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Abstract

:

Congestion is an ongoing problem for many urban centres worldwide (such as London), leading to excessive delays, noise and air pollution, frustrated drivers, and high energy consumption. The carbon footprint of conventional transport systems can be high as a result and transport is among the highest contributors of greenhouse gas emissions. Therefore, with the growing interest in developing connected fully autonomous vehicles (ConFAVs), there is a pressing need to consider their effects within the congested urban setting. To address this, the current research study was designed to investigate the potential for ConFAVs in providing a sustainable transport solution. During this research, a simulation model was developed, calibrated, and validated using field data collected from several sites in East London, using the graphical user interface (GUI) simulation software PTV VISSIM to simulate the proposed driving and car following behaviour, which included the platooning of these ConFAVs, to assess how they could improve the level of service of the roads. Using the new model, this research addresses the shortcomings of two other adaptations of the Wiedemann 99 car-following models by changing the ConFAV’s behaviour to be more cautious when travelling behind a human driven vehicle, and less cautious when behind another ConFAV. As little is known about the transitional period from zero autonomy to full autonomy on the already congested road network, due to the fact that these vehicles are typically tested in small numbers (often one at a time in a controlled environment), the present research study introduced ConFAVs to the simulated network gradually and in large numbers at 20% intervals (namely 0% where there are no ConFAVs, 20%, 40%, 60%, 80%, and finally 100% where all vehicles within the network were ConFAVs). The average delays and subsequent level of service for the roads within the networks were then assessed against each ConFAV penetration level. This helped understand how the network’s efficiency changes when the number of ConFAVs increases, and the potential benefits for these self-driving vehicles on congestion and the ensuing greenhouse gas emissions. The model showed that a reduction in delay of up to 100% can be achieved by introducing ConFAVs, which translates to a significant reduction in greenhouse gas emissions. This, coupled with the fact that ConFAVs are predominantly electric, points to a future sustainable road transport system. The primary purpose of this research would be to investigate the potential of ConFAVs in reducing traffic congestion and, as a result, greenhouse gas emissions.
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1. Introduction


Rapid urbanisation of many large cities around the world has led to a sharp increase in heavy vehicle congestion. Traffic congestion is known to degrade ambient air quality and increase noise pollution, collisions, and driver frustration [1,2]. London, being the largest city in the UK and among the most populated urban city centres of the world (this estimate does not include the thousands that travel from the suburbs to the capital for work daily), suffers from the worst traffic congestion in the UK, and is among the worst in Europe [3]. The Congestion Charge was introduced to specific areas within the centre of London with the aim to reduce congestion and ensuing greenhouse gas emissions. There is now an ultra-low emission zone (ULEZ) charge in operation in central and outer London aimed at reducing nitrogen dioxide by around 30% across London [4].



Connected fully autonomous vehicles (ConFAVs) have the potential to increase road capacity using vehicle platooning [5], with a lower impact on land occupancy due to a reduced demand in available parking spaces, while allowing basic access to transport for individuals who are unable to drive and promoting equity among the able-bodied and disabled users. However, many public opinion surveys have been undertaken worldwide about the use of autonomous and self-driving vehicles, and the results have shown common concerns that lead to public hesitance towards the technology. Some common concerns included software misuse/hacking, data privacy, inclement weather, interacting with conventional vehicles, interaction with vulnerable road users (i.e., pedestrians and cyclists), user safety, affordability, equipment failure, legal liability of owners, and allowing their child to ride in the car by themselves [6,7,8,9,10,11,12]. Studies have shown that it may be difficult for passengers to tell the difference between the vehicle driving autonomously and them being driven by a human [13],



Using vehicle-to-vehicle communication, ConFAVs on similar route trajectories can travel together in a platoon to increase efficiency. Research has defined a vehicle platoon as a group of connected automated vehicles (CAVs) traveling together at a consensual speed, following the leading vehicle while maintaining a predetermined inter-vehicle distance [14]. Platooning is considered to contribute to the improvement of mobility, fuel consumption, travel time, and traffic safety. The concept has been tested in a series of real-world trials [15,16] funded by government bodies and private firms, to study the strategies and technologies for platooning vehicles on un-modified public highways [17,18].



The present research study was designed to examine if a network’s efficiency could change with the number of ConFAVs within it, by looking at the changes in average delays and level of service (LOS) of two isolated networks in East London.



1.1. The Definition of Traffic Congestion


Researchers have over the years published different definitions of traffic congestion, with the most common being defined as a traffic state impacted by traffic flow parameters—such as volume, speed, and density—or as a phenomenon of lost time caused by slow moving vehicles. Another theory looks at the relationship between traffic supply and demand, where traffic congestion develops when the traffic demand exceeds the amount of traffic that the road can supply (capacity) [19]. The term ‘congestion’ is therefore defined in the context of this research as the state of traffic impacted by lost time (delay) caused by slow-moving vehicles.




