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Abstract— Recent advances in connected vehicle technologies
enable vehicles and signal controllers to cooperate and improve
the traffic management at intersections. This paper explores the
opportunity for cooperative and integrated vehicle and intersec-
tion control for energy efficiency (CIVIC-Ez) to contribute to
a more sustainable transportation system. We propose a two-
level approach that jointly optimizes the traffic signal timing
and vehicles’ approach speed, with the objective being to mini-
mize total energy consumption for all vehicles passing through
an isolated intersection. More specifically, at the intersection
level, a dynamic programming algorithm is designed to find
the optimal signal timing by explicitly considering the arrival
time and energy profile of each vehicle. At the vehicle level,
a model predictive control strategy is adopted to ensure that
vehicles pass through the intersection in a timely fashion. Our
simulation study has shown that the proposed CIVIC-E2 system
can significantly improve intersection performance under various
traffic conditions. Compared with conventional fixed-time and
actuated signal control strategies, the proposed algorithm can
reduce energy consumption and queue length by up to 31% and
95%, respectively.

Index Terms— Connected vehicles, fuel economy, intelligent
transportation systems.

I. INTRODUCTION

FFECTIVE intersection control is an enduring problem,
raising the age-old question of how the conflicting traffic
movement can be best accommodated. On average, American
drivers spend 38 hours per year waiting in traffic, which wastes
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more than 19 gallons of gasoline per vehicle per year. The
cost of congestion was reported to be 121 billion dollars in
recent years [1]. A large portion of traffic delay is caused by
poor traffic signal timing. Despite its important role in traffic
management, there is still significant room for improvement.
The latest national traffic signal assessment indicates an overall
grade of D+ on signal control and operations [2].

Regardless of the operating principles of traffic signal
control, there have been typically three inherent assumptions
that limited or constrained the level of optimization possible.
The first assumption is that control had to be exerted on
only the infrastructure side (i.e., by controlling cycle length,
splits, and offset for the signals). This is because, until very
recently, it was not possible to organize individual vehicle
movements (i.e., control each vehicle’s intersection approach
speed). Second, the vehicles’ arrival was modeled as a net-
work flow, typically measured via aggregate metrics such as
flow rates or average number of vehicles. Traditional fixed
sensors (e.g., loop detectors, video cameras) can be used for
traffic detection, but they are not capable of tracking indi-
vidual vehicle trajectories in real-time. Third, it was typically
assumed that once the traffic conflicts have been eliminated,
the only objective the designer had to be concerned with was
traffic operations efficiency, i.e., minimizing delay or queuing
length. Until very recently, traffic signal control algorithms
paid little attention to environmental and sustainability related
metrics [3]-[9].

Now, however, we are beginning to witness the relaxation of
the three constraining assumptions mentioned above. Recent
advances in connected vehicle (CV) technologies [10], [11]
provide new opportunities to improve traffic management:
vehicles and traffic infrastructure will be able to coordinate
with each other through vehicle-to-infrastructure and vehicle-
to-vehicle communication. The control infrastructure will be
able to gather accurate local or global information on traffic.
As a result, it will become possible to make better scheduling
decisions at a microscopic level. Regarding the third assump-
tion, current global concerns about climate change have under-
scored the importance of managing traffic to reduce fuel con-
sumption and minimize emissions. Towards this end, there has
been some research recently that focused on utilizing CV tech-
nologies to reduce emissions and fuel consumption [12], [13].

In this paper, we explore the opportunity for Cooperative
and Integrated Vehicle and Intersection Control for Energy
Efficiency (CIVIC-E?) to support a more sustainable trans-
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portation system. We propose a two-level approach that jointly
determines the traffic signal timing and vehicles’ approaching
speed, with the objective being to minimize total energy
consumption. More specifically, at the intersection level, a
multimodal energy-efficient traffic signal (MEETS) control
strategy is designed to determine the optimal signal timing
by explicitly considering the arrival time and the energy
profile of each vehicle. At the vehicle level, an eco-cruise
control (ECC) strategy is adopted to ensure that vehicles
pass through the intersection in a timely and energy-efficient
fashion. The novelty of this paper centers on the following
contributions: 1) joint consideration of traffic signal control
and vehicle speed advisories, 2) joint consideration of multi-
modal traffic, and 3) evaluation of the energy impact of the
proposed system for both current and future traffic.

The remainder of the paper is organized as follows.
In Section II, we discuss related work on sustainable inter-
section control strategies. Section III describes the simple
intersection we use for modeling and evaluation and presents
our proposed solution, along with an analysis of its complexity.
We report the results from simulations in Section I'V. Finally,
Section V summarizes the main conclusions derived from this
study.

II. RELATED WORK

Traditional signal control has always been based on detec-
tion information provided via fixed sensors and primarily
focused on reducing traffic delay. The advent of the concept
of a CV environment and the increased interest in sustainable
transportation and mobility introduced four new concepts of
advanced intersection control which the current paper attempts
to harness. These concepts are briefly reviewed below.

A. Control at the Level of Individual Vehicles

Through vehicle-to-infrastructure communications, vehicles
can be detected and tracked at the individual level. With
such fine-resolution data made available in a connected envi-
ronment, more effective traffic signal control plans may be
developed [14]-[16]. Good examples of this line of thinking,
which motivated the current study, were [17] and [18], where
a discrete signal control algorithm, which took into account
the arrival time of each individual vehicle, was designed.
However, our work is different from theirs in that we focus
on minimizing energy consumption, whereas they targeted
minimization of evacuation time. Additionally, our algorithm
takes into account vehicles’ behavior in more detail (i.e.,
queuing behavior at the intersection). Other previous stud-
ies [19]-[23] used CV to adaptively adjust traffic signal timing
with traditional flow-based control methods. In comparison,
our algorithm is designed to explicitly schedule individual
vehicles. In addition, the goal of their control algorithms was
to minimize delay or average waiting time, with the energy
impact just evaluated as an additional benefit of their control
methods.

