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Advanced ―connected eco-driving‖ provides real-time advice to drivers based on 

real-time traffic and infrastructure conditions using communications technology as part of 

the connected vehicle concept. With connected eco-driving, even greater fuel and 

emission savings can be achieved without compromising traffic mobility. The concept of 

connected eco-driving takes advantage of real-time traffic sensing and infrastructure 

information, which can then be communicated to a vehicle with a goal of reducing fuel 

consumption and emissions. This dissertation focuses on connected eco-driving on 

arterial roadways with traffic control signals, referred to as ―Eco-Approach and 

Departure‖ for signalized arterial roadways. 

An initial dynamic Eco-Approach and Departure algorithm was initially 

developed for a single vehicle for fixed-timed signals, described in detail in Chapter 4. 

This algorithm shows individual vehicle fuel consumption and CO2 reductions of around 

10% - 15. The benefits have been proved by another research done by Li, etc. [11]. It was 

found that there are also significant indirect network-wide energy and emissions benefits 
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on the overall traffic [27], even at low penetration rates of the technology-equipped 

vehicles. 

An additional amount of fuel is wasted on unnecessary acceleration/idling when 

the vehicle is departing the intersection. Therefore an enhanced eco-approach and 

departure algorithm [35] was developed that utilizes not only SPaT message but also the 

information of preceding equipped vehicles for better speed trajectory planning. 

Lastly, the calibration criteria for microsimulation model itself were evaluated 

and a new set of processes to calibrate microscopic traffic model has been proposed. 

Other connected eco-driving applications such as Eco-Speed Harmonization and 

General Eco-Driving Principles can also be coupled with the eco-approach and departure 

application to further improve fuel economy and reduce emissions. Another concept 

named Cooperative Adaptive Cruise Control was modeled in simulations (described in 

Chapter X) and can be coupled with the eco-approach and departure and other 

applications. 

 

Keywords: Eco-driving, connected vehicle, Eco-Approach and Departure, DSRC, 

green wave, simulation calibration, micro-scale emission modeling 
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Chapter 1 

Introduction 

1.1 Eco Driving Concepts 

Surface transportation has a significant impact on the environment. The transport 

sector in the United States accounts for 27% of greenhouse gas (GHG) emissions and 

70% of the U.S. petroleum consumption. Light duty vehicles and heavy trucks consume 

the most fuel in the transport sector. Surface vehicles represent almost 80% of the 

transport sector GHG in the U.S. Fig.1.1 shows the energy consumption [4] and 

greenhouse gas emissions [5] by sector. 
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Fig.1.1. Energy consumption (left) and greenhouse gas emissions (right) by sector. 

Policy makers are exploring a variety of strategies to reduce fuel consumption and 

carbon dioxide (CO2) emissions from the transportation sector. In addition to vehicle 

technology improvements (e.g., new engines and drivetrains), alternative fuels, and VMT 

reduction methods, much can be gained through improved traffic system operations. 

In recent years, there has been significant interest in developing Intelligent 

Transportation System (ITS) applications that are targeted towards energy savings and 

benefiting the environment. Many of these applications are highlighted in several major 

research programs such as Japan’s Energy ITS research program [23], Europe’s 
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ECOSTAND research program [24], and the U.S. Department of Transportation’s AERIS 

Program (Applications for the Environment: Real-Time Information Synthesis, see [25]). 

Out of all the different environmentally-beneficial ITS applications, those 

involving signalized intersections are relatively more promising in the near term, 

primarily because much of the supporting technology exists today that can be readily 

utilized, resulting in potentially significant benefits. These ―eco-signal operations‖ 

applications can be generalized to include the use of connected vehicle technologies (i.e., 

vehicles that have communications capability) to decrease fuel consumption as well as 

GHG and criteria air pollutant emissions on roadways with traffic signals by reducing 

idling, reducing the number of stops, reducing unnecessary acceleration and deceleration 

events, and improving traffic flow at signalized intersections [26][27][30][31]. 

As one of the strategies to reduce fuel consumption and GHG emissions of motor 

vehicles from transportation sector, eco-driving has been gaining a lot of research interest 

in the United States as well as Asia and Europe recently, since it is one of the 

conservation programs that can be very cost effective [1]. The essence of eco-driving 

programs is to provide drivers with a variety of advice and feedback, and eventually 

modify a drivers’ driving behavior in order to reduce fuel consumption and emissions 

while driving. The advice and feedback can be provided through various means including 

a website or brochure, class or training, or in-vehicle driving aids (e.g. eco-driving 

feedback systems on a vehicle’s dashboard). Specific advice include items such as 

shifting to a higher gear as soon as possible, maintaining steady speeds, anticipating 

traffic flow, accelerating and decelerating smoothly, keeping the vehicle in good 
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maintenance, etc. Different eco-driving programs in Europe have been found to yield fuel 

economy improvements on the order of 5 to 15% [2]. This type of eco-driving is 

considered to be ―static‖ in nature. 

In contrast, more advanced connected eco-driving provides real-time advice to 

drivers based on real-time traffic light information and traffic congestion level for even 

greater and more consistent fuel and emission savings. The concept of connected eco-

driving takes advantage of real-time traffic sensing and infrastructure information, which 

can then be communicated to a vehicle through wireless communication with a goal of 

reducing fuel consumption and emissions.  

 

1.2 AERIS - Concept of Operations  

In order to provide information to support and facilitate eco-friendly 

transportation choices for transportation system users and operators, the U.S. Department 

of Transportation (US-DOT) initialized a research program called AERIS (Applications 

for the Environment: Real-Time Information Synthesis). The AERIS Program developed 

several Concept of Operations (ConOps) documents for three high-priority operational 

scenarios – Eco-Signal Operations, Eco-Lanes, and Low Emissions Zones. 

Eco-Lanes Operations are to dedicated freeway lanes – similar to HOV lanes – 

where they optimize dedicated freeway lanes for the environment to encourage use from 

vehicles operating in eco-friendly ways. One example is Variable Speed Limits (VSL) 

which is optimized for the environment based on data collected from vehicles. Another 

example is Connected Adaptive Cruise Control (CACC), where drivers may opt-in to 
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CACC and establish loosely-coupled ―platoon‖ applications. The last example is 

Wireless Inductive/Resonance Charging infrastructure embedded in the roadway that 

allows electric vehicles to charge their batteries while the vehicle is moving [7]. 

Low Emissions Zones Operations geographically define areas that seek to 

incentivize ―green transportation choices‖ or restrict specific categories of high-polluting 

vehicles from entering the zone to improve the air quality within the geographic area 

[ref]. Incentives may be based on the vehicle’s engine emissions standard or emissions 

data collected directly from the vehicle using V2I communications. Geo-fencing the 

boundaries of the Low Emissions Zones allow the possibility for these areas to be 

responsive to specific traffic and environmental conditions (e.g., pop-up for a severe non-

attainment air quality day, special event, etc.) [8]. 

Eco-Signal Operations uses connected vehicle technologies to decrease fuel 

consumption and decrease GHG and criteria air pollutant emissions by reducing idling, 

the number of stops, unnecessary accelerations and decelerations as well as improving 

traffic flow at signalized intersections. The overall operational scenario features the 

specific applications such as: (1) Eco-Approach and Departure at Signalized 

Intersections, (2) Eco-Traffic Signal Timing, (3) Eco-Traffic Signal Priority, (4) Wireless 

Inductive/Resonance Charging, and (5) Connected Eco-Driving [6]. 

The Connected Eco-Driving application consists of three major components: 

applying general eco-driving principles, and eco-approach and departure at signalized 

intersections and eco-speed harmonization. When applied on a signalized corridor, each 
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component has its own effective range. Chapter 6 will discuss the connected eco-driving 

application in more detail. 

As a vital part of the eco-signal operations and one of the major components of 

the connected eco-driving application, Eco-Approach and Departure at Signalized 

Intersections can significantly improve fuel economy and reduce emissions and it is easy 

to implement in real world. It operates dynamically with very low latency due to its 

simple and efficient algorithms. As described earlier, it can also be integrated as a 

component into a larger connected eco-driving concept, and be easily coupled with other 

applications to further improve vehicles’ fuel economy, increase network capacity and 

reduce traffic congestion. The focus of my dissertation is primarily on this eco-approach 

and departure concept, where I have designed and developed a variety of techniques in 

this research area. 

 

1.3 Contributions 

There are several key contributions of my research. Much of my experimental 

work was done using high-fidelity microscale traffic simulation tools. As a critical 

component of the microsimulation analysis, calibration techniques are vital. 

 One of my contributions has been developing an improved calibration 

methodology for micro-scale traffic simulation. Compared with traditional 

calibration methods that only take into account macroscopic traffic parameters, I 

have also integrated microscale simulation parameters in the calibration process, 

resulting in a better match to real-world data after applying this new method. 
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 My research has laid the fundamental groundwork for eco-approach and departure 

techniques that can be applied to vehicles travelling on arterial roadways. The 

fundamental algorithm is straightforward to implement and has low computation 

overhead, allowing for a vehicle to execute it in real-time. The fundamental 

algorithm has been evaluated on several vehicles (BMW, Nissan, Jeep) during a 

number of field studies as well being implemented in a variety of microscopic 

traffic simulation modeling scenarios. Both simulation and field tests showed 

10% to 20% fuel saving and emissions reduction. Not only was it found that 

individually equipped vehicles benefit, it was also discovered that equipped 

vehicles have a positive effect on the un-equipped vehicles in terms of fuel 

saving.  

 As an extension to the fundamental eco-approach and departure technique, my 

research further developed an enhanced dynamic eco-approach and departure 

algorithm. This enhanced version takes into account the traffic conditions 

downstream of the signalized intersection and provides trajectories that are more 

adaptive to different traffic congestion levels. An additional 10% of fuel savings 

and emissions reductions were achieved by applying this enhanced version, 

compared to the original version. 

 The eco-approach and departure techniques were also integrated with other eco-

driving applications (Eco-Speed Harmonization and General Eco-Driving 

Principles) and evaluated in simulation. An extensive sensitivity analysis was 

carried out, showing how these different applications perform individually and 
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how they interact with each other in different traffic scenarios. This research 

provides a good foundation for future field implementations. 

 

1.4 Organization 

The dissertation is organized in the following way. Related research about 

connected vehicles and signalization is provided in Chapter 2. Chapter 3 describes the 

new calibration techniques and criteria for microsimulation analysis. Chapter 4 describes 

in detail the eco-approach and departure (EAD) techniques, starting with the fundamental 

algorithm and transitioning to the enhanced version. Also in Chapter 4, an EAD 

technique for multiple intersections and actuated traffic signals are also discussed. The 

various field studies of the eco-approach and departure techniques are provided in 

Chapter 5. Other eco-driving applications that can be coupled with EAD are described in 

Chapter 6. Chapter 7 provides conclusions of all the different research components in this 

dissertation and sheds some light on the future paths on the various research topics. 
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Chapter 2 

Background 

2.1 Connected Vehicle 

Connected vehicle research addresses a suite of technologies and applications that 

use wireless communications to provide connectivity among vehicles (V2V), among 

vehicles and roadside infrastructure (V2I) and among vehicles, infrastructure and mobile 

devices. Connected vehicles technology can be implemented by DSRC (Dedicated Short 

Range Communications) or cellular network (e.g. 4G/LTE). The data sent from vehicles 

include real-time location, speed, acceleration, emissions, fuel consumption and other 

vehicle diagnostic data. The data communicated to vehicles can be real-time traffic 

information, safety messages, traffic signal phase and timings, eco-speed limits, eco-

routes, parking information, etc.[3] 

DSRC is a Wi-Fi radio adapted for vehicle environment, and it is inexpensive to 

produce in quantity. The original FCC spectrum was allocated in 1999. Its messages are 

transmitted 10times/sec. The basic communication range is 300m.  Basic safety message 

includes vehicle position, speed, heading, acceleration, size, brake system status, etc. 

Compared to cellular network, DSRC is more reliable, but it will be expensive to equip 

this technology on both vehicles and infrastructure. The most constraint of DSRC 

compared to cellular network is its limited communication range. DSRC is suitable for 

optimization driving behavior for one intersection at a time, while cellular network can 

apply to all the upcoming signals as far as the cellular network can cover. 
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Connected vehicles can also utilize other sensing technologies, such as radar and 

LIDAR. Radar was found to be able to operate in the greatest range of visibility and 

weather among all the active and non-active sensing technologies. As used in Google 

Self-Driving Car, 3D LIDAR is a robust all-in-one system. Since 3D LIDAR can not only 

detect relative speed, angle, and distance to obstacles as radar, it can also classify 

roadside obstacles by detecting their 3D features [76].  

Connected vehicle technology can be used alone or coupled with other roadside 

infrastructures [77] in various research fields. It can be used in vehicle positioning [77], 

queue length estimation [77], signal control [80] and crash identification [79], etc. 

 

2.2 Traffic Light Synchronization 

Mobility is one of the most important ingredients when designing a traffic control 

strategy. Traffic lights are used to control traffic and give priorities to competing traffic 

flows on a road since city traffic often exceeds the capacity. It is shown in the study by 

Brockfeld et al. [9] that CA traffic model can be used to optimizing traffic lights for city 

traffic. 

Mobility is not solely determined by traffic demand, but also by the characteristic 

of the traffic lights. The most important parameters of traffic lights include cycle time, 

split and offset. Cycle time is the period of time of a total traffic light cycle. Split is the 

fraction of green time to the cycle time. And offset is the offset time between two traffic 

lights at two neighboring intersections. 
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In a green wave strategy, signals on a signalized corridor switch in a form of 

progressive cascade so that a group of vehicles (aka. Platoon) on the mainline street can 

pass multiple intersections without having to stop. Note that mainline traffic will 

eventually be broken when signal priority is given to cross-street traffic. In some cases, 

the signal coordination is static, which means the offsets between neighbor intersections 

are fixed and may be calculated based on progression speed of the traffic and intersection 

spacing. Signal coordination can also be dynamic, in which case roadside sensor data 

may be used to measure real-time traffic flows, which in term, can be used to calculate 

the offsets among intersections. 

 

2.3 Eco-Speed Control at Signalized Intersections 

At the foundation of the eco-driving operations are wireless data communications 

between enabled vehicles and roadside infrastructure. For example, in the eco-approach 

application, a traffic signal broadcasts its signal phase and timing (SPaT, defined in SAE 

J2735 Message Sets [85]) and Geometric Intersection Description (GID or map) 

information to approaching vehicles. In-vehicle systems then use this information along 

with the vehicle’s position and speed, to perform calculations and provide speed advice to 

the driver, allowing the driver to adapt the vehicle’s speed to pass through the upcoming 

signal on green or to decelerate to a stop in the most eco-friendly manner. In essence, this 

eco-approach technology encourages ―green‖ driving while approaching, passing 

through, and departing signalized intersections. 
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In order to improve safety and reduce congestion, University of Groningen 

proposed a prototype called Intelligent Speed Adapter (ISA) [81], which provides speed 

feedback and advices speed limits on roadways. It was found in this research that the 

speed variation of the vehicles with ISA devices is smaller than other vehicles, resulting 

in less fuel consumption. This means driving with less acceleration and deceleration and 

maintaining a constant speed can avoid unnecessary fuel usage. 

There are a few different approaches to optimize energy efficiency through speed 

control at signalized intersections. A predictive cruise control system was proposed by 

Asadi and Vahidi [82] that used optimization to reduce idle time at the stop lights. This 

system calculates a set speed and keeps vehicles travelling around this set speed to 

achieve timely arrival at green light. Another research by Virginia Tech [75] adopts A-

star algorithm to minimized fuel consumption of the upstream and downstream of an 

intersection. It calculates the optimal speed and acceleration recursively in each time step 

on a discretized model. The major limit of this approach is its computation time 

overhead, which makes it impossible to give real time speed recommendation in real 

world. 

On the other hand, traffic signal control can be integrated with vehicle speed 

control to further improve traffic mobility and fuel efficiency. Malakorn and Park [80] 

investigated such a method by integrating intelligent traffic signal control with 

Cooperative Adaptive Cruise Control. The signal controller analyzed the arriving 

windows of all the approaching vehicles and determines the best arrival time for each 

vehicle. With a target arrival time, each vehicle simply accelerates or decelerates to a 
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speed and maintains the speed till passing the intersection. It showed both mobility 

benefits and environmental benefits. 

This research applies dynamic eco-driving on connected vehicles in an arterial 

corridor with fixed-time traffic signal control, where signal phase and timing (SPaT) 

information of traffic lights is sent to the vehicles through wireless communication as 

they run through the corridor. The vehicles can then adjust their speeds while traveling 

through the corridor with the goal of minimizing fuel consumption and emissions. A 

dynamic eco-driving velocity planning methodology has been developed and is described 

in detail in the next chapter. 
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Chapter 3 

Microscale Traffic Simulation 

Calibration 

3.1 Background 

The U.S. Environmental Protection Agency’s Motor Vehicle Emission Simulator 

(MOVES) model is the regulatory emissions model for all states in the U.S. except for 

California. MOVES has been purposefully designed so that it can be used to support 

emission calculation at multi-scales, from macro (e.g., national emissions inventory 

development) to meso (e.g., regional transportation conformity analyses) to micro (e.g., 

project-level conformity and hot spot analyses) [56]. 

In order to analyze traffic network emissions quantitatively, practitioners often 

rely on traffic simulation models to generate traffic performance or vehicle activity data 

for use with the MOVES model. Thus, there has been recent interest in the interface 

between traffic simulation models and MOVES. To date, research efforts in this area 

have been focused on the post processing of traffic model outputs to prepare necessary 

vehicle data inputs for MOVES. In general, there are three approaches for linking traffic 

models with MOVES [57]: 
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A. Using Link Average Speeds 

In this approach, a traffic simulation model will output the average speed for each 

roadway link in the network, which will be used directly as an input for MOVES (e.g., 

[58]). MOVES will then generate emission outputs corresponding to the default vehicle 

operating mode (OpMode) distribution that is based on typical driving cycles for that 

average speed. The default vehicle OpMode distributions are different for different 

roadway types in MOVES, therefore, the emission outputs for the same average speed 

but different roadway types will be different. 

 

B. Using Link Driving Cycles 

In this approach, fine-grained traffic models such as microscopic traffic 

simulation (or microsimulation) models will output the driving cycles (i.e., second-by-

second speed profiles) of vehicles on roadway links. All or a subset of these driving 

cycles can then be entered into MOVES directly or can be aggregated into a set of 

representative driving cycles first before being entered into MOVES (e.g., [59]). MOVES 

will then calculate the vehicle OpMode distribution base on the supplied driving cycles 

and subsequently generate the corresponding emission outputs. 

 

C. Using Link-Specific Vehicle Operating Mode Distribution 

In this approach, the vehicle OpMode distribution needs to be created from the 

driving cycles of vehicles on roadway links first before being used as an input for 
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MOVES (e.g. [60]). MOVES will then generate emission outputs corresponding to the 

supplied vehicle OpMode distribution. Alternatively, look-up tables containing emission 

rates for each of the OpMode can be generated from MOVES and applied to the created 

vehicle OpMode distribution [61]. 

Of these three approaches, the first approach is the most straightforward and is 

commonly applicable as link average speed is a standard output of traffic models. 

However, it may not appropriate for the analysis where the vehicle OpMode distribution 

could be significantly different from the default ones in MOVES, such as when analyzing 

the impact of intelligent transportation system (ITS) projects that reduce vehicle stops 

and idling (e.g., traffic signal coordination). The second and third approaches have higher 

fidelity and are more appropriate for such analyses. However, they require the use of 

fine-grained traffic models such as microsimulation models that can generate second-by-

second vehicle speed profiles as an output. 