1.2. Maximising Transportation Resources Using Intelligent Transport Systems


Jiehao Sun et al. (2021) analysed the control and management of urban traffic congestion, proposing countermeasures and solutions to alleviate traffic congestion by breaking down six specific ways in which urban congestion could be optimised. These are listed in Table 1 [19]. Their research argues that one way to optimise conditions to reduce congestion is “vigorously” developing intelligent transportation systems to make use of and improve the existing road resources.



Intelligent Transport Systems or ‘ITS’—as described by the European Commission’s Directive 2010/40/EU in Figure 1 [20]—could play a significant role in reducing some negative effects of transport and potentially become a major contributor for fulfilling the European Union’s aim of a ‘sustainable and well-functioning’ transport sector increasing safety while tackling Europe’s growing emission and congestion problems [21,22].




1.3. The Impact of the Transportation Sector on Greenhouse Gas Emissions


According to statistics published by the Department of Business, Energy & Industrial Strategy, the transportation sector was responsible for around 28% of UK greenhouse gas end-user emissions in 2020—mostly by measuring carbon dioxide emissions [23]. This national figure is measured only by vehicles used in road transport, domestic aviation, railways, and domestic shipping; emissions from transport related infrastructure, air conditioning, international aviation and shipping emissions are not accounted for. Figure 2 shows how the transport sector compares against others.



It should be noted that carbon dioxide emissions measured in the statistics above for the transportation sector were closely related to the amount of fuel used, whilst nitrous oxide and methane emissions were influenced more by the age and type of vehicle [23]. Research shows that drivers go through a variety of driving cycles during congested conditions, which leads to extra fuel consumption [24].




1.4. Transport in East London


This study has been focussed on a developing section of East London which is known for great transportation links. The area has excellent connections for rapid transit, light rail, buses, and taxis, and it features an extensive network of cycle routes. Research undertaken by the UK’s Department for Transport (DfT) shows that 27% of commuters travelled to work by car in 2018 [25]. Further and more in-depth research carried out by Transport for London (TfL) in 2020 shows that the main mode of travel across a 7-day week was public transport. Table 2 below details the number (in millions) of estimated daily average trips in Greater London by the mode of transport. Table 3 draws a comparison of travelling by car versus public transport and other modes collectively. This shows that just about a third of all journeys over 2018 and 2019 were conducted by cars [26].



In summary, almost a third of greenhouse gas emissions are a direct result of the transportation industry (road, domestic aviation, railways, and domestic shipping) and just over a third of journeys in Greater London are undertaken by car. This research aims to develop insight into whether or not ConFAVs replacing conventional human-driven cars could have an impact on congestion, and as a result improve fuel efficiency and reduce fuel-related greenhouse gas emissions.





2. Literature Review


2.1. The Presence of Autonomous Vehicle Technology


The public has already accepted the technology in some controlled environments, as driverless trains have been operating in some parts of the world for decades, such examples include Paris, Copenhagen, London, and Barcelona. London’s automated lines—which include the Victoria, Central, Jubilee, and Northern Lines—have been in operation from as far back as 1968. However, they continue to have drivers in the front carriages, to open/close the doors and occasionally control the speed of the train. The Docklands Light Railway (DLR), which is currently operating in East London, is fully automated and has operated without a driver sitting at the helm. In DLR trains, there is only an agent on board to attend to passengers. Furthermore, in London, driverless trains operate at Heathrow, Gatwick, and Stanstead airports. In 2011, the Heathrow Airport in London launched the first commercial application of an Urban Light Transport (ULTra) system, which introduced driverless pods on a 4 km guideway that shuttled passengers between a car park and Terminal 5 [27].



It should be noted that other autonomous vehicle (AV) technology has already been operational in other areas of the transport industry for decades. For example, airplanes have been equipped with computer assisted flight systems to automate flying and landing from as early as 1912 and 1948 respectively (Rao, 1993). In 2018, there were 64 fully automated metro lines in 42 cities, operating at a combined 1026 km. Figure 3 below shows how the 1026 km of operating lines are divided among the world regions. In the UK, the Docklands Light Railway (DLR)—which operates throughout East London—has been fully automated since its inception in 1987 with a passenger service agent on onboard to take over, if necessary, as well as to ensure safe boarding and attend to passengers.




2.2. State of the Art of ConFAVs


The past 30 years have seen major strides in the successful implementations of intelligent transportation systems (ITSs). Connected vehicles collect data about their surroundings and use this information to support the driver in their operation. This has been accomplished through the use of strategically placed sensors both on-board (on-board units: OBU) and along the sides of the road (roadside units: RSU), using vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), infrastructure-to-vehicle (I2V), and inter-infrastructure (I2I) communication technology [29]. The data collection is facilitated through the use of dedicated short-range wireless communication (DSRC), which forms vehicular ad-hoc networks (VANETs) that allow vehicles to exchange information about road conditions and their trajectories [30,31].



Currently, the connected vehicle uses radar and vision sensors to warn drivers of a range of hazards, alerting them to sudden braking ahead, collision paths, deviations toward the road edge, sharp curves, slippery patches, lane closures, and risks of overturning. When hazards are detected, these systems activate mitigation mechanisms in order to counteract the problem. This is carried out in a variety of ways from warning messages sent to the driver to the automatic correction of vehicular operations (for example: automatic braking or lane correction) in the more autonomous vehicle.




