speeds and cruise to the stop bar or the tail of the queue ahead of the intersection.
Subsequently, once the queue is released, the probe vehicles accelerate to the free-flow speed
at a constant throttle level. In that sense, the optimal deceleration and acceleration levels will
be computed by the algorithms to minimize the total fuel consumed.

As shown in Figure 4(a), upstream of the intersection, the Eco-CACC-Q algorithm is
activated for an Eco-CACC vehicle once it enters the control segment. Without control, the
vehicle maintains its original speed v, until it stops at the end of the queue at the deceleration
level, as. In the Eco-CACC algorithm without considering queue effects (Eco-CACC-0), the
vehicle decelerates to a cruising speed, with which the vehicle cruises to the stop bar just
when the signal turns green. While the queue forces the vehicle to stop at the queue tail at a
deceleration level, a%. Similarly, the Eco-CACC-Q algorithm reduces the speed of the probe
vehicle at a constant deceleration level, however it allows the vehicle to arrive at the tail of
the queue just when the queue is released, i.e., at t = t,.

Downstream of the intersection, the algorithm should also allow the vehicle to
accelerate back to the free-flow speed vy at location x4, where [ is the length of the
downstream control segment. Without control, the vehicle utilizes a constant acceleration
level, af, to approach vy. In the Eco-CACC-O and Eco-CACC-Q algorithms, optimal
acceleration rates are applied for the vehicle to accelerate back to the free-flow speed at x,.
The acceleration levels are determined by the cruise speed and the distance x,;. The
algorithms minimize the vehicle fuel consumption level by searching for the optimal
combination of the upstream deceleration level, a_, and the downstream acceleration level,
a,.

Eco-Routing Modeling 10
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Figure 4: Eco-CACC with deceleration and acceleration: (a) traffic dynamics at the
intersection, (b) speed of the probe vehicle.

To develop Eco-CACC algorithms, the objective function is first defined in Eq(9).
The algorithm is designed to minimize the total fuel consumed by Eco-CACC vehicles
traversing the intersection.

min ft’:’”F(v(t), v' () dt, (9a)
s.t.
[ vy de=d +1, (9b)
0<a_<a’; (9c)
0<a, <as. (9d)

F () is a function of the speed v(t) and acceleration v'(t), defined by the VT-CPFM model
[30], to estimate the fuel consumption rate based on vehicular speed and acceleration levels.
ay + a; P(t) + ay,P?(t) P(t) =0

Fv@,v'®) = o o) = 0 (108)
Where {a,, @;, @, } are the coefficients determined by vehicle types. P(t) is the
vehicle power at time t, and it is a function of speed and acceleration.
PE) = R()+mv’ (£)(1.04+0.00253()) (D), (10b)

3600ng

Cr
1000

R(t) = p—“CDChAfvz(t) +9.8066m - (c;v(t) + c,) +9.8066 m G(t). (10c)

25.02

Here, R(t)is the resistance force of the vehicle, and &(t) is the gear ratio, and G (t) is
the road grade at time t. m, p,, 14, Cp, Cn, Ay represent the vehicle mass, the density of the
air, the vehicle drag coefficient, the correction factor of altitude, and the vehicle front area,
respectively. C,., ¢y, c, are rolling resistance parameters that vary as a function of the road
surface type, road condition, and vehicle tire type.

In Eq(9), v(t) is the advisory speed limit of Eco-CACC vehicles traveling in the
vicinity of the intersection at time t, computed using Eq(11) and Eq(12) for the Eco-CACC-
O and Eco-CACC-Q algorithms, respectively. T is the time duration that the probe vehicle
travels the upstream and downstream control segments. In the Eco-CACC-O algorithm the
duration is defined as T = T;,; while, it is defined as T = T for the Eco-CACC-Q algorithm.
For Eco-CACC-O, v(t) can be computed as

v — a_(t — ty) t € [to, to + Otny)
Vnt t € [to+ 8ty to+ Otpy + 8tps)
o) = ] Ve ™ aS(t—ty—8tyq) tE[to+8tns +8tnato+8tyy +8tyy +8tys) (112)
0 t € [to+ 8ty + Styo + Sty te)
Upe +ay(t—t.) tE|[te,te+8tny)
L vy t € [te + Stpato + Ty
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Here, v, . is defined as the algorithm cruise speed without considering the queue
effects. The speed profile is shown as the blue dashed line in Figure 4(b). Furthermore, given
the values of a_ and a., the variables, (T, vy, ¢, 6ty 1,8ty 2, Oty 3, 6L, 4) Can be estimated

using Eq(11) (b - 9).

Stn, = %, (11b)
Vo 8ty =3 A 6 thy + Uy, Otyy + VneSts +5 a5tk =d —dy, (11c)
Vo 8ty =5 A 8 thy +Vne Sty + Vne(ty —to— O tn1) = d, (11d)
5ty = 1) (11¢)
Sty =2 (11f)
A=

1 2 _

Ay 8 thy + g (to+ Ty —te—Styq) =1+dy. (119)

For Eco-CACC-Q, there is
( Vo — a_(t — to) te [to, tO +6 tq,l)
() = Vgt t €[ty + 8ty te)
Vge+ay (t—tc) t € [te,te +8tg,)
Vs t € [te + 8 tgo to + Tyl

(12a)

Here, v, is the cruise speed of the algorithm with queue. The speed profile is
illustrated as the green dotted line in Figure 4(b). And, given the values of a_ and a,, the
variables, (Tq,vq:, 6 tg1,6t,2) can be estimated by Eq(12) (b - e).

8 tgq = 220t (12b)

vy 8 tg1—5 am 8t + v, (te—to— 8 tgq) =d —dy, (12c)
Styr= "f;—l"” (12d)

Ve O tgr 5 Qugtis +vp - (to+Tg—te—8tgp) = 1+d. (12¢)

Given the road traffic condition, including the queue length, start and end times of each
phase, and the approaching speed of the probe vehicles, the speed profile is a function of a_
and a, (see Eq(11) and Eq(12)). Since the fuel consumption rate is determined by the speed
profile, there exist the optimal deceleration and acceleration rates to minimize the fuel
consumption rate. The Eco-CACC algorithms search for the optimal values within
appropriate ranges (Eq(10c) and (10d)).
The details of the Eco-CACC-Q algorithm are described below.

1. For a probe vehicle k, once it enters the segment [x,, x4], where x,, and x, are the

start and end points of the control region, the algorithm is activated.
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2. Upstream of the intersection

a. The algorithm provides an advisory speed limit to the probe vehicles for the
following two scenarios; otherwise, the free-flow speed is used as the advisory
limit.

i. The current signal indicator is green, but the traffic signal will turn red

when the vehicle arrives at the stop bar if it travels at its current speed.
ii. The current signal indicator is red and will continue to be red when the
vehicle arrives at the stop bar while traveling at its current speed.

b. Once either of the above scenarios occurs, we predict the queue length ahead
of the Eco-CACC vehicle, and estimate the release time of the queue, t.,
based on the speed of the rarefaction wave (see Eq(6)).

c. The algorithm estimates the optimal upstream deceleration level and the
downstream acceleration level using Eq(9) and Eq(12) to minimize the vehicle
fuel consumption, and provides an advisory speed limit to the Eco-CACC
vehicle at the next time step t + At, where At is the speed update interval.

3. Downstream of the intersection, the algorithm searches for the optimal acceleration
level based on its current speed to minimize the fuel consumption to reach the free-
flow speed v, at location x,.

4. Once the Eco-CACC vehicle arrives at x4, the Eco-CACC-Q algorithm is
deactivated.

Impact of Queue Length

The impact of the queue length on the Eco-CACC-Q algorithm performance is investigated
in this section. We apply an ideal simplistic example to analyze the impact of the queue
length on the algorithm performance. Assume that the lengths of the controlled segments
upstream and downstream of the intersection are d = 500 m, and [ = 200 m, respectively.
The Eco-CACC vehicle arrives at location x,, at t, = 0 s with an initial speed v, = 72 km/h,
and the signal turns green at t, = 60 s. Moreover, the free-flow speed, the roadway
saturation flow rate, the jam density, and the density-at-capacity are vy = 72 km/h, q, =
1600 vph, p; = 160 veh/km, and p. = 20 veh/km, respectively. Here, we assume that the
Eco-CACC vehicle is a 2011 Honda Civil or similar; and the values of the parameters in the
VT-CPFM model are calibrated in [30].
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Figure 5: Impact of queue length: (a) fuel consumption level, (b) Eco-CACC algorithm
recommended speed

Figure 5 illustrates the impact of queue length on the total fuel consumed and the cruise
speed. Generally, with the longer queue length, the advisory cruise speed is smaller. This is
true, as a longer queue indicates the cruise distance is shorter, and the queue dissipation time
is longer. Here, it is not exactly true that the advisory cruise speed is smaller for a longer
queue (see the fluctuation in the curve in Figure 5 (b)), as the upstream deceleration and
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downstream acceleration levels should be optimized to reduce the fuel consumption of Eco-
CACC vehicles. Furthermore, a larger deceleration results in larger cruise speeds. Both
acceleration and deceleration levels vary with queue lengths, and the cruise speed oscillates,
as shown in Figure 5 (b).

Moreover, both the Eco-CACC algorithms significantly reduce the fuel consumption of the
Eco-CACC vehicles. The Eco-CACC-O algorithm reduces the fuel consumption by as high
as 25% while the Eco-CACC-Q algorithm reduces the fuel consumption by 32%. Comparing
the two algorithms, the Eco-CACC-Q algorithm produces fuel consumption levels that are
10% lower. Furthermore, with longer queues, the cruise speed is smaller, which can be
derived from Eq(12). At the same time, the fuel consumption is larger. This finding
demonstrates that the Eco-CACC-Q algorithm can further improve the fuel efficiency of Eco-
CACC vehicles.

Eco-CACC Algorithm at Multiple Intersections

The Eco-CACC algorithm proposed above utilizes SPaT data obtained via V2I
communications to compute a fuel-optimized vehicle trajectory in the vicinity of one
signalized intersection. The trajectory is optimized by computing an advisory speed limit
using the Eco-CACC algorithm, which takes the vehicle queue ahead of the intersection into
consideration. However, the trajectory is only optimized for one intersection. When it comes
to multiple intersections, the trajectory may not work effectively on minimizing fuel
consumption. In this section, the algorithm is extended for multiple intersections.

Figure 6(a) shows the trajectories of vehicles passing two consecutive intersections. The
solid black line represents the trajectory of one vehicle experiencing two red lights without
control (assume that the vehicle has infinite acceleration/deceleration rates). The vehicle is
stopped ahead of both intersections by the red lights and the vehicle queues. Applying the
Eco-CACC algorithm for multiple intersections (Eco-CACC-MS), the vehicle cruises to each
intersection with a constant speed (see the dashed green line in Figure 6(a)). However, the
assumption that the acceleration/deceleration rates of the equipped vehicle are infinite is not
realistic. Figure 6(b) compares the speed profiles of the vehicle with (green line) and without
(black line) control considering both acceleration and deceleration durations. Without
control, the vehicle has to stop completely at the first intersection. Between the two
intersections, the vehicle first accelerates to the speed limit and then decelerates to 0 again.
The stop-and-go behaviors and the long idling time waste a great deal of energy. However,
with control, the vehicle decelerates to a speed, v, ;, and cruises to the first intersection.
Between the two intersections, it decelerates or accelerates from v, ; to v, ,, and cruises to
the second intersection. Here, v, ; and v, , are the cruise speeds to the first and second
intersection, respectively. Once the queue at the second intersection is released, the vehicle
accelerates to the speed limit. Compared to the base case without control, both the trajectory
and the speed profile with Eco-CACC-MS are much smoother.