The advantages of microsimulation models include their ability to model the 

detailed movements of individual vehicles in the traffic stream, the ability to model 

queuing in oversaturated traffic conditions, the ability to model the influence of roadway 

geometry and ITS technology, etc. To date, microsimulation models have primarily been 

used for traffic operation studies and analyses (e.g., [62][63]). However, they have also 

been used for emissions evaluation of various traffic flow improvements and ITS 

implementations (e.g., [64][65]). 

To properly use microsimulation models for any traffic studies and analyses, 

modelers must ensure that the simulation network is well calibrated so that it replicates 
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the real-world traffic condition. Several criteria have been suggested for use when 

calibrating a simulation network in microsimulation models. These criteria may be 

different depending on the type of network (i.e., freeway versus arterial) being simulated. 

As an example, Table 1.Table 3.1 lists the calibration criteria for freeway network 

suggested by the Wisconsin Department of Transportation (DOT) [66]. For arterial 

network, there are a variety of calibration criteria that have been used, but the common 

ones are based on link flow [67], link speed [68], and travel time [69]. 

 

Table 3.1. Freeway network calibration criteria suggested by Wisconsin DOT [69] 

Criteria & Measures Acceptability Targets 

Hourly Flows: Modeled versus Observed 

Individual link flows  

          Within 100 vph, for flow < 700 vph > 85% of the cases 

          Within 15%, for 700 vph < flow < 2700 vph > 85% of the cases 

          Within 400 vph, for flow > 2700 vph > 85% of the cases 

 

Sum of all link flows 

 

Within 5% of the sum value 

 

GEH* statistic for individual link flows 

 

          GEH < 5 > 85% of all cases 

 

GEH statistic for sum of all link flows 

 

GEH < 4 

Travel Time: Modeled versus Observed 

Point-to-point travel times  

          Within 15% or one minute, whichever is higher > 85% of all cases 

Visual Audits 

Individual link speeds  

          Visually acceptable speed-flow relationship To analyst’s satisfaction 

Bottlenecks  

          Visually acceptable queuing To analyst’s satisfaction 

*The GEH (Geoffrey E. Havers) statistic is computed as: 

    √
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where  
  is modeled hourly volume at a location and  

  is observed hourly 

volume at a location. 

It is well known that vehicle emissions are sensitive not only to speed, but also to 

acceleration. A vehicle cruising at 40 mph will release significantly lower emissions 

compared to the same vehicle driving in stop-and-go condition that still yield an average 

speed of 40 mph. Similarly, a traffic stream with an average speed of 40 mph could 

produce different levels of emissions depending on the driving patterns (i.e., trajectories) 

of the vehicles in the traffic stream. Therefore, a proper characterization of the vehicle 

driving patterns is very important for emissions modeling, especially at the micro scale. 

As the current microsimulation calibration criteria are based only on macroscopic 

traffic parameters, it is of interest to examine whether these criteria are sufficient to make 

the simulated vehicle trajectories at the micro scale represent those in the real-world or 

not. Thus, the research described in this Chapter addresses two questions: 1) whether 

current calibration criteria based on macroscopic traffic parameters is adequate for micro-

scale emissions modeling, and 2) if not, how do we improve the calibration of micro-

scale emissions modeling. 

Observed vehicle trajectories from the Next Generation Simulation (NGSIM) 

project [70] are used as a ground truth for comparison with simulated vehicle trajectories. 

In the NGSIM project, trajectories of all vehicles in the traffic stream at four sites in the 

U.S. were collected from video data using a customized software program that detects 

and tracks vehicles from video images The NGSIM dataset used in this study is from the 

site at Lankershim Boulevard near the interchange with US-101 (Hollywood Freeway) in 
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Los Angeles, California. Fig.3.1 shows the aerial imagery of this site. The road stretch is 

approximately 1,600 feet in length, with four signalized intersections and three to four 

through lanes in each direction along the main street where the speed limit is 35 mph. 

The traffic lights at intersections 1 and 2 are controlled by 2070 controllers [83], while 

the other 2 traffic lights are controlled by 170 controllers [84]. 

Video data of traffic at the site were recorded from 8:30 a.m. to 8:45 a.m. on June 

16, 2005. Detailed vehicle trajectories were transcribed from the video data at a 

resolution of 10 frames per second. However, it was noted that the acceleration values 

provided in the NGSIM dataset may not be reliable [71]. Therefore, in this study only the 

speed values from the NGSIM dataset were used. They were first aggregated into a one-

second interval before being used to calculate second-by-second acceleration values 

based on the central finite difference method (using polynomial of second degree) [72]. 

 

N

1 2

4

3

 

 

Fig.3.1. NGSIM site at Lankershim Blvd. in Los Angeles, CA 
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3.2 Methodology 

The Paramics microsimulation software package was used to simulate the traffic 

at the study site. It is a suite of microsimulation tools that model behavior of individual 

vehicles and interaction between them stochastically. The inputs to Paramics include 

network geometrics, vehicle dynamics, traffic control settings, and demand information. 

The typical outputs include statistics at the network level (overall travel time, total travel 

distance, and average speed), on a link basis (traffic flow, queue length, delay, speed, and 

density), or at specific locations (instantaneous detector-type information). In addition, 

Paramics can also generate detailed vehicle trajectories as an output. For more 

information about Paramics, please refer to [73]. 

High-resolution satellite images from Google Map (Year 2005) were used as a 

background to guide the coding of the road geometry in the simulation network. 

However, the resolution of the images does not allow for proper determination of lane 

width as well as the exact locations of turning bays. More detailed road geometry settings 

were coded based on the drawings in the NGSIM report [74]. As part of the network 

coding, virtual loop detectors were also coded at the same locations as those in the real 

network. 

It should be noted that the version of Paramics used in this study neither support 

the 2070 nor the 170 signal controllers. Therefore, fixed timing scheme was used to 

emulate the signal timings for each cycle by complying with the observations from the 

video data.  The actual origin-destination (O-D) trip table was provided in the NGSIM 

report and was used as a starting point. The simulation time was set to 17 minutes, where 
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the first 2-minute period was used to load vehicles onto the network before collecting 

data.  In order to reproduce the traffic environment based on NGSIM data, signal phase 

and timing and traffic demand were aggregated minute by minute for 17 minutes (2-min 

warm-up and 15-min data collection). Vehicles were categorized into 13 FHWA-defined 

classes based on vehicle lengths from NGSIM data. Therefore, within each minute, traffic 

demand was further divided into 13 OD matrices for the 13 vehicle types. The number of 

time steps was set to 5, which means that the vehicle positions were calculated 5 times 

per second. 

For the simulation network calibration, link flow and travel time were used as the 

calibration criteria. This is partly because the observed values of these two traffic 

parameters are already available in the NGSIM report. Also, link flow and travel time are 

the required data inputs when conducting project-level emission analyses with MOVES 

based on the first approach discussed earlier. In the calibration of link flow, the 15-

minute simulation period was broken down into three 5-minute data aggregation periods. 

The link flows for all the road segments in each 5-minute period was collected and 

compared with the observed values. Note that the link flows were collected at the stop 

line on the approaching link of each intersection. Travel times were collected for vehicles 

travelling from southernmost to northernmost and northernmost to southernmost of the 

network. Tweaked parameters during the calibration process include mean target 

headway time, mean reaction time, mean acceleration/deceleration profiles, speed 

memory and simulation time step, among which, the first two parameters were tuned in 

link level. 
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All the parameters aforementioned can be directly modified in Paramics except 

mean acceleration/deceleration profiles. In Paramics, vehicles’ acceleration/deceleration 

rates are defined by maximum rates, and each acceleration/deceleration rate corresponds 

with a speed bin. In order to calibrate vehicles’ acceleration/deceleration behaviors, we 

need to have an assumption that 

                      

                        
 

                   

                     
   

Where                          is the maximum acc/dec rate we used in one 

simulation run;                       is the mean acc/dec rate we aggregated from the 

output of the simulation run;                     is the ground-truth mean acc/dec rate 

from NGSIM data;                        is the calibrated acc/dec rate we set in 

Paramics. Note that a few iterations are needed to match the acceleration/deceleration 

profiles to real-world data as closely as possible. 

 

In order to avoid getting dramatic shapes of the acceleration/deceleration profiles 

which may be caused by the randomness of both the NGSIM data and simulations, we 

decided at first to keep the general shapes of the maximum acceleration/deceleration 

profiles by only multiplying the whole profiles with a global mean factor    calculated 

by 

   
∑  

 
 

Where    is the factor   calculated at each time step for each vehicle in simulations, and   

is the total time steps of all the vehicles in simulations. Since the whole maximum 
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acc/dec profiles are multiplied by only one factor   , it can be guaranteed that the acc/dec 

behaviors are realistic as long as the default acc/dec profiles defined in Paramics is valid. 

Further fine-tuning of the maximum acceleration/deceleration profiles were 

accomplished by applying   on specific speed bins instead of applying a global    on all 

the speed bins. These specific speed bins are considered heavily related to the 

discrepancies in the VSP distributions, which will be discussed in the next section. 

Table 3.2 and Table 3.3 show the calibration results of link flows and travel times, 

respectively. According to Table 3.2, the link flow data matches all the criteria in Table 

3.1. According to Table 3.3, the percentage errors of travel time are within +/-4%. 

Table 3.2. Calibration results of link flow 

Intersection 
NB SB WB EB 

NGSIM Sim GEH NGSIM Sim GEH NGSIM Sim GEH NGSIM Sim GEH 

1 536 544 0.34 1352 1348 0.11 904 872 1.07 - - - 

2 1512 1352 4.23 1964 1864 2.29 208 160 3.54 248 264 1.00 

3 892 1148 8.02 2116 1980 3.01 56 56 0.00 32 12 4.26 

4 1160 1112 1.42 2164 2028 2.97 36 20 3.02 36 36 0.00 

 

Table 3.3. Calibration results of travel time 

 NB SB Ave. 

NGSIM 80.97 56.65 66.60 

Sim. 77.87 58.34 65.98 

STD 3.53 2.69 2.86 

% Err. -3.83% 2.98% -0.93% 

 

As microsimulation models are stochastic in nature, a different random seed 

number will cause the simulation results to be different. Thus, multiple numbers of 
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simulation runs should be made. The minimum number of runs required can be calculated 

using the following equation: 

      ⁄  
 

  
  

 

where µ and δ are the mean and standard deviation of the estimated emissions based on 

the already conducted runs; ε is the allowable error specified as a fraction of the mean µ; 

   ⁄  is the critical value of the t distribution at the significance level α. In this study, this 

calculation was performed for every run. After each link, if N was greater than the 

current number of runs, an additional run was made and N was recalculated. In our 

simulation, the significance level was set to 0.05. The allowable error was chosen to be 

5%. This process was repeated until N was smaller than or equal to the current number of 

runs. The final number of runs was 5 for this simulation study. 

 

3.3 Results and Discussion 

Fig.3.2 shows the comparison of the VSP distributions between observed and 

simulated. The distribution of the simulated one was developed from the vehicle 

trajectories from all the five runs. Fig.3.2 and Table 3.4 both present the p-values from 

the Kolmogorov-Smirnov (KS) tests between the observed and simulated VSP 

distributions. According to the test results before calibration, the two VSP distributions 

are significantly different from each other at 5% alpha level, since the p-value of VSP 

distribution is 0.0327, which is less than 0.05, so the null hypothesis is not rejected and 

the VSP distributions generated from simulation is significantly different from the VSP 
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distributions from NGSIM. After calibration, the null hypothesis is rejected since the p-

value 0.1976 is higher than 0.05. 

 
 

 

Fig.3.2. VSP distributions of simulated and measured vehicle trajectories. 
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Table 3.4. p-values from KS tests of observed vs. simulated VSP distributions. 

  NGSIM Run_1 Run_2 Run_3 Run_4 Run_5 CMB 

NGSIM \ \ \ \ \ \ \ 

Run_1 0.1976 \ \ \ \ \ \ 

Run_2 0. 1976 0.9926 \ \ \ \ \ 

Run_3 0. 1976 0.9995 0.9926 \ \ \ \ 

Run_4 0. 1976 0.9995 0.9627 0.9926 \ \ \ 

Run_5 0. 1976 0.4496 0.7992 0.4496 0.6828 \ \ 

CMB 0. 1976 0.9926 1.0000 0.9926 0.9926 0.7992 \ 

*A combined data sample from all 5 simulation runs 

 

Table 3.5 shows the emission results based on the vehicle OpMode distributions 

and the corresponding MOVES emission rates. It can be seen that after calibration, the 

errors of CO, NOx and PM2.5 rates have seen significant reductions while there is no 

dramatic change for energy rate and CO2 rate. Since these greenhouse gases are closely 

related to vehicles’ behaviors, such as acceleration/deceleration and idling, a better 

matching of these data between simulations and NGSIM shows that micro-scale 

calibration can make simulation better at capturing microscopic behaviors in real world. 
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Table 3.5. Emission results 

(a) Before calibration on acceleration profile 

Absolute Values 

 Energy(kJ/mi) CO2(g/mi) CO(g/mi) HC(g/mi) NOx(g/mi) PM2.5(g/mi) 

NGSIM 9154.89 659.81 15.13 0.53 2.40 0.14 

Run1 10012.01 720.09 11.83 0.51 1.88 0.08 

Run2 10004.50 719.40 11.76 0.51 1.80 0.08 

Run3 10297.44 740.99 12.06 0.54 2.11 0.09 

Ave. 10104.65 726.82 11.88 0.52 1.93 0.08 

Error 

 Energy(kJ/mi) CO2(g/mi) CO(g/mi) HC(g/mi) NOx(g/mi) PM2.5(g/mi) 

Run1 9.36% 9.14% -21.83% -3.20% -21.76% -44.56% 

Run2 9.28% 9.03% -22.32% -3.74% -25.18% -46.79% 

Run3 12.48% 12.30% -20.29% 1.26% -12.15% -37.82% 

Ave. 10.37% 10.16% -21.48% -1.89% -19.70% -43.06% 

 

 

(b) After calibration on acceleration profile 

Absolute Values 

 Energy(kJ/mi) CO2(g/mi) CO(g/mi) HC(g/mi) NOx(g/mi) PM2.5(g/mi) 

NGSIM 9154.89 659.81 15.13 0.53 2.40 0.14 

Run1 10088.36 725.59 15.74 0.55 1.95 0.12 

Run2 10083.18 725.15 15.39 0.54 1.92 0.12 

Run3 10116.57 727.75 15.67 0.55 2.03 0.12 

Ave. 10096.04 726.16 15.60 0.55 1.96 0.12 

Error 

 Energy(kJ/mi) CO2(g/mi) CO(g/mi) HC(g/mi) NOx(g/mi) PM2.5(g/mi) 

Run1 10.20% 9.97% 4.02% 2.87% -18.86% -15.52% 

Run2 10.14% 9.90% 1.68% 2.49% -20.34% -18.67% 

Run3 10.50% 10.30% 3.53% 3.47% -15.71% -15.08% 

Ave. 10.28% 10.06% 3.08% 2.95% -18.30% -16.42% 
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3.4 Summary 

The U.S. EPA MOVES model is the regulatory emissions model for all states in 

the U.S. except for California. MOVES has been purposefully designed so that it can be 

used to support emission calculation at multi-scales, from macro (e.g., national emissions 

inventory development) to meso (e.g., regional transportation conformity analyses) to 

micro (e.g., project-level conformity and hot spot analyses). 

For quantitative project-level analyses, practitioners will have to rely on traffic 

models to generate traffic performance or vehicle activity data for the ―build‖ scenario 

for use with the MOVES model. As the current state-of-the-practice calibration criteria 

for micro-simulation models are based only on macroscopic traffic parameters, it was of 

interest to examine whether these criteria are sufficient to make the simulated vehicle 

trajectories at the micro scale represent those in the real-world or not. The research 

described in this chapter investigated this issue using an NGSIM dataset as a ground 

truth. It was found that the microsimulation calibration criteria based on macroscopic 

traffic parameters alone are not adequate to represent vehicle trajectories at the micro 

scale. 

After carefully calibration on the microscopic parameters including mean target 

headway time, mean reaction time, mean acceleration/deceleration profiles, speed 

memory and simulation time step, it was found that after micro-scale calibration, not only 

the macroscopic criteria were met, the VSP distribution from simulation has much better 

match to that from NGSIM data, which means after micro-scale calibration, the 

simulation can capture real-world driving behaviors more accurately. The emission 
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results further prove that micro-scale calibration can make simulation better at capturing 

microscopic behaviors in real world. 
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Chapter 4 

Fundamental Eco-Approach and 

Departure Technique 

4.1 Dimension of Analysis 

Eco-Approach and Departure (EAD) was originally designed to address the 

problem that how a vehicle can pass a signalized intersection with the minimal fuel 

consumption and emissions. The first version of EAD was analyzed in extensive 

simulations and field tests, both of which showed around 13% benefits of fuel saving and 

emission reduction. 

In order to analyze EAD on vehicles in traffic, extensive network simulations 

were conducted, including sensitivity analyses on traffic demand, penetration rate of 

technology-equipped vehicles, communication range, communication delay, signal 

settings and vehicle year model, etc. During these network simulations, an enhanced 

algorithm was developed to address the issue that EAD trajectory planning of one vehicle 

may be affected by the time delay caused by its proceeding vehicles that haven’t passed 

the next intersection. 

As majority of the signalized intersections in the US are actuated by pedestrian 

calls and/or vehicle calls, it’s critical to develop a more advanced EAD algorithm to work 

for actuated signal control. The first version of EAD algorithm for actuated signals was 

developed for a single vehicle scenario. This first version targets the arrival time for a 
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guaranteed green window initially, and then adjusts the arrival time as any early green 

phase or green phase extension is triggered when one vehicle is travelling through an 

actuated intersection. 

In the future, a more sophisticated algorithm will be designed to extend the target 

green window into the early green phase and green extension by predicting the onset of 

green phase based on historical signal data. 

On the other hand, after we calculated an optimal speed trajectory, we need the 

vehicle to follow the recommended speed trajectory. During our field tests on different 

vehicles at different locations, we designed an intuitive onboard human machine interface 

(HMI) to give driver speed recommendation. However, in some cases, we found it’s hard 

for driver to follow closely to the recommended speed trajectory, especially when there is 

traffic around. In the future, we can take advantage of Adaptive Cruise Control (ACC) 

technology to assist vehicle to follow the recommend speed more accurately. 

 

4.2 Algorithm Description 

The relationship between fuel consumption/emissions and vehicle velocity has 

been studied extensively at a microscopic, physical level [10]. In general, when 

considering fuel and emissions normalized by distance traveled, the fuel-speed function 

takes on a generalized parabolic shape as shown in Fig.4.1. At lower speeds, vehicles are 

spending a greater time on the roads and therefore have a high fuel/distance value. At 

higher speeds, the engine needs to work harder to overcome aerodynamic resistance, 

therefore the emissions are higher. In between these extremes, the fuel consumption and 
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emissions are minimized, generally around 35 mph, depending on the vehicle type. As a 

result, in order to minimize overall fuel consumption and emissions while traveling down 

the road, it is best to maintain a steady-state velocity at these mid-range speeds. 

 

Fig.4.1. Fuel consumption versus average cruise speed generalized functional 

relationship [10] 

 

Let’s now consider the scenario of a single traffic light and its corresponding 

space-time diagram as shown in Fig.4.2. In this figure, the traffic light changes its phase 

with time, as shown with the green, yellow, and red lines. For illustrative purposes, four 

different vehicle velocity trajectories are shown with the same initial velocity of       

starting from the same point     . Let’s consider that at time t, signal phase and time 

information is received by the vehicle. We then consider the four cases: 
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Case 1: vehicle cruises through the intersection with constant speed; 

Case 2: vehicle speeds up to pass the intersection and then gets back to initial 

speed after the intersection; 

Case 3: vehicle slows down and stop at the intersection; 

Case 4: vehicle slows down and passes the intersection with a mid-range speed, 

and then speeds up to its initial speed.  