2.3. Examples of Autonomous Vehicle and Vehicle Technology Trials in Europe


In the United Kingdom, an autonomous Nissan LEAF was successfully introduced to the streets of Europe for the first time in February 2017 during their piloted test drive in London [32,33,34,35,36]. According to a January 2017 publication by Ashley Coates in The Independent, the new Nissan LEAF and Qashqai models are to be equipped with systems enabling single-lane autonomous driving on motorways.



Humandrive, the UK government-backed project had set out to test an autonomous 100% electric Nissan LEAF equipped with GPS, radar, LIDAR (laser scanners) and camera technologies within the UK. The autonomous system was capable of making decisions to navigate roads and obstacles, to change lanes, to merge with traffic, and to come to a stop or move off at the appropriate time while traversing a roundabout or signal-controlled junction. The findings of this 230-mile autonomous journey, undertaken in November of 2019 with two test engineers on board, have ranked the UK as one of the best locations worldwide to develop and deploy connected autonomous vehicle technology [37].



The elite technology and innovation centre established and overseen by Innovate UK [38] Transport Systems Catapult (TS Catapult), in partnership with the Mobile Robotics Group (MRG) at the Oxford University, has been leading the research into the development of self-driven pods [39]. As briefly mentioned before, the centre modelled a two-seater autonomous vehicle which has been fitted with stereo cameras, LIDAR (light detection and ranging system) and radar-based obstacle detectors. The vehicle would continue to have a steering wheel, accelerator, and brake pedal until testing is complete.



The Swedish car company Volvo entered a joint engineering venture with Uber in 2016 to produce a self-driving system with full automation [40]. The Volvo XC90 was equipped with Uber’s autonomous system, which features numerous back up system for steering, braking, and battery power, designed to bring the vehicle to a halt in the case of an emergency. Volvo Trucks also developed a connected electric autonomous vehicle called “Vera”, aimed to transport goods between a logistics centre to a port terminal in Gothenburg, Sweden. This experiment resulted from a partnership between Volvo Trucks and the ferry and logistics company, DFDS. The joint venture aimed to design a repetitive and continuous flow operating under 40 kph (25 mph) that is responsive to demands, while maintaining maximum efficiency, flexibility, and sustainability.




2.4. Autonomous Vehicle Behaviour


An automated vehicle’s operation can be summarised by its performance of three steps [41]:




	
Sensing the environment through the detection of obstacles and other vehicles.



	
Planning future actions using local measurements and (where available) information received through vehicle-to-vehicle communication.



	
Executing the planned actions while following the programmed trajectory.








As such, most research publications tend to focus on the autonomous vehicle navigation and its understanding of the surrounding environment, using intelligent algorithms [42,43,44,45,46,47] as well as using the sensor data for the internal condition of the vehicle to govern the optimal driving strategy [48]. To enhance the overall efficiency of traffic flow, hazard detection, and collision avoidance of the autonomous vehicle, it would need to be programmed to coexist in the public domain alongside human drivers, and to learn to recognise and adapt to human behaviour [49]. A vehicle platoon can be defined as a group of connected automated vehicles (CAVs) traveling together at a consensual speed, following the leading vehicle while maintaining a predetermined inter-vehicle distance [14]. Platooning is said to contribute to the improvement of mobility, fuel consumption, travel time, and traffic safety, and so there are many research projects funded by government bodies and private tech and/or automotive firms. The UK Heavy Goods Vehicle (HGV) Platooning project is a series of real-world trials to take place in a live commercial operating environment [15]. Backed by the policy direction of the UK’s Department for Transport and the technical leadership of Highways England (now known as National Highways), Transport Research Laboratory (TRL) Limited leads the consortium of project partners in achieving their research objective of understanding the requirements of operating a live platoon on UK roads.



The European Commission, under the Framework 7 programme, funded the Safe Road Trains for the Environment (SARTRE) project to study the strategies and technologies for platooning vehicles on un-modified public highways [16]. The technology is meant to operate platoons on public highways, without the need for modification to the actual road infrastructure, alongside other conventional non-platooning vehicles, while addressing safety, congestion, and environmental concerns. The company claims that platoons are estimated to provide up to 20% reduction in emissions, reduce collisions caused by human actions, and provide smoother traffic flow increasing throughput. This project is a joint venture of seven entities across four countries [17,18].




2.5. Lane Changing Behaviour and Congestion


Considering the route intention, desired speed, and comfort, a driver may choose to change lanes, which involves the lateral movement from their current lane to an adjacent lane. Depending on the environment, this could be considered as arbitrary or mandatory lane change, where the latter must be accomplished within a given timeframe. The length of time it takes the driver from the start of the manoeuvre to the point of lane crossing is also considered a function of the driving behaviour [50].