B. Eco-Signals

The concept of eco-signals has received a significant level
of attention recently. The basic premise of this concept is that
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if a driver has accurate information about the upcoming signal
status, the vehicle speed can be adjusted accordingly to avoid
vehicle operation associated with increased fuel consumption
and emission rate (e.g., stop at a red light, hard acceleration
maneuvers). Various vehicle speed control strategies [24]-[29]
have been proposed to compute fuel-optimal vehicle trajec-
tories. Both simulation and real-world experiments [30]-[34]
showed that eco-signals appear to be an effective approach
that can significantly reduce energy consumption. In all those
studies, however, signal time plans are assumed to be fixed
based on traffic flow, and the control action primarily focuses
on adjusting the approaching vehicles’ speeds without consid-
ering their influence on other vehicles. In other words, previous
concepts of eco-signals did not involve the joint control of
traffic signals and vehicles’ speeds.

C. Reservation-Based Intersections

Connected vehicles, and in particular connected and auto-
mated vehicles, can be managed using a concept known as
reservation-based intersection control, which does not use
any physical traffic signals [15], [35]. Under this concept,
concurrent intersection crossing is allowed if no conflict for
a reservation is detected. A similar concept is known as
virtual traffic lights [36]. This concept depends on vehicles
to negotiate with other vehicles about which direction should
get a virtual green light. Our algorithm proposed herein shares
the vision of increased automation and wide CV technology
adoption, but it focuses on the energy aspects of the control
objective and utilizes less futuristic assumptions. Although
traffic lights can be eliminated for fully automated traffic,
in the proposed system, we assume traffic lights will still be
used to accommodate human-driven vehicles.

D. Multimodal Traffic Signal Control

Given that modern urban transportation networks involve
complex traffic streams composed of multiple travel modes,
including passenger cars, buses, pedestrians, bicycles, trucks,
light rail, emergency vehicles, and other commercial and pri-
vate modes of transportation, multimodal traffic signal control
has been attracting the attention of researchers [37]-[41].
Different travel modes have their own specific characteristics,
including travel speed, volume, priority level, degree of eco-
friendliness, and vulnerability. Yet very little is understood
about the links among signal control strategies for different
modes. The CV environment makes optimal multimodal traffic
control a real possibility. Most of the previous studies focused
on delay-oriented multimodal signal control. In this paper, we
will address multimodal signal control from the standpoint of
energy and fuel consumption.

III. COOPERATIVE AND INTEGRATED VEHICLE AND
INTERSECTION CONTROL FOR ENERGY
EFFICIENCY (CIVIC-E?)

The CIVIC-E? system proposed herein is made of two
strategies: 1) a traffic signal control strategy, and 2) a vehicle
speed control strategy. The entire control model consists of
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two levels: at the macroscopic/global level, the traffic signal
control strategy governs how to dispatch all vehicles within a
given communication range approaching the intersection from
conflicting directions; at the microscopic/local level, once the
signal timing is decided, the vehicle speed control strategy
determines the energy-efficient speed for each individual vehi-
cle according to its assigned schedule.

More specifically, given the expected arrival time of each
vehicle (arrival time is estimated based on vehicle’s cruising
speed when entering the communication range) and informa-
tion on the vehicle’s energy profile (the energy profile can
be estimated based on the type of vehicle), the traffic signal
control strategy aims to optimize signal timing such that each
vehicle is explicitly scheduled to cross the intersection in a
fashion that would minimize the energy consumption of all
the incoming vehicles passing through the intersection. For the
vehicle speed control strategy, assuming that the vehicle has
received its schedule from the traffic signal control strategy,
the goal is to find the speed plan (also known as trace or drive
cycle) that minimizes energy consumption for the vehicle
while simultaneously allowing the vehicle to pass through the
intersection on time and avoid collisions.

The proposed CIVIC-E? system is an open platform, since
different control algorithms can be implemented at both
macroscopic and microscopic levels using a wide variety of
strategies. In this paper we propose two specific control strate-
gies for CIVIC-E?, namely the Multi-modal Energy Efficient
Traffic Signal (MEETYS) strategy for signal control, and the
Eco-Cruise Control (ECC) strategy for vehicle control. These
two strategies are described below.

A. Multi-Modal Energy Efficient Traffic Signal (MEETS)
Control Strategy

1) Problem Description: In this section, we present the traf-
fic light control strategy of an isolated intersection. At the sig-
nal controller, each vehicle is explicitly scheduled to cross the
intersection with the objective of minimizing overall energy
consumption. The MEETS strategy will suggest a time frame
for each vehicle to reach the intersection. Specifically, once
a vehicle enters the communication range of the traffic light,
it communicates to the traffic controller its information (e.g.,
speed, direction, location). The traffic signal timing will then
be decided according to the arrival time of each individual
vehicle with the control objective being to minimize the overall
energy consumption for all detected vehicles scheduled to pass
the intersection. Each vehicle will receive a schedule from the
traffic controller on when to pass the intersection.

From a vehicle’s perspective, it would be one of these two
cases when approaching a MEETS intersection: 1) keep its
current speed, or 2) slow down. In the second case, the ECC
onboard the vehicle will calculate its speed plan (ECC will be
explained in Section III B). In MEETS, we assume vehicles
will not speed up to overtake others near the intersection, this
is in part for safety concerns, and it also helps to simplify the
optimization problem.