 

Fig.4.2. Time-space diagram representing different vehicle trajectories approaching an 

intersection 

 

Even though these different trajectories cover the same distance, their fuel 

consumption and emissions vary greatly. Vehicle 1 uses the least fuel since it doesn’t 

need to accelerate. Vehicle 2 consumes more fuel than vehicle 1 since there is a slight 

acceleration and deceleration before and after the intersection. Vehicle 3 uses the most 
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fuel since it decelerates to a full stop and then accelerates from stop to its initial speed. 

Finally, vehicle 4’s fuel consumption is comparable to vehicle 2 since both vehicles have 

a slight speed up and slow down during their trips. 

Therefore, as a vehicle travels down a signalized corridor, it is better to speed up 

or slowdown in advance if maintaining current speed can’t make itself pass the 

intersection within green phase. As it approaches a signal, it is possible to dynamically 

adjust its velocity to minimize fuel consumption and emissions. The overall functional 

requirements of the vehicle are to: 1) try and maintain a steady state speed around the 

speed limit; 2) maintain safe headway distance to vehicles in front; 2) never cross the 

intersection on red; 3) avoid if possible idling at the intersection; (4) if idling is 

inevitable, then try to minimize the idling time at the traffic signals. An overall vehicle 

planning algorithm that takes all of these into account has been designed and is described 

in greater detail in the next section. 

The overall block diagram of the arterial velocity planning algorithm is shown in 

Fig.4.3 [32]. The control logic for the velocity planner requires several input parameters: 

      : the local speed limit;  

  : safe headway distance; 

  : safe headway time; 

  : the velocity of the proceeding vehicle; 

    : the maximum speed based on car following logic and local speed limit; 

  : the current vehicle velocity; 

  : the distance from the vehicle to the intersection; 
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       : the possible green time window for vehicle to pass the intersection; 

   : the time until the signal changes to red; 

   : the time until the signal changes to green; 

   : the time till the signal changes to red the second time; 

       : the target velocity window for vehicle to pass the next intersection in 

green phase; 

  ,   : the target minimum and maximum speed of        . 

 

Fig.4.3. Block Diagram of the Arterial Velocity Planning Algorithm 

 

The control logic for the optimal velocity tries to minimize one vehicle’s 

acceleration and deceleration before the next intersection so the vehicle can pass the 

intersection with a target speed that is closest to its initial speed. Therefore, after passing 

the intersection, the vehicle can get back to its initial speed with the minimal fuel usage. 

The vehicle speed trajectory is designed as a piecewise sinusoidal profile, where the 
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acceleration and deceleration are optimized to achieve the target speed in the shortest 

amount of time, while ensuring the driving comfort by limiting the jerk (second 

derivative of speed). In order to avoid idling, the vehicle should reach the intersection 

during the green phase of the signal. Depending on the current phase of the signal, the 

travel time to the intersection is given as: 

  {
[      [      )                 

[     )                             
 

Fig.4.4 then represents the target velocity selection algorithm. The acceleration 

and deceleration trajectory planning are as follows. 

 

Fig.4.4. Control logic for optimal velocity determination 
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In order to stay within the targeted range of velocity, or to achieve a velocity so 

the vehicle can reach the intersection at a specific time, the vehicle will need the ability to 

accelerate or decelerate at specific times, as indicated in Fig.4.4. There are an infinite 

number of ways to accelerate or decelerate from one speed to another speed; several 

trajectory planning algorithms have been suggested in the literature including constant 

acceleration/deceleration rates, linear-acceleration/deceleration rates, and constant power 

rates. In our design, we wanted to choose an acceleration/deceleration profile that 

minimizes fuel consumption/emissions and is still comfortable to the passengers (i.e., has 

low jerk) as shown in Fig.4.5 (acceleration) and Fig.4.6 (deceleration).  

 

Fig.4.5. Acceleration profile for reaching a specific location at a specific time 
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Fig.4.6. Deceleration profile for reaching a specific location at a specific time 

 

In order to ensure a smooth trajectory, we have chosen a family of velocity 

profiles with a trigonometric increase in velocity given by: 
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where    is the target distance,    is the  upper bound of the  target speed, and    

is defined such that             . The three regions in above equation are divided by 

     and            , which are    and    in Fig.4.5 and Fig.4.6 respectively. The 

parameters   and   define the family of velocity profiles. Different values of       

correspond to different velocity profiles. Parameter m controls the rate of change of 

acceleration/deceleration in region A and parameter n controls the rate of change of 

acceleration/deceleration in region B of in Fig.4.5 and Fig.4.6 Given a value of  , the 
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choice of   will depend on the requirement that the vehicle has to reach the next 

intersection at a specific time. It’s assumed that if the vehicle travels at this constant 

target speed   , it will reach the next intersection within green phase in the shortest time. 

Since the vehicle’s initial speed may not be exactly equal to   , in order to reach the next 

intersection in the same shortest time, the area (means traveled distance in a velocity-time 

diagram) of A has to be equal to the area of B1 and B2 in Fig.4.5 and Fig.4.6. With this 

constraint, we can write: 
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Solving the above equation gives the following equation relating   and  : 
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The above equation is quadratic in  , for a value of  . The above equation has 

real roots only if                        . For a value of  ,   can take the 

positive value: 
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where   
 

  
, i.e., the time required to reach the target distance. The larger the 

value of  , the sharper the acceleration will be. The limit of m will be dictated by the 

power of the vehicle, safety, and the ride pleasure (i.e., constrained jerk). When 

combined with the total integrated tractive power of the trajectory, it can be seen that to 

minimize fuel consumption for the total acceleration maneuver, we should choose m as 

large as possible. This is counter-intuitive to the standard eco-driving advice that says 

that we should always accelerate slowly. When given a time and distance constraint, the 

best trajectory will accelerate quickly, reach a target velocity, and then remain at a 

constant velocity for a long period of time until the position is reached. 

The maximum jerk can be calculated by 

              

By taking into consideration the ride comfort, previous research results by K. S. 

Yi, and J. T. Chung [12] has shown that a driver can tolerate up to a maximum 

acceleration of 2.5m/s
2
 with a gradually increasing jerk profile. Therefore we choose a 

constraint on the maximum m value given by: 

 

|       |              |    |         
 

After vehicle passes the next intersection, it needs to get back to its initial speed. 

The same sinusoidal profile was used as the departure speed trajectory. Since there is no 

time constraint in designing the departure trajectory, we used a symmetric profile where 

   . Since it’s a symmetric profile, we have 
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where    is vehicle’s initial speed. 

 

4.3 Single Vehicle Simulation 

Using the Eco-Approach and Departure algorithm for arterial roadways described 

in the previous section, we have applied this to a hypothetical 11-signalized intersection 

corridor. For the corridor, the link lengths between intersections was set to 600m, the 

speed limit was set to 40 mph. Each intersection is equipped with a fixed-time traffic 

light. Three phases were set up for each signal. The effective green time was set to 20s, 

with the cycle length of 50s. There was no time offset among the signals. Driver’s mean 

reaction time and mean headway time are both set to 1 second. 

The simulation was performed for a typical light-duty vehicle defined in CMEM, 

with a weight of 0.79 metric tons, and has more than 100k miles traveled. The road grade 

of all the links in the simulated corridor is assumed to be zero. The fuel consumption and 

emissions were determined for this single vehicle type using the well-validated 

Comprehensive Modal Emissions Model (CMEM, see previous studies by M. Barth, D. 

Schulz, K. Boriboonsomsin [13][14][15][16][17][18]). 

Due to the stochastic nature of the micro-simulation, multiple runs were made 

using different seed numbers. The required number of runs is determined by the same 

method we discussed in section 3.2. In our simulation, the significance level was set to 

0.05. The allowable error was chosen to be 1.5%. 

For each simulation run, we also created the vehicle velocity profile for a baseline 

case (i.e. for vehicles that do not have the eco-driving velocity planning algorithm) for 
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comparison purposes. For this baseline comparison, we assumed that the typical driving 

behavior along a signalized corridor is where the drivers attempts to cruise at or around 

the speed limit until they are visually aware of the traffic signal ahead. If the signal is 

green, the driver simply maintains the cruise speed while crossing the intersection. If the 

signal is red, the driver slows down, stops, and then waits until the light turns green. Once 

the signal turns green, the driver accelerates back to the speed limit on the link. This 

driving behavior is applied at every intersection in the baseline case.  

For comparison purposes, the energy and emissions for the baseline case (i.e. for 

vehicles that do not have the eco-driving speed planning algorithm) are also calculated 

for the same type of vehicle. Table 4.1 shows the energy and emissions comparison 

results between the vehicles equipped with and without such velocity planning for the 

vehicles. The results for both cases are given in terms of the average value and the 

standard deviation. According to Table 4.1, equipped vehicles consumed about 12.48% 

less fuel and produced 13.22% less CO2 emission. Furthermore, the difference of travel 

time per mile (TTPM) on average is relatively small, approximately 0.73% faster for the 

equipped vehicles as compared to the unequipped vehicles. 
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Table 4.1. Single Vehicle Energy, Emissions and TTPM Comparisons 

 
Unequipped Equipped  

Improvement 
Avg. S.D. Avg. S.D. 

Fuel (g/mi) 167.87 1.97 146.91 2.56 12.48% 

CO2 (g/mi) 439.60 3.57 381.49 3.72 13.22% 

TTPM (sec/mi) 122.08 1.43 121.18 1.23 0.73% 

 

4.4 Network-Wide Simulation 

4.4.1 Single-lane Network Simulations 

One of the key questions is whether this dynamic eco-driving technology would 

also provide energy and emission benefits to the overall traffic and not just those vehicles 

equipped with the technology alone. This would be due to the influence of the 

technology-equipped vehicles may have on the driving profiles of the unequipped 

vehicles. In this section, we examine these indirect network-wide benefits for different 

levels of congestion and different market penetration rates of the technology. 

Similar to the analysis in the previous section, we have evaluated Eco-Approach 

and Departure for a hypothetical 11-signalized intersection corridor, using the Paramics 

traffic micro-simulation environment. The energy and emissions from each individual 

vehicle in the simulation were determined through a CMEM plug-in module to Paramics. 

Multiple simulation runs were performed for different levels of congestion and different 

technology penetration rates.  
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For the experimental corridor, the link lengths are set to 600m, with only one lane 

in each direction. The road grade is set to be zero for all links. For simplicity, we only 

simulated one-way traffic on the corridor through all the intersections without any turning 

movements. Each intersection is equipped with a fixed-time traffic light. Three phases 

were set up for each signal. The effective green time was set to 20s, with the cycle length 

of 50s. There was no time offset among the signals. The speed limit was set to 18 m/s for 

the entire corridor, and the SPaT information was set to be available 300m prior to the 

intersection, roughly corresponding to the typical range of a DSRC transceiver. Again, 

driver’s reaction time is set to be 1 second. 

Similarly, the simulation was performed for a typical light-duty vehicle. For 

simplicity, there is only one vehicle category used in our simulation for all vehicles. 

Taking into account the limited power of the vehicle, driving safety, and ride pleasure, 

the maximum acceleration was set to 2.5 m/s2, and the maximum jerk was set to 10 m/s3.  

Once a technology-equipped vehicle enters the DSRC range (300 m), we replace 

its default velocity profile with one based on the dynamic eco-driving velocity planning 

algorithm. The standard car-following logic is still used to guarantee the vehicle’s safe 

headway distance. 

Different levels of traffic volume were applied to the network, ranging from 100 

to 600 vehicles/hour/link to represent different levels of congestion. A traffic volume 

greater than 600 vehicles/hour/link created extensive queuing in this network setup. In 

addition, different penetration rates of the technology-equipped vehicles were set ranging 

from 5% to 100%. 
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During the simulation, fuel consumption and CO2 emissions are calculated for all 

the simulated vehicles over space and time. Each simulation run is performed for two 

hours where the first hour is a warm-up period allowing traffic to build up in the model. 

Similarly to single vehicle simulation, multiple runs were made for each scenario using 

different seed numbers. The allowable error was also chosen to be 1%. 

Since at the same penetration rate and under the same congestion level, fuel 

saving (%) is very close to emission reduction (%) in value, so they have similar trends 

when varying penetration rate and congestion level. Therefore, here we only examine fuel 

saving in different scenarios. 

Fig.4.7 shows the fuel saving at different penetration rates of technology-

equipped vehicles ranging from 5% to 100% and for different amount of traffic volume 

from 100 to 600 vehicles/hour/link. It is observed that the level of congestion does not 

significantly affect the fuel savings until the technology penetration rate reaches 50%. In 

general, more fuel savings can be achieved at higher penetration rates. 
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Fig.4.7. Fuel savings at different penetration rates under different congestion levels 

 

In addition, even under low or moderate penetration rate, positive indirect 

network benefits can be achieved due to the behavior adaptation of un-equipped vehicles 

to the equipped ones. For example, a vehicle that is not equipped with the application 

may follow a vehicle equipped with the application and travel in a very eco-friendly way 

(i.e., less unnecessary acceleration/deceleration).  

Fig.4.8 illustrates the energy benefits from this indirect effect of technology-

equipped vehicles on their following unequipped vehicles. The solid lines are the energy 

savings of the whole network, and the dashed lines are the energy savings from the 

technology-equipped vehicles only. It is clear from Fig.4.8 that the technology-equipped 

vehicles have a positive effect on their following unequipped vehicles in terms of fuel 

savings. This positive effect is due to the technology-equipped vehicles forcing their 

following unequipped vehicles to have similar velocity trajectories to themselves. As a 
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result, the following unequipped vehicles also achieve less fuel consumption and 

emissions.  

 

 

 

 

Fig.4.8. Energy benefits from indirect network effect at different penetration rate 
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It is noteworthy that the total fuel savings roughly double that only from equipped 

vehicles at low penetration rate (5% and 20%). It’s also found that at some levels of 

congestion, at 5% penetration, this positive effect even triples the fuel savings. More 

detailed data at 20% penetration rate can be found in Table 4.2. The implication is that 

even with a low penetration of the vehicles equipped with the dynamic eco-driving 

technology, the overall fuel savings and emission reductions for the entire traffic network 

are still significant, due to the indirect effect of technology-equipped vehicles on other 

unequipped vehicles that provides energy/emission benefits to the unequipped vehicles in 

addition to the technology-equipped vehicles themselves. 
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Table 4.2. Indirect Fuel and Emission Benefits at 20% Penetration  

Volume 

 

Total saving Connected vehicles 
Indirect network 

benefit 

Fuel CO2 Fuel CO2 Fuel CO2 

100 3.48 3.24 2.22 2.40 157% 135% 

300 3.56 3.42 1.82 1.87 196% 183% 

500 3.39 3.07 1.57 1.60 216% 192% 

600 3.02 2.76 1.45 1.49 208% 185% 

 

4.4.2 Multiple-lane and Multiple Cycle Lengths Analysis 

In order to examine our algorithm in multiple-lane network, we extended our 

previous network from one lane to three lanes per direction. We also varied the signal 

cycle length from 60s to 90s, with the percentage of green phase kept the same as 40% of 

the total cycle length. The other network parameters, such as number of intersections, 

link lengths and speed limit etc., stay the same. The same vehicle type was used in 

simulations. Similarly to previous simulation setup, multiple runs were made for each 

scenario using different seed numbers. And the allowable error was also kept down below 

1%. 

Fig.4.9, Fig.4.10 and Fig.4.11 show fuel savings for different cycle lengths and 

green phase durations. Comparing Fig.4.9, Fig.4.10 and Fig.4.11 with Fig.4.7, we found 

that as the cycle length was extended from 50s to 60s, 90s and 120s, generally less fuel 

was saved. This may be due to that as both cycle length and green phase duration were 
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extended, vehicles now have more chances to travel through intersections without having 

to slow down or stop, in which case there is no huge difference in fuel consumption 

between equipped and unequipped vehicles. 

 

Fig.4.9. Fuel savings when cycle length is 60s with 24s of green phase 

 

Fig.4.10. Fuel savings when cycle length is 90s with 36s of green phase 
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Fig.4.11. Fuel savings when cycle length is 120s with 48s of green phase 

 

It’s also noted that, as cycle length was increased from 90s to 120s, more fuel 

savings were achieved at low and medium congestion levels (100, 400, 100 

vehicles/hour/link). Based on our observation during the simulations when the cycle 

length set to be 90s, we found that at low and medium congestion levels, most vehicles 

passed the first intersection without slowing down and then came to a full-stop at the 

second intersection, and so on. This indicates that most vehicles in this scenario either 

passed the intersection at full speed or applied full-stops at the intersections. In above two 

cases, equipped vehicles and unequipped vehicles have similar driving patterns. 

Therefore, less fuel savings were obtained in this scenario, as shown in Fig.4.10. 

Fig.4.11 shows some negative savings at the highest congestion level (2000 

vehicles/hour/link), at low and medium penetration rates (5%, 20% and 50%). Since we 
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extended the number of lanes per direction from one to three, vehicles now have more 

flexibility to change lanes. Especially under high congested condition, when a vehicle 

finds its proceeding technology-equipped vehicle slows down, this vehicle may have to 

slow down first to keep safe headway distance from its proceeding vehicle, and then it 

may change lane and accelerate back to its previous speed if adjacent lane is relatively 

free. This kind of behavior can increase unequipped vehicles’ fuel consumptions. 

Moreover, indirect network energy/emission benefit from car-following logic is also 

reduced due to the lane-changing behaviors. However these effects don’t have significant 

impact on the total fuel consumption of the network (around 1% increase). When 

penetration rate reaches 100%, since there is no unequipped vehicles contributing to these 

effects, fuel savings are always positive at all congestion levels, as shown in Fig.4.9, 

Fig.4.10 and Fig.4.11. 

 

4.4.3 Summary 

Fuel consumption and emissions are directly related to the 

acceleration/deceleration patterns of the vehicles traveling on the arterial and the idling at 

traffic signals. Unlike freeways, traffic on the signalized corridors suffers from inherent 

acceleration/deceleration maneuvers at the traffic signals and idling when they are 

waiting for the lights to change. By taking advantage of the recent developments in 

communication between vehicles and road infrastructure, it is possible to obtain the 

signal phase and timing information. Using this real-time signal information, we have 
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developed a dynamic eco-approach and departure algorithm that attempts to guide a 

vehicle through an arterial corridor using a minimum amount of fuel. 

Based on this research, there are several key findings that are counter-intuitive 

when compared to typical eco-driving advices. When traveling on a roadway where there 

are specific points where traffic is controlled (traffic lights), specific constraints emerge 

in time and space; as a result, it has been found that hard accelerations that quickly get a 

vehicle up to a target speed and then have a steady cruise to reach a specific location at a 

specific time are less fuel consuming compared to a velocity profile that takes a longer 

period of time of acceleration to reach the same point of time and space. Similarly, it is 

beneficial to decelerate quickly, and then hold a steady state cruise speed when reaching 

a traffic signal just as it is turning green. At that point, it takes less energy to accelerate 

back up to typical speed traversing the corridor, compared to starting from a stop. 

Results of our algorithms show approximately 12% fuel economy improvement 

and 13% emission reductions in individual vehicles over a standard baseline case without 

the velocity planning.  

In addition to these individual vehicle benefits, a set of experiments were also 

carried out to determine if there is a network-wide energy/emissions savings from having 

a low penetration rate of dynamic eco-driving technology equipped vehicles in the traffic 

stream. It is concluded that there is indeed additional network-wide fuel savings and 

emission reductions, due to the fact that unequipped vehicles are forced to follow the 

trajectories of the dynamic eco-driving vehicles in front, based on the car following logic. 