Autonomous vehicles undertaking co-operative lane changing using coordination protocols could provide a safer and more efficient lane changing manoeuvre [51]. Researchers have agreed that optimised lane-changing manoeuvres in conjunction with smaller headway gap between trailing ConFAVs have the potential to significantly reduce congestion [52]. Congestion is typically caused by the unbalanced usage of lanes and abrupt lane-changing behaviours within a high-volume traffic environment, causing a chain reaction of vehicles braking and slowing down, creating what is known as a shockwave [53]. Co-operative lane changing and platooning could be a solution to these shockwaves.




2.6. Testing Safety of ConFAVs


ConFAVs are able to acquire information about their surrounding more efficiently with high-precision sensors, potentially eliminating common human driver errors due to tiredness, maloperation, and reckless driving. Thus, they are commonly advertised as providing an efficient solution to many safety-related issues. However, fatal collisions over the years involving these autonomous technologies [54,55] have shown that whilst the technology is very advanced, there is still a long way to go to ensure safe driving.



Traditional road-testing method for vehicles would prove very difficult to achieve the test requirements of autonomous vehicles. Zheng et al. (2020) explains that research data show that an autonomous vehicle would have to drive at least 240 million kilometres to prove that their safety parameters are not less than that of the conventional human driver. This amounts to a fleet of 100 cars being tested at 50 kph continuously over a period of 6.8 years, which would need to be restarted if there were any modifications. Thus, the simulation method of testing is preferred [56].




2.7. Current Gaps in Research


In a study undertaken by the National Highway Traffic Safety Administration (NHTSA) involving two light vehicles, it was determined that vehicle following behaviours were on a list of 37 pre-crash scenarios identified as the most common driving situations that lead to crash events. The operational safety of autonomous vehicles has to be quantified using defined metrics to provide a clear understanding of the level of risk associated with AV deployment on public highways [57].



In 2016, the UK government in collaboration with ATKINS released a two-stage report on the impact of connected autonomous vehicles on traffic flow, laying out the parameters that needed to be changed within graphical user interface (GUI) simulation software PTV VISSIM [58,59] to adequately represent their driving behaviour. They assessed nine capability levels where 0 was the most cautious behaviour and 9 represented the most assertive behaviour [60]. The European Union’s Horizon 2020 project named “CoEXist”, which aimed to provide vital information for the transition phase from conventional vehicles to automated vehicle on urban roads, published a series of documents in 2018 which covered the technical behavioural parameter sets for automated vehicles [61]. These behavioural sets were validated [62] and published for four types of driving logic: rail safe, cautious, normal, and all-knowing. The shortfall of both models was that a global value was assigned to each of the Wiedemann 99 parameters, without altering the behaviour of ConFAV to act differently when following a conventional human driven vehicle, versus another ConFAV.





3. Methodology


3.1. Overview of the Proposed Model


To address shortcomings of current models, where the ConFAV’s behaviour remained the same regardless of the type of vehicle it followed, the model developed in the present study programmed the ConFAV to be more cautious when following a conventional human driven vehicle. This model was then used to examine the potential for ConFAVs to reduce congestion and associated carbon footprint. To achieve this, the car-following behaviour was programmed using Wiedemann 99 parameters and platoons were allowed up to a maximum of six vehicles.



The road networks for the case studies were simulated using PTV VISSIM software. The model was calibrated and validated using field data collected from several sites within the Queen Elizabeth Olympic Park in East London. Another shortcoming addressed in the current research work is the limited information about the transitional period from zero autonomy to full autonomy on the already congested road network, as these vehicles are typically tested individually or in small numbers and in a controlled environment. This was addressed by modelling different network penetration levels of ConFAVs by gradually introducing them into the network traffic volume, namely 0%, 20%, 40%, 60%, 80%, and 100% (i.e., until all vehicles within the network were ConFAVs). The resulting average delays were noted against each penetration level, and similarly noted for the subsequent level of service for the roads. This helped to understand how the network’s efficiency changes when the number of ConFAVs increases, and the potential benefits for these self-driving vehicles on congestion and the ensuing greenhouse gas emissions.



The framework for the development of the model is summarised in the flowchart depicted in Figure 4. The key inputs to the model are from the literature review (namely, the behaviour of ConFAVs in urban settings, their operational impact on the road network and risk factors), the system dataset (which includes traffic counts, signal phasing, road network geometry, and vehicle routing choices), and the user dataset (such as standstill distance, driving headway, reaction time, and car following behaviour). The main output of the model is vehicle delay information, which is used to calculate the level of service (LOS) and thus congestion. In the present research work, ConFAVs were modelled using a microsimulation software based on assumptions of possible driving behaviours. The selection of software hinged on the need for a microsimulation tool with a computer-aided design (CAD) graphical user interface (GUI), which was also used by local councils and government regulatory offices. PTV VISSIM was selected because it was designed to assess all traffic-related aspects of a network via scientific behavioural models that simulated “realistic behaviour of all road users within the existing and planned infrastructure”. The developers also issue regular updates that incorporate the latest research findings [33]. Two datasets—a combination of existing information and generated data derived from site observations, calculations, and assumptions that are corroborated by existing research—were fed into the base model designed in PTV VISSIM. The base models were simulated in VISSIM to show how a ‘normal’ network would behave with only conventional vehicles on the road. ConFAVs were then be introduced to the network in increments of 20% until full network penetration—i.e., 100% ConFAVs—was achieved. Travel time was monitored throughout the simulations, and the projected trajectories of each vehicle were closely examined to identify potentially serious conflicts.