Eco-Routing Modeling 16



TranLIVE

signal 2

signal 1

(a)

(b)

Figure 6: Dynamics of the equipped vehicle at two intersections: (a) trajectories, (b)
speed profiles.

The objective of developing the Eco-CACC-MS algorithm is to minimize the vehicle
fuel consumption level in the vicinity of the two intersections. In addition to the shape of the
vehicle speed shown in Figure 6(b), the algorithm determines the optimum upstream
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acceleration/deceleration levels of the controlled speed profile in Figure 6(b). The
mathematical formulation of the algorithm can be cast as

s.t.

where

min fOtG F(v(t),v'(t)) dt,

a,,a,,as

( vy + aqt o<ttty

Ve ti <t<t,

Veri+ap(t—ty) t, < t<t;
vlapazas) =4 ", ty <t<t,’
Veptas(t—t,) t,<t<ts

v_f ts <t <tg

vC'l = vo + al . tl'
1
Vo t1+5 a4 t7 + veq (b —t1) = dy — qq;
_ qi ,
tz - tg,l + W_]_’
Veoy = Vo1 + Ay (t3— t2);
1
Vea(ts —t2) +5 ay (83 —t)* + v (s —t3) = dy + q1 — qa;
_ q .
t4 - tglz + W_z’
vc'z + a3 (ts - t4) = Uf;
1
Veo(ts — ty) + 243 (ts — ta)* + vp (ts — ts) = d3 + qy;
at <ay <aji;

al < a, < a$;

0< az < ai;

(13a)

(13b)

(13c)
(13d)
(13e)
(13f)
(130)
(13h)
(13i)
(13))

(13K)

(131)

(13m)

e F(v(t),v'(t)): the vehicle fuel consumption rate at any instant t computed using the
Virginia Tech Comprehensive Power-based Fuel Consumption Model (VT-CPFM));

e v(t): the advisory speed limit for the equipped vehicle at time t;

e q,: the acceleration/deceleration rates for the advisory speed limit, k=1,2,3;

e v, the speed of the vehicle when it enters the upstream control segment of the first

intersection;

e vy the road speed limit;
e d,: the length of the upstream control segment of the first intersection;
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e d,: the distance between the two intersections;
e d5: the length of the downstream control segment of the second intersection;
e tg41:the time instant that the indicator of the first signal turns to green;
e t,,:the time instant that the indicator of the second signal turns to green;
e t;: the time instant defined in \reff(signal)(b), k=1,2,\cdots,6;
e v, the cruise speed to the first intersection;
e v, the cruise speed to the second intersection;
e q,: the queue length at the first immediate downstream intersection;
e q,: the queue length at the second immediate downstream intersection;
e wj;: the queue dispersion speed at the first immediate downstream intersection;
e w,: the queue dispersion speed at the second immediate downstream intersection;
e a®:the saturation deceleration level;
e a3 the saturation acceleration level.
Eq(13) demonstrates that given the traffic state, including queue lengths, the start and end
times of the indicators of the two intersections and the approaching speed of the controlled
vehicles, the speed profile varies as a function of (a,, a,, a3). Eq(13) (c-e) defines that the
equipped vehicle decelerates to v, ; and passes the first intersection just when the queue is
released. Eq(13) (f-h) determines that the vehicle passes the second intersection when the
queue is released. Eq(13) (i-j) shows how the vehicle recovers its speed back up to the speed
limit. The Eco-CACC-MS algorithm searches for the three acceleration levels to minimize
the fuel consumption of the controlled vehicle over the entire control section. The flow chart
of the Eco-CACC-MS algorithm is illustrated in Figure 7, and the details of the algorithm,
including how it is extended to N consecutive intersections (labeled as 1,2, ---, N from
upstream to downstream), is described below.
1. When an equipped vehicle k that enters the upstream control segment of the first
intersection--i.e., the distance between the vehicle and the stop line of the intersection
1 (the first upstream intersection) is less than d_1, the Eco-CACC-MS algorithm is
activated.
2. Upstream of the intersection 1 or the section between the intersectioni — 1 and, i =
2,3,---,N.
The algorithm estimates the optimal trajectory for the equipped vehicle to pass intersections
based on the SPaT and vehicle queue information. The algorithm categorizes the traffic
condition into three scenarios, and controls the vehicle differently.

a. If the equipped vehicle can pass its immediate downstream intersection, i,
with its current speed v, or speed limit v, without complete stops caused by
either the red indicator or the vehicle queue, the algorithm does not control the
movements of the equipped vehicle, and the vehicle will only apply the road
speed limit to pass the intersection.

b. If the equipped vehicle is stopped by the red indicator or the queue at its
immediate downstream intersection, i, but it can pass the second intersection,
i + 1, without stops, or i = N, the Eco-CACC algorithm of a single
intersection proposed in the aforementioned section is applied to the equipped
vehicle with the SPaT and the queue information of the intersection i. The
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optimal trajectory is estimated for the equipped vehicle to pass the
intersection.

c. If the equipped vehicle is stopped by the red indicators or the queues at the
two immediate downstream intersections, i and i + 1, the optimization
problem described in Eq(13) is applied to find the optimal trajectory for the
vehicle to pass the two intersections. The function estimates three optimal
acceleration/deceleration rates (aj, a3, a3) of the trajectory for the equipped
vehicle to minimize the total fuel consumption to pass two intersections.

3. Downstream of the intersection N, the algorithm computes the fuel-optimum
acceleration level from its current speed to the speed limit v over the distance d;.
4. Once the equipped vehicle passes the intersection N, and its distance to the
intersection is larger than d_3, the Eco-CACC-MS algorithm is deactivated.
The Eco-CACC-MS algorithm described above applies vehicle queue information in the
estimation of the optimal trajectory (We call the algorithm Eco-CACC-MS-Q.). However, if
there is not sufficient information from V21 communications to estimate vehicle queues, the
algorithm can be simplified by only using SPaT information. For that case, we developed the
Eco-CACC-MS algorithm without the consideration of queue (This algorithm is Eco-CACC-
MS-0.), where the queue lengths are all assumed as 0, i.e., g; = g, = 0 in Eq(13).
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Figure 7: Flow chart of the Eco-CACC-MS algorithm
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Field Implementation of Eco-CACC Systems

The Eco-CACC algorithms for field implementation are developed in this section by
considering different driving mode (manually and automated drive) and challenges
associated with communication latency, data errors, real-time computation, and ride
smoothness.

Definitions and Assumptions

Given that both upstream and downstream vehicle speed profiles are considered in the Eco-
CACC algorithm, a control region in the vicinity of signalized intersections should be
defined. Considering the communication range of Dedicated Short Range Communications
(DSRC), Eco-CACC algorithm is activated at a distance of dyp upstream of the intersection to
a distance of ddown downstream of the intersection. It is to note here that the distance is
calculated from the vehicle location to the intersection stop line. The value of dgown is defined
to ensure that the vehicle has enough downstream distance to accelerate from zero speed to
the limit speed at a low throttle level (e.g. 0.3). This ensures that all computations are made
along a fixed distance of travel.

The Eco-CACC algorithm described in this report computes the optimum vehicle
speed profile starting from upstream to downstream of a signalized intersection, by
incorporating vehicle dynamics and fuel consumption models. It should be noted that the
impacts from neighboring vehicles such as car-following and/or lane-changing behavior are
not considered in the algorithm tested in this paper. However, the impact of these factors was
tested in a traffic simulation environment [1, 12, 29, 31-33]. As such, the tested algorithm
treats eco-speed control under light traffic conditions. The developed Eco-CACC algorithm
could be refined for more complicated traffic conditions by considering the calculated
optimum speed profile as the variable speed limit as demonstrated in [29]. Consequently, a
general solution of ECO-CACC can be achieved by constraining the vehicle speed by the
variable speed limit produced by the algorithm as well as other common traffic flow
constraints such as car following model, gap acceptance, collision avoidance, etc.

When a vehicle is approaching a signalized intersection, the vehicle may accelerate,
decelerate, or cruise (keep its current speed) depending on its speed, distance to the
intersection, signal timing, etc. Considering that the vehicle may or may not need to
decelerate when approaching the traffic signal, two cases are considered to develop the Eco-
CACC strategies:

« Case 1: vehicle is able to pass the intersection on green phase without deceleration
(either keeping a constant speed, or accelerating to a higher speed and then keeping
that speed).

« Case 2: vehicle needs to decelerate to a lower speed, and then keep that speed to pass
the intersection on green phase.

The above two cases describe the vehicle’s optimum trajectory in order to minimize
fuel consumption while traversing the intersection. After the vehicle passes the stop line, the
vehicle tries to reach the speed limit, which describes the vehicle’s maneuver downstream of
the intersection. More details of optimum speed profiles during various situations have been
discussed in [1, 15]. Figure 8 demonstrates the optimum speed profile when vehicle passes a
signalized intersection, and the Eco-CACC algorithm helps to find the best acceleration and
deceleration levels. The sample speed profiles (initial speed u; and uy) for case 1 are
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highlighted in blue, and the sample speed profile (initial speed us) for case 2 is represented in
maroon. The road speed limit is denoted as ur. Note that the samples of case 1 and 2 in Figure
8 happens at the red phase when vehicle passes the upstream distance dyp. The same
classification of case 1 and 2 also exist for the situation of green phase. Considering the
simplicity to explain the proposed ECO-CACC algorithm, the initial red phase is assumed for
the following sections.

Speed
A
Ut
] - — — —
N e 0
- ——-——-——-—--
% T T
U2
I g
Red phase Green phase Time

Figure 8: Samples of optimum speed profile when vehicle approaches a signalized
intersection.

Fuel Consumption and Vehicle Dynamics Models

In the proposed ECO-CACC algorithm, the deceleration is assumed constant for case 2. In
case 1, the vehicle acceleration follows the vehicle dynamics model developed in [34]. In this
model, the acceleration value depends on vehicle speed and throttle level. Given that the
throttle level is typically around 0.6 as obtained from field studies [1], a constant throttle
level of 0.6 is assumed in the vehicle dynamic model to simplify the calculations in the Eco-
CACC algorithm for case 1. In case 2, the throttle level ranges between 0.4 to 0.8, and the
optimum throttle level can be located by the minimum fuel consumption level. The vehicle
dynamics model is summarized by the following Equations.

v(t + Dt) = v(t) + 3.6@Dt

(14)
@ P e
F = min{3600f bh, — m_gme
p v a g (15)
R = r CCAV2+mgCrO (CV+C)+mgG
25.92 M 1000 " : (19)

where F is the vehicle tractive effort; R represents the resultant of the resistance
forces, including aerodynamic, rolling and grade resistance forces; f; is the driver throttle
input [0,1] (unitless); g is the gear reduction factor (unitless), and this factor is set to 1.0 for
light-duty vehicles; #4 is the driveline efficiency (unitless); P is the vehicle power (kW); Mt
is the mass of the vehicle on the tractive axle (kg); g is the gravitational acceleration (9.8067
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m/s?); u is the coefficient of road adhesion (unitless); p is the air density at sea level and a
temperature of 15°C (1.2256 kg/m?3); Cyq is the vehicle drag coefficient (unitless), typically
0.30; Cn is the altitude correction factor (unitless); Ar is the vehicle frontal area (m?); cro is
rolling resistance constant (unitless); cr1 is the rolling resistance constant (h/km); cr. is the
rolling resistance constant (unitless); m is the total vehicle mass (kg); and G is the roadway
grade at instant time t (unitless).