In the experiments, the maximum fuel saving and emission reduction occur during low 
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congestion condition (corresponding to traffic volume of 100 vehicles/hour/link). Even at 

low technology penetration rates, significant fuel savings and emission reductions were 

still achieved. Under these low-penetration conditions, the total traffic energy/emission 

savings typically double what is saved from the technology-equipped vehicles alone (e.g., 

total 3.39% savings compared to 1.57% savings from equipped vehicles at the penetration 

rate of 20%).  

We also tested our algorithm in a multiple-lane network with different signal 

cycle lengths. As both the cycle lengths and green phase duration increase, vehicles have 

more chances to pass intersections without stop or slowing down. Also since vehicles 

have more flexibility to change lanes, indirect network energy/emission benefit from car-

following logic is weakened.  Therefore, fuel savings are not as high as in previous 

simulations. 

 

4.5 Enhanced Algorithm 

4.5.1 Algorithm Description 

In previous section, we developed a fundamental eco-approach and departure 

system, which can provide a driver recommendation on the speed trajectories to ensure 

that the vehicle approaches and departs a signalized intersection with as little fuel 

consumption and pollutant emissions as possible. Such systems rely on the infrastructure 

to vehicle (I2V) communication (e.g., through cellular network or dedicated short-range 

communication) to access the approaching signal phase and timing (SPaT) information 

sent from RSE (Road-Side Equipment) to the connected vehicle. OBE (On-Board 
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Equipment) in the connected vehicle process this information to provide speed advice to 

the driver of the vehicle, enabling the driver to alter the vehicle’s speed to pass through 

the next traffic signal on green or to decelerate to a stop in the most eco-friendly manner 

without compromising the intersection delay. However, the design of the subject 

vehicle’s speed trajectory is optimized on single vehicle and does not consider the traffic 

conditions ahead. Therefore, the actual speed profile may not be able to follow the design 

target due to car-following constraints, i.e., always keeping safe distance in-between 

vehicles. As a result, an additional amount of fuel is wasted on unnecessary 

acceleration/idling. Our previous studies also showed that as traffic gets more congested, 

the system-wide relative benefits from the developed dynamic eco-approach algorithm 

decreases. A potential reason is that the equipped vehicle has no access to the queue 

information (e.g., queue length) in front of it when approaching the intersection. The 

longer the queue is, the more unexpected acceleration/deceleration or idling maneuvers 

that are not considered in the planned speed trajectories would be. As a result, much less 

benefits can be gained to reduce fuel consumption and pollutant emissions during levels 

of high congestion. 

Therefore we proposed an enhanced eco-approach system which utilizes not only 

SPaT message but also the information of preceding equipped vehicles for better speed 

trajectory planning. Then, we use microscopic traffic simulation tool(s) to evaluate the 

performance of the enhanced system. In order to better predict traffic conditions, queue 

information can be collected at each intersection and formatted as intersection delay 

          , which can be utilized by each approaching vehicle to plan its optimal speed 
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trajectory based on the estimated intersection delay caused by the queue. The design logic 

of the optimal speed trajectory is shown in Fig.4.12. 

 

 

Fig.4.12. Design logic of the optimal speed trajectory 

 

       is the speed limit, ds is safe headway distance,    is safe headway time,    

is the speed of the proceeding vehicle, and      is the maximum speed restrained by the 

car following model. Further,    is the current speed,    is the distance to intersection, 

        is the time window for vehicle to pass the intersection within green phase,      is 

the time till the next red phase, and     is the time till the next green phase, and     is the 
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time till the next next red phase.         is the target velocity window.   , and    are the 

lower and higher bounds of        . 

First, we assume each vehicle takes up a constant time slot       when it passes 

through an intersection. It is found that 2 seconds is a reasonable approximation for this 

time slot. To implement this mechanism, every incoming vehicle will schedule a 2-

second time slot from the earliest green phase of the intersection. In the meantime, each 

intersection keeps track of the total time slots that have been occupied by all the 

approaching vehicles within communication range, so as to provide the next coming 

vehicle with the earliest arrival time. The estimated intersection delay        is calculated 

by 

              

where n is the total number of approaching vehicles within the communication 

range. Once current green phase is filled up, the intersection will start to guide vehicle 

into the next green phase, and so on. In case if a vehicle cannot make it to the next 

earliest arrival time even by travelling at speed limit, the vehicle will choose the earliest 

feasible time that it is capable of reaching. As a result, vehicles will travel through 

intersections one group after another like platoons.  

On the other hand, on a signalized corridor, especially when the link lengths 

between intersections are relatively large, closely packed platoons of vehicles from 

previous intersection tend to dissolve over time [19]. Our platoon-based eco-approach 

method can address this issue by not only keeping vehicles moving in platoons, but also 

minimizing the total fuel consumption and emissions. Fig.4.13 shows the formation of 
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this platoon-like movement in a time-distance diagram. The grey lines represent green 

phases, while the dark black lines are red phases. 

 

Fig.4.13. Illustration of enhanced eco-approach application in a time-distance diagram 

 

4.5.2 Simulation Analyses 

We applied the enhanced eco-approach algorithm on a hypothetical corridor with 

three fixed-time signalized intersections. The lengths of the links between neighboring 

intersections are set to 500 meters. The speed limit was set to 50 mph. The effective 

green time for the pass-through phase is 30 seconds, with the total cycle length set to 60 

seconds. In order to evaluate the improvement in terms of fuel consumption and 

emissions, there is only one lane in each direction, and there is only mainline traffic fed 

into the simulations (no cross traffic, and no turning movements). Communication range 

was assumed to be infinite (e.g., through 4G/LTE) in this simulation. Sensitivity analyses 

on traffic demand, penetration rate, communication range and communication delay were 
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conducted on a multiple-lane network with cross traffic and turning traffic, and they will 

be discussed later in this session. 

The simulation was performed for a typical light-duty vehicle. The road grade of 

all the links in the simulated corridor is assumed to be zero. The fuel consumption and 

emissions were determined for this single vehicle type using the well-validated CMEM 

model. 

Multiple runs were made for each testing scenario using different seed numbers, 

due to the stochastic nature of the micro-simulation. The seed number is the starting 

number for the RNG (random number generator) used by Paramics. To initialize a 

simulation run, a random number is generated based on a uniform random distribution to 

determine the time gap between consecutive vehicle releases. The minimum number of 

runs to ensure an error bound (ε) is determined the same way in Chapter 3.2. This 

calculation is performed for both CO2 emissions and fuel consumption. The higher 

calculated N of these two is the required number of simulation runs. Once the number of 

conducted runs is no less than the required number of runs, the simulation for that 

scenario is finished. Otherwise, one more run is made and the required number of runs is 

updated accordingly. In our simulation, the significance level was set to 0.05. The 

allowable error was set to 2%. 

For comparison purpose, simulations were performed on baseline case (i.e. for 

vehicles that do not have the eco-approach strategy) for each scenario. For this baseline 

comparison, we assumed that the typical driving behavior along a signalized corridor is 

where the drivers attempts to cruise at or around the speed limit until they are visually 
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aware of the traffic signal ahead. If the signal is green, the driver simply maintains the 

cruise speed while crossing the intersection. If the signal is red, the driver slows down, 

stops, and then waits until the light turns green. Once the signal turns green, the driver 

accelerates back to the speed limit on the link. This driving behavior is applied at every 

intersection in the baseline case.  

Fig.4.14(a) shows the fuel savings when vehicles don’t have the information of 

intersection delays. Generally, as the penetration of connected vehicles gets higher, more 

fuel savings were achieved by implementing our eco-approach algorithm. The exception 

occurs in the relatively congested condition (600 vehs/lane/hr), where a higher 

penetration of connected vehicles doesn’t achieve the most fuel savings, thanks to the 

increased lengths of queues at the intersections and more interruption from surrounding 

traffic, both of which prevent the eco-approach algorithm from making effective 

trajectory planning. As is shown in Fig.4.14(a), at the lower traffic demands (100 and 300 

vehicles/lane/hour), the maximum fuel saving occurs at 100% penetration rate. At 600 

vehs/lane/hr, the maximum fuel saving shifts to the penetration rate of 80%. The 

maximum fuel saving across all scenarios simulated occurred is approximately 31%, 

which occurs at 100% penetration rate when traffic demand is 300 vehs/lane/hr. 

Maximum fuel saving of 31% was achieved at 300 vehs/lane/hr. 

In comparison, Fig.4.14(b) is the fuel savings when vehicles have the information 

of intersection delays. Compared with Fig.4.14(a), an overall increment on fuel savings is 

found at all congestion levels and penetrations of connected vehicles. More importantly, 

there is significant improvement in highly congested condition (600 vehs/lane/hr), with 
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the highest fuel saving reaching up to 38%, compared to the 27% when not considering 

the intersection delays. 

 
(a) Without consideration of intersection delay 

 

 

(b) With consideration of intersection delay 

 

Fig.4.14. Fuel savings across different traffic demands and penetration 
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4.5.3 Sensitivity Analyses 

Previous generic experimentation evaluated how much more fuel savings can be 

achieved by applying platoon control on top of the eco-approach strategy. In order to 

generalize our experiment, both cross traffic and turning traffic were added into the 

simulations. Also, two lanes were assigned for the through traffic, and one lane was 

added for left-turn only traffic, on both mainline and cross street. Right-turn was also 

permitted. Fig.4.15 shows the intersection layout and the traffic flows. 

 

 

Fig.4.15. Intersection layout and traffic flows 

 

1) Congestion Level 

Fig.4.16  shows the fuel consumption for baseline and the enhanced eco-

approach. In the simulations of eco-approach, all vehicles are connected to their 

upcoming intersections, and the communication range is assumed to be infinite. It can be 
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seen that under all levels of traffic demand, the enhanced eco-approach strategy 

significantly lowered fuel consumption. It was also found that as the traffic demand gets 

higher, there are slightly more fuel saving, since there were longer queues formed, thus 

more fuel consumption in the baseline scenario. 

 

Fig.4.16. Fuel economy under different traffic demands 

 

2) Penetration Rate 

Fig.4.17 shows how fuel saving changes with traffic demand at different 

penetration rates of connected vehicles which are applied with the enhanced eco-

approach strategy. It is apparent that more congested traffic leads to more fuel saving at 

different penetration rates of connected vehicles. It was also found that even low 

penetration (20%) of connected vehicles can achieve significant amount of fuel saving 

(7% - 11%) by applying the enhanced eco-approach strategy. At 100% penetration rate, 

more than 30% of fuel saving can be achieved. 
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Fig.4.17. Fuel savings across different traffic demands and penetration 

 

3) Communication Range 

In previous simulations, the communication range is assumed to be infinite. Since 

the link lengths in this network are identically 600 meters long, the connected vehicles 

start receiving SPaT messages at 600 meters from the next intersections. Results in 

Fig.4.18 show how fuel saving achieved by this enhanced eco-approach can be affected 

by communication range. It’s found that fuel savings drastically go down as 

communication range decreases. Since as the communication distance gets shorter, 

there’s less room left for vehicles to plan their trajectories. 
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Fig.4.18. Fuel savings under different communication ranges 

 

4) Communication Delay 

In the real world, due to a variety of software and hardware issues, 

communication delay is inevitable. Based on extensive modeling, it has been found that 

the enhanced eco-approach strategy wasn’t largely affected by the communication delay, 

as shown in Fig.4.19. Even when the signal is delayed for 10 seconds, fuel saving only 

decreases around 15%. When delay is under 2 seconds, there is no noticeable decrease of 

fuel saving. 

Therefore, this strategy is very sensitive to communication range, but not very 

much affected by communication delay. In this regard, 4G/LTE network may be the ideal 

candidate for realizing this strategy. 
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Fig.4.19. Fuel savings under different communication delays 

4.5.4 Summary 

In this section, we proposed an enhanced eco-approach application which 

considers not only the phase and timing of the signal but also the estimated intersection 

delay in front of the subject vehicle. The comparative study in a simulation environment 

exhibits that the proposed application outperforms its predecessor, which does not 

account for the estimated intersection delay, especially when traffic gets more congested. 

Simulation results also show that the network-wide fuel saving benefits of the proposed 

application are not sensitive to the congestion level, but to the penetration rate, 

communication range, and communication delay. 

 

4.6 Eco-Approach and Departure for Multiple Intersections 

The initial Eco-Approach and Departure only takes the signal phase and timing 

information of the next intersection, without considering the subsequent signalized 
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intersections if there is any. This research is to improve the algorithm by taking into 

account the signal phase and timing information from multiple consecutive intersections 

on a signalized corridor. Besides that, the opportunity of switching to a time saving 

behavior has to be provided. The main goal is to find an optimal speed trajectory that 

prefers leading the car through green phases while optimizing a weighted cost function of 

fuel consumption and time saving for the whole route. Furthermore, several weak and 

strong constraints that have to be considered have to be worked out and analyzed. This 

section only provides an initial approach on an algorithm that can be used for multiple 

fixed-time signalized intersections. 

The overall architecture for multiple intersections is illustrated in Fig.4.20. 

Constraints, data of traffic lights, the car and the environment will be updated every time 

step to interact with the algorithm. The output will be a future speed profile including a 

recommendation for the velocity, acceleration, speed mode and gear. The amount of 

future fuel consumption shall be considered directly in the calculation of the future speed 

trajectory. Furthermore, the system shall use all possible speed modes to enable 

continuous speed profiles. The algorithm shall be created in a flexible way to allow 

dynamic and changing constraints. Besides that, an appropriate test track must provide 

traffic light data and data of the environment like the geographical positions of the 

upcoming traffic lights along the route. 
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Fig.4.20. Architecture of the Smart Cruising Algorithm [20] 

All possible speed modes have to be identified in a first step and very detailed 

fuel consumption maps have to be created. A very detailed calculation of fuel 

consumption and the dynamics of the vehicle have to be combined with the goal to 

enable a real-time system and to reduce computation time. This shall be achieved by a 

very detailed offline calculation for every speed mode. Consequently, online computation 

time is saved by using the created look-up tables at runtime. 

In order to get a very exact fuel consumption calculation for various essential 

speed modes like acceleration, constant speed, sailing, shearing, braking, standstill and a 

mixture of these, it is essential to create a very detailed nonlinear model that describes the 

dynamics of the vehicle and the consumed fuel in these speed modes exactly. 

In order to find an appropriate principle that solves the stated problem under the 

stated constraints, the goal is formulated in an abstract way to find similarities between 
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this problem and one that is thoroughly analyzed in optimization literature. The goal is to 

find an optimal trajectory through several stages (traffic signals) with some weighting 

possibilities (fuel consumption and time) that takes several different constraints (i.e. 

speed regulations, etc.) into account. 

According to the formulated problem, a principle has to be found that compute the 

optimal solution. The algorithm has to make decisions considering the influence of these 

decisions for the future speed, arrival time and position of the vehicle. Since a certain 

number of stages are given due to the traffic lights, the principle has to handle a discrete 

problem, finding a continuous solution. The space for finding the optimal solution is not 

infinite, due to the realistic scenario and constraints. Furthermore, direct influence on the 

weighted fuel consumption and travel time is necessary. Based on the characteristics of 

this formulated problem, dynamic programming was chosen as the means to optimize the 

trajectory planning. 

Dynamic Programming deals with situations where decisions are made in stages. 

The objective is to minimize a certain cost, i.e., a mathematical expression of what is 

considered an undesirable outcome. A key aspect of such situations is that decisions 

cannot be viewed in isolation since one must balance the desire for low present cost with 

the undesirability of high future costs. The dynamic programming technique captures this 

tradeoff. The basic model has two principle features, an underlying discrete-time 

dynamic system and a cost function that is additive over time. 

Dynamic Programming is a multi-step optimization scheme which requires 

discrete steps for each iteration. The discretization in space (the longitudinal coordinate 
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of the car) is set to the positions of the upcoming traffic lights. The position of the car at 

the time the calculation is started is chosen as the origin. No positions between the traffic 

lights are considered. Reducing computation time is one reason for that, the second 

reason is the advantage of enabling natural continuous speed profiles between the traffic 

lights without many switches in speed mode. 

For the discretization in time, only the green phases are considered. The number 

of time steps in every green phase decides the accuracy of the final result as well as the 

computation time needed. A reasonable tradeoff has to be found in order to decide about 

the value of this variable. Furthermore, discretization points that do not meet the 

constraints are eliminated in order to save computation time. 

 

Fig.4.21. Problem description in time and space depicting discretization points 

During the Dynamic Programming process, fuel consumption and vehicle 

dynamics for every iteration step are calculated. Figuring out the required speed mode for 
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every step is essential. The following section explains the way of choosing the optimal 

speed mode for a known distance  , a known time difference   for travelling this distance 

as well as a known initial velocity   . Based on this decision, the fuel consumption 

associated with the action performed is calculated. The possible speed modes include 

acceleration, constant speed, sailing, shearing, braking and a mixture of the stated ones.  

Shearing denotes deceleration by the friction between engine and drive train while 

vehicle’s kinetic energy is used to turn the engine. In this case the engine is still on and 

the fuel consumption for shearing is zero. Sailing in contrast refers to the state when the 

drive train is decoupled from the engine, which leads to a smaller deceleration than 

shearing. In this mode, the engine is still running, thus it has a constant fuel consumption 

rate which depends on the velocity. 

Detailed analyses were conducted in order to find the optimal combinations of 

these modes in terms of fuel consumption and overall energy conservation. Fig.4.22 

illustrates the decision process for an example with       
km

h
 and      s. Depending 

on the distance to travel  , the best mode can be extracted from the diagram. The three 

boundaries between the different modes are depicted as blue dashed lines and represent 

the trajectories when driving with constant speed as well as sailing and shearing. 
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Fig.4.22. Speed mode decision logic 

 With these considerations, the optimal speed mode depending on   is chosen by 

the following logic: 

1.         : In this case acceleration is required. The lowest constant acceleration 

possible is calculated and the speed mode is set to acceleration. 

2.         : Here the final state can be ideally reached by holding the constant 

speed. 

3.               : If the car would pass too much distance with constant speed 

while it would pass a too short distance by sailing only, a mixture between 

constant speed and sailing is the solution. The most fuel efficient and energy-

conserving combination is to maintain constant speed to a calculated intermediate 

point, followed by sailing. 

dconst 

dsail 

dshear 
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4.        : In this case the final state can be ideally reached by sailing only. 

5.               : If the deceleration by only sailing is not high enough, a 

combination of sailing and braking after that will be used similar to case 3. 

6.         : Here the final state can be ideally reached by shearing only. 

7.         : If even the deceleration of shearing is not high enough, the optimal 

combination of shearing and subsequent braking is set as the resulting speed 

mode. 

For each of the mixed modes, a sub-function is designed that solves the nonlinear 

optimization process of combining the essential speed modes in an optimal way that 

satisfies the input parameters   ,   and  . As a result, these sub-functions yield the final 

velocity   , the absolute fuel consumption for the whole process    and, if applicable, the 

position of an intermediate point in space-time         as well as the associated velocity 

   at this point. The essential speed modes can then be seen as special cases of these 

superimposed functions. The results of the functions are again tabulated in order to 

enable real-time feasibility of the online algorithm. 

 

4.7 EAD for Actuated Signals 

After extensive discussion about eco-approach and departure algorithm for fixed-

time signals, it is worth exploring alternative solutions for actuated signals, since actuated 

signals are more widely implemented in real world and potential solutions for actuated 

signals can give us more flexibility to accommodate changes of signal timings. 
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Stevanovic, A. [21][22] evaluated a speed advisory system called GLOSA on both fixed-

time and actuated signal timings. As expected, the results show speed advisory works 

better on fixed-time signal timings. On the contrary, the algorithm for actuated signal 

timings posed negative impact on the fuel consumption. In this chapter, a modified 

algorithm for actuated signals is discussed. 