3.2. Modelling the Platooning of ConFAVs


While the automated driving of a ConFAV is believed to reduce the risk of accidents and improve overall safety, it is argued that their ability to form platoons could potentially increase the capacity of the highway and reduce fuel consumption. This feature maintains the desired inter-vehicle distances, a concept introduced by adaptive cruise control (ACC) using radar and lidar [64]. Cooperative adaptive cruise control (CACC), which incorporates vehicle-to-vehicle (V2V) communication, provides the following vehicle with more information about its preceding vehicle, and is the concept that is designed into VISSIM’s platooning feature. PTV VISSIM has created several driving behaviour attributes for the modelling of platooning among connected vehicles. The feature was meant to model the effects of platooning on overall traffic, and not to investigate the detailed trajectories of the individual vehicles within the platoon, as their trajectories are dependent upon that of the leading vehicle and not their individual behaviour model.



While in a platoon, necessary lane changes remain active, so the vehicles within the platoon may leave the platoon according to their allocated route choices or paths of dynamic assignment, or because they belong to a class of vehicles for which the lane is blocked further downstream [59]. A given vehicle would increase the distance between itself and the preceding vehicle until a safe distance is gained for it to leave the platoon. A vehicle may change lanes only for a change of route.



If the route takes the platoon to a new link/connector which disallows platooning or allows fewer vehicles in the platoon, the platoon will split accordingly [59]. The maximum platooning desired speed may override that of the lead vehicle, forcing it to drive at a reduced speed. Each vehicle in the platoon will follow the lead vehicle in a coordinated manner, while maintaining a safety distance from its preceding vehicle.



A summary of the other attributes and assumptions about platooning in the model are as follows:




	
Only vehicles using the same driving behaviour will form a platoon.



	
A vehicle or a platoon of vehicles can attempt to join another vehicle/platoon from behind if its distance from the last vehicle in the platoon is below 250 m.



	
The platoons were capped at six vehicles.



	
The maximum platoon speed is the maximum speed at which all vehicles in the platoon can drive.



	
The maximum platooning desired speed will not be higher than the speed of the reduced speed area.



	
Any ConFAV within the network can be the lead vehicle.



	
It is assumed that if the platoon is broken, the vehicle at the front of the broken section would become the new lead vehicle.









3.3. Use of a Car Following Model


It is important to mimic the stochastic nature of traffic in simulations, to form a true representation of natural traffic flow models. PTV VISSIM was selected as the simulation tool because of its widespread use across the UK transportation industry, including local consultancies and regulatory bodies, with more than 16,500 users worldwide [58]. The foundation of PTV VISSIM is the Wiedemann’s car-following model.



Wiedemann, in his calculations, used psycho-physical perception to create a stochastic distribution model. The basic concept behind his model is a driver’s individual perception threshold. In this theory, a fast-moving vehicle will begin to decelerate as it approaches a slower vehicle and will do so until it reaches a speed lesser than the vehicle it follows, as it will be unable to determine the speed of the leading vehicle. Once the speed falls below that of the leading vehicle, another perception threshold is reached and the car following will slowly accelerate to match the speed of the car in front. Wiedemann based his calculations on the assumption that there are four states of driving before collision, whilst taking into consideration a distribution function of the speed and distance behaviour of the vehicle, as depicted in Figure 5 [63].



The first state that the approaching vehicle will enter is the free flow or free driving state, where there are no influences on the vehicle joining the procession. The vehicle will reach and maintain its desired speed. The maintenance of this speed is dependent on the physical capabilities of the individual vehicle. Older conventional vehicles without assistive driving, will oscillate around the desired speed, whereas newer human controlled vehicles with cruise control can maintain the speed. The second state experienced will be the approaching state, where the vehicle acknowledges the vehicle ahead and reduces its speed below that of the preceding vehicle. The following state is achieved when the vehicle follows the one ahead without consciously accelerating or decelerating. The desired safety distance is maintained, but it is expected that the difference in the speeds of the two vehicles will oscillate around zero (hence the circular pattern in the graph shown in Figure 5). If the vehicle fails to maintain its safety distance, the braking state is next. In this state, the vehicle would have had to apply medium-to-high deceleration rates to bring it back to its desire safety distance, avoiding the collision state.




3.4. Other ConFAV Modelling Assumptions


In the present research study, ConFAVs were introduced in the PTV VISSIM network as a new vehicle type with the same physical attributes of a small car, and their potential driving behaviour type attributes were then modified, particularly those of car-following behaviours and the platooning requirements detailed in the previous sub-section. Other assumptions used to programme the vehicle type within the simulation software are as follows:




	
Smaller lateral space is needed while overtaking.



