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Abstract: This study evaluated the performance of an eco-approach control system at signalized
intersections under a partially connected and automated vehicle (CAV) environment. This system
has the first eco-approach controller able to function with the existence of surrounding human-driven
traffic. A previous evaluation only confirmed its benefits. The purpose of this study was to conduct a
further extensive test on the controller to identify room for improvement. Two different networks were
tested, including an isolated signalized intersection and a corridor with two signalized intersections.
The measures of effectiveness (MOEs) adopted were throughput and fuel consumption. All the
before-and-after MOEs were compared using t-tests. The results indicate that the controller generally
improved the fuel efficiency without harm to the mobility, and its environmental performance was
affected by the minimum CAV speed, green ratio, congestion level, and marker penetration rate of
CAVs. A detailed investigation revealed that no significant environmental benefit was generated
under high congestion levels when the minimum speed of CAVs was more than 20 mph, and the
shockwaves caused by the eco-approach control may result in a gating effect that reduces the
throughput at the upstream intersection of the corridor under high congestion levels.

Keywords: eco-approach; signalized intersections; partially connected and automated vehicles
environment; throughput; fuel consumption

1. Introduction

As the transportation sector is a main source of greenhouse gas (GHG) emissions [1],
many governments and researchers around the world have focused on fuel efficiency improvement
and emission reduction [2]. A variety of approaches, including the development of clean energy and
power technology [3], the improvement of traffic management and control [4], and the enhancement of
vehicle operation [5], have been proposed, with some achievements made. With emerging connected
and automated vehicle (CAV) technology, a brand new fuel efficiency improvement technology known
as “eco-driving” has become an emerging research focus [6]. Most existing eco-driving research can
be categorized into eco-driving on the freeway [7-11] and eco-driving on signalized arterials [12-19].
Eco-driving on the freeway mainly focuses on smoothing the vehicles’ speed profile to reduce traffic
oscillations which can cause extra energy consumption and emissions. Eco-driving on signalized
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arterials optimizes the vehicle speed profile to avoid idling at traffic signals and reduces acceleration
and deceleration maneuvers while approaching or departing intersections. The present research relates
to the category of eco-driving on signalized arterials.

Most previous eco-driving strategies on signalized arterials were developed for a completely
connected and automated vehicle environment, which means that these eco-driving controllers
could obtain the kinematics information of all vehicles in real time and accurately control their
motions [12-15]. These strategies are not feasible for real-world implementation in the near future due
to their poor robustness against the impedance from conventional vehicles and the randomness of
traffic [16]. To overcome this drawback, queue theory and car following theory were introduced into
some eco-driving studies on signalized arterials to predict the location and motion of conventional
vehicles [16-21]. It is expected that these eco-driving controllers will be functional in a partially
connected and automated vehicle environment and can be implemented as long as CAV technology
is introduced in the near future [17]. However, it is still difficult to affirm the limitations, risks,
or benefits of these eco-driving controllers in mixed traffic flow [22]. The influences of factors on the
performance of eco-driving controllers implemented on signalized arterials under a partially connected
and automated vehicle environment is one of the most meaningful topics to explore [23].

Some eco-driving controllers on signalized arterials under a partially connected and automated
vehicle environment have been developed for individual vehicles, and the optimization of speed
profiles aims to maximize the fuel efficiency of a single CAV [12-15]. The evaluation results indicated
that these controllers could generate considerable fuel consumption benefits under low saturation
conditions but cause significant harm to mobility and even have some negative effects on the vehicle
fuel efficiency under high saturation conditions [16]. To eliminate this limitation, some pure “win”
eco-driving controllers were developed to reduce the total fuel consumption of traffic systems while
doing no harm to the throughput of intersections, if not benefitting them, which could indirectly
control conventional vehicles by utilizing car-following models [16,17]. The existing brief evaluations
on these controllers only confirm the benefits, few limitations, and feasible conditions that they may
provide for further improvement and implementation [23].

To bridge this gap, this study conducted an extensive investigation on an eco-approach controller
under a partially connected and automated vehicle environment. It is the first representative controller
designed for isolated signalized intersection in mixed traffic conditions which consist of CAVs and
conventional human-driven vehicles [16]. The “eco-approach” refers to one of the eco-driving
applications on signalized arterials, which optimizes the speed trajectories of CAVs with real-time
Signal Phase and Timing (SPaT) information [12].

The objective of this research is to further investigate the impacts of various factors on the mobility
and environmental performance of the eco-approach controller in multiple simulation networks to
identify the feasible implementation conditions of the controller at an isolated signalized intersection,
analyze the adaptation of the controller to a signalized corridor with multiple intersections, discuss the
limitations and shortcomings of the controller, and provide useful information for further improvement.
This research established a general investigation framework of eco-driving on signalized arterials,
which could help the researchers find a further development direction for eco-driving on signalized
arterials under a partially connected and automated vehicles environment.

The reminder of the paper is organized as follows: Section 2 “Literature Review” summarizes
the related studies of eco-driving investigation; Section 3 “Eco-Approach Control System” briefly
introduces the principles of this eco-approach controller; Section 4 “Experiment Design and Setup”
describes the simulation setup and experiment design in detail; Section 5 “Results” and Section 6
“Discussion” present the simulation results and analysis process; and Section 7 “Conclusions and
Future Research” entails the conclusions and guidance for future work.
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2. Literature Review

To evaluate the benefits of implementing eco-driving approaches on signalized arterials, many past
studies adopted simulation or field tests [2,3,13,14]. Almost every study confirmed the environmental
benefits (improvements in fuel efficiency and emission reduction) of implementing eco-driving
approaches on signalized arterials. In order to guide the implementation or test the robustness of
these eco-driving approaches in complex traffic conditions, some studies attempted to establish a
relationship between their environmental benefits and traffic-related factors [16]. Typical traffic-related
factors include the congestion level (CL) and market penetration rate (MPR) of vehicles controlled by
eco-driving controllers [18,20].