Similar to [17], we assume the following to simplify the
modeling of the intersection. In Fig. 1, we assume that the
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Road 1

Fig. 1. A simple intersection.

intersection has two roads, each road has one lane, and vehi-
cles on the same road have the same inbound and outbound
directions (without left or right turns). Both the vehicles and
the traffic controller are equipped with communication devices
that are running IEEE WAVE protocols [42]. The traffic
controller only needs to listen to the vehicles’ basic safety
messages, which contain information about the vehicle speed,
location, heading, etc. Based on this information, the traffic
controller is able to estimate the arrival time of each vehicle.
Given that basic safety messages (specified in SAE J2735) are
designed to be broadcast at 10 Hz with a transmission range
of about 300 meters, no additional protocol is required for the
proposed traffic control strategy.

In this model, vehicles coming from the same direction (i.e.,
inbound road) will leave the intersection in a stringent order
according to their arrival time. In other words, passing is not
allowed near the intersection and vehicles will be discharged
from their respective directions in a first-in, first-out order.
Hence, for the qth vehicle on road r, we have: Vr1 < Vr2 <
o=V e, Vr1 is followed by Vr2 etc.). Other parameters
for MEETS strategy are tabulated in Table I.

We use E (q1,q2,r) to denote the total energy loss after
q1 vehicles on road 1 and ¢» vehicles on road 2 have passed
(e, VI, VI, ..., VI and VI, V3, ..., V#) and at that time
the traffic light is green on road r. Let n, denotes the total
number of vehicles on road r, the problem of finding the
energy optimal control strategy becomes:

min{E (ny,n3, 1), E (n1, n2,2)}

With reference to the example in Fig. 1, the objective can thus
be expressed as:

min{E (2,3,1), E(2,3,2) }

That is to find the minimum total energy loss in two cases:
a) when two vehicles have crossed road 1 and three vehicles
have crossed road 2, and the final traffic light phase is green
on road 1, and b) all vehicles have crossed roads and the final
phase is green on road 2.

Intuitively, we can solve the problem by scheduling one
vehicle at a time based on the total energy loss in previous
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TABLE 1
PARAMETERS IN MEETS CONTROL STRATEGY
Variable Definition
r The index of road r = 1,2
n, The number of vehicles on road
v The ¢" vehicle on road r
P? The time for vehicle V7 to cross the intersection
Al The estimated time of arrival for vehicle V7 to reach the
intersection
Crr’ The time for the traffic light to change from road r to r’,
including both yellow and all-red time
H The saturation headway time (when vehicles are
stopped)
qr The number of vehicles that have already passed road r
T The time span of a vehicle in full stop
Sy The maximum time span of a vehicle in full stop on road
r
e Energy penalty factor, the energy loss for a vehicle to
cross the intersection
T(q1,92,7) The total time spent after g, vehicles on road 1 and q,
vehicles on road 2 have passed, with the last vehicle
being discharged from road r
E(q1,92,7) The total energy loss after g, vehicles on road 1 and q,
vehicles on road 2 have passed, with the last vehicle
being discharged from road r

times. E.g., looking backwards in time, E(2, 3, 1) depends on
E(1,3,1) and E(1,3,2), then E(1,3, 1) further depends on
E(0,3,1) and E(0, 3,2) ... Before we present our solution in
Section IIT A. 3), we first describe how energy loss is modeled
in the proposed system.

2) Energy Penalty Factor: We use the energy penalty factor
e to model the energy loss for a vehicle in crossing the
intersection. It is designed to roughly estimate the energy
loss from a vehicle having to stop. Note that the ECC design
(described in Section II1.B) will address more detailed driving
behavior influences on energy consumption. In the dynamic
programming described in the following section, e is used to
compute the minimum total energy loss E, which thus helps
in weighting between the different scheduling strategies. The
energy penalty factor consists of two parts: 1) the loss of
kinetic energy if a vehicle has to stop at the intersection and
then reaccelerate back up to speed, and 2) the energy wasted
in engine idling during the time of waiting. In particular, for
vehicle V,/ that has a waiting time of 7 before entering the
intersection, let K,/ denotes the energy consumption rate (e.g.,
in terms of kilojoules per second) when idling, and B
denotes the total energy required to regain the cruising speed,
the energy loss for a vehicle to cross the intersection is defined
as:

K! xt+ B! if stopped
e= (1)

0 otherwise

K/ and B are determined using the Future Automotive
Systems Technology Simulator (FASTSim) [43] for different
types and models of vehicles. FASTSim, developed by the
National Renewable Energy Laboratory, is a powertrain model
that can be used for calculating fuel economy. It also provides
comprehensive vehicle models that allow for evaluating both
fuel and electricity consumption for advanced vehicles, such
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as hybrid electric vehicles (HEVs), plug-in hybrid electric
vehicles (PHEVs), and all-electric vehicles (EVs).

We estimate the parameters for e using an empirical
approach: For each type of vehicle, Bf is estimated by
calculating the energy consumption difference between the
following two scenarios: 1) the vehicle cruises through the
intersection at a constant speed, and 2) the vehicle stops
at the intersection and then regains cruising speed. In both
scenarios we assume the vehicle travels an equal distance.
As to K/, its value depends on the auxiliary load and engines’
power output when idling. In our simulation, K, is obtained
by feeding a drive cycle with zero speeds into FASTSim.

3) Dynamic Programming: If we consider the approaching
vehicles as a set of jobs [44] (i.e., each direction is a job and
each vehicle is an operation with precedence constraints) and
the intersection as a shared machine, then the problem of
finding the minimum total energy loss turns into a scheduling
problem. We can find the optimal solution by a forward
dynamic programing algorithm. The recursion is as follows:

E(q1.42,7) = min {E (g}, 5.7) + e} @)

where q’f =gy for f #r, otherwise q’f =qr—1 for f=
r, f e {l,2}.

To simplify the notation, the index of the vehicle of interest
is omitted. For example, in Fig. 1, to calculate E(2,3,1) we
have:

EQ,3,1)=min{E (1,3, 1) +¢ (V%), E(1,3,2) +e(V3))

where V% is the vehicle of interest.