A fuel consumption model is needed in the ECO-CACC algorithm to calculate fuel
consumption using vehicle speed data. The VT-CPFM-1 was selected due to its simplicity,
accuracy and ease of calibration [30]. The selected fuel model utilizes instantaneous power as
an input variable and can be easily calibrated using publicly available fuel economy data
(e.g., Environmental Protection Agency [EPA]-published city and highway gas mileage).
Thus, the calibration of model parameters does not require gathering any vehicle-specific
data. The VT-CPFM-1 is formulated as presented by

FC1) = iao +apP(t)+apP(t) P®° 0
a.; P(t)< 0. 17)

0

p(t) = ( R(t) +1.04ma(t)jv ®

36007, (18)

Where a,, a; and a, are the model parameters that can be calibrated for a particular
vehicle, and the details of calibration steps can be found in [30]; P(t) is the instantaneous
total power (kW); a(t) is the acceleration at instant t, which can be calculated by consecutive
time speed values; v(t) is the velocity at instant t and R(t) is the resistance force on the
vehicle as given by Equation (16).

Eco-CACC Algorithm for Field Implementation

Given that vehicles behave differently for the two cases described above, the ECO-CACC
algorithms are developed separately for cases 1 and 2 [35, 36].

Case 1:

The vehicle can pass the intersection during a green indication without decelerating.
In order to have the maximum average speed to save fuel consumption, the cruise speed
during red phase is defined as shown by Equation (19). If uc is equal to vehicle’s initial speed
u(to), then the vehicle can proceed at a constant speed upstream of the intersection.
Otherwise, the vehicle should accelerate to uc by following the vehicle dynamics model
presented by Equations (14) to (16). Thereafter, when the signal turns green, the vehicle
needs to follow the vehicle dynamics model and accelerate from cruise speed uc to the speed
limit ur until the vehicle travels a distance daown downstream of the intersection. Thus, the
optimum speed profile is the profile that minimizes the fuel consumption from upstream dyp
to downstream ddown.

(o)
u, =min| —,u;
t, . (19)

Case 2:
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Upstream of the intersection, the vehicle needs to slow down with a deceleration level
a, then cruises at a speed uc to pass the intersection when the signal just turns into green.
Downstream of the intersection, the vehicle should accelerate from uc to ur, and then cruises at
ur. Since the deceleration level upstream of the intersection and the throttle level f, downstream
of the intersection are the only unknown variables for this case, the optimum speed profile can
be calculated by solving the optimization problem described below. The vehicle’s speed profile
for case 2, is illustrated as blow.

Speed

dey
u(to) >\
Ue [
e i i >
th t, t, to+T Time

Red phase Green phase

Figure 9: Optimum speed profile.

Assume a vehicle arrives dyp at time to and passes ddown at time to+T, the cruise speed
during red phase is uc, the objection function is the total fuel consumption level given by:

; to+T
mlnj‘t0 FC(u(t))-dt. 0)

where FC(*) denotes the calculated fuel consumption at instant t (Equation (17)) with
vehicle speed u(t). The constraints can be constructed by the relationships between speed,
acceleration, deceleration, and distance as shown below:
s.t.

At ot o<t<t, - (21)

u(t)=u; t, <t<t,+T
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! . (22)

In Equation 8, the functions F(*) and R(*) represent the vehicle tractive effort and
resistance force as computed by Equations (15) and (16), respectively. According to the
relationships in Equations (21) and (22), the deceleration a and throttle level f, are the only
unknown variables. It is to note that the maximum deceleration level is limited to 5.9 m/s?
(comfortable deceleration threshold felt by a driver). In addition, the throttle level is set to
range from 0.4 to 0.8, given that the optimum throttle level is usually around 0.6 [1].
Dynamic programming (DP) is used to solve the problem by listing all the combinations of
deceleration and throttle values and calculating the corresponding fuel consumption levels;
the minimum calculated fuel gives the optimum parameters [1, 14].
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Implementation of an Eco-Cooperative Adaptive Speed Control System
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Figure 10: Hlustration of the Eco-CACC system.

Theoretically, the ECS algorithm provides a “fuel optimized” speed profile at any
instant time t, when vehicle is driving within the range of Eco-Speed Control (from dyp to
daown). The speed profile include all the speed values at each time interval At which covers

vehicle’s target speeds from its current location to the downstream location ddown. Practically,
the driver can only follow one target speed value at instant time t, and then follow another

target speed after a certain time interval At™ . The value of At™ was set equal to be 2
seconds during the field test described in this paper.

Considering the practical situation, Figure 10 provides an illustration showing the
implementation of ECO-CACC algorithm into an Eco-CACC System. When the vehicle
enters the ECO-CACC range at the intersection, the vehicle receives SPaT information from
roadside equipment (RSE). At the same time, the vehicle onboard unit collects vehicle speed
and GPS location data. Those data are the input information for Eco-Speed Control. Note that
all the input information should be verified to avoid false information because of device
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malfunction or measurement error. Any false information can be updated using the
information from the previous time interval. Other than these time-dependent data, some
constant data for the roadway and vehicle characteristics are also needed for the ECO-CACC,
since they are used in the vehicle dynamics and fuel consumption models. Using the
developed ECO-CACC algorithm from the previous section, the “fuel optimized” speed
profile can be obtained. If there is no surrounding vehicles on the road (condition of the test
described in this paper), constraints such as driver perception/reaction delay, system latency
and data smoothing are only considered to extract the target speed from the speed profile.
Otherwise, the impacts of other vehicles should also be considered, which means more
constraints including car following model, gap acceptance, collision avoidance, etc.
Eventually, the speed profile can be computed and distributed to the vehicle control system.
In the developed Eco-CACC system, the computed speed profile can either be broadcasted as
audio alert to the driver to manually control the vehicle, or be implemented into the
automated vehicle (AV) to automatically control the vehicle [36, 37]. The performance of the
Eco-CACC system will be validated in the field test of this study.

FINDINGS, CONCLUSIONS AND RECOMMENDATIONS

This section includes the findings of evaluating Eco-CACC algorithms at a single
intersection and multiple intersections under simulation environment, and the field test of
Eco-CACC systems.

Simulation Evaluation at a Single Intersection

The Eco-CACC algorithm at single intersections is evaluated for different intersection
configurations, as illustrated in Figure 11. We start with a single approach intersection (see
Figure 11) with an upstream segment of length d and a downstream segment of length [.
One- and two-lane roads are simulated using INTEGRATION to evaluate the Eco-CACC-Q
algorithm performance.

flow

Y

f—

Control Segment

d

Figure 11: Intersection Configuration
Performance on Single-lane Roads

The first example considers one single-lane intersection, where both the upstream and
downstream roads have only one lane. This configuration ensures that all vehicles do not
pass their leaders and that the Eco-CACC-Q algorithm is not affected by lane-changing
behavior. In the simulation, the free-flow speed, the jam density, the saturation flow rate, and

Eco-Routing Modeling 28



TranLIVE

the speed-at-capacity are set as vy = 80 km/h, p; = 160 veh/km, q. = 1600 vph, and v, =
60 km/h, respectively. For the SPaT plan of the intersection, we set the green, amber, and red
durations as 40 seconds, 4 seconds, and 40 seconds, respectively.

Assume that a constant demand of g = 500 vph is loaded to the intersection for one
hour, and 20 % of the vehicles act as Eco-CACC vehicles with equipped with wireless
communication devices to receive the SPaT and vehicle queue information, i.e.,
approximately 100 CVs are loaded on the network. Here, we assume that all vehicles are the
type 1 vehicle defined in VT-CPFM model. The length of the control segments upstream and
downstream of the intersection are assumed to be d = 500 meters and [ = 200 meters,
respectively. All CVs apply both the Eco-CACC-O and Eco-CACC-Q algorithms, and the
advisory speed limits are updated every second. Here, we assume that the CACC system
implements these speed recommendations without any intervention from the driver.

4700

4700

4600

Location (meter)
g
=]

RO B 3 LSRN 5 111 | SRRRRRY | f SRR ¥ §

100 |- A

11 /1 : : i 4000k

; 1 i L Rl ; H 2000 i i ; HI LA i i
1200 1220 1240 1260 1280 1300 1320 1340 1360 1280 1200 1220 1240 1260 1280 1200 1320 1340 1360 1380
Time (second) Time (second)

@ ~  ®

4700

4600

Location (meter)
S
I}
=]

i I s I T 1 I I
100 1220 1240 1260 1280 1300 1320 1340 1360 1380
Time (second)

(©)
Figure 12: Vehicle trajectories around a single-lane intersection: (a) base case, (b) Eco-
CACC without queue, (c) Eco-CACC with queue

Figure 12 illustrates the trajectories of all vehicles before and after applying the Eco-
CACC algorithms at the intersection over two cycles, where the signal is located at x =
4400 meters. In Figure 12(a), without control, the Eco-CACC vehicles just follow their
leaders, and they come to a complete stop ahead of the traffic signal waiting for the green
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indication to release the queue. Figure 12(b) shows the trajectories after applying the Eco-
CACC-O algorithm. As can be seen from the second Eco-CACC vehicle in the figure, the
vehicle slows down to approach the traffic signal and catches the green light. Because of the
vehicle queue, the vehicle has to stop ahead of the intersection to wait for the release of the
queue. While in Figure 12(c), the Eco-CACC-Q algorithm ensures that the vehicle is able to
cruise to the intersection and catch the tail of the queue just when it is released, so that the
vehicle can avoid coming to a complete stop upstream of the intersection.

Note that in Figure 12 (b), the first and the third Eco-CACC vehicles are not
controlled by the Eco-CACC algorithms. The reason is that the Eco-CACC-O algorithm
estimates that the vehicles will proceed through the intersection at their current speed.
However, due to the impact of the vehicle queues, the vehicles have to wait for the release of
the queue. Hence, they still experience complete stops. The Eco-CACC-Q algorithm solves
this problem. Consequently, we observe these two vehicles are controlled in Figure 12 (c)
and do not stop at the signal.

Figure 13 compare the speed profiles of the second probe vehicle for the three
different scenarios, respectively. The speed profiles computed by the Eco-CACC algorithms
are much smoother than the base case, and the Eco-CACC-Q algorithm generates the
smoothest trajectory (The standard deviations of the speed profiles from the base case, Eco-
CACC-0, and Eco-CACC-Q are 29.7 km/h, 17.2 km/h, and 15.3 km/h, respectively.)
Moreover, for the Eco-CACC-O algorithm, the probe vehicle cruises at a speed of 28 km/h,
and stops for approximately 8 seconds (for the base case, it stops for approximately 30
seconds.) While being controlled by the Eco-CACC-Q algorithm, the vehicle cruises at 20
km/h, and does not stop upstream of the traffic signal. Furthermore, the fuel consumption
generated by the probe vehicles are 0.125 I/km for the base case, 0.116 I/km for Eco-CACC-
O, and 0.111 I/km for Eco-CACC-Q, respectively. In summary, the Eco-CACC-Q algorithm
is the most efficient control strategy, with reductions in fuel consumption levels as high as
11.4 %; and compared with Eco-CACC-O, it reduces fuel consumption levels by
approximately 4.5 %.