	
Acceleration and deceleration is executed without distribution.



	
Desired speed is kept without any distribution.



	
Reaction time at traffic signals is set to zero (0).



	
Speed is adjusted to arrive at green assuming C2X communication.








In programming the global values for the Wiedemann 99 Parameters, the ConFAV was assigned greater values for the standstill distance and headway time if it is following conventional vehicle with a human driver. This allowed the ConFAV to behave more cautiously around other vehicles it cannot communicate with (the conventional human driven vehicle). Typically, a global value for each of the Wiedemann 99 Parameters are assigned to a ConFAV regardless of the type of vehicle in front of it. To improve this, in the current research project, the assigned values were adjusted based on the type of the vehicle in front (i.e., whether it is another ConFAV or a conventional human driven vehicle). In order to calibrate and validate the proposed model, two case studies were considered and corresponding field data were collected as described next.




3.5. Case Studies


Two case studies have been examined in the present research work with the aim of calibrating and validating the proposed model. The case studies included two isolated networks within the Queen Elizabeth Olympic Park in East London, which were observed and modelled. The two sites considered in the case studies were chosen as they represented two key types of transportation needs: residential and commercial.



3.5.1. Case Study: Site A—Residential Area: Hackney Wick


Hackney Wick is an urban developing community that sits to the west of the Queen Elizabeth Olympic Park (QEOP) and the new communities of Eastwick and Sweetwater to the east and is within proximity of the West Ham FBC Stadium, London Aquatics Centre, and the Westfield Shopping Centre (Europe’s largest shopping mall). This community has grown in popularity since the London 2012 Olympics, attracting investment from different landowners, organisations, and government bodies [65]. The layout of the site is shown in Figure 6. This section of the East London community was chosen to be modelled as it represents all three main junction types assessed in the present study. The isolated network being modelled is shown bordered in purple, and the location of the different junction types is also highlighted in orange for the priority junction type, blue for the signal-controlled junction type, and green for the roundabout junction type. The traffic conditions simulated in this case study were mostly ‘free-slow’ conditions.




3.5.2. Case Study: Site B—Commercial Area: Westfield Stratford City


This commercially focussed location was selected because of its access to the Westfield shopping centre and the major transportation links of Stratford International station. The Stratford underground station is also accessible through Westfield and by continuing south along Westfield Avenue, potentially driving the travel demand of this location. The layout of the site is shown in Figure 7. The traffic flow conditions simulated in this case study were mostly congested conditions.





3.6. Network Geometry and Programming


In the present research study, the layout of Site A was designed using the existing footprint of the road network shown in Figure 6, within the limits highlighted in purple. During the simulation, three priority junctions, one signal-controlled junction, and one roundabout were monitored, with the locations illustrated in Figure 6. The signal programme for the signal-controlled junction was created based on observations recorded during a visit to the site location.



For Site B, the layout was designed using the existing footprint of the road network shown in Figure 7, within the limits highlighted in purple in the figure. The signal programme for the junctions was created based on observations recorded during a visit to the site location.



The measures of effectiveness (MOE) that were used in the calibration of the model developed in the present study were performance measures identified as system-defined and user-defined input parameters (summarised in Table 4). System-defined parameters are high-level and usually those that are predefined by the traffic management system (speed limits, signal timings, etc.), the geometric layout of the road network, the volume of traffic and their routing choices. Some parameters that are user-defined in the simulation programme include headway times, standstill distances, and the driver’s lack of attention and reaction time.




3.7. Field Data Collection


Both quantitative and qualitative data were collected in the field through notetaking and video recordings to programme the parameters listed in Table 2. A total of 24 recordings were made at different intersections within the Queen Elizabeth Olympic Park to capture signal timings, speed limits, routing choices, and user behaviour data. Videos were captured over a 2-h period around Midday on a Saturday, when Westfield is known to attract a high level of patrons, and specifically on a day when there were no games at the stadium. Roads are usually obstructed to facilitate match days. The test sites are labelled in orange on the map in Figure 8 below.



All 24 recordings were used to program system-defined parameters; however, only five test sites were selected to capture the headway times, standstill distances, temporary lack of attention, and reaction times of the drivers. These sites were selected due to their proximity to the A12 motorway, direct connection to the Westfield shopping centre, and the observed traffic volumes (with two sample sites depicted in Figure 9).



To aid in the calculation of distances present in the videos, free HPI checks were conducted on each stopped vehicle to record the exact vehicle makes so that their dimensions could be taken from their manufacturers. After the model was calibrated with the system-defined input data, an initial run was carried out with the software’s default user-defined values. Afterwards, multiple runs were conducted to verify that the new parameter (shown in Table 5) set would generate significant results.



Data was collected again on a different day, five months later. The videos were recorded on a Friday between the hours of 11:00 am and 1:00 pm, to capture the user-defined behaviour modelled previously. The five-months gap was to facilitate similar weather conditions, as the winter months had fallen in between the two dates. The new dataset showed no change in five out of the seven parameters (as seen in Table 6), and minor changes in the remaining two. When simulated, these changes showed no statistically significant results, and so the final readings taken in the second dataset were used to calibrate the model.