To calculate the total energy loss (i.e., E), we need to keep
track of the travel time (i.e., 7). We denote the total travel
time T (q1, g2, r) in a similar fashion as E (refer to Table I).

Intuitively, T (g1, q2, ) for vV, can be calculated by con-
sidering four cases (refer to the SCHEDULE() function in
Algorithm 1): Case 1) when the previous signal is green (at
T (q},45.r)) and there is no waiting/discharging queue,
T (q1,q2,7) = A? + P1 where A?, P! are the estimated
arrival time and intersection crossing time of V;? respectively.
Case 2) when the previous signal is green and there is a
waiting queue, T (g1, q2,7) =T (qi . G5, r) + H + P, where
H is the saturation headway (i.e., discharge time). Note that
the time for V,? to leave the waiting queue at the intersection
(i.e., the discharging time after the signal turns green) depends
on its position in the queue. The recursion lumps saturation
headway. For the N vehicle in the queue, for example, its
discharging time is C;, + N x H. Crr/ is the sum of yellow
and all-red time when traffic signal switches from one road to
another. Case 3) when the previous signal (at T (qi, g5, 1’ )) is
red and the last scheduled vehicle from the opposite direction
has passed the intersection, T (g1, q2,7) = AL 4 Pl Case 4)
when the signal is red and V,? needs to wait for the last vehicle
from the opposite direction to be cleared, T (q1,q2,7) =
T (q1.45.7") + CL + P.

Finally, we can calculate the 7, i.e., the time span that the
vehicle is in full stop, as:

t=T(q1,q,r)— Al — P! 3)
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Algorithm 1 Intersection Controller
INTERSECTIONCONTROLLER (Lst/, Lst2)
> Input: List of vehicles’ estimated time of arrival by
directions:
> Lot = [al A%, AT L2 = (a), 43, a2
> Output: matrix E
> Optimal result is min {E (n1,n3, 1), E (ny,n2,2) }
1: E(0,0,7) < 0,7 (0,0,r) < 00
2: INITIALIZEVARIABLES ()
3: for s < 2 to (n] + ny + 1); diagonal traverse, refer to
Fig. 2

4: for i < 0to (n1+1)

5: for j < 0 to (ny+1)

6: fi+j—s=0)

7: fork < 1to3

8: SCHEDULE (i,j,k,E,T)
9: return E

SCHEDULE (q1,¢2,+, E, T)
> Input: g1, g2, r, E, T refer to Table I
> Output: update E (¢1,92,r), T (g1, 92, r) in matrix E, T
1: for each r’ € {1,2}
2: ifAl> T(q{,q,r); Case 1), no light change, no waiting
3 T (q1.42,7) = A} + P
4 E(Ql»QZ»’):E(Cii,‘Iésr)
5:  else ; Case 2), qu needs to wait in queue
6: T (q1.q92.7) =T (q].qb.r) + H+ P
7 calculate e using Eq. 3 and 1
8: E(q1,92,7) = E (4], 45.7) + ¢
9:  templ =T (q1,q92,7),temp2 = E(q1,q2,7)
10 ifALST (41 g5, ")+ C.;Case 3), switch traffic light from rto r

11: T(ql,qg,r)zAg-l-Prq

12: E(q1,92,7) = E (4], 95, ")

13: else ; Case 4), wait 7’ to clear

14: T (q1.q2.7) =T (q].4}.7') + Cl, + P

15: calculate e using Eq. 3 and 1

16: E(q1.92.7) = E (g, d5.7") + e

17: if ¢ > S,/; 7 is calculated in line 15

18: continue ; schedule qu and switch light, regardless of E
19: if (g1, q2,7) > temp?2; essentially Eq. 2

20: T (q1,q2,7r) =templ, E(q1,q2,r) = temp2

21: end for each

The algorithm to find min{E (ny,n2, 1), E (n1,n2,2) }
is given above, which iteratively solves the forward dynamic
programing problem. In line 1, the initial values of E and T are
set to be 0o. Then, in the function INITIALIZEVARIABLES(),
we have T(1,0,1) = Al + P/,E(1,0,1) = 0 and
T(0,1,2) = Al + P}, E(0,1,2) = 0. The other two initial
cases: 7(0,1,1) and 7'(1,0,2) are not possible without violating
traffic rules, thus are set to oco. For example, 7(0,1, 1)
indicates that no vehicle from road 1 and one vehicle from
road 2 have crossed the intersection, but the last vehicle that
crossed the intersection was from road 1, which contradicts
reality.

Lines 3-8, in the INTERSECTIONCONTROLLER() function
look for minimum energy loss by breaking it down to schedule
one vehicle at a time. Essentially, it traverses an njxnp
matrix in diagonal strips (as shown in Fig. 2(a)). Each deci-
sion depends on the energy loss of two previous results,
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* # = diagonal traverse
# B A|—— xH## EEE AAO
m A O

@

Stripe 0: (0,0)
Stripe 1:(0,1), (1,0)

—> Stripe 2:(0,2), (1,1), (2,0)
Stripe 3:(1,2),(2,1)
Stripe 4: (2,2)

(b)

10 11 12

0,00 (0,1) (0,2)
2,00 21) (22

Fig. 2. (a) An illustration of diagonal traverse. (b) An illustration of
elements’ index and their corresponding stripe number in a diagonal traverse.
Note the sum of indexes of each element in a stripe equals their stripe number.
ie., let i, j, s be the index of row, column and stripe, respectively, then
i+j—s=0.

the SCHEDULE() function handles which previous schedules
are required to calculate the next one. Specifically, lines 2-8 in
the SCHEDULE() function handle the case that traffic light will
not change, i.e., the last vehicle crossing the intersection was
from the same road r, and lines 10-16 handle the case that the
last crossing vehicle was from an different road r’. To avoid
stopping a vehicle for a long time because of the heavy traffic
on the other direction, lines 17-18 check the waiting time. If 7
exceeds the maximum stopping time S,, then E (q1, g2, r) and
T (q1, g2, r) will be updated for switching the light regardless
of the energy loss. S, can be set to the maximum green time of
road r by default, thus providing an upper bound of vehicles’
waiting time.