&0

T ! ! ! ' ' l !
: — Bxs

= = = Control without Que e
= Control with Queus

(1] SRR .........:,...,.....,: ........

1280 1290 1300 1310 1320 1330 1340 1380 1380 1370
Time (second)

Figure 13: Speed profiles of the second probe vehicle in the single-lane intersection
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Besides the probe CVs, both Eco-CACC algorithms smooth the behavior of non-CVs
given that they are governed by car-following rules and thus would have to follow the
behavior of their lead vehicle (it should be noted that the approaches are single lanes). This
means the algorithm is able to reduce the overall fuel consumption at the signalized
intersection. The example above demonstrates that the algorithm without queue consideration
and with queue consideration reduces the fuel consumption level by approximately 8.4 % and
10.4 %, respectively.
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Figure 14: Savings of fuel consumption rate for different MPRs on a single-lane
intersection

In addition, we investigate the impact of market penetration rates (MPRS) on the Eco-
CACC algorithm performance. The settings of the simulation are the same as the example
above, except that the MPR varies from 0 to 100 %. Figure 14 shows the savings in the
average fuel consumption derived from the algorithm with and without queue consideration.
With higher MPRs, the fuel savings are higher. If all vehicles are controlled by the algorithm,
the fuel consumption is reduced by approximately 15.9 % for Eco-CACC-O, and 18.0 % for
Eco-CACC-Q. Thus, the algorithm considering the queue produces additional fuel savings.

Performance on Multi-lane Roads

In this subsection, a simulation for a more realistic intersection layout, namely a multi-lane
intersection where the roads upstream and downstream of the intersection have more than a
single lane, is considered. To simplify the simulation, we simulate a two-lane intersection.
The scenario is designed to quantify the benefits of the algorithm for different MPRs with
realistic network topologies. The settings of the roads, the signal phasing and timing plan, the
vehicle type, and the Eco-CACC algorithm are the same as the simulation configuration that
was described in the previous subsection. In that sense, the lane-based fundamental diagram
remains the same. The demand entering the intersection is set as g = 500 vph/lane, i.e., 1000
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vph. Vehicles are loaded to the network for approximately one hour. We assume 20 % of
vehicles are CVs that receive SPaT and vehicle queue information.

Figure 15 illustrates the vehicle trajectories for vehicles on the left lane before and after
applying the Eco-CACC algorithm over two cycle lengths, where the signal is located at x =
4400 meters. Without control, the probe vehicles in Figure 15 (a) only follow their leaders.
In Figure 15(b), the probe vehicles are controlled by the Eco-CACC-O algorithm, and thus
cannot avoid incurring a complete stop. In Figure 15(c), the probe vehicles are controlled by

the Eco-CACC-Q algorithm to allow the vehicles to proceed through the intersection without
incurring a stop.
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Figure 15: Vehicle trajectories around the intersection: (a) base case, (b) Eco-CACC
without queue, (c) Eco-CACC with queue

Figure 16 compares the speed profiles of the first CV (the second one in Figure 15
(a)) for the three scenarios, respectively. It demonstrates that the Eco-CACC-Q algorithm
generates the smoothest speed profile (the standard deviations of the speed from the base
case, Eco-CACC-0O, and Eco-CACC-Q are 31.9 km/h, 19.2 km/h, 16.5 km/h, respectively).
For the Eco-CACC-O algorithm, the CV cruises at a speed of 40 km/h, and experiences a
stop of approximately 6 seconds (for the base case, it stops for approximately 17 seconds).
While when the Eco-CACC-O algorithm is used, the vehicle cruises at 20 km/h, and does not
stop upstream of the traffic signal. Due to lane-changing behavior, the queue length changes
over time and thus the recommended cruise speed also changes over time. The fuel
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consumption rates generated by the probe vehicles are 0.125 I/km for the base case, 0.107
I/km for Eco-CACC-O, and 0.101 I/km for Eco-CACC-Q, respectively. In summary, the
Eco-CACC-Q algorithm provides the most efficient control, with reductions in fuel
consumption levels for CVs as high as 19.2 %; and compared with Eco-CACC-O, it reduces
fuel consumption levels by approximately 5.6 %.
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Figure 16: Speed profiles of the second probe vehicle in the two-lane intersection

Unlike the example in the previous subsection, both roads have two lanes.
Consequently, as the CVs are controlled and travel at a lower speed compared to the
surrounding traffic, non-CVs make lane changes to cut into the gaps ahead of the CVs (see
Figure 15). The overall average speed of the CVs is further reduced, i.e., they take longer
time to reach the same position downstream of the intersection (see Figure 16). Moreover,
another drawback of the algorithm is that the intense lane changing behavior, which cause
frequent accelerations and traffic oscillations, result in high fuel consumption levels for low
MPRs. In that sense, the overall fuel consumption may increase. Below MPRs of 20 %, both
the Eco-CACC-0 and Eco-CACC-Q algorithm result in an increase in the fuel consumption
level by approximately 5 %.
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Figure 17: Savings of fuel consumption rate for different MPRs on a multi-lane
intersection

Moreover, we investigate the impact of MPRs on the Eco-CACC algorithm
performance. The settings of the simulation are the same as the example above, except that
the MPR varies from 0 to 100 %. Figure 17 shows the savings in the average fuel
consumption rate for all vehicles for the two algorithms. For lower MPRs, both algorithms
have a negative impact on the overall fuel consumption rate. This is caused by the intense
lane changes around the controlled vehicles. Once the MPR is greater than 30 %, the number
of Eco-CACC vehicles is large enough to prevent the non-Eco-CACC vehicles from cutting
in and thus reduce the lane change intensity. Hence, the Eco-CACC algorithms generate fuel
consumption savings at higher MPRs. These savings increase as the MPR increases. If all
vehicles are Eco-CACC vehicles, the fuel consumption rate is reduced by approximately 17.0
% for Eco-CACC-0, and 18.3 % for Eco-CACC-Q demonstrating the benefits of the Eco-
CACC-Q system.

Sensitivity Analysis

This section describes the results of a sensitivity analysis of the proposed algorithm. The
sensitivity analysis considers the impact of the market penetration rate (MPR) of Eco-CACC-
Q equipped vehicles, the number of lanes of the controlled segments, the timing plan of the
traffic signal, the length of the control segments, and the traffic demand levels. Subsequently,
the limitations of the algorithm are analyzed and discussed.

As a starting point, a simple intersection defined in Figure 11 is simulated. Vehicles
are only loaded from one origin and exit at one destination, i.e., only one-direction of through
traffic is simulated. For the SPaT plan, the cycle length is set at C = 84 seconds, and the
green and amber durations are 40 and 2 seconds, respectively. For all case studies below, we
assume that the speed limits of all roads are v, = 50 mph and the saturation flow rates are all
q. = 1600 vphr/lane (vphpl). The INTEGRATION simulation software is used to model the
movements of individual vehicles including the control of CACC-equipped vehicles.
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Table 1 shows the settings of the Eco-CACC-Q algorithm. Under these settings, once a probe
vehicle arrives within d = 500 meters of the signalized intersection, the Eco-CACC-Q
algorithm is activated, and the controlled vehicle receives a desired speed based from the
algorithm that is updated every second. The vehicle continues to receive an updated desired
speed until it travels a distance [ = 200 meters downstream of the traffic signal to ensure that
the vehicle acceleration is optimized.

Table 1: Settings of the Eco-CACC-Q algorithm

Parameters Values

Length of the upstream control segment, d (meter) 500

Length of the downstream control segment, [ (meter) | 200

Maximum deceleration level, a$, (m/s?) 3

Maximum acceleration level, as, (m/s?) 2

Sensitivity to Phase Splits

The SPaT plan determines the split of each phase, and the performance of the intersection is
highly related to the split. As the proposed Eco-CACC algorithms utilize the SPaT
information to compute the optimum trajectories of CACC-equipeed vehicles, the impact of
the phase split has to be carefully examined. In this subsection, a sensitivity analysis of the
phase split is studied.
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Figure 18: Impact of phase length on: (a) average fuel consumption, (b) savings in fuel
consumption

The single-lane intersection is simulated in this subsection using the same link
characteristics and Eco-CACC algorithm settings. Vehicles were loaded at a rate of 300 vph,
but only 20% of the vehicles were controlled. The phase split varied from 30% to 70% along
the main road. Figure 18(a) compares the average fuel consumption rates of each vehicle
from the base case without control, Eco-CACC-0O, and Eco-CACC-Q for different phase
splits. The results demonstrate that for longer phase lengths, vehicles have a higher
probability to pass the intersection without experiencing the red indication, i.e., they are less
likely to be stopped by the signal. Hence, they can travel smoothly to their destination with
less fuel consumption. Regarding the savings in the fuel consumption, Figure 18(b) shows
that the phase length does not affect the algorithm performance with differences not
exceeding 1%. Moreover, the comparison between Eco-CACC-Q and Eco-CACC-O also
verifies the benefits of considering the vehicle queue. For all phase lengths, Eco-CACC-Q
produces the lowest fuel consumption with savings in the range of 1-2% higher than that for
Eco-CACC-O control.

Control Segment Length

The length of the control segment, especially the upstream segment length, d is expected to
have a significant impact on the algorithm performance. In this subsection, we conduct a
sensitivity analysis on the impact of d on the algorithm performance for the single-lane and
two-lane intersections.
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Figure 19: Impact of control length on the fuel savings at a single-lane intersection

First, the single-lane intersection is simulated using the same link characteristics and
SPaT plan. Vehicles are loaded at a rate of 500 vph. The settings for the Eco-CACC-Q
algorithm in Table 1 are kept the same, except the upstream control segment length, d, varies
from 200 to 700 meters Note that, this range is selected based on the effective distance of the
Dedicated Short-Range Communication (DSRC) Technology, which is implemented to
construct communications between probe vehicles and signals. [38] indicated that the
effective distance of the technology varies from 10 meters to 1 km. Given that the control
length cannot be very short. Hence, a range of [200, 700] meters is arbitrarily selected.
Figure 19 compares the fuel savings for different control lengths for various MPRs. With
higher MPRs, the savings for different d's are larger. Moreover, comparing different d's, we
find that the longer control length results in larger savings. Atan MPR = 100%, 700-meter
control segment reduces fuel consumption by as high as 18%, while for a 200-meter segment
savings in fuel consumption are approximately 12%. The observation is reasonable as the
longer length allows the CACC vehicles to receive SPaT information earlier, and they have
longer time to control their movements. In addition, Figure 19 shows that when the control
length is longer than 500 meters the savings do not improve. The study demonstrates that a
500-meter segment is sufficiently long to provide the desired benefits.

In the second example, the two-lane intersection is simulated. Similar to the example
above, the link characteristics and the settings of the Eco-CACC-Q algorithm are kept the
same with only changes in the upstream control segment. VVehicles are loaded at a rate of 500
vphpl. \reff (length2In) compares the fuel consumption savings for different control lengths
for different MPRs. Similarly, for low MPRs (<30%), the algorithm produces negative
effects on fuel consumption levels due to intense lane changing around the controlled
vehicles. With a longer control length, regular vehicles are able to pass more controlled
vehicles, and thus the frequency of lane changes is higher. Consequently, as the control
length increases, the algorithm results in increased overall fuel consumption levels. While,
for high MPRs (= 30%), the controlled vehicles are able to force the regular vehicles to
follow them given that the regular vehicles have less opportunities to maneuver around them.
Hence, the benefits of the algorithm are similar to those for the single-lane intersection. The

Eco-Routing Modeling 37



TranLIVE

fuel savings are similar when the length is longer than 500 meters. At MPR=100%, the 500-
meter control segment can reduce fuel consumption by as high as 18%, while for the 200-
meter segment the fuel savings are only 11%.
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Figure 20: Fuel consumption savings for two-lane intersection for different control
lengths

Traffic Demand Level

In the evaluation of the Eco-CACC-Q algorithm, the impact of demand levels should be
carefully studied, as they are directly related to the number of probe vehicles controlled and
the performance of the network. This subsection deals with the sensitivity of demands on the
energy and environmental benefits of the algorithm under a single-lane and a multi-lane
intersection.