4.7.1 Algorithm Overview 

The new algorithm divides the problem into three separate problems.  These three 

problems result in different steps of the algorithm. In each step the results of the previous 

step are used to solve current problem (see Fig.4.23). 

 

Fig.4.23. Algorithm overview 

The first problem is to determine, if it is possible to arrive at the next intersection 

at green under given constraints: The driver must not travel above speed limit and the 

acceleration must not exceed a feasible maximum acceleration/deceleration threshold. 

Additionally the driver has to travel at least with an appropriate minimum speed. For the 

case, that it is possible to arrive at the next intersection at green, the time when it best to 

arrive at the intersection is calculated in this step.  
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The second problem is to determine a speed trajectory that allows the driver to 

arrive at exactly that point of time that was calculated in the first step. 

Given a speed trajectory, the last problem consists of presenting the driver a speed 

recommendation that allows to the driver to follow the speed trajectory that was planned 

in the second step. 

Fig.4.24 gives an overview of how the different steps are connected. Each step is 

described in detail. 

 

Fig.4.24. Detailed algorithm overview 
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First we determine a time interval within that it is possible for the vehicle to arrive 

at the next intersection and on the other hand the status of the traffic signal is green at the 

same time. So after the first sub step, the result is a time interval where it makes sense to 

arrive at the intersection. If there is no such interval the driver will have to stop at the 

intersection. To calculate this interval we first calculate some auxiliary values: The 

earliest arrival time          and the latest arrival time         . These times describe the 

earliest and the latest possible moment of an arrival at the intersection, given constraints 

like maximum/minimum speed, maximum acceleration/deceleration. The interval 

[                    is now intersected with all guaranteed green intervals of the next 

traffic signal. The remaining part [            of [                    is the desired 

interval (arrival possible and green status). Since we want to give a reliable 

recommendation, we don’t use the maybe green interval, but the guaranteed green 

interval. Fig.4.25 depicts one possible situation and the according result. The red lines 

mark the speed trajectories that were used to determine the earliest and latest arrival time. 

The black line marks the trajectory for the case that the speed of the driver stays on the 

current level. The part of the guaranteed green that is possible to arrive is our desired 

interval (marked blue). 
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Fig.4.25. Determining the desired possible green arrival interval 

If several guaranteed green intervals intersect with [                   , the first 

guaranteed green that intersects with [                    is selected (see Fig.4.26). This 

assures that the driver can arrive at the destination as early as possible. 
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Fig.4.26. Several guaranteed greens reachable 

 

For the current cycle, there is possibly a green window before guaranteed green 

called ―Early green‖, which describes a situation where the main arterial signal starts 

green earlier than the guaranteed green due to less service requests on non-coordinated 

phases (i.e. somewhere in the maybe green interval just before the start of guaranteed 

green). As soon as an ―Early green‖ is observed, the remaining time of the maybe green 

before the start of guaranteed green is now guaranteed to be green, too. So the desired 

arrival zone can be extended like shown in Fig.4.27. 
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Fig.4.27. Early green including the maybe green 

Fig.4.28 and Fig.4.29 show examples, where it is not possible to reach any 

guaranteed green. In these cases, it’s not possible to give a speed recommendation with 

that the driver can arrive at the intersection at green for sure. But for some cases like in 

Fig.4.28, it is possible to arrive in the maybe green interval. Then, the algorithm gives no 

recommendation as there is a chance to arrive at green, but it is not sure. If it’s even not 

possible to arrive at maybe green, it’s inevitable to stop at the intersection (see Fig.4.29).  
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Fig.4.28. No guaranteed green reachable, but maybe green: no recommendation 

 

Fig.4.29. No green reachable: stopping inevitable 
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After having found an interval (marked blue in the previous images) where it 

makes sense to arrive at the next intersection the next sub step is to determine where it is 

best to arrive in this interval. 

The best arrival time depends on the current velocity of the car as well as on the 

position of the green band relative to the desired arrival interval. To find the best arrival 

time we use 3 basic strategies. The strategy depends on the arrival without any 

recommendation (i.e. just maintaining the current speed): 

1. Arrival before arrival interval: decelerate to start of arrival interval 

2. Arrival in arrival interval, before green band: maintain speed 

3. Arrival in or after green band: try to get to start of green band 

The first strategy is somehow obvious. If the driver would continue driving at the 

current speed, he would arrive at red. Using the strategy he just arrives in the earliest 

moment where the signal is guaranteed green (see Fig.4.30). 
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Fig.4.30. Arrival before arrival interval: decelerate to start of arrival interval 

Maintaining speed in the second strategy (see Fig.4.31) is reasonable, as 

acceleration would make the driver get away from the green band and deceleration would 

confuse the driver as he is recommended to slow down although the he maybe already 

sees a green light. If it’s really necessary to slow down to get into the guaranteed green of 

the next further downstream traffic signal that can also be done after passing the 

upcoming traffic signal. 
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Fig.4.31. Arrival in arrival interval, before green band: maintain speed 

The last strategy tries to let the driver arrive as close as possible to the start of the 

green band (see Fig.4.32). The start of the green band is optimal as it offers a maximal 

safety margin for unexpected delays (e.g. car in front). In cases that it’s not possible to 

get to the start of green band due to speed limit and acceleration constraints, the best 

arrival time is selected as the earliest possible arrival time. 
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Fig.4.32. Arrival in or after green band: try to get to start of green band 

To formalize these basic strategies in a way that is easy to implement them in an 

algorithm, many different cases of how arrival time         is positioned relative to 

possible green arrival interval and the green band are analyzed (see Fig.4.33). Based on 

these cases a decision tree was created (see Fig.4.34). Using this decision tree the best 

arrival time can be easily determined by the arrival time, the range of the arrival time 

[           and the start time of the green band         .  
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Fig.4.33. Best arrival time for different arrival scenarios 

 

 

Fig.4.34. Decision tree used for determining the best arrival time 
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To sum up, there can be three different outcomes after the first step: 

1. The optimal time to arrive at the next intersection 

2. The decision to give no recommendation 

3. The decision to calculate a stop trajectory in the next step 

After the first step, either the optimal time to arrive at the next intersection is 

known or it is inevitable to stop. Additionally there is the case that no recommendation is 

given, but then there is no need for calculating a speed trajectory. Once the target arrival 

time is determined, we can apply eco-approach and departure algorithm to calculate the 

optimal speed trajectory to reach the next intersection at the target arrival time.   

 

4.7.2 Summary 

During the initial field tests, we found that it is very difficult to follow a speed 

recommendation that is updated frequently especially when there are other vehicles 

around. One simple workaround would be not displaying the speed the driver should keep 

at the moment but the end speed that he/she should get to when hitting the intersection. 

So the end speed would change much less frequently which makes it easier for driver to 

follow without giving constant attention to his/her target speed. In order to following the 

recommended speed trajectories closely, one needs to implement Adaptive Cruise 

Control (ACC), which will be discussed in detail in Chapter 6. 

One limitation of this algorithm for actuated signals is that the actual starting time 

and ending time of each green phase and red phase are not known in advance, which 

makes speed planning less effective. In order to improve the prediction of on-set times of 
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green and red phases, we can look to the historical data to establish the distributions of 

the phase lengths. These distributions can be further incorporated with real-time 

pedestrian and vehicle calls to predict the green windows. The both ends of a green 

window will then be bonded with some confidence level, other than absolute bonds. 
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Chapter 5 

Field Operational Tests 

To demonstrate the effectiveness of the eco-approach and departure technology 

described in the previous chapter, a number of experiments were carried out in real world 

at various locations with different vehicles. These experiments include testing at the 

Richmond Field Station (Richmond, California) with BMW, testing at the Turner 

Fairbanks Highway Research Center in McClan, Virginia, and test in Riverside 

California. Each of these test programs are described below. 

 

5.1 Richmond Field Station 

As part of a FHWA Exploratory Advanced Research project on Advanced 

Signalization, a testing program was developed to demonstrate the general concept of 

Eco-Approach and Departure. For these experiments, a test vehicle was outfitted with the 

eco-approach algorithm and enabling technology and extensively tested at a closed test 

intersection located at California PATH’s Richmond Field Station. Details of the test 

vehicle are given in the next section followed by a description of the test intersection. 
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5.1.1 Test Vehicle and Cloud-Based Server Infrastructure 

The test vehicle is a BMW 535i sedan model year 2011, as shown in Fig.5.1. 

 

Fig.5.1. Test vehicle at the test intersection. 

 

The test vehicle is equipped with onboard computers which allow the 

computation of the optimal speed trajectory based on SPaT data in real time, display the 

recommendation to the driver, and record vehicle data directly from the various CAN 

buses of the vehicle. 

The onboard computing platform is connected with 4G/LTE cellular network 

linked to the cloud-based server hosted on an EC2 instance at Amazon Web Services as 

shown in Fig.5.2. It is important to note that compared to the other experiments, the 

communication was handled by a cellular system, rather than Dedicated Short-Range 

Communication (DSRC). This has important implications in terms of timing of preview 

information, which has a significant effect on the performance of the algorithm. 
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Fig.5.2. Cloud-based server and communication platform. 

 

The test vehicle is equipped with a programmable instrument cluster, shown in 

Fig.5.3, which allows displaying the recommended speed in an intuitive and non-

distractive way. The green bar in the speedometer is where the driver is recommended to 

keep the speed. The yellow bars outside the green bar are where driver need to adjust the 

speed to make it into the green bar. The current signal phase and the amount of time left 

in the current phase are provided at the bottom center of the speedometer as well. 

 

Fig.5.3. Programmable instrument cluster to display SPaT information and speed 

recommendation 

EC2 instance

Landline

(Internet)

J2735 messages

(modified)

Amazon Web Services
Traffic 

Signal 

Controller

BMW Research Vehicle



91 

 

 

The traffic signal controller at the intersection, shown in Fig.5.4, communicates 

with the cloud-based server over fast landlines. The server determines the correct SPaT 

data based on the vehicle’s location and heading. The correct SPaT message is then sent 

to the vehicle over the wireless network link. 

 
 

Fig.5.4. Traffic Signal Controller 

 

5.1.2 Wireless Communication Channel  

The SAE J2735 Standard specifies a message set, and its data frames and data 

elements to be used by Dedicated Short Range Communications for Wireless Access in 

Vehicular Environments (DSRC/WAVE) communication systems [28].  

As one goal of the test setup was to prove that this type of application can be done 

with 4G/LTE networks as well, the message set defined in J2735 was adapted to be 
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usable over a cellular network. The message structures and the ASN.1 encoding were 

maintained however. The update rate of the SPaT message is 1 Hz. 

The SPaT message is a compilation of objects in binary form that describe the 

signal phase and timing to convey the current status of available lane movements/paths at 

signalized intersections. To allow the communication of prospective phase changes, the 

SPaT message defined in J2735 had to be extended by data fields containing the time to 

the next two state changes of the traffic signal. 

5.1.3 Test Site  

The map of the test intersection at Richmond Field Station is shown in Fig.5.5. 

The blue line shows the test segment used in this experimentation. The ideal selection of 

the test segment is the straight yellow line. However, the driveway marked by the yellow 

line is not mapped in the digital map of the vehicle’s embedded navigation system. As the 

test setup uses map matched locations only, the yellow driveway was unusable for 

testing. Therefore, the blue line was chosen as the test segment. The total distance of the 

entire test ―loop‖ is 307 meters. In each run, we started from the green arrow, passed 

through the intersection, and then exited the test segment at the red bar downstream, as 

shown in Fig.5.5. The eco-approach technology equipped vehicle would travel around the 

test loop, at a nominal speed of around 25 mph, corresponding to the speed limit in the 

area. The traffic signal controller was set up with fixed-cycle signal timing. The signal 

cycle length was set to be 60 seconds, with 30 seconds of green, 3 seconds of yellow and 

27 seconds of red. 
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Fig.5.5. Map of test route 

5.1.4 Driver and Scenarios 

In order to compare the eco-approach technology with regular driving in terms of 

fuel consumption, two testing scenarios were carried out. One scenario is called 

―informed driving‖, where the driver was provided with the recommend speed in the 

programmable instrument cluster at 1 Hz while driving through the intersection. The 

other scenario is called ―uninformed driving‖, where the driver drove without any speed 

recommendations or knowledge of the time left in current signal phase. To have a 

realistic comparison, the driver drove in a reasonably efficient way as much as possible in 

the uninformed scenario. A total of 292 runs were made for the informed driving scenario 

and 270 for the uninformed driving scenario. For each run, the test vehicle entered the 

test segment randomly in time without knowing the current signal information. Fuel 

consumption was recorded on a 1 Hz basis, with an accuracy of 10
-6

 liter. 
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5.1.5 Simulation 

The simulation experiments were performed on a fixed-time signalized 

intersection that is identical to the one at the Richmond Field Station. The total recording 

distance is 320 meters and the speed limit is 25 mph. Similar to the field experiments, the 

signal timing at the intersection is fixed, with the signal cycle length set to be 60 seconds, 

with 30 seconds of green, 3 seconds of yellow and 27 seconds of red.  

Once a vehicle entered the test segment, it followed the recommended speed 

trajectory calculated by the velocity-planning algorithm. Based on the speed trajectory, 

we calculated the vehicle fuel consumption using a microscopic emission model CMEM. 

A Typical light-duty vehicle type defined in CMEM was selected and its vehicle/engine 

parameters were adjusted to match those of the test vehicle as much as possible.  

For comparison purposes, we also simulated the uninformed driving scenario. For 

this scenario, we assumed that the driver attempted to cruise at or around the speed limit 

until he/she was visually aware of the traffic signal ahead. If the signal was green, the 

driver simply maintained the cruise speed while crossing the intersection. If the signal 

was red, the driver slowed down or even stopped, and waited at the intersection until the 

light turned back to green, and then accelerated back to the speed limit. 

In each simulation run, the vehicle entered the test segment at a random time with 

respect to the signal timing of the intersection. Due to the stochastic nature of traffic 

micro-simulation, multiple runs were made using different seed numbers. The required 

number of runs is determined by the same method we discussed in section 3.2. In our 
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simulation, the significance level was set to 0.05. The allowable error was chosen to be 

3%. 

Table 5.1 shows the simulation results, where the informed driving has better fuel 

economy by 14.06% compared with the uninformed driving on average. 

Table 5.1. Fuel Economy Analysis 

 uninformed informed Improvement 

Fuel 

(l/100km) 
9.96 8.56 -14.06% 

 

5.1.6 Results and Discussion 

Second-by-second fuel consumption data were measured during the real-world 

experiments for each run from the point the test vehicle entered the test segment until it 

exited at the other end, as the blue line shows in the map of the test site in Fig.5.5. Note 

that by driving through the blue curve while maintaining speed, an additional shear force 

is generated at the wheels that alter the balance of forces and has to be compensated for 

by the engine. Thus, the engine would consume more fuel. However, this was the case for 

both the informed and uninformed driving, and thus, the effect on the relative differences 

between the two scenarios are assumed to be negligible. 

After averaging the fuel consumption results over all the runs for both the 

informed and uninformed driving tests, we found that the informed driving gained a 

13.59% of fuel savings compared to the uninformed driving as illustrated in Table 5.2. 

It’s found that the test results are very close to the simulation results presented in Table 

5.1. A second driver was also recorded to cross check the results, showing similar fuel 
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savings compared with the first driver. The results shown in this paper are an average of 

both drivers. The average travel times of informed driver and uninformed driver are 

approximately the same. This implies that adopting the velocity-planning algorithm can 

greatly improve fuel efficiency without sacrificing travel time. 

Table 5.2. Fuel efficiency and travel time analysis  

 uninformed informed Improvement 

Fuel (l/100km)  10.23 8.84 -13.59% 

Travel time 

(sec/trip) 
40.69 40.3 -0.96% 

Further exploring the data of fuel consumption provides more insight on where 

the fuel was saved. A frequency distribution of fuel economy for each test loop is shown 

in Fig.5.6. In this figure, an initial peak can be seen in the range of 5 to 9 l/100km, 

corresponding to the scenario where the driver didn’t need to slow down since the vehicle 

can pass the intersection while the signal is green. This is approximately the same for 

both the informed and uninformed driving cases. A second set of peaks is observed in the 

range of 10 to 15 l/100km, corresponding to the case when slowing down is inevitable 

due to a red light. In this scenario, the informed driver is able to coast down and consume 

less fuel than the uninformed driver.  
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Fig.5.6. Distribution of fuel consumption 

Fig.5.7 shows the average speeds of both informed driver and the uninformed 

driver at different positions of a test loop. A solid line stands for the informed driver, and 

a dashed line represents an uninformed driver. It is shown in the figure that the informed 

driver tends to slow down earlier when approaching the intersection, and has a higher 

average speed to pass the intersection, compared to the uninformed driver. The 

intersection is located at around 75% of the whole trip. 
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Fig.5.7. Average speed during a trip 

 

Fig.5.8 shows the cumulative average fuel consumption during a trip. From this 

figure, we can find out where during a trip the fuel was saved by comparing cumulative 

fuel consumption of informed driver and uninformed driver. It’s noted that when vehicle 

is far before intersection, an informed driver uses a little less fuel than an uninformed 

driver since the informed driver tends to decelerate earlier. As the vehicle is getting close 

to the intersection, if the current signal is red, the informed driver has more chance to 

avoid a complete stop and cruises through the intersection at a constant speed. In contrast, 

the uninformed driver has to stop in most cases. Therefore, an uninformed driver shows 

higher fuel consumption in this range. After vehicle passed the intersection, informed 

driver generally has higher speed than uninformed driver since informed driver tried to 

avoid full stop at the intersection and kept a constant speed instead. Thus, informed driver 

doesn’t need as much fuel to accelerate back to speed limit as uninformed driver need.  
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Fig.5.8. Cumulative average fuel consumption during a trip 

 

5.1.7 Summary 

In this section, we tested an example of eco-approach technology in a BMW test 

vehicle at a signalized intersection to determine fuel economy differences. Simulation-

based experiments were also carried out for the same test environment to compare the 

results between simulations and field tests. For comparison purposes, the two testing 

scenarios included informed driver tests and uninformed driver tests. In the informed 

driver tests, the driver was provided with speed recommendations, while during the 

uninformed driver tests, the driver drove without any speed advice. The results show that 

on average, informed driver saved approximately 13.6% fuel compared with uninformed 

driver tests. It’s also found that fuel savings are mainly from informed driver’s early 

slowing down and cruising through intersection without having to stop at the intersection. 
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5.2 TFHRC and Riverside 

As part of the Identification and Evaluation of Transformative Environmental 

(AERIS) Applications and Strategies program, two field studies were carried out during 

the summer of 2012 to examine the potential energy and environmental benefits of an 

―eco-approach and departure‖ application as part of the eco-signal operations 

transformative concept.  

The algorithm was then implemented on two test vehicles as part of the field 

studies: one at the University of California-Riverside, and another at the Turner 

Fairbanks Highway Research Center in McLean, Virginia. In addition to instrumenting 

these vehicles, the two test sites were prepared for extensive testing of each vehicle 

passing through their respective test intersections. Each intersection was set up to 

broadcast SPaT data for fixed-time signalization to the vehicle; the in-vehicle system 

would then process the data and carry out velocity planning which resulted in speed 

advice to the test drivers. The testing was comprehensive in the sense that a number of 

different approaching speeds were chosen, along with different entry times in the fixed-

timed cycle of the traffic signal. 

Based on the testing setup, four different scenarios were identified as discussed in section 

4.2. Because of the large degree of variability in the results, it is recommended that a 

comprehensive sensitivity analysis be carried out using traffic simulation modeling tools 

to identify the key parameters that affect the eco-approach and departure application. 