After finding the optimal E with Algorithm 1, vehicle
schedules can be calculated by back tracking the minimum
energy loss (i.e., the order of vehicles being scheduled to cross
the intersection that produces the optimal E). The traffic light
schedule can then be derived by aggregating individual vehicle
schedules.

The time complexity of the Algorithm 1 is O (n?), since
the function SCHEDULE() is called n; x np x 2 times and
the complexity of SCHEDULE() is O(1). Specifically, lines
3-8 in INTERSECTIONCONTROLLER() diagonally traverse
two nj X np matrices once (as shown in Fig. 2(b)): one matrix
for E (g1, g2, 1) and the other for E (q1, g2, 2).

4) MEETS for a Typical Four-Leg Intersection: Although
we introduced the MEETS algorithm using a simple two-
way intersection, the control strategy can be readily adopted
to a common intersection controller. For a standard 8-phase
controller of a typical four-leg intersection (as shown
in Fig. 3) [47], given its current ring-and-barrier settings,
MEETS can be implemented with the following modifications:
1) consider vehicles that can pass during the same signal
phase as a set of vehicles traveling in the same direction.
For example, in Fig. 3, vehicles from direction 1,5 can be
treated as if they are on the same road; 2) set the dynamic
programming process to follow the sequence in the ring-and-
barrier diagram. For example, if direction 1,5 is considered
as road 1 and direction 2,6 is considered as road 2, then the
iterative process in the INTERSECTIONCONTROLLER() func-
tion needs to consider one vehicle on road 1 first then one on
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Fig. 3. (a) Typical vehicle and pedestrian movement at a four-leg intersec-
tion, (b) Standard ring-and-barrier diagram.

road 2; and 3) decide constant values in Table I according to
the intersection specifications, such as setting vehicle crossing
time base on the width of the intersection and traveling
speed.

In general, when there are k signal sequences (i.e.,
k = |r]), the algorithm takes On* - k) to calculate the
optimal signal timing. Given that the algorithm can fin-
ish in polynomial time, it can be deployed in real-world
intersections.

B. Eco-Cruise Control (ECC) for Speed Planning

In CIVIC-E2, the objective of the vehicle speed planning
step is to guarantee that a vehicle would arrive at the intersec-
tion as scheduled by the traffic controller while simultaneously
minimizing its energy consumption. This problem is similar
to the aforementioned eco-signals problem studied in the lit-
erature and surveyed in Section II.B; the difference, however,
stems from how the traffic controller operates. In CIVIC-E?,
each vehicle is scheduled to cross the intersection at a
specific time (or a small time window) whereas for eco-
signals applications, each vehicle’s arrival time is loosely
restricted by the signal period, i.e., the eco-signals application
can choose anytime within a green cycle for the vehicle to
pass the intersection. Although several previous studies have
shown that a heuristic algorithm will work reasonably well
for eco-signals, we need a systematic way to meet the time
requirement in CIVIC-EZ.

In the following section, we propose an ECC strategy
for speed planning. Given the scheduled time to pass the
intersection (the output from MEETS) and the position of
the vehicle in front (information collected from onboard sen-
sors or the wireless channel), ECC uses a Model Predictive
Control (MPC) algorithm to guarantee the timely arrival of a
vehicle. Specifically, our control algorithm is inspired by the
work on predictive cruise control by Asadi and Vahidi [27].
The major difference between our proposed ECC strategy and
predictive cruise control is that we explicitly consider reducing
energy consumption in the control objectives.

1) Minimize Energy Consumption Approaching a Traffic
Light: Similar to Section III.A.2, we consider energy con-
sumption in terms of the mechanical work that is applied to
a vehicle when passing the intersection. Using physical work
instead of gas consumption allows us to compare the energy
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use of different types of vehicles. The mechanical work for a
certain drive cycle (speed trajectory) can be separated into the
work that has been used to approach the intersection, denoted
as Wapproach, and the work that has to be supplied after
crossing the stop bar, denoted as W,.,. Hence, the objective
of minimizing the mechanical work is to:

min. Wapproach + Wiest

If a vehicle needs to slow down, we use Wp,qke to denote
the braking work. Let Eq be the initial kinetic energy of the
vehicle, and E; be the energy when the vehicle reaches the
stop bar, we have the following energy equilibrium when a
vehicle crosses the stop bar:

Ey—Ey= Wapproach + Whrake 4)

Without loss of generality, we assume that after crossing the
intersection, vehicles will get back to their cruising (initial)
speed, thus the final energy of a vehicle is again Ey. We thus
have the following:

Wiest = Eo — E )

With Eq. 4 and Eq. 5, the new objective can be rewritten
as:

min, — Wiyaps — — / X forake (1)

where x is the travel distance and fpqke(f) is the braking
force at time ¢. In the following section, this objective is
incorporated in the cost function of the MPC method.

2) Model Predictive Control: Simple vehicle dynamics are
used in the modeling process. Let feugine, forake> froaa be the
force of engine, braking force, and the road force, respectively.
For a vehicle with a mass of m kg that traveled x meters,
the longitudinal dynamics are:

d*x
mﬁ = fengine — forake — froad (6)
where froqq lumps the road forces, including aerodynamic
drag and rolling resistance.

froad = Cdl)2 + umg

and where C; is the drag coefficient, u is the coef-
ficient of rolling resistance, and g 1is the gravitational
acceleration.