The first example simulates the single-lane intersection using the same link
characteristics in the previous section, the SPaT plan, and the Eco-CACC-Q algorithm
settings. However, the demand level varies from 300 to 700 vph. Figure 21 illustrates the
savings in fuel consumption as a function of the demand level. The results indicate that for
the given settings of control length and phase split, the algorithm can obtain the highest
savings in fuel consumption for a specific demand as a function of the MPR. In this example,
loading vehicles at a rate of 500 vph can achieve the lowest fuel consumption, i.e., the
greatest saving.
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Figure 21: Fuel consumption savings for single-lane intersection for different demand
levels

The second example entails modeling the two-lane intersection. The link and Eco-
CACC-Q algorithm parameters are kept the same, however the demand varies from 300 to
700 vphpl. Figure 22 illustrates the savings in fuel consumption. For lower MPRs the
algorithm produces negative fuel consumption impacts. With higher demands, the algorithm
generates more fuel consumption, and needs a larger MPR to obtain positive benefits. This is
intuitively correct, as larger demands result in more vehicles traveling simultaneously on the
control segment. Hence, more regular vehicles produce increases in lane changes, and it is
more difficult for the controlled vehicles force the regular vehicles to follow them. In the
case of high MPRs (>50%), the conclusion is similar to the first example. Loading vehicles at
the rate of 600 vph can achieve the lowest fuel consumption level.
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Figure 22: Fuel consumption savings for a two-lane intersection for different demand
levels
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Algorithm Shortcomings

In the development of the Eco-CACC-Q algorithm, one critical assumption is that the studied
network should not be over-saturated; otherwise, the estimation of queue length is not
accurate. In that sense, the advisory speed limits cannot control the behavior of probe
vehicles appropriately to minimize their fuel consumption levels. In this subsection, we
simulate the single-lane intersection to demonstrate this limitation.

The link parameters, the SPaT plan, and the Eco-CACC-Q algorithm parameters are kept the
same in the simulation runs. Vehicles are loaded at a rate of 800 vph, which is greater than
the actual capacity of the control segment, and thus results in over-saturated delay. Figure 23
shows the vehicular trajectories around the intersection before and after applying the Eco-
CACC-Q algorithm, where the signal is located at x = 2000 meters. From Figure 23(a), the
queues upstream of the signal are very long, and some vehicles in queue have to wait for two
or three cycles to proceed through the intersection. This demonstrates that they experience
more than one stop-and-go maneuver. Figure 23(b) shows the trajectories of all vehicles
when 20% of them are CACC-equipped. Clearly, we see once the queue is not dissipated by
the next green interval, the algorithm fails at providing appropriate desired speeds to the
controlled vehicles.

There are two major causes of the problem. First, when the road is over-saturated, the
queue might not be dissipated during a single green indication. Subsequently, in the next
cycle, the unreleased queue is not formed at the stop bar, located at position xg; instead, it is
rolls between the intersection and the starting point of the control segment, x,,. Thus, the
queue estimation method based on the kinematic wave model cannot update the queue length
correctly based on the instantaneous traffic information collected by the loop detectors.
Unless historical road conditions are provided, the estimation cannot be accurate. Second, the
algorithm assumes that controlled vehicles only perform deceleration upstream of the traffic
signal, and they enter the segment with a high speed (such as the road speed limit). But, the
rolling queue generates several stop-and-go waves on the control segment, which prevents
the probe vehicles from maintaining the recommended speed estimated by the algorithm.
When they enter the rolling queue ahead, they will slow down and maintain a low speed even
there is a large gap ahead (see black box in Figure 23(b)). These two causes can be
eliminated when vehicle-to-vehicle communication is introduced. With the assistance of the
technology, the queue length can be updated in real-time, and the stop-and-go behavior can
be identified. The algorithm would also need to be updated to reflect that fact that the vehicle
will stop multiple times
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Figure 23: Vehicular Trajectories under an over-saturated intersection: (a) base, (b)

Eco-CACC-Q

Eco-CACC at one general intersection

In the aforementioned sections, only one approach to an intersection is simulated. In reality,
vehicles can pass through the intersection from typically four approaches (see Figure 24). In
this section, a comprehensive simulation analysis is conducted considering a four-legged
intersection to examine the environmental benefits of the Eco-CACC-Q algorithm.

Figure 24 illustrates the configuration of the simulated intersection. In the network,
vehicles are loaded from four origins 1,2,3,4, and travel to the remaining three destinations,
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5,6,7,8. The speed limits of all roads are v = 50 mph, and their capacities are all g, =
1600 vph. The length of the upstream control segment for the major roads (1 and 3 to the
signal) is set at 500 meters, and for the minor roads (2 and 4 to the signal) at 300 meters. All
downstream control segments are set to 200 meters. The deceleration and acceleration rates
are 3 m/s? and 2 m/s?, respectively.
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Figure 24: Configuration of a four-legged intersection

Table 2 shows the simulation settings, the OD demand, and SPaT plan used in the
simulation (To simplify the simulation, the right-turn demands are ignored). As demonstrated
in Table 2, the through traffic on the major roads is as high as 1000 vph, and on the minor
roads the left-turn volumes are higher than the through volumes. Figure 25 illustrates the
savings in fuel consumption of all vehicles traveling through the intersection. As the through
traffic on the major road is very high, the benefits of the algorithm should mainly be
determined by the CACC-equipped vehicles, and the results are similar to the example of the
two-lane intersection. As was the case earlier, for lower MPRs (<25%), the algorithm results
in an increase in the overall fuel consumption level. As long as the MPR is greater than 25%,
the algorithm imparts positive benefits to the network. Once all vehicles are equipped, the
fuel consumption level can be reduced by as as much as 12.5%.

Table 2: Simulation setting of the four-legged intersection

Origin | Destination | Movement | Demand (vph) | Green+Amber:Cycle (second)
1 5 Through 1000 72:113
1 6 Left 150 12:113
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2 6 Through 50 12:113
2 7 Left 150 17:113
3 7 Through 1000 72:113
3 8 Left 150 12:113
4 8 Through 50 12:113
4 5 Left 150 15:113
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Figure 25: Savings in fuel consumption at a four-legged intersection

Simulation Evaluation at Multiple Intersections

This section evaluates the benefits of the proposed Eco-CACC-MS algorithm with

INTEGRATION. The proposed algorithm is implemented at networks with two and four
intersections to test its impacts on individual vehicle dynamics, to estimate its benefits on
vehicle energy, and to check its feasibility in large networks.

Impact on Equipped Vehicles

As a starting point, a simple network of two intersections defined in Figure 25 is simulated.
The simulation is conducted from one-way movement where vehicles are loaded from one

origin to one destination only. In the experiment, the speed limits are 80 km/hr, and the road
capacities without considering intersections, i.e., non-interrupted capacities, are g. = 1600

vphpl for all links.
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Figure 26: Configuration of two consecutive intersections

Assume that the distance between the two intersections in Figure 26 is d, = 1000
meters, the upstream control segment length of the first intersection is d;, = 500 meters, and
the downstream control segment length of the second intersection is d; = 200 meters. The
number of lanes of all links is set as one. In the first simulation, vehicles are only loaded
from east (left end) to west (right end) at the rate of 600 vphpl, and 10% of them are
equipped with the Eco-CACC-MS-Q algorithm (with the consideration of queues). For the
SPaT information, the cycle lengths of both signals are 120 seconds, and the durations of the
green and the amber indicators of the through traffic for the first and second signals are all 65
and 2 seconds, respectively. The offset of the second signal with respect to the first one is 75
seconds. In this network, the optimal offset of the second signal is 45 seconds. While, to
check the benefits of the Eco-CACC-MS-Q algorithm, we try to set the offset to make the
equipped vehicles experiencing two stops. The 75-second offset gives a high probability for
us to observe two stops for one equipped vehicle. The equipped vehicles receive advisory
speed limits from the algorithm, which is updated every second.

Figure 27(a) compares the trajectories of one equipped vehicle before and after
applying the Eco-CACC-MS-Q algorithm. Compared to the trajectory without control, the
trajectory (location between 500 meters and 2200 meters) is much smoother when the
algorithm is applied. Figure 27(b) compares the speed profiles of the vehicle before and after
applying the algorithm. Similar to Figure 6(b), the equipped vehicle slows down and cruises
to the first intersection with a smaller speed, and passes the intersection without stops.
Between the first and second intersections, it accelerates to another cruise speed with a
moderate rate and passes the second intersection without stops. The standard deviations of
the speed profiles before and after applying the algorithm are 34.2 km/hr and 22.1 km/hr,
respectively, i.e., the speed oscillation is reduced as high as 30%. In addition, the fuel
consumption levels before and after applying the algorithm are 0.146 liter/km and 0.113
liter/km, indicating that the algorithm reduces fuel consumption by about 22.5%.
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Figure 27: Comparison of vehicle movements before and after applying the Eco-CACC-

MS-Q algorithm

Note that in Figure 27(b), after applying the algorithm, the equipped vehicle's speed
still drops ahead of the signals and fluctuates a lot, even though the vehicle does not
experiencing complete stops. This fluctuation is caused by the estimation of the vehicle
queue lengths, g_1 and g_2, and the queue dispersion speeds, w_1 and w_2. In the Eco-
CACC-MS-Q algorithm, these variables are estimated with the kinematic wave model using
road properties, including road capacity, jam density, and critical density. However, in the
microscopic simulations, due to the randomness of vehicle dynamics, the estimation cannot
be accurate. Hence, the advisory speed limits calculated by the Eco-CACC-MS-Q algorithm
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cannot perfectly smooth the movements of equipped vehicles, and the oscillations occur
when they travel through the intersections. In the future, with the help of vehicle-to-vehicle
communications, queue lengths and queue dispersion speed can be monitored in real time.
Then, the estimation of the advisory speed limits will be accurate, and the oscillation can be
mitigated.

Eco-CACC-MS Algorithm at Two Intersections

In this section, we evaluate the benefit of the proposed algorithm on the network-wide fuel
consumption levels, and compare the algorithms with and without the consideration of
vehicle queues (Eco-CACC-MS-Q and Eco-CACC-MS-0) under different MPRs of the
equipped vehicles. In addition, the algorithms are compared with Eco-CACC-Q and Eco-
CACC-O for independent intersections.