The results indicate that most eco-driving approaches that have attempted to minimize the fuel
consumption and emissions of individual vehicles have shown decreasing trends in environmental
benefits with an increase in the congestion level, and eco-driving approaches focused on improving
global fuel efficiency and emission reduction could generate larger environmental benefits with
an increase in the congestion level [16,17]. Under a partially connected and automated vehicles
environment, the impact of the MPR of CAVs on the environmental benefits of eco-driving is relatively
straightforward. Most approaches show a better performance under a higher MPR level for controlled
vehicles [14-19]. Some advanced eco-driving approaches can even generate significant benefits as long
as there are CAVs [16,17], which indicates that these approaches can be implemented with a low CAV
MPR and could be implemented in the near future. The interactions between human-driven vehicles
and CAVs show that CAVs have a positive effect on following conventional vehicles [24,25]. That is to
say, the conventional vehicles could obtain approximately optimal speed profiles by following their
preceding CAVs to reduce fuel consumption and emissions [16,17]. This further confirms that it is
feasible to predict the motions of conventional vehicles by using car following models [16-18,20].

However, few studies have focused on the impacts of infrastructure-related factors on the benefits
of eco-driving approaches on signalized arterials. The signal timing plan, speed limit, and link
length between adjacent intersections are the most important infrastructure-related factors in the
evaluations [4,5]. Most existing studies adopted a single timing plan for the fixed-time control
intersections [6,14,26] or random signal phase and timing for actuated control intersections [5] to assess
the effectiveness of eco-driving approaches, but no clear relationship has been established between the
environmental benefits and signal control parameters (cycle length or green ratio). Some studies have
constructed signalized arterials with different length links as simulation networks and have evaluated
and confirmed the benefits of eco-driving along whole arterials but have paid little attention to
analyzing the impact of the link length on the benefits. No benefits have been measured for individual
links, so no correlation has been found between environmental benefits and link length in these
studies [5,13]. Besides, most eco-driving approaches on signalized arterials adopted the posted speed
limit as the maximum speed limit for CAVs [10,14,16]. Only a few of them took the minimum speed
limit into consideration to avoid excessively low speeds, which would cause fuel efficiency reduction
and safety degradation [6,10,16,27]. No study evaluated the impact of the minimum speed limit on
the environmental benefits of eco-driving control. These limits were mostly attributable to the cost of
field tests and the complexity of simulations [28-30] The limited evaluations may skew the benefits of
these eco-driving approaches on signalized arterials and also mislead the future implementation and
improvement of these existing approaches [31].

In addition, current investigations generally lack an analysis on the mobility benefits of eco-driving
on signalized arterials [16] due to most approaches being developed for individual vehicles and
tested under low congestion levels [5,6,12,15]; non-congested roads can easily handle all vehicles,
so eco-driving control has little effect on the throughput of signalized intersections [32-34]. Only a
few investigations indicated that these eco-driving approaches on signalized arterials designed for
individual vehicles would do harm to mobility under high congestion levels, which would further
lead to an increase in total fuel consumption and traffic system emissions [16,17,19,35].
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This review of literature reveals a number of trends. First, despite the fact that simulations and
field tests have confirmed the benefits of implementing eco-driving approaches on signalized arterials
under different congestion levels and market penetration rates of CAVs, few studies have focused
on analyzing the impacts of infrastructure-related factors on the benefits and determining whether
there is a clear correlation between them, so it is unclear which infrastructure-related factors are most
important to consider in future implementations. Second, most of the existing studies only selected the
fuel consumption and emissions as measures of effectiveness (MOEs) to confirm the environmental
benefits, while less focus was put on mobility. However, the mobility should have a high priority
to allow congestion reduction, the primary objective under high congestion levels. The evaluation
of both environmental and mobility benefits can more comprehensively reflect the performance of
eco-driving approaches.

3. Eco-Approach Control System

The control structure of this eco-approach control system is shown in Figure 1. There are two
advantages of the optimal controller (Module 2). First, since it puts mobility at a higher priority
than ecology to maintain the optimal mobility status for the intersection, the CAVs are forced to
pass through the intersection with the smallest headway with their preceding vehicle and travel at
the posted speed limit. Second, as it optimizes the speed trajectories of CAVs to optimize the entire
mixed traffic flow (both CAVs and conventional human-driven vehicles), the conventional vehicles
can be indirectly controlled by CAVs due to their car-following behavior. This eco-approach control
system is activated by vehicle arrival, detected by the loop detector installed upstream of the interested
intersection. If the vehicle is a CAV, Module 2 will be activated to optimize its speed trajectories. If the
vehicle is a conventional vehicle, Module 1 will be activated to predict its trajectory. All the outputs
from Module 1 and Module 2 will be stored in the database and be used as inputs for computation of
the following vehicle.

In this control system, turning and weaving maneuvers are not allowed, and no communication
issues are considered. All the CAVs adopt the optimized speed advisory generated by the eco-approach
controller as the desired speed and adjust their speed accordingly. This means that each CAV attempts
to minimize the difference between the actual speed and advisory speed unless impeded by its
preceding vehicles.
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Figure 1. Control structure of the eco-approach control system. CAVs: connected and automated vehicles.
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In Module 1, the Intelligent Driver Model (IDM) is adopted to predict the acceleration trajectories
of conventional vehicles. Signal timing could over-rule the car-following model. The conventional
vehicle stops at the stop bar if its spatial-temporal trajectory predicted by IDM has a conflict with red
phases. Interested readers can refer to [16] for the complete model.

In Module 2, the optimal controller is used to minimize the total fuel consumption and emissions
while maintaining the throughput at its optimal level. This optimization problem is constructed in
the Pontryagin Minimum Principle (PMP) structure and solved using a numerical PMP approach.
The optimization method is briefly introduced in the following equations [16]. All the indices and
parameters are shown in Table 1.

Table 1. Indices and parameters in Module 2.