The major design priority in ECC is to make sure vehi-
cles arrive at the intersection according to the scheduled
deadline, otherwise a missed deadline may cause cascading
effects on the remaining vehicles. In the control objective,
we target at minimizing the difference between the reference
speed (vrarge:(t)) and the output speed, i.e., to control a
vehicle to follow a reference speed that guarantees the timely
arrival. The reference speed is calculated according to the
vehicle’s distance to the intersection (to the stop bar) and
the remaining time to the scheduled arrival time. The reference
speed is updated in each prediction horizon based on vehicle’s
position at that time. The drive cycle obtained by v4rger(f)
may not necessarily be the energy optimal speed trajectory,
but ECC provides a systematic way to guarantee the arrival
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Fig. 4. An illustration of the safety constraint in ECC.

time. Because the reference speed is adjusted according to
the scheduled arrival time, as long as the vehicle eventually
follows the reference speed, it will arrive at the intersection
on time.

In an effort to reduce the energy consumption for a vehicle,
we target at minimizing the physical work that has been used
for braking. Intuitively, only braking is costly according to
Eq. 4. As we discussed in Section III.B.1, to minimize the
mechanical work applied to the vehicle, we need to minimize
the mechanical work for braking.

With the objectives of speed tracking and reducing mechan-
ical work for braking, the control performance index at each
step k is defined as:

k+P—1

Ty = D Awi () = viarger (1))

j=k
+ wol forake () x (x (j) —x (j — 1) )%}

where w, wy are penalty weight for each term, and P is the
number of prediction steps in the future.

Additionally, the following constraints should be satisfied
over the future prediction horizon. Let j be the time index,
Vjelk,k+1,...,k+P—1}: 1) speed limit: 0 < v(j) < vmax,
where v, denotes the maximum speed limit. It is decided
based on the local speed limits; 2) bounds on the traction force:
0 < fengine (]) = an;tclgleration’o ffbrake(j) = fdn;gjleration’
where the maximum force of acceleration, i.e., f'¢ .
and the maximum force of deceleration f;’%), . = can be
estimated based on the vehicle’s dynamics (e.g., by assuming
the maximum deceleration is 1g); and 3) the minimum safe
distance between this vehicle and the vehicle in front of
it, which should be a function of the vehicle speed, and is
chosen as: xfron (j) — x (j) = av (j) + B [45] where o, 8
are constants, o is often referred to as the “dynamic gap,”
which provides extra separation distance between vehicles
with increasing speeds, whereas f is a “static gap,” which
determines the minimum gap needed when the vehicles are
stopped (refer to Fig. 4). We assume that at each time step,
the distance between the current vehicle and the preceding
vehicle, denoted by Xfron/(), is known by the ECC con-
troller. This information can be collected by technologies
used in an Adaptive Cruise Control, or through wireless
communication.

3) Solve ECC With MATLAB: The proposed MPC problem
can be solved using MATLAB’s MPC Toolbox, making it easy
to deploy ECC to physical devices. In doing so, we introduce
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the following two modifications or assumptions to linearize
the proposed model:

1) In the vehicle model, we treat f,,qq as a measured
disturbance to approximate road force (i.e., use v from the
last prediction period). With this, Eq. 6 can be written in the
following state-space discretized form:

Z (k +1) = Az (k) + Byu (k) + wa(k)
y (k) = Cz(k)

where z = [x v]7 is the state vector, u = [ fengine fbmke]T is
the control input, w = [ froqq] is the measured disturbance.
A, B,,C € R**2 B, e RZ*! are the discretized systems
matrices. The main outputs of interests are y = [x, o]T.

2) In the objective function, we use w) to approx-
imate [x(j) — x(j—1)l. w) is decided upon from

the last prediction period. We thus have: J (k) =
k+P—1

> (w1 () = vrarger (/))* + W forake (j)*}. Note that
j=k
when fprqake > 0 the vehicle is decelerating, then using the
previous x (j) —x (j — 1) in the objective essentially involves

minimizing the upper bound of the physical work of braking.

IV. PERFORMANCE EVALUATION

In this section, we compare the performance of the proposed
sustainable control strategy with traditional fixed-time and
actuated control signalization strategies. An isolated two-way
intersection (refer to Fig. 1) is modeled in VISSIM ver-
sion 5.40, and vehicle behaviors are controlled by VISSIM’s
Wiedemann74 model with default parameters. The proposed
MEETS strategy is implemented by overwriting VISSIM’s
signal controller via a COM interface. Average vehicle cruising
speed is set to 30 mph to mimic an urban environment.
Given the communication range of a connected vehicle is
about 300 m, the link distance of each road is assumed
to be equal to 600 m. Both low and high traffic volume
scenarios are tested: let the flow rate of the i road be
flow; vehicles/hour/lane, in an urban two-way intersection
setting, based on our simulation we find flow; = 300,
flow, =400 is a good representation of the low volume case,
and flow; = 600, flow, = 800 for the high volume case.
Energy penalty factors are estimated based on traces collected
from VISSIM with stop-and-go behaviors (e.g., we find the
average acceleration/deceleration rate is about 2.68m /s> for
the default vehicle behavior model).

Fixed-time and actuated signal control strategies are used
as baseline for this study. For all the simulation experiments,
the fixed-time and actuated signal timing are optimized using
Synchro version 9.1, which is a classical signal timing program
for minimizing stops and queues with flow-based inputs.
Signal timing parameters used in the case studies are tabulated
in Table II. In the following results, the MEETS strategy refers
to the case where the vehicles are not controlled by the ECC
control algorithm. This means that only the signal control part
of CIVIC-E? is implemented, and vehicle behavior follows
VISSIM’s car-following model.