The network settings in the aforementioned section are also applied in this section.
For the multiple intersection control algorithms (Eco-CACC=MS-Q and Eco-CACC-MS-0),
the equipped vehicles are under control once they are within 500 meters ahead of the first
intersection and within 200 meters after the second intersection for the Eco-CACC-MS
algorithms. For the single intersection control algorithms (Eco-CACC-Q and Eco-CACC-0),
the equipped vehicles are under control once they are within 500 meters before each
intersection and 200 meters after each intersection. This simulation was done with a single-
lane network, which prevents lane changing or vehicle over-passing behaviors. The demand
for the network is still 600 vphpl, and the SPaT plans of the two intersections in the previous
intersection are also applied. The offset of the second signal is set as 0 seconds. To better
evaluate performance, the algorithms are tested under different MPRs; only a portion of the
vehicles are equipped, while the rest drive normally using car-following models.
Figure 28 demonstrates the overall network-wide energy savings of the Eco-CACC and Eco-
CACC-MS algorithms considering different MPRs. The figure illustrates that higher MPRs
lead to greater savings in all control systems. At 100% MPR, the fuel consumption is reduced
about 7% with Eco-CACC-MS-Q and 4.2% with Eco-CACC-Q. In the simulations, the
movements of the equipped vehicles are smoothed by the proposed algorithm, and at the
same time due to the car-following behaviors, the trajectories of some non-equipped vehicles
are also smoothed, which further reduces the network-wide fuel consumption levels. Figure
28 also demonstrates that even without the consideration of vehicle queues, the Eco-CACC-
MS-O and Eco-CACC-O algorithms can still produce larger fuel savings as MPRs increase.
However, the savings are smaller than those that take queues into consideration. Specifically,
without considering queues, the fuel consumption rate is reduced from 7% to 6.1% for the
multiple intersection control and from 4.2% to 3.9% for the single intersection control.
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Figure 28: Savings in fuel consumption at the single-lane network under different
MPRs

In the simulation of the single-lane intersections above, lane changing and over-
passing behaviors are not allowed; while in reality, links with two or more lanes are
common. Accordingly, the impacts of lane changing and vehicle over-passing need to be
considered. In the second example, the same settings used in the previous simulation are
applied to the same network with two-lane links. Figure 29 compares the fuel consumption
savings of Eco-CACC-Q, Eco-CACC-O, Eco-CACC-MS-Q, and Eco-CACC-MS-Q
algorithms under different MPRs. Unlike the single-lane network, the savings in fuel
consumption are not always observed in the two-lane scenarios, especially when the MPR is
less than 30%. When MPRs are less than 30%, all algorithms increase the overall fuel
consumption levels. The negative impact of the lower MPRs is a result of the lane changing
and over-passing of non-equipped vehicles. As the algorithms only control the equipped
vehicles, which are traveling at lower speeds than the non-equipped vehicles, larger gaps will
be generated ahead of them. The non-equipped vehicles, traveling at higher speeds, then have
a greater likelihood of changing lanes and cutting into the gaps ahead of the equipped
vehicles, increasing their speed oscillations and the fuel consumption level for the whole
network. With 30% MPRs and above, the number of equipped vehicles increases, making it
increasingly possible for equipped vehicles to travel side-by-side for the whole link,
preventing lane changing and over-passing movements, and increasing fuel consumption
savings. All algorithms provide positive savings with MPRs higher than 30%. At 100%
MPR, fuel consumption is reduced by about 6.5% for the Eco-CACC-MS-Q, 5.8% for Eco-
CACC-MS-0, 4.2% for Eco-CACC-Q and, and 3.2% for Eco-CACC-O. Similar to the
single-lane example, the algorithms taking queue effects into consideration always result in
better performance for the network with two-lane links.
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Figure 29: Savings in fuel consumption at the two-lane network under different MPRs
Eco-CACC-MS Algorithm at Four Intersections

In addition to two-intersection networks, the Eco-CACC-MS-Q algorithm is also
applied to a larger network with more than two intersections. The network in Figure 30(a),
which has four consecutive intersections, is simulated. Assume that the distance between any
two consecutive intersections is 600 meters. The demand from the west to east is constant at
600 vph. For the SPaT plan, the cycle lengths and phase splits of all intersections are 120
seconds and 50%, respectively, and the offsets of all signals are set as 0.

Figure 30(b) illustrates the fuel consumption savings from the Eco-CACC-Q and Eco-
CACC-MS-Q algorithms under different MPRs in single-lane and two-lane networks. For the
single-lane network, both algorithms have positive benefits to fuel consumption at different
MPRs, and higher MPRs result in greater savings for both algorithms. At 100% MPR, fuel
consumption is reduced by 7.7% with Eco-CACC-MS-Q, and by 6.2% with the Eco-CACC-
Q algorithm. The savings come from both equipped vehicles with the optimal trajectories and
non-equipped vehicles following them with car-following models. For the two-lane network,
negative effects of the algorithms are still observed when the MPR is low (<15% for Eco-
CACC-Q and <25% for Eco-CACC-MS-Q). When the MPR is larger than 30%, positive
savings in fuel consumption can be obtained for both algorithms and the savings from the
multiple intersection control is higher than the single intersection control (even though the
different is not quite large). At 100% MPR, both algorithms can reduce the fuel consumption
as high as 4.8%. The two simulations also verify the effectiveness of the proposed algorithm
on networks with multiple intersections.
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Figure 30: Eco-CACC-MS at four intersections: (a) configuration, (b) savings
Sensitivity Analysis

This section makes a comprehensive sensitivity analysis of variables applied in the proposed
Eco-CACC algorithms, including traffic demand levels, phase splits, offsets between two
consecutive signals, and distances between intersections. In addition, the impact of over-
saturated traffic on the algorithm is assessed. Moreover, the Eco-CACC-Q and the Eco-
CACC-MS-Q algorithms are compared to examine the advantage of the multiple intersection
control. To complete the analysis, the network in \reff(simsig) with two intersections is
simulations, and link properties, including the road speed limits, the road capacities, the jam
densities, and the density at capacity, are the same to previous examples.

Demand Levels

On arterial roads, vehicle demands are directly related to queue lengths ahead of signals and
the number of the equipped vehicles in the network, and they play an important role on
evaluating the performance of the intersections and assessing the benefits of the Eco-CACC
algorithms. In this section, we examine the fuel efficiency of the Eco-CACC-MS-Q and Eco-
CACC-Q algorithms under different demand levels. The signal settings of the two
intersections are the same to the previous intersection. Here, the 75-second offset is also
applied to observed obvious different between the single and multiple intersection control
strategies. In addition, we assume that all vehicles are equipped (i.e., the MPR is 100%), and
the demand varies from 100 to 700 vphpl for both algorithms.

Figure 31 illustrates the fuel consumption savings of both algorithms as a function of
the demand. The results show that under the given settings of the signal plans and the offset,
positive savings in fuel consumption can be observed for all demand levels. In addition, for
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the Eco-CACC-MS-Q algorithm, the demand at 400 vphpl results in the best savings for the
whole network, about 13.5%. Demands from 400 vphpl to 700 vphpl result in savings of 7%
for the Eco-CACC-Q algorithm. The savings are a result of the increase in the number of
equipped vehicles in the network. However, this simulation only considers demands below
the saturated flow (800 vphpl). The implementation of the algorithm in the over-saturated
network will be different, and the details will be analyzed in the rest of this report.
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Figure 31: Saving in fuel consumption under different traffic demand levels
Phase Splits

In this study, both Eco-CACC-MS-Q and Eco-CACC-Q algorithms utilized the SPaT
information to compute the optimal trajectories for the equipped vehicles, which indicates the
phase splits are highly related to the effectiveness of the algorithms. In this subsection, the
impact of the phase splits to the overall network performance is investigated. The simulation
settings are the same as those used in the example in the previous section. The demand is
constant as 600 vphpl, and the phase split (i.e., the ratio of the total duration of the green and
amber indicator to the cycle length) ranges from 35% to 75% for the major road (through
traffic from west to east) respect to the total cycle length of 120 seconds.

Figure 32 illustrates the fuel consumption savings of both algorithms as a function of
the phase split. The figure indicates that with higher phase splits, the savings in fuel
consumption will be smaller. With a 35% green split for the major road, the savings reach up
to 13.8% for the Eco-CACC-MS-Q and 7.2% for Eco-CACC-Q. This results are intuitively
correct. With higher phase splits, the equipped vehicles have less chance of stopping at the
signals, resulting in lower fuel consumption savings, as less vehicles have to stop.
Consequently, it only needs to control the behaviors of less vehicles at higher phase splits. In
addition, the benefits of the proposed algorithms come from the control of the stopped
vehicles. In that sense, the savings of fuel consumption will be smaller.
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Figure 32: Saving in fuel consumption under different phase splits
Signal Offsets

The offset is important to coordinate multiple intersections and to improve the performance
of the whole network. And, the fluctuations of vehicles' movements through multiple
intersections are directly related to the offset. This section investigates the impact of offsets
on the performance of the proposed algorithms. The simulation settings are still the same to
the example in the previous section, except that the phase split is constant at 55%, and the
second signal offset with respect to the first varies from 0 to 120 seconds. In this simulation,
the distance between the two intersections is 1000 meters, which can be traveled by equipped
vehicles within 45 seconds at the free-flow speed, i.e., the optimal offset of the second signal
is about 45-50 seconds (with consideration of lost time).

Figure 33 illustrates the fuel consumption savings of both Eco-CACC-MS-Q and
Eco-CACC-Q algorithms as a function of the offset. Results indicate that when the offset is
closer to the optimal value, the savings of fuel consumption obtained from both algorithms
will be smaller. At the optimal offset, the Eco-CACC-MS-Q provides the lowest saving of
2.8%, and the Eco-CACC-Q 2.5%. The highest savings of fuel consumption can be observed
at 13.0% with 100-second offset for Eco-CACC-MS-Q, and 7.3% with 65-second offset for
Eco-CACC-Q. This result is valid, as the savings of the algorithms are observed if the
equipped vehicles have to stop at both intersections. At the optimal offset, most vehicles only
need to stop at the first signal, which results in the least savings for both algorithms.
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Distance between intersections

Distance between intersections is another variable affecting the benefits of the proposed
algorithm. In this section, the impact of the distance between the intersections is evaluated.
The simulation settings are the same to the previous section, except that the offset is constant
as 75 seconds, and the distance between the two intersections ranges between 200 and 1000
meters.

Figure 34 shows the fuel consumption savings for both Eco-CACC-MS-Q and Eco-
CACC-Q algorithms as a function of the distance between intersections. Results indicate that
under the given signal plans and the demand level, 700 meters is the optimal distance
between intersections for both algorithms. The Eco-CACC-MS-Q algorithm provides fuel
consumption savings of 13.1% for the 700-meters distance between intersections, and the
Eco-CACC-Q algorithm provides 7.2% savings.

The pattern from the Eco-CACC-MS-Q algorithm is determined by the following two
factors. (1) With a longer distance between intersections, equipped vehicles can be controlled
for a longer time, allowing the algorithms to provide more fuel-efficient trajectories.
However, (2) the longer distance makes the prediction of the queue lengths and queue
dispersion times at the downstream intersection less accurately, which reduces the
effectiveness of the algorithm. Hence, there exits an optimal value for the distance when the
Eco-CACC-MS-Q algorithm is applied. In addition, with the Eco-CACC-Q algorithm, the
two intersections are controlled independently. When the distance is large enough, the two
intersections can considered to be isolated to each other. Hence, the benefit from the single
intersection control will keep constant.
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Figure 34: Savings in fuel consumption under different distances between intersections
Algorithm Shortcomings: Over-Saturated Demands

In the development of the Eco-CACC-MS-Q algorithms, one critical assumption is that the
network is not over-saturated, and vehicle queues can be released during one cycle. Once the
network is over-saturated, rolling queues are generated upstream of the intersections. Then,
the queue estimation in Eq(6) cannot determine the queue length and the dispersion time
accurately. Consequently, the advisory speed limits are not optimized for the equipped
vehicles to pass the intersections. The previous section has showed that the Eco-CACC-Q
algorithm for independent intersections was unable to obtain positive savings under over-
saturated demands. In this section, we investigate the impact of over-saturated demands on
the Eco-CACC-MS-Q algorithm.