Symbol Definition
x1n(®) Location of vehicle n (m), the coordinate is the distance from the
o loop detector
X2, (t) Speed of vehicle n (m/s)
1y (1) Acceleration of vehicle 1 (m/s?)
kn(t) Jerk of vehicle n (m/s%)
Vlim Posted speed limit of the road segment (/)
Upmin Minimum speed limit of the CAV (m/s)
o) Initial speed of vehicle # at the loop detector in module 2 (1m/5)
Uy Maximum acceleration of vehicle n (11/52)
u, Minimum acceleration of vehicle n (1m/s%)
kn Maximum jerk of vehicle n (m/s2)
k, Minimum jerk of vehicle n (m/s2)
L Distance from loop detector to stop line (1)
£9 Initial time when vehicle 7 reaches the loop detector (s)
tL Terminal time when vehicle n reaches the stop line (s)
tﬁ’“ Candidate terminal time of vehicle 7 (s)
[Le Earliest time of vehicle n drives pass the stop line without preceding
n vehicle and signal control (s)
; Pre-set headway of two consecutive vehicles (the smallest headway)
I at the stop line (s)
Instantaneous fuel consumption and emissions rate of vehicle
gt,n(t) n (Tl’ll/S)
R Duration of red phase (s)
G Duration of green phase (s)
Cq Green ratio of signal control
3 Collection of green phases
Tn Time displacement of vehicle 7 (s)
dn Minimum safety distance of vehicle n (1)
Wy, Wy, W3 Weighting factors
(p(xn(tﬁ)) Terminal cost of the optimal problem in Module 2
L(x,(t), un(t)) Running cost of the optimal problem in Module 2

The system state vector of the CAV indexed by 7 is defined as follows:

() = [x1u(£), x2 ()] )

The state dynamics equation is

(t) = fxn(t),ma(t)) = [x2(t), ua(t)] @)

where u,(t) = u,(t) denotes the control input of this system.
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The cost function is defined as follows:
th

I = o)+ [ 20,0 ®

10

n

To ensure the CAVs can pass through the intersection with the smallest headway, the terminal
time can be calculated as follows:

b = max(th_ + ty, 1) (4)

L- ((Ulim2 - xZ,n<t2)2)/2ﬂn) Olim — Xz,n(fg)

Le 0
the — 5
! nt Olim * Uy ( )
the, Vi e &
e (©)
n L@—GJ-(RJFGHR, ikt e &

To ensure the CAV enters the intersection on time at the posted speed limit, the terminal cost is
formulated as

(p<xn(t£)) = wi - (xlrn(tﬁ) - L)2 +wy - (x2,n(t%) - Ull‘m)z, w1 € R+,ZU2 eR" (7)

The running cost is formulated as

t
: gt,n( ) + 1llrl(iL)z, w3 € RT, (8)

L(xn(t), un(t)) = w3 Xon(t) 2

where the unit of ws is m3/ml - s%, u,(t)*/2 is the comfort consideration, and Qi n(t) can be calculated
by using fuel consumption and emissions model developed by Akcelik [36].
The initial conditions are

xlfn(tg) =0, xz,n(tg) = )
The speed constraint is
Vi = {xZ,n Umin < xZ,’rl(t) < Olim, Yte [tg, t%]} (10)
The acceleration constraint is
u, = {un u, < up(t) <up,Vte [tﬁ,tﬁ]} (11)
The jerk constraint is
K, = {k,Z k, < kn(t) <ky } vt e [19, ] (12)
duy (t)
kn(t) = 13

In this equation, jerk is defined as the rate of change of acceleration with time, which is bounded
for better comfort.

This optimal control problem could be solved using the PMP approach, and finally, an optimal
speed profile is output for the corresponding CAV. In order to prevent safety accidents, the eco-approach
control system forces the CAV to smoothly follow its preceding vehicle like a conventional vehicle to
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maximize passengers’ comfort if the optimized spatial-temporal trajectory violates the safety constraint.
The safety constraint is formulated as the Newell car-following model:

xl,n(t + Tn) < X1pn-1 (t) —dy (14)

The location of vehicle n — 1 can be obtained from the trajectory dataset in the eco-approach
control system. The safety constraint indicates that each CAV should keep a safe distance from its
preceding vehicle to avoid collisions.

4. Experiment Design and Setup

The purposes of this experiment are as follows:

e  To design a simulation environment of mixed traffic consisting of CAVs and conventional vehicles
to comprehensively evaluate the mobility and environmental performance of the eco-approach
controller proposed in the previous paper [16].

e To assess the impacts of various traffic-related and infrastructure-related factors on the
mobility and environmental improvement of this eco-approach controller when implemented in
multiple roadway networks, including an isolated signalized intersection and a corridor with
signalized intersections.

e To analyze and identify the feasible implementation conditions for this eco-approach controller at
an isolated signalized intersection and propose improvement measures for a further controller to
overcome the limitations.

e  To evaluate the adaptability of this eco-approach controller to the signalized corridor, analyze its
negative effects, and propose corresponding improvement measures for the further controller to
eliminate or reduce the negative effects.

The experimental design, including the software platform design, roadway network design,
traffic setup, traffic signal setup, eco-approach control system implementation, assumptions,
measures of effectiveness design, and scenario design are described in this part.

Software platform design: A microscope traffic simulation software “VISSIM” (PTV Group,
Karlsruhe, Germany), a mathematical software “Matlab” (MathWorks, Natick, MA, United states),
and an automated tasks creation software “Excel VBA” (Microsoft, Redmond, WA, United states) were
used to construct an integrated simulation platform [17]. VISSIM simulates traffic and generates inputs
for the controller/prediction algorithm in Matlab. The inputs include Signal Phase and Timing (SPaT)
information, the speed, and arrival time of the vehicle at the loop detector. Of note, Excel VBA is a
master control program that is responsible for the control of simulation process, including start and stop
of simulation, invocation of Matlab, and communication between VISSIM and Matlab. The baseline
scenarios of 0% CAVs were simulated without activating the optimization controller established in
the Matlab; all the data transmitted between VISSIM and Matlab were stored in the Excel worksheets.
This design reduced the unnecessary computational burden during the simulation, and benefited the
follow-up analysis based on these data.

Roadway network design: Two hypothetical road networks were tested, including an isolated
intersection and a corridor with two adjacent intersections, as shown in Figure 2. Each travel direction
used a single travel lane. No weaving or lane changing maneuver was allowed in the simulation.
The detailed designs of roadway networks are as shown in Table 2.
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Figure 2. Test road networks. DTI: distance between two adjacent intersections.