We use two metrics to compare the performance of the
different signal control strategies: the length of the waiting
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TABLE II
TIME PARAMETERS
Low Traffic Volume High-Traffic Volume High-Traffic Volume with 5%Trucks
Road 1|Road 2 Road 1|Road 2 Road 1 | Road 2
Fixed-Time: Fixed-Time: Fixed-Time:
Green Time 18s 19 s |Green Time 26s 36s |Green Time 29s 38s
Yellow Time 3s 3s |Yellow Time 3s 3s |Yellow Time 3s 3s
All-Red Time 1s 1s [All-Red Time 1s 1s |All-Red Time 1s 1s
Actuated: Actuated: Actuated:
Min. Green 8s 8s [Min. Green 8s 8s [Min. Green 8s 8s
Vehicle Extension| 2s 2s |Vehicle Extension| 3s 3s |Vehicle Extension 3s 3s
Max. Green 18s 19 s |Max. Green 26s 36 s |Max. Green 29s 38s
TABLE III
POWERTRAIN PARAMETERS USED IN FASTSIM
Vehicle Model 2012 Ford Fusion | Class 8 Straight Truck {2012 Ford Fusion HEV| 2012 Nissan Leaf
Frontal Area 2.12 m? 9.5 m’ 2.12 o’ 2.74 m’
Coefficient of Drag 0.39 0.8 0.33 0.32
Coefficient of Rolling 0.007 0.0085 0.008 0.009
Resistance
Simulated Mass 1,644 kg 15,075 kg 1,823 kg 1,701 kg
Accessory Load 700 W 3,500 W 300 W 280 W
Rated Engine Power 131 kW 212 kW 116 kW N/A
Rated Motor Power N/A N/A 78 kW 80 kW
Simulated Composite 21.6 kWh/100 km
EPA Fuel Economy 8.7 L/100 km (27 mpg)| 60.2L/100 km (4 mpg) | 5.7L/100 km (41 mpg) (347 Whimi)
5 . . . 1.0 -
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Fig. 5. Performance in the low traffic flow scenario. (a) Queue length of different strategies over time, (b) Total gas consumptions of different strategies
over time.

queue (i.e., the number of stopped vehicles) at each second,
and the aggregated energy use for all vehicles in the network
sampled each 50 seconds. Energy use in this analysis is
performed using FASTSim. For each testing scenario, all
vehicles have the same total travel distance, i.e., from entering
the communication range to leaving it). The speed profiles
generated by VISSIM are simulated in FASTSim assuming
mid-size sedans and Class 8 trucks for passenger vehicles and
heavy-duty vehicles, respectively. The relevant parameters of
these powertrain models are shown in Table III.

We first evaluated the performance in the low traffic flow
scenario. Fig. 5 shows that the proposed CIVIC-E? strat-
egy can significantly reduce queue length and energy con-
sumption when compared with the fixed-time and actuated

strategies. Specifically, compared to the fixed-time strategy,
the CIVIC-E? system can reduce fuel consumption by 31%.
This result tends to confirm the hypothesis that explicitly
considering energy saving in intersection control is an effective
sustainable mobility approach. As we expected, the actuated
control strategy outperformed the fixed-time control strategy
and reduced the number of vehicles stopped at the intersection.
However, actuated signal control works in a passive manner,
i.e., it needs vehicles to trigger loop detectors before switching
the signal, which led to at least one vehicle being stopped
(refer to Fig. 5 (a)). Under MEETS and with vehicle informa-
tion from vehicle-to-infrastructure communication, the signal
phases can be switched in a proactive manner to further reduce
the number of stopped vehicles.
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Fig. 6. Comparison of the driving behavior of 10 vehicles in the low traffic flow scenario. (a) Vehicle traces without ECC, (b) Vehicle traces with ECC.

To better illustrate the effect of ECC in CIVIC-E2,
Fig. 6 shows traces of the first 10 vehicles passing through
the intersection. All of these vehicles are traveling to the same
direction. In Fig. 6, the green-and-red bar shows the signal
timing calculated by the MEETS, which has dynamic cycle
length and split. Two scenarios have been compared: 1) vehi-
cles traveling without utilizing ECC (Fig. 6 (a)), their driving
behavior is controlled by the Wiedemann74 model in VISSIM,
and 2) vehicles controlled by ECC (Fig. 6 (b)), their driving
behavior is simulated with MATLAB. As can be seen, without
ECC, at around 60 seconds into the simulation time, stopped
vehicles start accumulating at the intersection. In comparison,
with the same signal schedule, stopping can be avoided when
ECC is active (Fig. 6 (b)). By proactively adjusting their speed
once entering the communication range of the intersection,
vehicles with ECC result in further reductions in fuel use.

Moreover, to determine if the proposed ECC strategy can
be readily implemented in real time, we recorded the total
computational time for solving the MPC optimization problem.
The algorithm was implemented in MATLAB R2014b, and
run on an AMD Phenom II X6 3.00 GHz processor with
8 GB of memory. For a simulation trip of the aforementioned
scenario (each trip is 600 meters), the average CPU time for
running the optimization of one vehicle is 2.029s (standard
deviation = 0.369s), which appears to be quite reasonable.

Fig. 7 (a-d) shows the results in the high traffic flow sce-
nario. When compared with the Fixed-time strategy, CIVIC-E?
systems managed to reduce fuel consumption by around 28%.
In Fig. 7 (a, b), it can be seen that the proposed CIVIC-E?
strategy performed the best in terms of both queue length and
total fuel consumption. These results indicate that CIVIC-E?
appears to be effective for both high and low traffic flow
scenarios. In contrast, when one compares the fuel use between
actuated and fixed-time control strategies, the actuated strat-
egy no longer outperforms the fixed-time strategy under the
high traffic flow case. As can be seen from Fig. 7 (b),
the difference between actuated and fixed-time signal control
is not that significant. This is mainly due to the high flow
rate in both directions, which leads to a scenario where the
loop detectors are always activated by vehicles; in that case,

the actuated control strategy works as if it were a fixed-time
strategy.