The example of two intersections is applied. The simulation settings maintain the
same, except that the demand increases to 1000 vphpl, which is greater than the capacity of
the controlled segment. Figure 35 compares the trajectories of all vehicles before and after
applying the Eco-CACC-MS-Q algorithm. In Figure 35(a), most vehicles experience stops at
both intersections, and generally the queues at the first intersection cannot be released in one
cycle. Figure 35(b) shows the trajectories with 10% equipped vehicles. As shown within the
black box in the figure, the algorithm fails to provide the optimum speed limits for the
equipped vehicles to pass the intersection without stops. The rolling queues caused by the
over-saturated demand generate traffic fluctuations and complete stops for the equipped
vehicles, reducing the benefits of the algorithm dramatically. However, as the inflow to the
second intersection is gated by the first one, over-saturation is averted, and fuel consumption
savings can still be observed at the second intersection using the proposed algorithm. In the
simulation, a 10% MPR actually reduces fuel consumption by about 2.7%. This implies that
compared with Eco-CACC-Q, the Eco-CACC-MS-Q algorithm is more efficient at providing
fuel consumption savings under over-saturated demands.
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Figure 35: Vehicle trajectories under over-saturated demands: (a) No control, (b) Eco-
CACC-MS-Q

Field Evaluation
Test Environment Setup

The facility on the Virginia Smart Road Connected Vehicle Test Bed was used to test the
benefits of the proposed Eco-CACC system. The Virginia Smart Road is a 3.5 km (2.2 miles)
stretch of road with turn-around loops at either end. The layout of the test road is illustrated
in Figure 36. The road in the vicinity of the signalized intersection is a two-lane highway
(one-lane for each direction). The four-way signalized intersection is located in the center of
the figure. The road vertical grades for the downhill and uphill direction are approximately
3percent. The stop lines for both directions are marked by red color on the center of the
figure. The Eco-CACC is activated when the testing vehicle is at 250 meters upstream of the
stop bar and is deactivated when the testing vehicle is at 180 meters downstream of the stop
line. Thus, the values of duyp and dgown are 250 and 180 meters, respectively. The speed limit

Eco-Routing Modeling 54



TranLIVE

of the testing facility is 40 mph. In order to have a fair comparison across different runs,
vehicle should drive at 40 mph by entering and leaving the range of the system. Thus, two
cones were placed at the 250 meters upstream (the first cone) and 180 meters downstream
(the second cone) of the intersection for each direction, so totally there are four cones. And
drivers were asked to drive at 40 mph to pass the cones.

Figure 36: Layout of the test road.

In order to test the Eco-CACC system in response to different signal timings, four
different values for this variable are selected for the test. This variable is named hereafter as
“red phase offset”, which represents the remaining red light time when vehicle enters the test
area by passing the first cone. And the selected values for the testing are 10, 15, 20 and 25
seconds. When the testing vehicle is far away and moving towards the signalized
intersection, the signal phase is red. Then, the red phase offset is triggered when the testing
vehicle arrives at a distance dyp upstream of the intersection, which means that the remaining
time for the red phase is the randomly preset value (either 10, 15, 20 or 25 seconds). The
green phase is chosen as 25 seconds, which is long enough for the vehicle to pass the
downstream distance ddown, even for the case when the testing vehicle encounters a complete
stop on the stop line.

Four scenarios are included in the field test, which includes a base case of uninformed
drive, a driver provided with a red indication countdown, a driver provided with an audio
recommended target speed and finally a longitudinally-automated ECO-CACC system.

Scenario 1 (S1): Uninformed drive.
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Driver approaches the intersection in an uninformed manner, and driver needs to
control the vehicle speed at 40 mi/h when passing the first to the second cones.

Scenario 2 (S2): Informed drive by providing “time to next signal indication
change” to the driver.

The driver can use the information to adjust the vehicle speed to pass the intersection,
and driver needs to control the vehicle speed at a 40 mi/h when passing the first and second
cones.

Scenario 3 (S3): Informed drive by providing a “target speed” to the driver, the
target speed is calculated by the proposed Eco-CACC algorithm. (Manual Eco-CACC
System)

The driver needs to control vehicle speed at 40 mi/h when passing the first cone. Then
audio information with the target speed is activated and the driver attempts to control vehicle
speed by following the target speed to his/her best effort.

Scenario 4 (S4): Automated drive mode, in which the vehicle automatically
controls the gas and brake levels by following the target speed calculated by the
proposed algorithm. (Automated Eco-CACC System)

The driver needs to maintain the vehicle speed at 40 mph when passing the first cone.
Then the driver will hear an audio alert “Engage” to indicate the automated control is
activated. When the vehicle passes the second cone, the driver will hear an audio alert of
“Dismiss” to indicate the automated control is deactivated. Note that the driver needs to
control the steering wheel all the time.

The VTTI automated vehicle was used for the testing. It is a 2014 Cadillac SRX and
is equipped with a vehicle onboard unit for V2V and V21 communication. The manufacturer
specifications for this vehicle were used to calibrate the fuel consumption model (Equation
(17)); the calibration procedure can be found in [30]. Note that this is an automated vehicle,
and the vehicle can drive automatically by following the optimum speed profile produced by
the developed ECO-CACC algorithm. This automated drive mode was tested in Scenario 4
during the field test. Two options for communicating the target speed were designed in the
test vehicle: Monitor display as shown in Figure 37 and an audio system. Many studies have
shown that drivers can be highly distracted by visual display in their natural driving
environment [39, 40], and therefore the audio system was selected in scenarios 2 and 3 for
this study. The Eco-CACC algorithm was coded in C/C++ to the Eco-CACC system in the
test vehicle. The optimum speed profile and target speed are calculated every 0.1 second (10
hertz) to ensure the system can be used for real-time applications. In the scenario 2 and 3,
since the average driver perception/reaction time is approximately 1.5 seconds and the
latency in the communication system is around 0.5 seconds, the sound system was set to
provide audio information to the driver at 2-second intervals. In the scenario 4, the
automated Eco-CACC system follows the target speed by every 0.1 second.
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Figure 37: Test vehicle and equipment.

The field test includes 32 participants, and each participant conducted 64 trips to pass
through the signalized intersection under different combination of signal timing and road
grade. The pre-defined signal timing table is presented in Table 3, we can see that each
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scenario includes 16 runs and Each participant randomly repeated two times each of the four
red phase offset values for each direction. It should be pointed out that only the data from dup
and dqown are extracted during each trip. Eventually, 2048 trips were collected to analyze the

system performance under different scenarios.

Table 3: Pre-defined Signal Timing Table.

Run Index Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4 Direction
(second) (second) (second) (second)

1 25 15 15 25 uphill
2 25 25 25 20 downhill
3 10 25 25 20 uphill
4 15 25 10 20 downhill
5 15 10 25 25 uphill
6 10 20 15 15 downhill
7 25 25 15 15 uphill
8 25 10 20 10 downhill
9 10 15 10 15 uphill
10 20 20 15 15 downhill
11 15 20 20 20 uphill
12 15 15 20 10 downhill
13 20 20 20 10 uphill
14 10 10 10 25 downhill
15 20 10 10 10 uphill
16 20 15 25 25 downhill

Field Test Results

The instantaneous fuel consumption, vehicle speed and location were collected during each
trip to calculate the total fuel consumption level and the total travel time. Table 4 presents
the average fuel consumption levels of four scenarios under different combination of trip
direction and red phase offset value. For the same trip direction and red phase offset value,
the fuel consumption level keeps reducing from scenario 1 to 4, and scenario 4 always
consumes the least fuel level. The above mentioned findings can be easily observed in Figure
38. Moreover, the results of trip travel times in Figure 39 also have the similar trends as fuel
consumption results. For the same trip direction and red phase offset value, the average trip
travel time keeps reducing from scenario 1 to 4, and scenario 4 generally produces the least
travel time. We also find that both of fuel consumption and travel time increase when red
light offset increases, since longer red signal timing results in slower average vehicle speed
and longer travel time for the vehicle to pass the signalized intersection. Considering the
average road grade values are -3 degrees for downbhill direction and 3 degrees for uphill
direction, the trip for uphill direction consumes much higher fuel level compared to the trip
for downhill direction. According to the test results in Table 5, the uphill trips consume
averagely more than 50% of fuel than downhill trips in the same scenario.
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Direction Red phase offset Scenario 1l | Scenario2 | Scenario3 | Scenario 4
(second) (liter) (liter) (liter) (liter)
10 0.034 0.020 0.020 0.019
Downhill 15 0.063 0.042 0.034 0.029
20 0.070 0.070 0.053 0.040
25 0.078 0.075 0.065 0.047
10 0.077 0.055 0.053 0.053
Uphill 15 0.104 0.085 0.079 0.062
20 0.116 0.103 0.091 0.085
25 0.125 0.112 0.101 0.093
Table 5: Average Travel Time.
Direction Red phase offset Scenario 1 Scenario 2 | Scenario 3 | Scenario 4
(second) (second) (second) (second) (second)
10 25.6 24.1 24.2 24.1
Downhill 15 29.9 28.3 26.8 26.6
20 36.7 35.3 33.0 32.6
25 42.3 41.1 39.4 38.9
10 26.1 24.7 24.1 24.7
Uphill 15 30.2 29.1 27.4 26.4
20 36.9 35.8 33.4 32.8
25 42.7 41.5 39.7 39.1
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We consider scenario 1 as the base scenario, and then calculate the difference of fuel
consumption and travel time in scenario 2, 3 and 4 by compared to the base scenario. Table
6 presents the comparison of fuel consumption under different scenarios. The comparison
results indicate that the average fuel consumption levels in all the other three scenarios are
lower than the fuel levels in scenario 1, which means all the other scenarios are helpful to
reduce fuel consumption compared to the uninformed drive. Compared to the base scenario,
the average savings of fuel are 18.3%, 27.7% and 37.8% by scenario 2, 3 and 4, respectively.
It’s interesting to see that the 15 seconds red phase offset always corresponds to the
maximum fuel saving for both downhill and uphill directions, when we compare the fuel
consumption between scenario 1 and scenario 4. This may be explained be the fact that the
vehicle with Eco-CACC has the maximum speed difference compared to the case that
vehicle without Eco-CACC, under 15 seconds red light value. The same findings and trends
can also be found in Table 7 by the comparison of travel time under different scenarios.

Table 6: Comparison of Fuel Consumption for Different Scenarios.