Table 2. Attributes in the simulation.

Parameter Value
Distance from the loop detector to the intersection () 300
Simulation time horizon (s) 1200
Warm up time of isolated intersection (s) 180
Warm up time of corridor (s) 240

Traffic setup: The traffic consisted of conventional human-driven vehicles and CAVs. Only the
CAVs were able to communicate with the eco-approach controller. In order to represent the real
world where CAVs can be impeded by their preceding vehicles and cannot drive at optimized speed,
the optimized speed trajectory was sent to the corresponding CAV as “Desired speed”. Mixed traffic
was generated as Eastbound (EB) only. All CAVs and conventional vehicles in the VISSIM were modeled
according to the Wiedemann 74 model. The desired speed of CAVs was dynamically changing and was
obtained from the eco-approach controller established in Matlab. The desired speed of conventional
vehicles was constant and equal to the legal speed limit of the road segment. The Wiedemann 74 model
has been calibrated according to the Highway Capacity Manual 2010. The saturation flow rate was
checked, as shown in Table 3.

Table 3. Attributes of the Wiedemann 74 model. veh/h: the number of vehicles per hour

Parameters Calibrated Values
Average standstill distance (1) 7.5
Additive part of the desired safety distance 3
Multiplied part of the desired safety distance 4
Average saturation flow rate (veh/h) 1830

Traffic signal setup: All intersections were equipped with fixed-time traffic lights. The traffic
lights on the corridor were controlled with the same signal timing plans, without offset [14].

Eco-approach control system implementation: The eco-approach control system was
implemented on the EB approaches of the interested intersections (the isolated intersection and
the downstream intersection of the corridor). The loop detector was installed on the EB approach at
300 m upstream of the interested intersections.

Assumptions: The gradient of road segment was zero. The vehicle composition was 100%
mid-sized vehicles with the same size and dynamic characteristics. No communication issues, such as
delay and data packet loss, were considered in this research.

Scenario design: The following scenarios were tested in this study, the detailed plan is shown in
Table 4.
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Non-automation baseline (Base): In this scenario, the MPR of the CAVs was equal to zero.
The eco-approach control system had no effect on traffic. Because various levels of CL, green ratio
(GR), and minimum speed (MS) were tested in the sensitivity study, there was a baseline scenario for
each combination of CL, GR, and MS.

Proposed controller: In this scenario, part/all of the simulated vehicles were CAVs. All CAVs were
able to receive optimized speed profiles from the eco-approach controller (EAC).

Table 4. Experiment plan in the simulation.

Factor Value

Posted speed limit (mph) 45
5,10,15,20,25,27,29,31,33,35 (isolated intersection)

Minimum speed of CAVS (mph) 10 (signalized corridor)

Distance between adjacent intersections on the signalized corridor () 320, 600
Signal cycle (s) 60
Green ratio signal control 0.3,0.5,0.7
Market penetration rate of CAVs 0%, 50%, 100%
Congestion level 0.6,1.0

Measures of effectiveness design: The eco-approach controller was mainly evaluated with a
sensitivity analysis on various traffic-related and infrastructure-related factors, including the congestion
level (CL), market penetration rate (MPR) of CAVs, green ratio (GR) of signal control, minimum speed
(MS) of CAVs in the optimization, and distance between two adjacent intersections (DTI) of the corridor.
According the law of large numbers, with a sufficient number of samples, the observation shall be
close enough to its true population quality. At least 10 different random seeds were simulated for
each scenario. The sample size (the number of runs with different random seeds) of each scenario
was checked for statistical significance. Additional random seeds were tested if the sample size was
not sufficient, until the terms of fairness of comparison were satisfied. The measures of effectiveness
(MOEs) adopted in this study were throughput and fuel consumption. There was no need to separately
analyze the CO, emissions since they have a strong correlation with the fuel consumption [16].
A well-accepted microscope energy and emission model called “VT-Micro” was adopted for the
calculation of fuel consumption.

The focus of this evaluation was on the upstream approach of the intersection implemented
eco-approach control, and the downstream segment was not explicitly examined, because the terminal
cost in Equation (7) forces the CAVs accelerate to the posted speed limit before passing through the
intersection, so most vehicles just need to cruise on the downstream segment.

Finally, the differences between before-and-after (non-automation baseline versus proposed
controller) MOEs were checked for statistical significance. A two-tailed paired t-test was utilized with
o = 0.05 since the before and after scenarios being compared had the same traffic conditions (MS, GR,
CL, and DTI) and vehicle arrival pattern (random seed). The improvements of MOEs for all scenarios
were tested using the Pearson correlation coefficient with respect to various factors. This test aimed to
cast light on which factors are significantly correlated with MOEs, and more attention is paid to these
factors in the following analysis. It should be noted that the correlation being tested was whether the
correlation coefficient was significantly different from 0 at a 95% confidence level.

5. Results

The simulation results are presented in this section. All the benefits of MOEs that were determined
to be statistically significant are highlighted with red borders. All the detailed data can be found in
the appendices.
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5.1. Isolated Signalized Intersection

5.1.1. Throughput Benefits

Figure 3 shows the throughput benefits of an isolated intersection under various conditions
(see Appendix A for detailed data). All traffic-related and infrastructure-related factors show no
correlation with the throughput benefits. Under unsaturated condition, few statistically significant
benefits can be observed. The EAC controller has little impact on the throughput. This makes
sense because uncongested roads can easily handle all the vehicles, and thus there is no room for
improvement. Under saturated condition, the EAC controller generates some statistically significant
benefits on the throughput. Most of these significant benefits are too small and have little effect on

the throughput. Overall, the EAC controller does not harm the mobility of the intersection under
different conditions.
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Figure 3. Improvements of the throughput of an isolated signalized intersection. GR: green ratio, MPR:
market penetration rate.