In Fig. 7 (c, d) we replace 5% of the overall vehicles
with Class 8 trucks to evaluate the control strategies with
multimodal traffic (i.e., in the presence of trucks). Other
parameters were kept the same as in the all-passenger vehicle
case. Vehicle arrival times were the same in both these two
cases, thus resulting in a similar performance in terms of
queue length (refer to Fig. 7 (a) and (c)). One may have also
expected similar results in terms of fuel consumption; however,
in Fig. 7 (d), the actuated control strategy appears to have
resulted in greater fuel use than the fixed-time strategy. This
is mainly because a greater number of heavy-duty vehicles
were stopped in the actuated case due to insufficient green
light extension time (although the total number of stopped
vehicles in the actuated case is less than those in the fixed-time
case), and the heavy-duty vehicles’ fuel consumption accounts
for a very large percentage of the total fuel consumption.
To justify this explanation, Fig. 7 (d) shows the total number of
stopped trucks during the simulation period. Overall, our tests
clearly show that CIVIC-E? can effectively improve traffic
flow, minimize queue length, reduce fuel use, and support
multimodal traffic.

The remainder of our experiments focused on evaluating the
energy impact of the CIVIC-E? system in traffic streams of the
future, which are likely to include a significant percentage of
hybrid and electric vehicles. A recent published report [46]
presents a scenario where by the year 2030, 77% of road
traffic consists of electrified vehicles, i.e., HEVs, PHEVs,
and EVs. In Fig. 8, two vehicle compositions are evaluated:
1) a conventional vehicle (Con.V)-dominant scenario where all
vehicles are assumed to be Con.Vs, and 2) an xEV (including
EVs, HEVs, and PHEVs)-dominant scenario that, based on
estimates from [46], was assumed to consist of 19% HEVs,
56% PHEVs, 1.9% EVs, and 23.1% Con.Vs. To simplify the
simulation of PHEVs, we assumed that such vehicles behaved
like an EV for two-thirds of the time and behaved as an HEV
for one-third of the time. Vehicle models used in the FASTSim
simulation were a 2012 Ford Fusion, a 2012 Ford Fusion
HEYV, and a 2012 Nissan Leaf for the Con.V, HEV, and EV,
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respectively (parameters used for EV and HEV simulations
are tabulated in Table III).

Fig. 8 confirms that CIVIC-E? has the potential to reduce
energy consumption for both current and future traffic streams.
In the xEV-dominant scenario, when compared with the fixed-
time traffic signal control strategy, the proposed CIVIC-E?
system was able to reduce average gasoline consumption by
17% and electricity consumption by 14%. Although major fuel
savings are likely to come from vehicle electrification, the
results confirm our observation that CIVIC-E? is an efficient
approach to further reduce energy consumption for a variety
of vehicle technologies at intersections.

Finally, we evaluated how different penalty factors e would
affect the system performance results. In previous simulations,
all passenger vehicles were assumed to have the same energy
penalty factors in MEETS (trucks were given a higher penalty
in proportion to their energy consumption). However, because
xEVs usually consume less energy compared to Con.Vs (due
to their advanced powertrains such as regenerative braking),
we were interested in answering the following two questions:
1) how would different penalty factors assigned to account for
stopping of xEVs vs. Con.Vs affect energy consumption? and
2) whether the CIVIC-E? system, with reduced penalty values
for stopping XEVs, might result in longer delay for those
vehicles? Given that it is difficult to quantitatively compare
energy use between the Con.V and the xEV (because xEVs
consume both gasoline and electricity), we compare two test
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in the low traffic flow scenario.

cases: 1) CIVIC-E? 100% penalty in which the Con.V and
xEV are set to have the same penalty factor, and 2) CIVIC-E?
85% penalty in which the value for an XEV’s penalty factor
is assumed to be equal to 85 % of that for a Con.V. In other
words, the algorithm assumes that, if stopped, an XEV uses
15% less total energy than a Con.V uses.

Fig. 9 shows the results with different penalty factors for
the XEV-dominated traffic stream. In the scenarios investigated,
the use of different penalty factors does not appear to signifi-
cantly affect the test results: the average energy consumption
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(Fig. 9 (a)) and the average travel times (Fig. 9 (b)) are
very close. Two factors contribute to this result: First, with
CIVIC-E?, not many vehicles need to be stopped even in
the high traffic volume case. Secondly, because the future
traffic stream was assumed to consist mainly of XxEVs (about
77%), there were not many cases where a Con.V needed to
compete with an XxEV for intersection crossing. It is worth
noting however, that since energy consumption and travel time
depend on several factors such as vehicle speed and trip length,
further study is required to confirm this result.

V. CONLUSIONS

In this work, we proposed a Cooperative and Integrated
Vehicle and Intersection Control for Energy Efficiency
system for managing traffic to reduce fuel consumption and
minimize emissions. In the proposed CIVIC-E? algorithm,
the traffic signal timing and vehicle approach trajectories are
jointly controlled with the objective of minimizing energy
consumption. We also proposed a two-level control approach
for CIVIC-E?: at the global level, the MEETS control strategy
is presented to find the optimal signal timing by explicitly
considering the arrival time and energy profile of each
vehicle; at the local level, an ECC algorithm is designed to
ensure approaching vehicles follow the assigned schedule and
cross the intersection with minimum energy consumption.
Our findings clearly show that CIVIC-E? has the potential
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to reduce energy consumption by up to 31%, as well as to
significantly improve traffic flow at signalized intersections,
by reducing queue length by up to 95%. Additionally,
the results demonstrate that CIVIC-E? can further improve
the efficiency of future traffic streams consisting of significant
percentages of electrified vehicles.

To extend the current work, future research should: 1) con-
sider lane-changing behavior and allowing for signal pre-
emption for approaching emergency vehicles, 2) consider coor-
dination between multiple intersections along a corridor or in a
transportation network, and 3) incorporate an analytical model
for energy consumption, thus improving the speed advisory
strategy.
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