Direction | Red phase offset Difference between Difference between Difference between
(second) S2 and S1 (%) S3 and S1 (%) S4 and S1 (%)

10 -39.8 -39.4 -42.8

Downhill 15 -32.6 -45.0 -53.2

20 -0.7 -23.9 -43.6

25 -4.4 -17.5 -39.8

10 -28.5 -31.7 -30.5

Uphill 15 -18.5 -23.9 -40.9

20 -10.9 -21.5 -26.7

25 -10.5 -18.7 -25.0

Average -18.3 -27.7 -37.8

Table 7: Comparison of Travel Time for Different Scenarios.
Direction | Red phase offset Difference between Difference between Difference between
(second) S2 and S1 (%) S3 and S1 (%) S4 and S1 (%)

10 -5.9 -5.7 -5.9

Downhill 15 -5.4 -10.4 -11.3

20 -3.9 -10.1 -11.3

25 -3.0 -7.0 -8.1

10 -5.3 -7.8 -5.4

Uphill 15 -3.6 -9.3 -12.7

20 -3.0 -9.5 -11.1

25 -2.8 -7.0 -8.4

Average -4.1 -8.3 -9.3
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The findings and trends by comparing four scenarios can be easily observed in the
following figures. The comparison of fuel consumption for different scenarios for downhill
and uphill directions are presented in Figure 40 and Figure 41. The comparison of travel
times for different scenarios for downhill and uphill directions are presented in Figure 42
and Figure 43. Compared to other three scenarios, scenario 4 always corresponds to the
lowest fuel consumption and travel time with the same combination of red phase offset and
drive direction. The average results indicate the automated drive of scenario 4 saves 37.4% in
fuel consumption and 8.6% of travel times, respectively.
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Figure 40: Comparison of fuel consumption for different scenarios for downhill
direction.
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Figure 41: Comparison of fuel consumption for different scenarios for uphill direction.
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Figure 42: Comparison of travel time for different scenarios for downhill direction.
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Figure 43: Comparison of travel time for different scenarios for uphill direction.

To investigate the driver behavior and vehicle’s trajectories for different scenarios,
the examples for each combination of red phase offset, drive direction and scenario are
presented in the following figures. It should be noted that the automated vehicle cannot
perfectly follow the advisory speed calculated from the Eco-CACC system. For instance, the
advisory speed in scenario 4 for 10 seconds of red light offset is a constant value of 40 mph.
When vehicle drives on the downhill direction in Figure 44, vehicle speed increases from 40
mph to 41.6 mph because of the positive gravity force and the automated control system
doesn’t engage the break for such small discrepancy. When vehicle drives on the downbhill
direction in Figure 45, vehicle speed initially drops from 40 mph to 37.2 mph because of the
negative gravity force on the uphill direction, and then the automated control system starts to
accelerate to reach 40 mph.

Figure 49 is a good example to explain the differences of driver behavior and vehicle
trajectories under four scenarios. In scenario 1, the vehicle reduces speed to a completely
stop on the intersection because of the red signal. In scenario 2, the countdown information
help the driver to slowly decelerate to a completely stop with a moderate deceleration rate
compared to scenario 1. In scenario 3, the driver tried to follow target speed by reducing
vehicle speed initially and then increasing speed to pass the intersection. In scenario 4, the
vehicle speed reduced from 40 to 20 mph, and then maintained the speed around 20 mph to
approach the intersection. The speed curves indicate the vehicle didn’t stop during scenario 3
and 4, and the average speeds of scenario 3 and 4 are much higher than other two scenarios.
In fact, Eco-CACC helps the test vehicle to follow a smoothed speed profile with much less
acceleration or deceleration maneuvers, and thus the test vehicle drives at a higher average
speed to pass intersection. The sample trips demonstrate the benefits of the Eco-CACC
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system in assisting drivers to drive smoothly in the vicinity of intersections and therefore
reduce the fuel consumption levels.
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Figure 44: Example of vehicle speed profile and trajectory under red phase offset 10
seconds, downhill direction.
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Vehicle Speed Profile
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Figure 45: Example of vehicle speed profile and trajectory under red phase offset 10
seconds, uphill direction.
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Figure 46: Example of vehicle speed profile and trajectory under red phase offset 15
seconds, downhill direction.
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Vehicle Speed Profile
45 1 1 1 1 1 1 1

Speed (mph)

|
----- 52
S3 4
- 54
U | | | | | | I
5 10 15 20 25 30 35 40
Time {second)
Wehicle Trajectory
45[] T T T T T T T
400 .
350 - .
— 300} .
o
T
E 250F .
S
c 200F .
»
= 150 -
100 St
----- 52
A0 534
- 54
U | | | | | | I
5 10 15 20 25 30 35 40

Time {second)

Figure 47: Example of vehicle speed profile and trajectory under red phase offset 15
seconds, uphill direction.

Eco-Routing Modeling 68



TranLIVE

Vehicle Speed Profile
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Figure 48: Example of vehicle speed profile and trajectory under red phase offset 20
seconds, downhill direction.
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Figure 49: Example of vehicle speed profile and trajectory under red phase offset 20
seconds, uphill direction.
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Figure 50: Example of vehicle speed profile and trajectory under red phase offset 25
seconds, downhill direction.
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Figure 51: Example of vehicle speed profile and trajectory under red phase offset 25
seconds, uphill direction.
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Post-Run Questionnaire Survey

After running the field test on the Virginia Smart Road Connected Vehicle Test Bed, each
participant was asked to conduct a post-run questionnaire survey. The survey results
according to the answers by 32 participants are provided in the section. The first two
questions are related to the driver’s decision. Given that the automated control of scenario 4
doesn’t need driver’s decision once the system is activated, scenario 4 is not included in the
first two questions. According to the results in Figure 52, 72% of participants selected
scenario 2 instead of scenario 3 as the top choice regarding to improving driver’s ability to
make decision on how to proceed through intersection, since most of participants feel that the
current signal timing information is easy to understand and make adjustment for driving the
car but the target speed in scenario 3 is very difficult to follow. According to Figure 53, 58%
of participants selected scenario 2 as the top choice to help them to avoid completely stop at
intersection. According to Figure 54, Figure 55 and Figure 56, the top choice regarding to
“save fuel consumption”, “make driving more comfortable” and “enhance safety to drive
through intersection” is the automated Eco-CACC in scenario 4, and the manual Eco-CACC
is the last choice regarding to those questions. Most participants feel that the manual Eco-
CACC distracts their attention to watch road environment since driver needs to focus on the
odometer to adjust vehicle speed according to the advisory speed. It’s very interesting that
although 84% of participants thought scenario 3 is the worst case to save fuel consumption,
but the data analysis result indicates scenario 3 provides 27.7% save of fuel compared to the
uninformed drive in scenario 1. According to Figure 57, there are equal percentage of
participants (around 43%) selected scenario 1 and 4 as the top choice regarding to “you
would like to have in your car”. At last, Figure 58 indicates 91% of participants would like to
have the Eco-CACC system in the car.
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Figure 52: Ranking scenarios by “improve your ability to make decision on how to
proceed through intersection”.
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Figure 53: Ranking scenarios by “avoid completely stop at intersection”.
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Figure 54: Ranking scenarios by “save fuel consumption”.

Eco-Routing Modeling

74



TranLIVE

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

Erank 1
®rank 2
Wrank 3

Erank 4

Uninformed drive Informed drive with Manual Eco-CACC  Automated Eco-
(scenario 1) countdown (scenario 3) CACC
(scenario 2) (scenario 4)

Figure 55: Ranking scenarios by “make driving more comfortable”.
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Figure 56: Ranking scenarios by “enhance safety to drive through intersection”.
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Figure 57: Ranking scenarios by “you would like to have in your car”.
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Figure 58: Vote to use Eco-CACC technology in the car.

Conclusions

The research develops Eco-CACC algorithms by considering a single intersection, multiple
intersections, and field implementation for human drivers and automated vehicles. The Eco-
CACC algorithms for isolated and multiple intersections are evaluated in simulated
environment using INTERGRATION software, and the developed algorithms are also
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implemented into the automated vehicle and the Eco-CACC systems are evaluated by the
field test.

In this research, the INTEGRATION microscopic traffic assignment and simulation
software is used to evaluate the performance of a proposed Eco-CACC algorithm by
considering isolated intersection to assess its network-wide energy and environmental
impacts. A simulation sensitivity analysis demonstrates that as the CACC-equipped vehicle
market penetrate rate increases the energy and environmental benefits also increase, and that
the overall savings in fuel consumption are as high as 19% when the market penetration rate
is 100%. On multi-lane roads, the algorithm may produce network-wide increases in the fuel
consumption level when the market penetrate rate is less than 30%. The analysis also
demonstrates that the length of control segments, the SPaT plan, and the traffic demand
levels significantly affect the algorithm performance. The study further demonstrates that the
algorithm may produce increases in fuel consumption levels when the network is over-
saturated and thus further work is needed to enhance the algorithm for these conditions.

This research also develops Eco-CACC-MS algorithms to minimize fuel consumption
for vehicles to pass multiple intersections. The algorithm accelerated or decelerated the
equipped vehicles to a constant speed to cruise to the intersections so as to reduce their fuel
consumption levels. In addition, the Eco-CACC-MS algorithm was evaluated with the
INTEGRATION microscopic simulator. The simulation of the single-lane intersections
proved that fuel consumption savings were greater at higher MPRs. The reductions in fuel
consumption reached 7% for Eco-CACC-MS-Q and 4.2% for Eco-CACC-Q at 100% MPR.
And, taking the vehicle queue into consideration, the Eco-CACC-MS-Q algorithm always
performed better than Eco-CACC-O. In the two-lane intersection, due to lane-changing and
passing behaviors, the proposed algorithm increased the total fuel consumption levels when
the MPRs were less than 30%. Once the MPRs were larger than 30%, positive savings could
be observed. In addition, the Eco-CACC-MS algorithm was implemented in a network with
four consecutive intersections, and the fuel consumption savings were also observed to be as
high as 7.7% for single-lane roads, and 4.8% for two-lane roads. The study also included a
comprehensive sensitivity analysis of traffic demands, phase splits, offsets, and the distances
between intersections. The analysis indicated that under the given offset of 75 seconds, the
phase split of 50%, and the 1000-meter segment between the two intersections, loading
vehicles at 700 vphpl resulted in the highest fuel consumption savings, at 13.5%. And, given
the offset, the demand and the distance between intersections, with a larger percentage of the
phase split, the savings from the proposed algorithm were smaller. In addition, when the
offset was closer to the optimal offset, fuel consumption savings were smaller. Furthermore,
the optimal distance between intersections exists to maximize the savings in fuel
consumption.

The research develops an Eco-CACC system to compute the fuel-efficient speed
profile in the vicinity of signalized intersections. The Eco-CACC algorithm is implemented
into an Eco-CACC system in the VTTI automated vehicle. In the Eco-CACC system, the
computed speed profile can either be broadcasted as audio alert to the driver to manually
control the vehicle, or be implemented into the automated vehicle (AV) to automatically
control the vehicle. From an algorithmic standpoint, the proposed algorithm addresses all
possible scenarios that a driver may encounter while approaching a signalized intersection.
Additionally, from an implementation standpoint the research addresses the challenges
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associated with communication latency, data errors, real-time computation, and ride
smoothness. The system was tested in the Virginia Smart Road Connected Vehicle Test Bed.
Four scenarios were tested for each participant, including a base scenario of uninformed
drive, a scenario that driver provided with a red indication countdown, a manual Eco-CACC
scenario that driver follows an audio recommended speed profile, and finally an automated
Eco-CACC scenario that vehicle uses longitudinally automated control to follow the speed
profile. The field test includes 32 participants, and each participant conducted 64 trips to pass
through a signalized intersection under different combination of signal timing and road
grade. The analyzed results demonstrate the benefits of the Eco-CACC system in assisting
vehicle to drive smoothly in the vicinity of intersections and therefore reduce the fuel
consumption levels. Compared to the uninformed drive, the longitudinally automated Eco-
CACC system controlled vehicle resulted in savings in fuel consumption levels and travel
times in the range of 37.8 and 9.3 percent, respectively.
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