5.1.2. Environmental Benefits

Figure 4 shows the fuel consumption benefits of an isolated intersection under various conditions
(see Appendix B for detailed data). Figure 5 shows the percentage of CAVs controlled by the
EAC controller in various scenarios (see Appendix C for detailed data). Figures 6 and 7 show the
spatial-temporal trajectories of vehicles; the origin of the coordinates is located at the loop detector.
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The results of the fuel consumption benefits show that all factors have significant impacts
on the environmental performance of the eco-approach control system. However, only the
infrastructure-related factors, MS and GR, can be controlled by traffic managers. To cast light
on the relationship between fuel consumption benefits and these two infrastructure-related factors for
following analysis and future implementation, a fuel consumption benefits model needed to be fitted
as a function of MS and GR. As shown in Figure 4, there is a cubic polynomial relationship between
the fuel consumption benefits and MS under different CLs and MPRs of CAVs. To improve the fitting
degree when the MS is greater than 25 mph, the linear, quadratic, and cubic terms of the reciprocal of
MS were introduced into the model. Since only three levels of GR were tested in this study, the cubic
polynomial relationship was also adopted for fitting the change of fuel consumption benefits with GR.
The final model presented by Equation (15) provides the least terms with a good fit to the real benefit
data collected from different scenarios. A more accurate model can be fitted based on the use of more

detailed data in future evaluations.

3 3
Bf = [Z pi'vminl] Z q]"Cg] p (15)

i=-3 j=0
Umin € [O/ vlim]rcg € (01 1)/ (16)

where By is the fuel consumption benefits of the EAC controller, v, and Cg represent the MS and GR,
respectively, and p; and g; are the parameters of this model. Figure 8 shows the fitting results of fuel
consumption benefits under various CLs and MPRs of CAVs.
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The fuel consumption benefits model demonstrates that the fuel consumption benefits decrease
with the MS under different congestion levels. The decreasing trend levels off as the MS reaches
25 mph. Low benefits or even no benefit can be observed when the MS is larger than 20 mph. This is
mainly because, under high MS levels, a large proportion of CAVs rejected the optimized speed
trajectories and just followed their preceding vehicles like conventional vehicles, as shown in Figures 6
and 7. Compared with the spatial-temporal trajectories in the baseline scenarios, some CAVs and
their following conventional vehicles adjusted their speed ahead of time to avoid the stop and idling
maneuvers at the red lights when the MS was equal to 10 mph, and their smooth spatial-temporal
trajectories were able to significantly reduce the fuel consumption according to the VI-Micro fuel
consumption and emission model. However, these CAVs failed to smoothly adjust their speed when
approaching the intersection when the MS equaled 25 mph, and no significant difference was observed
between their spatial-temporal trajectories in the EAC scenarios and baseline scenarios. These CAVs
had no contribution to fuel consumption reduction and also had no beneficial impact on following
conventional vehicles.

The reason why these optimized speed trajectories were rejected is that they violated the
constraints. These optimized speed trajectories attempted to guide the CAVs to approach the
intersection at high speeds due to the high MS, and would cause some conflict between the CAVs
and preceding vehicle/signal control. As shown in Figure 9a, the EAC controller generated different
speed trajectories under different MS levels given a 40-s optimization time horizon and a 300-m
optimization spatial distance (approaching distance from the loop detector to the stop line of the
intersection). The average speed of these speed trajectories increased with the MS. Their corresponding
spatial-temporal trajectories show that the CAVs would have run through the red light or crashed into
their preceding vehicles when approaching the intersection (dashed lines in Figure 9b) if they had
followed the speed trajectories optimized under high MS levels (dashed lines in Figure 9a). Other speed
trajectories optimized under low MS levels (solid lines in Figure 9a) were able to guide the CAVs to
reach the intersection at the expected arrival time (165 s) so as to cause no conflict between the CAVs
and surrounding traffic (solid lines in Figure 9b), and have been adopted by the CAVs. These CAVs
which adopted and followed the optimized speed trajectories are named “Eco-CAVs” in this study.
Eco-CAVs smoothly approached the intersection with the lowest fuel consumption and emissions and
had beneficial impacts on traffic overall. The Pearson coefficient (0.684) indicates that the proportion
of Eco-CAVs has a moderate positive correlation with the fuel consumption benefits. As shown in
Figure 5, the percentage of Eco-CAVs showed a decreasing trend as the MS increased. This directly
suggests that the fuel consumption benefits decrease as the MS increases.
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(a) Optimized speed trajectories (b) Spatial-temporal trajectories

Figure 9. Optimization results of the optimal controller (L = 300 m). MS: minimum speed.

The GR has complex effects on the environmental performance of the EAC controller. On the one
hand, it was shown that more Eco-CAVs were controlled by the EAC controller under high GR levels,
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which could help to obtain greater environmental benefits, as shown in Figure 5. On the other hand,
vehicles had a higher probability of approaching and passing through the intersection without great
speed adjustment under higher GR levels. Hence, more vehicles, including CAVs and conventional
vehicles, could cruise on the EB approach at high speed and finally pass through the intersection without
stopping or carrying out an idling maneuver under higher GR levels. There was little difference between
their before and after spatial-temporal trajectories, as shown in Figures 6 and 7b,d,f. The eco-approach
control had little effect on these vehicles, which led to the weakening of the environmental performance
of the EAC controller. These two different effects worked together and resulted in complicated
trends of fuel consumption benefits with GR under different congestion levels, as shown in Figure 4.
The overall trend was that high GR scenarios generally had high fuel consumption benefits under
various CLs. Besides, the findings from the vehicles which approached the intersection without great
speed adjustments also explain why some saturated scenarios under high GR levels (GR 0.7, MPR
100%, MS 25~35 mph) still showed no significant environmental benefits, even when the percentage of
Eco-CAVs was relatively high. Most Eco-CAVs in these scenarios did not need to greatly adjust their
speed when approaching the intersection and had little impact on the following conventional vehicles.
There was little difference between the before and after fuel consumption benefits of these Eco-CAVs
and their following conventional vehicles.

The impacts on fuel consumption benefits for the traffic-related factors were relatively simple.
As shown in Figure 4, a higher CAV MPR resulted in greater improvements in the fuel efficiency.
This increasing trend was due to the existence of more Eco-CAVs under high CAV MPRs and led to a
better control effect on the entire traffic system, as shown in Figure 5. The benefits under low MS levels
showed an increasing trend as CL increased due to the smaller headway under high CLs.