3.8. Method of Evaluating Congestion


Congestion performance was evaluated by calculating the delay of a vehicle on its route choice, by subtracting from its actual travel time a theoretical one in which there were no other vehicles, and/or no signal controls or other reasons for stops to occur [34]. If no vehicle is captured in the time interval, then this is left blank as there is nothing to compare it to. The recorded delays were then used to determine the subsequent level of service (LOS) on that link/route, which was calculated differently if the intersection is signal-controlled or not. The LOS calculation parameters are shown in Table 7.




3.9. Simulation


Six ConFAV network penetration levels were tested in the experiment and their effects observed. The experiment started with all traffic flow being the conventional human controlled vehicle (0% ConFAV), then the ConFAVs were introduced in 20% increments of the network traffic volume until 100% penetration was attained.



The average vehicle delay over the 2-h simulation time along all route choice movements within each junction under review was compared for six ConFAV penetration levels, and the percentage change in the recorded average delay from 0% ConFAV penetration to 100% ConFAVs was calculated for each route. Within each network, observations were made according to route choice movements within the junction under review, which are broken down as follows:




	
Case Study: Site A—Residential Area: Hackney Wick—There were a total of 33 movements tested within this network:




	o

	
Six movements within each priority junction adding up to 18 movements




	o

	
Nine within the roundabout




	o

	
Six within the signal-controlled junction









	
Case Study: Site B—Commercial Area: Westfield Stratford City—There were a total of 18 movements tested within the network:




	o

	
Six movements within each of the three signal-controlled junctions















3.10. Network Vehicle Input


Raw vehicle data from the Department for Transport (DfT) count points were used to estimate the number of vehicles entering the network. The raw vehicle data for cars passing the count points were taken between the hours of 11:00 and 13:00 for the two most recent years available, ignoring data for 2020 due to the impact of the nationwide lockdowns that were in effect.



For Case Study A, there were four input points, and the point with the highest volume was calibrated at 731 vehicles per hour. Case Study B had five input points with the highest volume calibrated at 742 vehicles per hour. Figure 10 below shows an example of how volumes were calculated in Junction 2.




3.11. Limitations of the Study


	
A fixed, non-dynamic matrix for route assignment was employed, to keep the area contained to the isolated footprint, where vehicles will be tracked between named zones.



	
The analysed scenarios were considered as ‘boundary conditions’ since the FAVs were not allowed to exceed the acceleration and deceleration constraints applied.



	
The suspensions of the vehicles were not taken into consideration.



	
No vertical dimensions were introduced to the geometry of the network. The road surface was assumed to be completely flat.



	
Power and weight distributions were not altered as these refers exclusively to vehicles categorised as HGV (PTV AG, 2018), and are therefore irrelevant to this study since the ConFAV is modelled as a motor car.



	
A thesis licence was used for this research, and so the overall network size and number of signal controllers were limited.



	
The research was undertaken from a transport planning perspective and so equipped technology, autonomy outside of the investigated locations, and geofencing were outside of the scope of research.








4. Congestion Performance Results and Discussion


Before the car following model developed in this research was used in the assessment of case studies, its performance in typical junctions was compared with that of the ATKINS model and CoEXist models that were discussed in Section 2.7 of the Literature Review. Figure 11 below shows the comparison of the three models in a single manoeuvre within a three-arm roundabout.



To examine congestion performance, vehicle delay and network LOS were estimated using the proposed model and a comparative study was undertaken across different penetration levels of ConFAVs in the network (i.e., from conventional vehicles only network to one with 100% fully autonomous vehicles).



4.1. Case Study: Site A—Residential Area: Hackney Wick


4.1.1. Priority Junction 1


Observations were noted and compared for the three priority junctions, one roundabout, and one signal-controlled junction. Within priority Junction 1, it was observed that five out of the six movements (as shown in Figure 12) recorded a reduction in the average delay of all vehicles. Northbound traffic on Eastway turning right unto Osborne Road saw a fluctuation throughout the simulations, with the highest recorded delay at 80% ConFAV penetration. It should be noted that all movements had very low average delays with the highest recorded being 3.279 s at 80% penetration and 3.020 s at 100% penetration.




4.1.2. Priority Junction 2


Within Priority Junction 2, it was observed that four out of the six movements (as shown in Figure 13) recorded very significant reductions in the average delay of all vehicles. Traffic exiting Felstead experienced a fluctuation throughout the simulations. Traffic turning left onto Berkshire experienced its highest level of delays during 20% ConFAV penetration, with recorded average delay rising from 0.446 to 0.775 s. Traffic turning right onto Berkshire also had its highest increase during 20% ConFAV penetration, recording 0.704 to 0.766 s. It should be noted that all movements had very low average delays with the highest recorded being 0.766 s at 100% penetration.