Also, it is likely that the benefits shown during the field studies with single-vehicle 

testing would be reduced when the vehicle was in traffic. Traffic simulation modeling 
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would be able to show the effectiveness of the algorithm under different levels of traffic 

congestion. Furthermore, simulation models could evaluate the effectiveness of the 

algorithm for actuated signal intersections, rather than just fixed-time intersections.  

The field studies were carried out to provide a number of benefits: 

A. To Assess Practicality of Implementation:  On a practical level, these field studies 

constituted the first rigorous test where DSRC-based SPaT and GID were 

extended from safety to exclusively deal with AERIS applications. It has provided 

us feedback on whether this concept is technologically practical and 

implementable. 

B. To Gain Better Understanding of User Experience:  During the field studies, the 

drivers were instructed to carefully follow the speed advice provided by the 

vehicle. From this, we learned how well our drivers were able to follow a 

prescribed speed trajectory. This initial driver behavior work can lead to a more 

rigorous set of experiments to determine how well a wide variety of drivers can 

follow this type of speed advice to achieve better fuel economy.  

C. To Validate Traffic Simulation and Emissions Modeling: The resulting data from 

the field studies can now be used to validate traffic simulation and emissions 

models. For example, the vehicle trajectories from the field tests could be 

compared to vehicle trajectories from traffic simulation models. Further, these 

second-by-second vehicle trajectories can be used as input to MOVES or CMEM 

emissions models to quantify the air quality impacts (GHG emissions and 

particulate emissions) of eco-signals.  
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To demonstrate the effectiveness of the eco-approach technology, an initial field 

study was carried out in Riverside California, followed by a second field study in 

McLean Virginia at the Turner Fairbanks Highway Research Center (TFHRC). The 

details of those field studies are provided here. 

Signal Phase and Timing information is potentially valuable for a number of ITS 

applications, including those that are being developed for safety, mobility, and the 

environment. The Society of Automotive Engineers (SAE) has developed and maintains 

specific standards for vehicle communications, most of which are specified in their J2735 

standards document. The SAE J2735 standard specifies a message set, and its data frames 

and data elements to be used by Dedicated Short Range Communications for Wireless 

Access in Vehicular Environments (DSRC/WAVE) communication systems [28]. As part 

of the overall J2735 standard, SPaT communication standards have been developed 

which are referred to as the ―SPAT-blob‖ and ―MAP-blob‖. The latest SPaT standards 

are Revision C, published in February 2012 [29]. It is important to note that the SPaT 

standards were created for a variety of traffic signal operations, however for the current 

field studies, only fixed-time signalization scenarios were considered. The SPaT 

messaging was set up to be broadcast from the traffic signal controller at a rate of 10Hz. 

For further details on the SPaT messaging, please refer to [28][29]. 

 

 

 

 



103 

 

5.2.1 Field Study at Riverside 

The initial field testing of the Eco-Approach application took place close to the 

Center for Environmental Research and Technology at UC –Riverside (CE-CERT). For 

this field study, Palmyrita Avenue was used where traffic could be carefully controlled, 

as shown in Fig.5.9. For the testing on the street, different passes through an artificial 

intersection could be made at different speeds and at different points in the signal timing. 

As shown in Fig.5.10, a portable traffic signal was set up in the middle of the parking lot. 

 

Fig.5.9. Field study location in Riverside California (Palmyrita Ave, Riverside CA) 

For the eco-signal testing, a portable traffic signal was developed, as shown in 

Fig.5.10. As illustrated in Fig.5.11, this portable traffic signal consisted of traffic signal 

heads mounted on a trailer that are connected to an Econolite ASC/3-2100 traffic signal 

controller (same controller as the one operating at TFHRC test intersection). This traffic 

signal controller is also connected to a separate PC that translates the controller output 

into the SPaT messages (SPaT blob revision C). These messages are then sent from the 
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SPaT PC to the Dedicated Short Range Communication (DSRC) modem, and then sent 

out at 10 Hz. 

 

Fig.5.10. Portable Traffic Signal Trailer used in the Riverside field study. 

 

 

Fig.5.11. Traffic signal system components 

SPaT processor

Traffic Signal Controller

Road-side DSRC
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A 2008 Nissan Altima research test vehicle was setup to perform the eco-signal 

testing, as shown in Fig.5.12. This vehicle was equipped with a DSRC modem to receive 

the SPaT messages, an on-board computer to compute the velocity trajectories, and a 7-

inch automotive-grade display to serve as an artificial dashboard (see Fig.5.14). 

 

 

Fig.5.12. Riverside test vehicle (2008 Nissan Altima) 

 



106 

 

 

Fig.5.13. Test vehicle components. 

 

In this system architecture, the on-board computer carries out a number of tasks, 

including: 1) parsing the SPaT message and GID/(or GPS/Position data) received by the 

DSRC modem at 10 Hz.; 2) acquiring vehicle data from the OBD-II bus (e.g., vehicle 

speed, RPM, fuel economy); 3) estimating the distance to intersection based on a 

developed map matching algorithm; 4) calculating a velocity trajectory based on the eco-

approach and departure algorithm; and 5) displaying information to the driver through the 

artificial dashboard display.  

For the artificial dashboard, two were designed: 1) a dashboard that presents a 

number of items to the driver for test and development purposes (see Fig.5.14); and 2) a 

dashboard with a reduced amount of information that is used for demonstration purposes 

(see Fig.5.15). For the testing, the full-information dashboard was used for the test 

On-board DSRC

Vehicle computer 
interprets data, performs 

velocity planning
Driver display 
advising driver

Vehicle OBD-II data
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drivers to which they were accustomed and did not result in any distraction. The reduced-

information dashboard was used for demonstration purposes with little driver distraction. 

 

Fig.5.14. Artificial dashboard for testing 

In Fig.5.14, a number of items were displayed: 1) the vehicle’s current speed (i.e., 

speedometer); 2) the vehicle’s RPM; 3) an ―advisory‖ speed as calculated from the 

velocity planning algorithm, along with a green-zone, yellow-zone, and red-zone that 

moved along the edge of the speedometer; 4) the SPaT countdown information for the 

current signal phase; 5) the real-time fuel economy in MPG; 6) the distance to the 

intersection (in meters); and 7), vehicle and intersection location indicators. The 

Speedometer SPaT

Distance to 
intersection

tachometer 
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demonstration dashboard (Figure 3-7) only contained information on vehicle speed, 

RPM, target speed, and an arrow to indicate whether to speed up or slow down. 

 

 

Fig.5.15. Artificial dashboard for demonstration 

5.2.2 Field Study at Turner Fairbanks Highway Research Center 

Initial eco-approach testing was originally carried out in Riverside California, 

after which additional experiments were carried out at the TFHRC test facility. This test 

facility in McLean Virginia is shown in Fig.5.16. 

 

Speedometer tachometer 

Advisory 
speed 
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Fig.5.16. TFHRC test facility. 

The testing at TFHRC was setup in one direction only, where the vehicles 

approached the intersection from the east, proceeded through the intersection, and then 

complete the test run on the west side of the facility. The start of the intersection test zone 

was at 190 meters to the east of the intersection, and then end of the test zone was 120 

meters to the west. This testing area was long enough to carry out vehicle experiments up 

to 30 mph. 

The established test intersection at TFHRC is shown in Fig.5.17. In this figure, 

the traffic cabinet is shown on the left, which contains the traffic signal controller, the 

SPaT PC, and an external road-side DSRC modem to broadcast the SPaT information. 

The intersection is set up as a standard 4-direction intersection with traffic lights in all 

directions. For more information on the TFHRC intersection, refer to the TFHRC STOL 

operations manual. 

intersection

Start (+190 m)

End (-120 m)
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Fig.5.17. Turner Fairbanks Highway Research Center intersection 

For the testing at TFHRC, a 2008 Jeep Grand Cherokee test vehicle was utilized. 

Similar to the test vehicle at Riverside, the Jeep was outfitted with a DSRC modem, an 

on-board computer, and an artificial dashboard, as shown in Fig.5.18. The equipment and 

operational capability was set up to be the same as the test vehicle utilized for the 

Riverside testing. 

signal controller
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Fig.5.18. Turner Fairbanks Highway Research Center test vehicle and equipment 

 

5.2.3 Experimentation and Results 

For the experimentation carried out in Riverside and at TFHRC, the traffic signal 

controller was set up for fixed timed signal phasing: 26-seconds green, 4-seconds yellow, 

followed by 30-seconds of red. The total cycle time is 60 seconds. The field 

experimentation then consisted of two stages. The first stage (Stage I) was the 

―uninformed‖ driver stage, where a driver approaches the intersection at different times 

within the cycle and at different speeds, and travels through the intersection in a normal 

fashion, stopping as needed without any advice. The vehicle’s fuel economy was 

measured for a large number of driving trajectories, establishing a baseline that can be 

Test vehicle
(Jeep Grand Cherokee)

On-board DSRC transceiver

Pseudo-dashboard (driver interface)

On-board computer

Vehicle OBD-II data
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used as a point of comparison for the Stage II experiments. In Stage II, the driver again 

approaches the intersection at different times and speeds; however, this time the driver 

attempts to follow the ―eco-speed advice‖ provided on the artificial dashboard display. 

The field experimentation was designed to be comprehensive in that the test 

vehicle approached the intersection at different timed intervals throughout the entire 

cycle (i.e., varying by 5-seconds in the 60 second cycle). Furthermore, the vehicle 

approached the intersection at different driving speeds, ranging from 20 mph to 40 mph. 

The overall vehicle fuel economy and CO2 emissions are then compared between the 

Stage I experiments (uninformed driver) and the Stage II experiments (informed driver).   

In order to cover every possible driving scenario, a field study matrix was 

developed that varies the vehicle’s intersection entry speed and entry time with respect to 

the overall cycle of the traffic signal. This field study matrix is shown in Fig.5.19. This 

test matrix consists of the entry speed along the vertical axis, and the delay in the signal 

cycle across the horizontal access. In this matrix, there are a total of 12 x 5 = 60 test cells. 

Fig.5.20 illustrates an overlay of the four different scenarios aforementioned on the field 

study matrix for the Riverside tests, and Fig.5.21 corresponds to the TFHRC tests. The 

overlay of scenarios in these field study matrices is different because of the geometry of 

the test (i.e., distance of receiving SPaT messages, define intersection zone, etc). 
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Fig.5.19. Field study test matrix 

 

 

Fig.5.20. Field study test matrix with overlaid driving scenarios for Riverside tests 

 

 

Fig.5.21. Field study test matrix with overlaid driving scenarios for TFHRC tests 
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For the experiments, the driver drives through the intersection a minimum of three 

times for each cell in the test matrix. If there is a high degree of variance between the 

tests, additional test runs are made. After the uninformed driving stage (Stage I) was 

completed, similar testing was conducted for the informed driving stage (Stage II). In this 

stage, the eco-approach algorithm is activated and the test driver followed the eco-speed 

advice as closely as possible. Some test cells were tested several times to reduce the 

uncertainty between repeated measurements. For each data run, second-by-second 

vehicle velocity and fuel economy were measured. These were later integrated to give an 

average value for each test cell. In addition, a ―driver score‖ was measured for each test 

run, providing a measure of how well the driver followed the suggested velocity 

trajectory. 

The results of the Riverside testing are shown in Fig.5.22. This matrix shows the 

average amount of fuel savings (ml) for the different test runs within each test cell. The 

fuel savings are calculated by subtracting the average fuel consumption of the eco-

approach driving tests from the average of the uninformed driving tests, for all three 

drivers. The column on the far right shows the overall percent improvement in fuel 

economy for the entire row.  

 

 

Fig.5.22. Riverside testing results 

Vel\Time 0 s 5 s 10 s 15 s 20 s 25 s 30 s 35 s 40 s 45 s 50 s 55 s saving %

20 mph 11.4 15.3 21.4 6.59 5.05 3.12 0.22 2.13 -2.7 1.67 2.2 6.03 16.447

25 mph 3.31 13.8 19.6 15.3 0.67 1.99 0.45 0.49 -1.52 3.35 6.83 2.36 17.7178

30 mph -1.9 9.51 16 13 0.78 0.64 2.19 3.35 3.5 19.6 11 10.1 25.6451

35 mph 7.07 9.29 7.22 25.1 29.3 1.04 0.19 -1.3 1.31 -1.1 2.26 6.55 28.361

40 mph -3.5 3.94 -1.64 12.8 5.76 1.02 1.64 3.44 0.58 0.71 4.52 4.81 11.002
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The results of the TFHRC testing are shown in Fig.5.23. Again, this matrix shows 

the amount of fuel savings (ml) for the different test runs within each test cell. Because of 

the constrained roadway system of TFHRC, it was not possible to safely test at 35 mph 

and 40 mph. As before, the average fuel savings are calculated by subtracting the average 

fuel consumption of the eco-approach driving tests from the average of the uninformed 

driving tests. The column on the far right shows the overall percent improvement in fuel 

economy, for all drivers combined. The results are slightly different than that of the 

Riverside testing, primarily due to the geometry differences, including significantly more 

road grade at the TFHRC test site. 

 

Fig.5.23. TFHRC testing results 

As can be seen in the matrices, some negative savings exist in some of the cells. 

This implies that there were certain cases (especially in Driving Scenario No. 1), where 

the uniformed driving runs were smoother during the ―cruise‖ portion of the driving 

(perhaps based on less distraction following the advisory speed) compared to the eco-

approach driving runs. Nevertheless, the overall trend in the results shows a fuel 

economy improvement. 

V/T 0 5 10 15 20 25 30 35 40 45 50 55 % 
savings

20 8.6 -11.3 -10.2 -5.2 -9.3 -13.1 13.8 7.1 9.4 -13.2 12.5 24.0 2.5%

25 17.8 22.5* 7.0 0.9 6.4 -9.4 -11.1 16.0 12.2 18.9 14.7 14.8 18.1%

30 -1.2 4.3 1.5 2.3 -1.2 6.7 -4.4 8.8 16.3 10.3 21.9 10.6 11.2%

35

40
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A driving score was calculated for each driver by examining the target velocity 

trajectory generated by the eco-approach algorithm and the actual vehicle velocity 

trajectory that was driven. An example of these two velocity trajectories is shown in 

Fig.5.24.  

 
 

Fig.5.24. Example velocity trajectories for target speed and actual speed 

Given the two data sets, one heuristic way to evaluate the driver’s compliance 

with the advisory speed is to set up the following normalized driving score system 

equation: 

            
 

 
∑

|   |

   

 

   

  



117 

 

where A is the instantaneous actual speed and T is the instantaneous target speed, and n is 

the number of samples. This measure is normalized so that a perfect score results in 100, 

and the worst score is 0. This driving score evaluation was valuable in eliminating bad 

runs in the data set. As an example, the average driving score for the three drivers for the 

TFHRC testing (30 mph case) were 87.9, 90.1 and 89.3 respectively. 

The primary data collected and reported for the eco-approach application focused 

on fuel consumption. As another part of the analysis, we also examined emissions of 

greenhouse gases (primarily CO2) and the criteria pollutants of HC, NOx and CO. 

It is well established that CO2 emissions are directly proportional to fuel 

consumption. Therefore, the percentage savings of CO2 for the different tests are the 

same as the percentage savings of fuel. 

For this analysis, the second-by-second vehicle trajectories for each test cell are 

used as input to the CMEM. CMEM is capable of processing each trajectory and 

calculating the total emission for each run. The emissions are then aggregated for each 

cell, and the emission savings are calculated by subtracting the emissions of the eco-

approach driving from the uninformed driving. As part of this analysis, the trajectories 

from the Riverside testing were used. The CMEM model was calibrated for an average 

vehicle found on the road today, by compositing vehicle types through a weighting 

process based on current 2012 vehicle population statistics for Riverside California. The 

results for the different emissions savings are shown in Fig.5.25. 
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Fig.5.25. Fuel and Emission Savings for Composite Vehicle 

5.2.4 Summary 

As part of the AERIS field study program, an eco-approach and departure 

application to traffic signals was extensively evaluated using several test vehicles and test 

sites to determine potential fuel economy and emissions impacts. For comparison 

purposes, two testing stages were carried out that included informed driver tests and 

uninformed driver tests. 

Two test sites and two vehicles were utilized in the experiments; at each test 

intersection, SPaT data were broadcast for fixed-time signalization to the vehicle. The 

testing was performed for a variety of intersection entry and exit speeds, and at entering 

the intersection at various times in the overall signal cycle. 

Vel\Time 0 s 5 s 10 s 15 s 20 s 25 s 30 s 35 s 40 s 45 s 50 s 55 s %

20 mph 19.23 18.59 19.75 4.86 3.24 2.12 1.00 4.36 -2.73 9.59 12.80 16.14 21.42

25 mph 15.34 21.14 23.02 12.23 1.87 -0.77 0.56 0.94 0.73 7.20 13.72 11.79 22.24

30 mph 15.62 -0.97 6.55 7.09 -1.96 0.16 0.35 -0.62 -0.11 29.70 11.45 11.99 18.42

35 mph 7.77 18.75 13.74 19.42 10.70 1.12 -1.02 -0.36 -0.13 4.68 6.61 9.86 25.45

40 mph -4.24 4.56 11.58 10.24 3.21 0.03 5.31 3.40 2.70 0.14 0.29 7.64 15.82

Vel\Time 0 s 5 s 10 s 15 s 20 s 25 s 30 s 35 s 40 s 45 s 50 s 55 s  %

20 mph 1.3 1.4 1.5 2.1 0.6 0.3 0.2 5.9 -0.1 0.8 1.0 1.3 47.6

25 mph 1.3 2.5 1.8 1.1 0.3 0.1 0.1 0.2 0.1 0.5 1.2 1.0 37.1

30 mph 0.7 0.0 0.2 0.4 -0.3 0.0 0.2 -0.2 0.1 0.0 0.4 0.8 12.1

35 mph 2.4 7.5 5.3 2.1 5.9 -0.3 -0.2 0.0 0.1 0.4 1.0 0.9 61.9

40 mph -0.1 0.9 1.1 0.9 0.1 0.0 0.9 0.1 0.7 0.0 -0.1 0.1 36.2

Vel\Time 0 s 5 s 10 s 15 s 20 s 25 s 30 s 35 s 40 s 45 s 50 s 55 s  %

20 mph 0.10 0.11 0.10 0.09 0.05 1.15 0.01 0.06 -0.01 0.06 0.08 0.10 52.22

25 mph 0.07 0.13 0.14 0.09 0.06 0.02 -0.01 0.02 0.01 0.03 0.07 0.07 27.26

30 mph 0.04 0.00 0.00 0.01 0.03 0.05 0.00 0.01 -0.01 0.00 0.04 0.00 7.05

35 mph 0.06 0.13 0.10 0.14 0.11 -0.05 -0.01 -0.01 0.00 0.00 0.07 0.07 27.90

40 mph -0.01 -0.10 0.02 -0.01 -0.02 -0.02 0.08 0.01 0.30 0.06 0.09 0.05 16.87

Vel\Time 0 s 5 s 10 s 15 s 20 s 25 s 30 s 35 s 40 s 45 s 50 s 55 s  %

20 mph 0.3 0.3 0.3 0.2 0.1 1.1 0.1 0.2 0.0 0.1 0.2 0.2 52.2

25 mph 0.2 0.3 0.3 0.2 0.1 0.0 0.0 0.1 0.0 0.1 0.2 0.2 38.5

30 mph 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 12.2

35 mph 0.2 0.3 0.3 0.3 0.3 -0.1 0.0 0.0 0.0 0.1 0.1 0.1 40.6

40 mph 0.0 0.1 0.2 0.2 0.3 0.0 0.1 -0.1 0.1 0.0 0.0 0.0 22.8
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The results show that on average, informed drivers had fuel savings in the range 

of 10% to 25%, depending on the entry and exit speed of the vehicle traveling through 

the intersection. For the Riverside-based testing using a light-duty passenger vehicle 

(Nissan Altima), there was approximately 19.8% reduction of fuel and CO2 emissions 

averaged across all speed ranges. For the TFHRC testing using a SUV (Jeep Grand 

Cherokee), the average reduction was approximately 10.7%; however, higher speed 

testing was not conducted at TFHRC. It should be noted that most savings occur around 

an entry/exit speed of around 30 mph. Savings at slower speeds aren’t as great since 

vehicles traveling slowly can typically adjust better to make it through a green light, for 

both informed and uninformed driving scenarios. Savings at higher speeds are also 

reduced since an informed driver can’t drastically modify their overall driving trajectory 

to achieve significant savings. Another key difference between Riverside and TFHRC 

testing is the range of the DSRC signal. Because of various trees and terrain, the reliable 

DSRC range at TFHRC was approximately 190 meters. The reliable DSRC range at 

Riverside was approximately 500 meters. With a longer DSRC range, the vehicle has 

more time to plan an effective trajectory, resulting in greater fuel savings. 