5.2. Corridor with Two Signalized Intersections

Figures 10 and 11 respectively show the changes in throughput and fuel consumption following
EAC implementation on the corridor (see Appendices D and E for detailed data). As shown in the
previous results of the isolated signalized intersection, an MS of 10 mph had the best performance in
terms of ensuring a high percentage of Eco-CAVs, which would help in the evaluation of the impacts of
other factors on EAC’s performance more accurately. Thus, a 10-mph MS was selected and tested in the
corridor scenarios. Two different levels of DTI were also assessed to identify whether the effectiveness
could be tied to the DTL
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Figure 10. Improvements of the throughput of the corridor. DTI: distance between two adjacent intersections.
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Figures 12 and 13 show the spatial-temporal trajectories of the simulation results under different
DTI levels. The origin of the coordinates was located at 100 m upstream of the upstream intersection.

The coordinate of the loop detector was located 120 m under the low DTI level and 400 m under the
high DTI level.
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Figure 12. Spatial-temporal trajectories of eco-approach control (DTI = 320 m, CL = 1.0, MPR = 50%).
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The EAC controller’s performance showed different correlations with various factors under
different DTI levels, as shown in Figures 10 and 11. When the DTI was equal to 600 m, no significant
throughput benefit was observed under two different CLs. The fuel consumption benefits rose with
the MPR of CAVs and CL and showed no monotonous trend with GR. Peak benefits were generated
under a GR level of 0.5. However, when the DTI was reduced to 320 m, significant negative throughput
benefits were observed under saturated conditions. The environmental benefits increased with the
MPR of CAVs and decreased with CL and GR.

The negative effect of the EAC controller on mobility under low DTI levels was caused by
the large headway between some consecutive vehicles at the upstream intersection. As shown in
Figures 12 and 13, some advisory speed trajectories generated by module 2 forced the corresponding
Eco-CAVs to decelerate just after they had passed the loop detector, which delayed the arrival times
of these CAVs at the stop line of the upstream intersection to avoid extra speed adjustments and
idling actions. These Eco-CAV decelerations caused significant shockwaves that spread backwards
in the platoons. Under a high DTI level, the shockwaves disappeared before reaching the upstream
intersection, as shown in Figure 13a,b. However, under low DTI levels, there is little space between the
loop detector and the upstream intersection (20 m), so the shockwaves could easily reach and pass the
upstream intersection under high CLs, as shown in Figure 13. This forced the vehicles at the back of
the platoons to decelerate before reaching the upstream intersection. As shown by the behavior of
long queues at the intersection described in the Newell’s car-following model, the headway between
consecutive vehicles increased as the speed decreased [37]. Therefore, the headway of these low-speed
vehicles at the upstream intersection was larger than that of the preceding high-speed vehicles. This led
to a decrease in the number of vehicles through the upstream intersection during green phases.
More vehicles idled and waited for the green light at the upstream intersection. This phenomenon is a
typical “gating effect” on signalized arterials, which causes some harm to the mobility and could occur
under any DTI level as long as the distance between the loop detector and upstream intersection is
short enough.

The different trends of fuel consumption benefits with the GR under two CLs were caused by
the following reasons. First, a shorter duration of low-speed running was observed under higher GR
levels, which could help to obtain a higher fuel efficiency, as shown in Figures 12 and 13. Second,
the length of the platoons increased with GR, which means that the shockwaves caused by EAC control
could spread backwards further under high GR levels. Some leading Eco-CAVs were impeded by
the last vehicle of the preceding platoon when approaching the downstream intersection under high
DTI levels, GR levels, and CLs, as shown in Figure 13c. More than one shockwave spread in these
platoons. The extra speed adjustments of vehicles in these platoons increased the total fuel consumption
and degraded the environmental performance of the EAC controller. These two reasons led to a
quadratic trend of environmental benefits as GR increased under high DTI levels. Besides, a large
proportion of Eco-CAVs approached and passed through the downstream intersection without great
speed adjustments under low DTI levels and had little impact on their following conventional vehicles,
as shown in Figure 12b,c. Little difference was observed between the before and after spatial-temporal
trajectories of these Eco-CAVs and following conventional vehicles. This caused a significant reduction
in the environmental benefits. The number of these vehicles increased with the GR and resulted in
a decreasing trend in fuel consumption benefits with the increase of the GR under low DTI levels.
It should be noted that this reduction could occur under any DTI level. The proportion of vehicles that
were able to approach and pass through the downstream intersection without great speed adjustments
varied with the offset of signal control. Most vehicles could cruise on the corridor and pass through
the downstream intersection at high speed when the green wave traffic appeared, which meant that
the EAC controller had little effect on the traffic.
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6. Discussion

6.1. Isolated Signalized Intersection

As stated in Section 5.1, MS is the most important factor for the performance of the EAC controller.
The isolated signalized intersection is more suitable for the implementation of eco-approach control
under low MS levels. However, most CAVs under low MS levels showed sharp deceleration after
passing the loop detector, which had a negative effect on traffic safety. To overcome this drawback,
further research should focus on solving the conflict problem between CAVs and surrounding
vehicles/signal control under high MS levels. On the basis of existing eco-approach strategies [6,12],
the simplest way is to increase the distance between the loop detector and the intersection to extend the
approaching time of CAVs to ensure that the CAVs reach the intersection at their expected arrival times.
This solution can increase the percentage of Eco-CAVs and enhance the environmental performance of
the EAC controller under high MS levels without any improvement in the optimization algorithm,
but it will be limited by the distance between the interested intersection and its upstream intersection.
The best way is to modify the eco-approach controller to jointly optimize the speed trajectories of
CAVs and the signal timing plan of signalized intersection [38]. This design can easily generate
non-conflicting eco-approach speed trajectories for CAVs under the constraints of a high MS and
short approaching distance, and decrease the speed oscillation to further improve the environmental
performance of EAC controller while enhancing the traffic safety. An EAC controller improved in this
way could be generally implemented in various road networks without limitation.