It is important to note that there are many other factors affecting the results 

besides entry and exit speed. Examples include vehicle type, driver variability and their 

ability to follow the eco-advice, and road terrain. It was found that at TFHRC, small road 

grade differences had a noticeable effect, particularly when the vehicle is coasting or 

accelerating towards the intersection. 



120 

 

From a pollutant emissions perspective, emissions were estimated by combining 

the vehicle trajectories from the testing with a modal emissions model that predicts 

second-by-second emissions. For this part of the analysis, the emissions model was 

calibrated for a 2011 composite-year vehicle. This means that given a typical fleet on the 

road in 2011, the emission characteristics reflect that of the entire fleet as a single 

―composite‖ vehicle. The overall pollutant emissions reductions across all speeds in this 

case were calculated to be 20.6% for CO2, 38% for CO, 26% for HC, and 33% for NOx.  

These results are mostly consistent with traffic simulation modeling studies 

examining the eco-approach and departure application. For example, [26] and [32] 

showed typical fuel savings of around 12% - 16%.  Another study with BMW showed a 

fuel savings of around 14% [33]. The results are comparable to 19% for the Riverside 

testing and 11% for the TFHRC testing. 
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Chapter 6 

Related Eco-ITS Applications 

 

The Eco-Approach and Departure algorithm fits in well will other eco-friendly 

ITS applications, several of which were evaluated as part of the AERIS research 

program. One of the key combined applications is Connected Eco-Driving, which 

includes as a key component the Eco-Approach and Departure algorithm, described in 

Section 6.1. Another is Cooperative Adaptive Cruise Control (CACC), described in 

Section 6.2. 

 

6.1 Connected Eco-Driving Algorithm 

Connected Eco-Driving algorithm consists of three major components as shown 

in Fig.6.1: 1) Eco-Approach and Departure (for a signalized arterial), 2) Eco-Speed 

Harmonization (for both freeways and arterials), and 3) General Eco-Driving Principles 

(for both freeways and arterial). Each component has its own effective region, as depicted 

in Fig.6.2. For example, the Eco-Approach and Departure module is effective within the 

communication range of traffic signal infrastructure (typically a radius of 300 meters at a 

signal, based on the typical range of dedicated short range communications), because of 

the availability of signal phase and timing (SPaT) information. The description of each 

component is elaborated in the following section. 
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Fig.6.1. Components of Connected Eco-Driving application 

  

Fig.6.2. Effective region of each component of Connected Eco-Driving application 

There are two new components that need to be addressed: Eco-Speed 

Harmonization and General Eco-Driving Principles. 

Connected
Eco-

Driving

Eco-Approach 
/Departure

Eco-Speed 
Harmonization

Eco-Driving 
Feedback System

Eco-speed harmonization for freeways
Eco-approach and departure (within 

intersection communication range)

Eco-speed harmonization for arterials 

(out of intersection communication range)

General eco-driving principles applied 

to the entire network



123 

 

 

6.1.1 Arterial-Based Eco-Speed Harmonization 

It is well known that speed and acceleration have a major impact on a vehicle’s 

fuel economy and tailpipe emissions. With the availability of real-time traffic information 

or other external conditions (e.g., roadway grade and road weather conditions), speed 

advice at particular locations and time instances can be dynamically provided to drivers 

allowing them to reduce the unnecessary stop-and-go maneuvers while meeting specific 

driving requirements (e.g., travel time). For drivers, it is not realistic to sacrifice travel 

time to gain marginal environmental benefits. It also cannot be assumed that the 

reduction in travel time saves energy. It is noted that the speed advice can be 

disseminated through at least two channels: 1) the TMC provides a speed 

recommendation to all vehicles to harmonize speed of the entire roadway; or 2) each 

individual vehicle optimizes its speed based on data (i.e., traffic conditions) collected 

from infrastructure and data from the vehicle’s CAN BUS. 

This module can be implemented in a variety of ways, depending on how the set 

speed is determined. In this application, the speed is calculated based on the average link 

speed, which can be directly measured and estimated by using the CV technology. For 

link i, within time interval   , the average link speed is: 

 ̅  {

                                     
                                             

                                          
          

 

 

where     is the free-flow speed or speed limit of that roadway segment.  
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With the measured average link speed, a simple regression model is developed to 

determine the recommended speed for vehicle j, within   , 

  
        ̅    

Based on the collected data, Fig.6.3 provides a candidate set of values that a’s and 

b’s can choose. 

 

Fig.6.3. A candidate strategy for the control speed determination [38] 

 

6.1.2 General Eco-Driving Principles 

Another way to reduce fuel consumption and pollutant emissions is to provide 

feedback to drivers on their driving behavior to encourage them to drive in a more 

environmentally efficient manner. To model the impacts resulting from use of the 

General Eco-Driving Principles system, the research team modified the 
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acceleration/deceleration profiles in Paramics based on the field data collected from 

equipped vehicles.  

More specifically, Fig.6.4 illustrates the iterative procedure to calibrate the 

acceleration/deceleration profiles. As shown in Fig.6.5, the accelerations under eco-

scenarios (blue) are milder than the default values (red) across different speeds. Similar 

procedures have been applied to deceleration-speed profile. 

 

Fig.6.4. Procedure to calibrate eco acceleration/deceleration profiles in Paramics 
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Fig.6.5. Example acceleration/deceleration profiles in Paramics for cars: default vs. 

eco-driving 

6.1.3 Simulation Site 

As shown in Fig.6.6, the model region in this study is the 27-intersection (6-mile) 

segment of El Camino Real between Churchill Avenue in Palo Alto, California, and 

Grant Road in Mountain View, California. El Camino Real is a major north–south arterial 

connecting San Francisco and San Jose and is parallel to the US-101 freeway.  
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Fig.6.6. Modeled segment of El Camino Real corridor (27 intersections) in California 

 

This 6-mile segment of El Camino Real has been coded in Paramics, a 

microscopic traffic simulation tool, and is readily available for use in this project. This 

segment has three lanes in each direction and consists of 27 signalized intersections. The 

intersection spacing varies from 50 to 760 meters, and the speed limit is 40 mph. Fig.6.7 

shows a detailed map and sketch plot for the study corridor. Vehicle demands and their 

origin-destination (OD) patterns were calibrated for a typical weekday morning between 

7:15 a.m. and 9:30 a.m. in summer 2005. The traffic signals along the segment are both 

actuated and coordinated. Signal settings in the model are based on the parameter values 

exported from the actual traffic signal system in July 2005. Traffic signals in the existing 

simulation network are coded as fixed-time signals. 
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Fig.6.7. Detailed map and sketch plot for the modeled segment of El Camino Real 

corridor (27 intersections) 

 

6.1.4 Simulation Approach 

The microscopic traffic simulation software Paramics was used to model the 

movement of individual vehicles and their interactions in detail. As part of the evaluation, 

detailed speed profiles of every vehicle were examined to estimate emissions and energy 

consumption. As part of the programming environment, Paramics supports the 

development of plugins using its API, which enables users to interface with its core 

simulation engine to perform specific tasks. The interaction between different models and 

the API used in this application is shown in Fig.6.8. The Connected Eco-Driving 

application plugin is designed to fulfill the following functions:  

520 m
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Fig.6.8. Diagram of interactions among the models and API 
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A. Collect vehicles’ characteristics (e.g., type) and second-by-second speed data. 

B. Collect SPaT information.  

C. Estimate vehicles’ energy consumption and pollutant emissions based on the 

MOVES model. 

D. Generate vehicles’ advisory speeds. 

E. Update link average speed. 

F. Calculate vehicles’ control speeds. 

G. Modify vehicles’ acceleration profile. 

Prior to modeling the application, the Paramics model was carefully calibrated for 

the networks. Because of the stochastic nature of the microsimulation, multiple runs were 

conducted using different seed numbers. In this simulation, the significance level was set 

to 0.05. The allowable error was set at 2%. 

 

6.1.5 Results and Discussion 

As described previously, the Connected Eco-Driving application is composed of 

three modules: 1) Eco-Approach and Departure, 2) Eco-Speed Harmonization, and 3) 

General Eco-Driving Principles—each of which has a different effective region. To gain 

more in-depth insight into the application as well as to access its benefits, the research 

team used the 27-intersection El Camino Real network model (in Paramics) and 

conducted sensitivity analysis on different roadway congestion levels, or volume to 

capacity ratios (V/C = 0.83 for the baseline traffic demand), by applying each individual 
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module as well as the combined Connected Eco-Driving strategy. The environmental and 

mobility impacts were estimated by the aforementioned plugins. 

Fig.6.9 summaries the energy savings results from the simulation study for each 

individual module and the combined Connected Eco-Driving application. It can be 

observed that benefits from the General Eco-Driving Principles module varies from 0% 

to 3%, depending on the volume to capacity ratio (i.e., V/C). The Eco-Approach and 

Departure module can reduce energy consumption by up to 8%, especially in the light 

traffic condition (e.g., V/C = 0.2). On the other hand, Eco-Speed Harmonization can 

achieve up to 18% of energy savings. 

 

Fig.6.9. Performance of different modules and Connected Eco-Driving application on 

27-intersection El Camino Real network under 100% penetration rate: 

energy savings 
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On the other hand, as shown in Fig.6.10, the General Eco-Driving Principles 

module is quite robust to the demand variations in terms of penalizing the mobility of 

entire network. It gives rise to slight increase in vehicle-hour-traveled (less than 3%). 

However, mobility impacts due to the Eco-Approach and Departure module are very 

sensitive to travel demands. When the network-wide V/C = 0.83 (i.e., baseline demand), 

VHT can be increased by around 20%. 

 

Fig.6.10. Performance of different modules and Connected Eco-Driving application on 

27-intersection El Camino Real network under 100% penetration rate: 

changes in vehicle-hour-traveled or VHT (%) 

By further investigating the simulation tests, the research team realized that 

vehicles equipped with the Eco-Approach/Departure module may travel as a ―moving 

bottleneck‖ when it has to be stopped by the signal, due to the deceleration /acceleration 
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smoothing effects. If the intersection spacing is not long enough, then it is very likely that 

the equipped vehicle will ―push‖ its followers back to the upstream intersection, resulting 

in queue spill-back. Fig.6.11 presents example snapshots from one microscopic 

simulation test, showing that queue spill-back does occur (and often) when the Eco-

Approach/Departure module is applied, especially in congested scenarios. However, such 

queue spill-back issue can be hardly witnessed in the baseline case (no equipped 

vehicles). 

 

Fig.6.11. Snapshots from simulation study to show ―queue spill-back‖ along the short 

link due to the Eco-Approach/Departure module 

In addition, the overall benefits of Connected Eco-Driving (combined) are not 

simply the summation of two modules, but there are offsets in benefits when integrated. 

In this particular network, most of the intersection spacings are around 300 meters, so the 

effectiveness of Eco-Approach/Departure module dominates. The changes in measures of 

Baseline Eco-Approach/Departure
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effectiveness (MOEs) over different congestion levels have been summarized in Table 

6.1. As shown in the Table, if the traffic demand is low (e.g., V/C = 0.20), the proposed 

Connected Eco-Driving application can provide around 6.4% savings in energy 

consumption and significant reduction in other criteria pollutants (ranging from 8.5% to 

32.6%), while the vehicle-hour-travelled per vehicle may increase by 7.1%. As the 

network get more and more congested, the benefits drop. For example, under the baseline 

(morning peak) traffic demand, where V/C = 0.83, there is no improvement in energy 

consumption, although there are still significant reductions in other criteria pollutants. 

However, the VHT increases by about 35%. 

Table 6.1. Changes (%) in Measures of Effectiveness (MOEs) Due to the Connected 

Eco-Driving Application along 27-intersection El Camino Real Corridor 

(100% penetration rate) 

V/C 
Energy 

(KJ/mi) 

CO2 

(g/mi) 

CO 

(g/mi) 

HC 

(g/mi) 

NOx 

(g/mi 

PM2.5 

(g/mi) 
VHT (s/veh) 

VMT 

(mi/veh) 

0.20 6.36 6.36 32.56 10.32 8.50 21.71 -7.09 -0.91 

0.50 5.09 5.10 30.47 9.08 7.63 22.75 -9.14 -1.78 

0.83 -0.35 -0.26 26.52 3.03 2.17 18.01 -34.95 0.23 

1.00 0.07 0.10 24.45 2.02 6.73 22.12 -52.61 0.73 

 

To get better understandings on the interaction between different modules, the 

research team conducted additional sensitivity analysis on module combination. The 

results have been summarized in Table 6.2, where the baseline traffic demand (i.e., V/C = 

0.83) is modeled. As illustrated in the Table, under the baseline traffic demand, there is 

no significant benefits in energy savings from combined modelling. Only Eco-Speed 

Harmonization again shows significant benefit under this level of demand. 
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Table 6.2. Changes (%) in MOEs under Different Module Combinations (morning 

peak, baseline traffic demand where V/C is 0.83) along 27-intersection El 

Camino Real Corridor (100% penetration rate) 

Module 

Comb. 

Energy 

(KJ/mi) 

CO2 

(g/mi) 

CO 

(g/mi) 

HC 

(g/mi) 

NOx 

(g/mi 

PM2.5 

(g/mi) 

VHT 

(s/veh) 

VMT 

(mi/veh) 

Baseline 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A 0.26 0.37 9.32 0.39 3.57 8.86 -20.53 -0.11 
H 14.27 14.37 40.56 14.60 19.23 34.78 -8.47 -0.23 
P 0.36 0.45 18.43 6.17 1.04 11.54 -3.42 -0.50 

A + H -0.25 -0.15 15.57 0.28 3.60 12.80 -32.00 -0.72 

A + P 0.73 0.85 24.51 4.45 5.59 19.86 -33.47 -0.21 

H + P 13.97 14.07 42.57 14.47 19.82 38.03 -10.93 -0.70 

A + H + P -0.35 -0.26 26.52 3.03 2.17 18.01 -34.95 0.23 

A: eco-approach/departure; P: eco-driving principles  

 

6.1.6 Summary 

The analyses on 27-intersection El Camino Real network show that as traffic 

becomes more and more congested, the benefits from the Connected Eco-Driving 

application decrease. This is logical since there is less room along the arterial for the 

application to improve the system performance when the traffic demand increases. In 

addition, the implementation of this overall application may cause ―moving bottlenecks‖ 

under high traffic volumes due to the smoothed deceleration/acceleration by the 

leading/preceding vehicles, which may result in queue spill-back when the storage space 

(intersection spacing) is not long enough. This has been verified by the snapshots of 

simulation runs (see Fig.6.11). 

The benefits of Connected Eco-Driving are NOT simply the summation of 

benefits from each individual component. There are interactions between different 

modules, which may offset their own benefits when integrated. For example, the 
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progression speeds of traffic flows may be changed due to the implementation of some 

modules (e.g., General Eco-Driving Principles), which may affect the coordination levels 

along the corridor. 

By investigating each module of the Connected Eco-Driving application, it can be 

shown that the modified Eco-Approach/Departure module works well in the light traffic 

condition. However, its effectiveness diminishes when the network gets congested. The 

General Eco-Driving Principles component is quite robust to the demand variations, and 

the changes in energy consumption and VHT are within 3%.  

The sensitivity analyses on penetration rate show that there is not too much 

variation in MOE changes for General Eco-Driving Principles module when applying the 

27-intersection ECR corridor (baseline traffic demand).  

 

6.2 Cooperative Adaptive Cruise Control 

In order to relieve drivers from driving fatigue and enhance drivers’ comfort and 

performance, reduce risks of accidents, increase capacity, there has been extensive 

research of automating some tasks in vehicle [39], such as adaptive cruise control [37] 

which has been introduced in consumer vehicles for more than a decade. It automatically 

adjusts vehicle’s speed to keep a safe headway distance from its proceeding vehicle by 

using distance-detecting sensors, satellite signal, roadside infrastructures (V2I or I2V), or 

information broadcast from other surrounding vehicles. The latter two types of 

information can be achieved by connected vehicle technology [36]. CACC is one of the 

ACC concepts that build on top of connected vehicle. 
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There are different levels in the control system. The highest level determines the 

optimal motion of vehicle that is subject to some constraints, while the lower levels 

controls engine, brakes and steering, etc. [40]. Most research has been focused on high 

level since the low level control is similar across different systems. One of such high-

level control design proposed by Raza etc. [41][42] takes the information from onboard 

sensors, roadside infrastructure and other vehicles as inputs and sends commands to 

vehicle’s brake and throttle. 

Although they may produce some similar outcomes, platooning and ACC have 

different objectives. In a platoon, the objective is to maintain string stability so that the 

spacing between vehicles doesn’t grow to the end of the platoon [43][44][45]. It was 

found that V2V communication [46][47][48] and onboard sensor [49] can be utilized to 

achieve the string stability. Such model is designed to increase road capacity. On the 

other hand, ACC is designed to keep safety headway between vehicles, and meanwhile 

ensuring driving comfort. Fuzzy and neurocontrollers [50][51][52] can be trained for 

such purpose. Other mathematical models include sliding mode control [53] and optimal 

dynamic back-stepping control [54]. 

In this section, the key question we will discuss is how ACC can contribute to 

increasing energy efficiency and reducing vehicle emissions. Barth and Boriboonsomsin 

[55] have examined the impact on energy and emissions by vehicle automation, as shown 

in Fig.6.12. The solid line showing real-world driving data is drawn from many trips 

from different types of vehicle. The dashed red line represents the lowest energy and 

emissions that a vehicle can achieve. The high emissions at low speeds is due to the fact 
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that vehicles stay on the road for longer; and the high emissions at high speed is due to 

the aerodynamic drag forces are higher. 

 

Fig.6.12. Energy and Emissions as a function of average traffic speed 

Aforementioned, CACC is ACC for connected vehicles that are capable of V2I or 

V2V communications. With V2I and V2V communications, assuming zero-delay of such 

communications, every vehicle in a queue can be informed the moment the queue starts 

to release. If all the vehicles in a queue start to move at the same time in platoons, traffic 

throughput will be improved. To mimic such scheme in simulation, we chose to tune one 

parameter in Paramics: driver’s reaction time. Assuming the driver’s reaction time is 

zero, vehicles in a queue are expected to move at the same time when the queue starts to 

release, thus network capacity is also expected to increase. 

With the purpose of increasing network capacity, mitigating congestions and 

reducing energy consumption and emissions, CACC can be potentially coupled with 
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EAD to further improve energy efficiency and reduce emissions when applying on a 

signalized corridor. 

6.2.1 Simulation Setup 

Simulation was conducted on an isolated intersection with single lane in each 

direction, as shown in Fig.6.13. The link lengths on both side of the intersection 

(mainline) are both 650 meters. Only the traffic on the mainline are considered, and 

turning traffic are omitted at first. 

 

Fig.6.13. Network of an isolated intersection 

6.2.2 Results and Discussion 

As discussed earlier in this section, when a queue starts to release, vehicles within 

the queue will start to move at the same time as a whole, due to the zero driver reaction 

time. Fig.6.14 shows the speed-time diagrams of a queue of 3 vehicles starts to release 

from the intersection before and after applying CACC. It can be seen that under CACC, 

vehicles start to move at the same time and follow more closely with each other 

compared to baseline ACC. The distance-time diagram in Fig.6.15 also shows CACC can 

smoothen the vehicles’ trajectories, potentially beneficial to improving energy efficiency.  
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CACC mainly takes effect when vehicles are close to each other, especially when 

vehicles are in a queue or a platoon. Thus traffic demand is expected to have the most 

impact on travel time and energy efficiency after applying CACC on vehicles. 

 

Fig.6.14. Speed-time diagrams of a releasing queue 
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Fig.6.15. Distance-time diagrams of a releasing queue 

It was argued that network capacity is sensitive to driver’s reaction time. Another 

important factor affecting network capacity is safety headway. In order to investigate 

how these two factor impact the mobility and energy efficiency, we conducted a set of 

simulation runs. The results are shown in Fig.6.16, Fig.6.17, Fig.6.18 and Fig.6.19. These 

plots generally show that lower reaction time and shorter headway contributes to lower 

energy rate and shorter VHT. It is also shown that as traffic gets more congested, this 
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trend is more significant, which is due to the longer queue lengths under higher traffic 

demand. The longer the queue lengths are, the longer time CACC will take effect. 

 

Fig.6.16. Energy rate and VHT at 150 veh/lane/hr 
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Fig.6.17. Energy rate and VHT at 300 veh/lane/hr 
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Fig.6.18. Energy rate and VHT at 500 veh/lane/hr 
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Fig.6.19. Energy rate and VHT at 600 veh/lane/hr 

Previous simulations are based on a single-lane intersection. In the following 

simulations, multiple lanes (up to 4 lanes each direction) are modeled. Table 6.3 and 
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Fig.6.20 show the energy rate with different reaction times and number of lanes. It is 

found that there is no clear relation between energy efficiency and number of lanes. 

Table 6.3. Energy rate as a function of reaction time and number of lanes 

 

 

Fig.6.20. Energy rate vs. reaction time 

6.2.3 Summary 

There is a general trend that energy consumption rate increases as driver’s 

reaction time and target headway increases. This trend is more obvious at higher 
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congestion levels, which may be due to the longer queue length in more congested traffic. 

It is also found number of lanes doesn’t have direct effect on energy efficiency. 

Varying driver’s reaction time is a passive way to simulate CACC. One of the 

more active methods is to regulate vehicles’ longitudinal gap by adjusting the following 

vehicles’ speeds within a platoon. We also needs to address vehicles’ lateral maneuver, 

such as when a vehicle decides to follow its proceeding vehicle to form or join a platoon, 

and when to unfollow the proceeding vehicle to leave the platoon, etc. 

It would also be valuable to conduct some sensitivity analyses to have more 

insight into the CACC through simulation before field operational tests. The parameters 

we can vary include target headway, communication delay, penetration rate of connected 

vehicles, etc. 

The natural last step is to implement the algorithms and communication scheme 

on test vehicles and roadside infrastructures in order to verify our simulation results and 

more importantly, improve our algorithm to adapt to the real-world scenarios. 

Since CACC is focused on defining the following vehicles’ behaviors within a 

platoon, which are essentially replicas of the leading vehicle’s behavior, the natural next 

step is to apply the EAD algorithm on the leading vehicle to further increase the eco-

benefits of the total traffic. More detail about the future work of integrating CACC with 

EAD and even other Eco-Driving applications can be found in Chapter 7. 
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Chapter 7 

Conclusions and Future Work 

In this dissertation, fundamental algorithm design and development has been 

carried out in a number of eco-friendly connected vehicle applications. The majority of 

the development has been on the concept of Eco-Approach and Departure at a signalized 

intersection. Before diving into the main topic, the calibration strategy for micro-scale 

traffic simulation was discussed and a new method to calibrate the micro-scale 

simulations was proposed. After justifying the validity of micro-scale traffic simulation, a 

few different types of eco-driving applications were proposed and evaluated, including 

Eco-Approach and Departure, Connected Eco-Driving applications and Connected 

Adaptive Cruise Control. The first two applications were evaluated both in simulations 

and field tests. 

Section 7.1 provides general conclusions based on the research and results 

provided in this dissertation. Section 7.2 sheds some light on possible future work. 

 

7.1 Conclusions 

Chapter 3 discussed the limitation of traditional calibration practice and proposed 

an improved method to calibrate micro-scale traffic simulations. As the current state-of-

the-practice calibration criteria for micro-simulation models are based only on 

macroscopic traffic parameters, it is of interest to examine whether these criteria are 

sufficient to make the simulated vehicle trajectories at the micro scale represent those in 
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the real-world or not. This chapter investigates this issue using an NGSIM dataset as a 

ground truth. It is found that the microsimulation calibration criteria based on 

macroscopic traffic parameters alone are not adequate to represent vehicle trajectories at 

the micro scale. After carefully calibration on the microscopic parameters including mean 

target headway time, mean reaction time, mean acceleration/deceleration profiles, speed 

memory and simulation time step, it is found that after micro-scale calibration, not only 

the macroscopic criteria were met, the VSP distribution from simulation has much better 

match to that from NGSIM data, which means after micro-scale calibration, the 

simulation can capture real-world driving behaviors more accurately. The emission 

results further prove that micro-scale calibration can make simulation better at capturing 

microscopic behaviors in real world. 

Chapter 4 proposed the eco-approach and departure algorithm and its enhanced 

version to deal with intersection congestion. Based on this research, there are several key 

findings that are counter-intuitive when compared to typical eco-driving advices. When 

traveling on a roadway where there are specific points where traffic is controlled (traffic 

lights), specific constraints emerge in time and space; as a result, it has been found that 

hard accelerations that quickly get a vehicle up to a target speed and then have a steady 

cruise to reach a specific location at a specific time are less fuel consuming compared to a 

velocity profile that takes a longer period of time of acceleration to reach the same point 

of time and space. Similarly, it is beneficial to decelerate quickly, and then hold a steady 

state cruise speed when reaching a traffic signal just as it is turning green. At that point, it 

takes less energy to accelerate back up to typical speed traversing the corridor, compared 
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to starting from a stop. Results of our algorithms show approximately 12% fuel economy 

improvement and 13% emission reductions in individual vehicles over a standard 

baseline case without the velocity planning. In addition to these individual vehicle 

benefits, a set of experiments were also carried out to determine if there is a network-

wide energy/emissions savings from having a low penetration rate of dynamic eco-

driving technology equipped vehicles in the traffic stream. It is concluded that there is 

indeed additional network-wide fuel savings and emission reductions, due to the fact that 

unequipped vehicles are forced to follow the trajectories of the dynamic eco-driving 

vehicles in front, based on the car following logic. In the experiments, the maximum fuel 

saving and emission reduction occur during low congestion condition (corresponding to 

traffic volume of 100 vehicles/hour/link). Even at low technology penetration rates, 

significant fuel savings and emission reductions were still achieved. Under these low-

penetration conditions, the total traffic energy/emission savings typically double what is 

saved from the technology-equipped vehicles alone (e.g., total 3.39% savings compared 

to 1.57% savings from equipped vehicles at the penetration rate of 20%). We also tested 

our algorithm in a multiple-lane network with different signal cycle lengths. As both the 

cycle lengths and green phase duration increase, vehicles have more chances to pass 

intersections without stop or slowing down. Also since vehicles have more flexibility to 

change lanes, indirect network energy/emission benefit from car-following logic is 

weakened.  Therefore, fuel savings are not as high as in previous simulations. 

The enhanced version of this eco-approach and departure algorithm was also 

proposed in Chapter 4. This enhanced algorithm considers not only the phase and timing 
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of the signal but also the estimated intersection delay in front of the subject vehicle. The 

comparative study in a simulation environment exhibits that the proposed application 

outperforms its predecessor, which does not account for the estimated intersection delay, 

especially when traffic gets more congested. Simulation results also show that the 

network-wide fuel saving benefits of the proposed application are not sensitive to the 

congestion level, but to the penetration rate, communication range, and communication 

delay. 

Chapter 4 also discussed an eco-approach and departure model optimized for 

improving fuel consumption in situations where the car is facing multiple traffic lights in 

a row on its route. The main goal is to find an optimal speed trajectory that prefers 

leading the car through green phases while optimizing a weighted cost function of fuel 

consumption and time saving for the whole route. Furthermore, several weak and strong 

constraints that have to be considered have to be worked out and analyzed. This research 

was done with BMW. Due to the time constraint, we couldn’t finish implementing the 

algorithm in simulations. This chapter will give a brief description of the algorithm used 

for multiple fixed-time intersections. 

Chapter 5 includes all the field studies we have conducted for Eco-Approach and 

Departure application. The first section discussed the field tests at Richmond Field 

Station. In this section, we tested an example of eco-approach technology in a BMW test 

vehicle at a signalized intersection to determine fuel economy differences. Simulation-

based experiments were also carried out for the same test environment to compare the 

results between simulations and field tests. For comparison purposes, the two testing 
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scenarios included informed driver tests and uninformed driver tests. In the informed 

driver tests, the driver was provided with speed recommendations, while during the 

uninformed driver tests, the driver drove without any speed advice. The results show that 

on average, informed driver saved approximately 13.6% fuel compared with uninformed 

driver tests. It’s also found that fuel savings are mainly from informed driver’s early 

slowing down and cruising through intersection without having to stop at the intersection. 

In the second section, two test sites and two vehicles were utilized in the field 

experiments; at each test intersection, SPaT data were broadcast for fixed-time 

signalization to the vehicle. The testing was performed for a variety of intersection entry 

and exit speeds, and at entering the intersection at various times in the overall signal 

cycle. The results show that on average, informed drivers had fuel savings in the range of 

10% to 25%, depending on the entry and exit speed of the vehicle traveling through the 

intersection. For the Riverside-based testing using a light-duty passenger vehicle (Nissan 

Altima), there was approximately 19.8% reduction of fuel and CO2 emissions averaged 

across all speed ranges. For the TFHRC testing using a SUV (Jeep Grand Cherokee), the 

average reduction was approximately 10.7%; however, higher speed testing was not 

conducted at TFHRC. It should be noted that most savings occur around an entry/exit 

speed of around 30 mph. Savings at slower speeds aren’t as great since vehicles traveling 

slowly can typically adjust better to make it through a green light, for both informed and 

uninformed driving scenarios. Savings at higher speeds are also reduced since an 

informed driver can’t drastically modify their overall driving trajectory to achieve 

significant savings. Another key difference between Riverside and TFHRC testing is the 
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range of the DSRC signal. Because of various trees and terrain, the reliable DSRC range 

at TFHRC was approximately 190 meters. The reliable DSRC range at Riverside was 

approximately 500 meters. With a longer DSRC range, the vehicle has more time to plan 

an effective trajectory, resulting in greater fuel savings. It is important to note that there 

are many other factors affecting the results besides entry and exit speed. Examples 

include vehicle type, driver variability and their ability to follow the eco-advice, and road 

terrain. It was found that at TFHRC, small road grade differences had a noticeable effect, 

particularly when the vehicle is coasting or accelerating towards the intersection. The 

overall pollutant emissions reductions across all speeds in this case were calculated to be 

20.6% for CO2, 38% for CO, 26% for HC, and 33% for NOx. These results are mostly 

consistent with traffic simulation modeling studies examining the eco-approach and 

departure application. The results are comparable to 19% for the Riverside testing and 

11% for the TFHRC testing. 

Connected Eco-Driving application is discussed in Chapter 6. The analyses on 27-

intersection El Camino Real network show that as traffic becomes more and more 

congested, the benefits from the Connected Eco-Driving application decrease. This is 

logical since there is less room along the arterial for the application to improve the 

system performance when the traffic demand increases. In addition, the implementation 

of this overall application may cause ―moving bottlenecks‖ under high traffic volumes 

due to the smoothed deceleration/acceleration by the leading/preceding vehicles, which 

may result in queue spill-back when the storage space (intersection spacing) is not long 

enough. This has been verified by the snapshots of simulation runs (see Fig.6.11). The 
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benefits of Connected Eco-Driving are NOT simply the summation of benefits from each                                                                                                   

individual component. There are interactions between different modules, which may 

offset their own benefits when integrated. For example, the progression speeds of traffic 

flows may be changed due to the implementation of some modules (e.g., General Eco-

Driving Principles), which may affect the coordination levels along the corridor. By 

investigating each module of the Connected Eco-Driving application, it can be shown 

that the modified Eco-Approach/Departure module works well in the light traffic 

condition. However, its effectiveness diminishes when the network gets congested. The 

General Eco-Driving Principles component is quite robust to the demand variations, and 

the changes in energy consumption and VHT are within 3%. The sensitivity analyses on 

penetration rate show that there is not too much variation in MOE changes for General 

Eco-Driving Principles module when applying the 27-intersection ECR corridor (baseline 

traffic demand).  

Chapter 6 also provides some simulation analyses on Connected Adaptive Cruise 

Control. It is found that there is a general trend that energy consumption rate increases as 

driver’s reaction time and target headway increases. This trend is more obvious at higher 

congestion levels, which may be due to the longer queue length in more congested traffic. 

It is also found number of lanes doesn’t have direct effect on energy efficiency. 

 

7.2 Future Work 

Through the research on the various topics in this dissertation, we have 

accumulated some insight into how to improve our current research and some new 
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directions we can try in the future. We broke the discussion into different topics in the 

following subsections. 

7.2.1 Micro-Simulation Calibration 

The micro-scale calibration proposed in Chapter 3 focuses on calibrating mean 

target headway time, mean reaction time, mean acceleration/deceleration profiles, speed 

memory and simulation time step. There are other micro-scale parameters that can be 

fine-tuned as well, such as driver’s aggressiveness, awareness, patience threshold and 

familiarity to the road network. The first three parameters are correlated to the driver’s 

driving behaviors, which have a big impact on energy consumption and emissions. The 

last parameter is related to driver’s routing choices, which affect energy consumption and 

emissions on a large network. Calibration on these parameters is expected to help further 

reduce the error of energy consumption and emission, and better match the simulated 

VSP distribution with NGSIM data. 

7.2.2 Eco-Approach and Departure Application 

The current algorithm we are using for Eco-Approach and Departure does not 

take into account the vehicle’s engine specification. Since heavy-duty vehicles have very 

different engine maps compared to light-duty vehicles, heavy-duty vehicles should have 

different optimized trajectories, even different approaching and departing strategies from 

the light-duty vehicles. The natural next step is to integrate vehicle’s specific engine map 

into the optimization process to further increase the fuel economy. The challenge would 

be the much higher computation complexity when applying such algorithm in simulations 
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and real-world tests, since it requires a look-up of the engine map table every time step 

for each vehicle and the optimization will be much more complicated.  

On the other hand, even the current algorithm does not penalize vehicle mobility 

significantly; it is worthwhile to develop a weighted cost function to take into account 

both the energy cost and the travel time cost to increase the flexibility of the algorithm. 

In current algorithm, the through traffic and the turning traffic at the intersection 

are treated equally when the vehicles do not have to stop at the intersection. The next step 

on this is to treat the through traffic and the turning traffic differently since the turning 

speed for turning vehicles should be capped based on the radius of the turning curve to 

ensure the driving comfort. 

In order to apply Eco-Approach and Departure algorithm on actuated signals, 

current algorithm adapted constant-acceleration/deceleration profiles due to the time 

constraint of the EAR project. In the future, the sinusoidal function and even trajectory 

optimized for specific vehicle engine map can be utilized to improve the fuel efficiency 

and reduce emissions. Since the actuated signals are unpredictable, one vehicle’s optimal 

approaching strategy calculated in last time step may not be optimal in current time step, 

we should optimize vehicle’s trajectory to one intersection at a time as our first next step. 

One limitation of this algorithm for actuated signals is that the actual starting time 

and ending time of each green phase and red phase are not known in advance, which 

makes speed planning less effective. In order to improve the prediction of on-set times of 

green and red phases, we can look to the historical data to establish the distributions of 

the phase lengths. These distributions can be further incorporated with real-time 
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pedestrians and vehicles calls to predict the green windows. The both ends of a green 

window will then be bonded with some confidence level, other than absolute bonds. 

 

7.2.3 Cooperative Adaptive Cruise Control 

In section 6.2, we proposed a way to simulate Cooperative Adaptive Cruise 

Control (CACC) by reducing driver’s reaction time in Paramics. By setting the reaction 

time to zero, we can assume the following vehicles in a platoon will follow leading 

vehicle of the platoon without any time delay. However there is one problem in this 

method. The reaction time parameter in Paramics is driver’s mean reaction time, so when 

this time is set to zero, it’s not guaranteed that all the following vehicle’s driver’s reaction 

times are zero all the time.  

One of the alternative methods is to have full control of each vehicle’s movement 

so that we can regulate the gap between current vehicle and its proceeding vehicle in a 

platoon based on the behavior of proceeding vehicle and the leading vehicle (if it is not 

the same as the proceeding one). This method also needs to identify when a vehicle 

decides to follow its proceeding vehicle to form or join a platoon, and when to split from 

the proceeding vehicle to leave the platoon. For example, when a vehicle is approaching a 

proceeding vehicle, it could choose to change lane to overtake it or to exit the freeway; it 

could also choose to follow it to join the platoon. On the other hand, when a vehicle 

needs to change lane or when the leading vehicle decides to exit the freeway, it may need 

to unfollow the proceeding vehicle. 
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Besides the simulation methodology, it would also be valuable to conduct some 

sensitivity analyses to have more insight into the CACC through simulation before field 

operational tests. The factors we can vary include target headway, communication delay, 

penetration rate of connected vehicles, etc. 

As mentioned early, simulations are tools for us to gain insight of how CACC 

would impact the mobility and fuel economy of the traffic. As a natural step after 

preliminary simulations, we need to implement the algorithms and communication 

scheme in the vehicles and roadside infrastructures in order to verify our simulation 

results and more importantly improve our algorithm to adapt to the real-world scenario 

based on the field test results. 

7.2.4 Integration of CACC with Connected Eco-Driving application 

With the purpose of increasing network capacity, mitigating congestions and 

reducing energy consumption and emissions, CACC can be coupled with EAD to further 

improve energy efficiency and reduce emissions when applying on a signalized corridor. 

Since CACC is focused on defining following vehicles’ behaviors within a platoon, 

which are essentially replicas of the leading vehicle’s behavior, it is natural to apply the 

EAD algorithm on the leading vehicle to increase the eco-benefits of the total traffic.  

To further improve energy efficiency, for each following vehicle in a platoon, the 

time it passes through the next intersection can be estimated based on its position within 

the platoon and the leading vehicle’s trajectory, in a similar way we calculated 

intersection delay in our enhanced EAD algorithm described in Chapter 4. Therefore, if 

one following vehicle finds out it cannot pass the next intersection within the green phase 
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if it keeps staying in the platoon, it should break away from the platoon, become a leader 

and follow a new trajectory calculated by EAD algorithm.  

Since Eco-Speed Harmonization and General Eco-Driving Principle have their 

own effective zones, which are different from EAD’s effective zone, one way to integrate 

all the four components (EAD, Eco-Speed Harmonization, General Eco-Driving 

Principles and CACC) together and not having any two components compromising each 

other is to apply both EAD and Eco-Speed Harmonization only on the leading vehicle in 

each platoon with the rest of the platoon obeying CACC-defined behaviors, and all the 

vehicles’ acceleration/deceleration behaviors are regulated by General Eco-Driving 

Principles. 
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