6.2. Corridor with Two Signalized Intersections

As stated in Section 5.2, the DTI is not directly tied to the EAC’s performance on the corridor like
other factors are, but it can indirectly impact its performance by limiting the installation location of the
loop detector. To provide enough space for speed adjustment (from the loop detector to the downstream
intersection), the space between the loop detector and upstream intersection would be compressed
under low DTI levels and may cause a gating effect at the upstream intersection under heavy traffic
flow. This shortcoming of the EAC system seriously restricts its implementation in the urban road
networks and can be overcome by improving the control strategy to delay the deceleration of CAVs.
The Eco-CAVs would be forced to cruise at high speed for a moment after passing the loop detector and
then follow its new re-optimized speed trajectory by using a new initial condition. The shockwaves
caused by Eco-CAV deceleration would be moved downstream for a distance. More vehicles at
the back of the platoons would pass through the upstream intersection with the smallest headway.
The green time saved can let more vehicles pass through the upstream intersection. The throughput
increases with the duration of enforced high-speed cruising of Eco-CAVs and reaches its maximum
when no shockwave can spread to the upstream intersection. However, any adjustment of the optimal
speed trajectory would lead to a loss of improvement in the fuel efficiency and emission reduction.
These near-optimal speed trajectories fail to maximize the environmental benefits. It is necessary to
balance the improvement of fuel efficiency and the increase of throughput in further implementations.

7. Conclusions and Future Research

This study evaluated and identified the key factors affecting the performance of an eco-approach
control system at signalized intersections under a partially connected and automated vehicles
environment. This system is the first eco-approach controller to explicitly consider human-driven
and automated vehicles [16]. As noted, the purpose of this research was to further conduct an
extensive test on the controller in order to identify key factors affecting performance, such that
traffic managers can consider implementing the most desirable settings to maximize the eco-driving
benefits. An isolated signalized intersection and a corridor with two signalized intersections were
tested. The MOEs adopted were throughput and fuel consumption. The before-and-after MOEs were
tested for statistical significance using paired t-tests, and the Pearson correlation coefficients with
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respect to various factors were assessed to identify the factors that significantly impact the controller’s
environmental performance.
The evaluation of the EAC controller at isolated intersection showed the following;:

e  Few significant throughput benefits were observed. Fuel consumption benefits ranged from 0% to
49.21%. The EAC controller was able to improve the fuel efficiency while it had no adverse effect
on the mobility.

e  The fuel consumption benefits were correlated with the percentage of Eco-CAVs and decreased as
the MS increased. No significant fuel consumption benefit was generated under a high CL when
the MS was greater than 20 mph due to the low percentage of Eco-CAVs. Future installations
of EAC control should avoid high MS levels to ensure a high percentage of Eco-CAVs so as to
generate significant fuel consumption benefits under various conditions.

e  The fuel consumption benefits increased with the MPR of CAVs.

e GR and CL had complex effects on the environmental performance of the EAC controller.
The overall trend was that high GR could usually bring high environmental benefits under
different CLs.

The evaluation of EAC controller on the corridor showed the following:

e All the vehicles were clustered into tight marching platoons by the upstream intersection.
Significant shockwaves were caused by the deceleration of Eco-CAVs and spread backward in
the platoons.

e A significant gating effect occurred when the shockwaves spread in some platoons passed the
upstream intersection. It reduced the throughput of the corridor. The EAC controller had no
adverse effect on the mobility without this gating effect. Future installations of EAC control
should provide enough spread space between the loop detector and upstream intersection for
shockwaves to avoid this gating effect.

e  Fuel consumption benefits ranged from 0% to 39.86%. The EAC controller was shown to improve
the fuel efficiency and reduce emissions under various traffic conditions.

e  The fuel consumption benefits increased with the MPR of CAVs. The GR and offset of signal
control worked together to affect the percentage of vehicles that could approach and pass through
the downstream intersection without great speed adjustments; the fuel consumption benefits
decreased with the increase of such vehicles. The EAC controller was found to be more suitable
for implementation on the corridor without coordination control.

e The DTT had no direct correlation with the mobility and environmental performance of the EAC
controller. However, it was able to restrict the installation location of the loop detector and then
indirectly impacted on the performance of EAC controller. The approaching distance from the
loop detector to the downstream intersection and the spread space for shockwaves from the
loop detector to the upstream intersection affected the environmental performance and mobility
performance of the EAC controller on the corridor, respectively.

Overall, the EAC controller was designed for an isolated intersection under low MS levels [16].
There were some performance and function problems when it was implemented in complex road
networks. To ensure that this eco-approach control system can be generally applied to various
road networks, further improvements should focus on the following two aspects: First, the speed
trajectories of CAVs and signal timing plan of intersection should be optimized coordinately to generate
non-conflict eco-approach speed trajectories for CAVs under high MS levels. This improvement would
reduce the speed adjustment range of CAVs to avoid collisions between the CAV and its following
conventional vehicle so as to enhance the environmental and safety performance of the EAC controller.
Second, the control strategy of the EAC controller should be improved to delay the deceleration of CAVs
when the EAC system is implemented on the corridor under high congestion levels. This improvement
could reduce or avoid the gating effect at the upstream intersection to increase the throughput of
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the corridor with limited space between the loop detector and upstream intersection. It is necessary
to construct a new optimization model to balance the improvements in fuel efficiency and emission
reduction and the increase in the corridor throughput caused by the delay of CAV deceleration based
on the requirements.

In addition, this research did not examine the performance of the EAC controller in multi-lane road
networks. A detailed evaluation with explicit consideration of weaving and lane changing maneuvers
is also recommended in further research.

Author Contributions: Conceptualization, H.J. and J.H.; Data curation, W.Z.; Formal analysis, H.]J.;
Funding acquisition, H.J. and W.Z,; Investigation, H.J.; Methodology, HJ., J.H., B.B.P. and MW,
Project administration, H.J. and W.Z.; Software, H.J.; Validation, J.H.; Visualization, H.J.; Writing—original
draft, H.J.; Writing—review and editing, ]. H., B.B.P. and M.W.

Funding: This research was in part supported by China Postdoctoral Science Foundation (No. 2019M650613),
National Key R&D Program of China (No. 2016YFC0802706), National Natural Science Foundation of China
(No. 61803284), and National Key R&D Program of China (No. 2018YFB1600600).

Conflicts of Interest: The authors declare no conflict of interest. H.J. played a main role in the design of the study;
in the collection, analyses or interpretation of data; in the writing of the manuscript, and in the decision to publish
the results. W.Z. played an assistant role in interpretation of data, and in the decision to publish the results.

Appendix A

Table Al. Throughput benefits of an isolated signalized intersection under a congestion level of 0.6 (%).

GR  MPR (%) MS (mph)

5 10 15 20 25 27 29 31 33 35
03 50 2797 —2797 -2098 -1399 -2.098 -2.098 -1399 —-1399 -1399 —1399
03 100 ~1399 —2797 0  —2098 —0699 —0.699 -0.699 —-0.699 —0.699 —1399
0.5 50 1167 1167 1167 1167 0778 0778 0778 0778 0778 0778
0.5 100 1946 2335 0778 1556 0778 0778 0778 0778 0778 0778
0.7 50 0281 0281 0281 0 0281 0281 0 0 0 —-0281
0.7 100 0843 0562 0843 0 0 0 0 0 0 0

Table A2. Throughput benefits of an isolated signalized intersection under a congestion level of 1.0 (%).

GR  MPR (%) MS (mph)

5 10 15 20 25 27 29 31 33 35
0.3 50 0 0.427 0.427 0 0 0 0 0 0 0
0.3 100 0.427 0.427 1.282 0 -0427 -0427 -0427 -0427 -0.427 -0.427
0.5 50 -1.309 2.356 0.262 0.523 0.785 0.785 0.785 0.785 0.785 0.785
0.5 100 -0.785 0.524 0.785 0 0.785 0.785 0.785 0.785 0.785 0.785
0.7 50 1.673 1.487 2.788 0929 -1.487 -0929 -0.743 -0.744 -0.744 -0.744
0.7 100 -1.115 1.301 1.115 2974 0.186 —0.558 -0.558 -0.558 —0.558 -0.372

Appendix B

Table A3. Fuel consumption benefits of an isolated signalized intersection under a congestion level of 0.6 (%).

GR  MPR (%) MS (mph)
5 10 15 20 25 27 29 31 33 35

03 50 9992 1407 8750 6081 4448 4548 4336 4695 3.800 3.155
0.3 100 13191 20202 11467 9254 6071 5469 4913 5235 3706  3.897
0.5 50 6447 7167 9800 7292 1619 3612 3268 2830 2372 2825
05 100 12481 13451 14307 13358 6823 6534 5321 4873 4104 3456
0.7 50 7017 7811 9359 8154 3478 1839 1050 0734 0765 1483
0.7 100 8329 1093 12111 11970 5921 4862 3813 2763 2592 2293
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Table A4. Fuel consumption benefits of an isolated signalized intersection under a congestion level of 1.0 (%).

GR  MPR (%) MS (mph)
5 10 15 20 25 27 29 31 33 35

0.3 50 5805 9580 2177 0768 0221 0246 0246 0246 0246  0.246
03 100 13552 9987 4039 2757 2293 0916 0771 0776 0765 0521
05 50 40389 27479 6707 3.698 0758 0363 0787 0650 0655 0.734
05 100 49209 43260 7340 5540 1346 1490 1470 1259 1259 1257
0.7 50 32214 36062 29287 10414 -2869 -2858 -2072 —-1775 -1676 —1.345
0.7 100 41983 45480 40344 23392 7869 1061 1071 1060 —0302 —0.354

Appendix C

Table A5. Percentage of CAVs controlled by the EAC controllers in various scenarios under a congestion

level of 0.6 (%).
GR  MPR (%) MS (mph)
5 10 15 20 25 27 29 31 33 35

0.3 50 49481 46.713 29.066 22491 15.225 13.841 12.803 12.457 11.073 9.689
0.3 100 99.308 94.074 57.093 44983 32526 29.066 26.644 25.606 21.453 20.415
0.5 50 47.648 48.262 37.832 30.675 21.063 20.245 19.632 18405 17.587 16.155
0.5 100 98.773 100 77.096 65.644 45399 43.149 41.104 39.264 36.401 35.174
0.7 50 49927 49.855 49.855 44477 34.738 33.770 32558 31.250 30.087 29.215
0.7 100 100 100 100 89.229 69.141 65.357 62300 60.408 59.825 56.914

Table A6. Percentage of CAVs controlled by the EAC controller in various scenarios under a congestion

level of 1.0 (%).

GR  MPR (%) MS (mph)
5 10 15 20 25 27 29 31 33 35

03 50 48182 37.090 15574 12910 5123 4508 4303 4098 3.689  3.689
0.3 100 99.043 68.648 27459 26230 10041 9.016 8607 8197 7377 6557
05 50 49333 49410 25628 26792 10302 8291 9285 8783 8657  8.156
05 100 100 99464 52465 54843 22836 20551 18797 18.045 17.168 16416
0.7 50 48997 49384 49153 42910 10312 10387 9.048 8467 8475  7.808
0.7 100 99419 100 100 86580 65.728 49206 27.846 27187 19811 17.547

Appendix D

Table A7. Throughput benefits of the corridor in various scenarios (%).

DTI (m) CL MPR (%) GR
0.3 0.5 0.7

50 —-2.083 1.136 —-1.558
320 0.6 100 -0.694 0.758 -1.039
50 -7.917 -2.015 —-0.534

10 100 -12.917 -2.771 1.068

50 —-0.654 0 0.274

600 06 100 0.654 0.752 0.274

10 50 0.851 0.765 0.380

100 0.426 0.765 1.708
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Appendix E

Table A8. Fuel consumption benefits of a corridor in various scenarios (%).

GR
0.3 0.5 0.7

50 32.542 5.955 6.768
100 39.858 9.390 7.585
50 16.991 11.706 -5.009
100 28.148 14.503 4.617
50 2914 9.217 6.361
100 3.917 12.385 4.822
50 5.065 13.431 9.883
100 8.167 18.100 11.477

DTI (m) CL MPR (%)

0.6
320
1.0

0.6
600
1.0
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