4.1.3. Priority Junction 3


Within Priority Junction 3, it was observed that four out of the six movements (as shown in Figure 14) recorded very significant reductions in the average delay of all vehicles. Traffic turning onto Felstead experienced a fluctuation throughout the simulations with the highest level of delays recorded during 100% ConFAV penetration. Southbound traffic from Chapman Road turning left onto Felstead had a 4% increase amounting to 0.102 s at 100% penetration. Northbound traffic turning right onto Felstead Road had a 22% increase amounting to 0.035 s. It should be noted that all movements had very low average delays with the highest recorded being 2.619 s at 100% penetration.



The average delay for all movements within each of the priority junctions in Site A was calculated and compared for each level of ConFAV penetration. It was observed that there was a slow decline in the average delay as the number of ConFAVs increased within the network, as illustrated in Figure 15. Each junction maintained an excellent level of service, as the worst average delay recorded was less than 1.4 s, keeping within a level of service (LOS) of category ‘A’.




4.1.4. Roundabout Junction


Within the roundabout, it was observed that eight out of nine movements (as shown in Figure 16) recorded reductions in the average delay of all vehicles (when comparing 0% ConFAV penetration to 100% ConFAV penetration) ranging between 47% and 98%. Southbound traffic from Trowbridge Road that enter the roundabout to execute a U-turn experienced zero (0) delays throughout all six simulations. It should be noted that all movements had very low average delays with the highest recorded being 4.013 s at 0% penetration.




4.1.5. Signal-Controlled Junction


Within the signal-controlled junction, it was observed that all six movements (as shown in Figure 17) recorded reductions in the average delay of all vehicles. Eastbound traffic on Wick Road turning left onto Eastway saw extremely low delays. This is the route that has a permanent green at the junction, which would explain delays being less than 1 s. Southbound traffic on Eastway turning left onto Chapman Road had a significant reduction in delay dropping from 1.338 s at 0% penetration to 0.182 s at 100% penetration. The other routes ranged between 11.617 and 18.118 s and had reductions ranging between 4% to 26% at 100% penetration from 0%.



Similar to the comparison of the priority junctions in this case study, the roundabout and signal-controlled junctions both experienced a slow decline in average delay, as depicted in Figure 18. Furthermore, the change in average delay within the signal-controlled junction was also improved from a category ‘B’ to category ‘A’.



A companion was carried out between 0% ConFAV penetration (all conventional vehicles) and 100% ConFAV penetration (no conventional vehicles in the network) for all movements within each junction, which showed that there is generally a decrease in delay, but as the junction was already performing within a good LOS, this did not lead to a change in the categorisation. Hence, most movements remained within LOS category ‘A’ (as shown in Table 8).





4.2. Case Study: Site B—Commercial Area: Westfield Stratford City


The average vehicle delay along all 18 routes identified within network was compared among the six ConFAV penetration levels, and the percentage change in the recorded average delay from 0% ConFAV penetration to 100% ConFAVs was calculated for each route and compared. An overall reduction in average delays was seen throughout the network, ranging from 8% to 30% less delays at 100% ConFAV penetration when compared to 0% ConFAVs in the network. It was noted that five routes had a very low number of vehicles on the link (less than or equal to 3) in the simulation, which meant that the sample size was too low to produce conclusive or significant results and was thus excluded from the comparison. The name of each link used for identifying each movement in Table 8 is shown in Figure 19.



Figure 20 shows the changes in average delays for vehicles along four routes passing through Junction 1 of Site B. Similar to Site A, there is a slow decline in average delays as more ConFAVs are introduced to the network.



Figure 21 shows the changes for vehicles passing along some routes through Junctions 2 and 3. The resulting change in delays for these routes mirror that of Junction 1, where there is a slow decline in average delays.



A comparison was drawn for all the movements within the network between 0% penetration and 100% penetration, to see if the level of service (LOS) would change if all vehicles within the network were connected and operating autonomously. The comparative study is summarised in Table 9, showing the percentage change and the resulting LOS categorisations. The comparison shows that there is a reduction in delay of up to 30%. The LOS categorisation and it was found that for most routes the LOS was either maintained or improved (e.g., from E to D and from C to D). These are promising results and alongside the ones reported in Case Study A in the present investigation demonstrate the potential for ConFAVs to reduce congestion and associated greenhouse gas emissions. It should be also noted that the LOS categories currently used were designed for conventional non-autonomous vehicles and these might need to be adjusted in order to capture the full benefits of ConFAVs.





5. Conclusions


Transport is one of the key contributors to greenhouse gas emissions worldwide. This is exacerbated by congestion, particularly in highly populated cities such as London. Currently, there is an increasing trend and investment in driverless vehicles that are connected with each other and also with traffic management systems (such as traffic lights). This provides an opportunity to utilise these emerging technologies to address congestion issues and thus enhance the sustainability of our road transport system. Thus, the present research study was undertaken to examine the potential for ConFAVs in reducing congestion and, consequently, greenhouse gas emissions. A numerical model was developed in order to simulate the driving behaviour of ConFAVs and different levels of penetration of these cars into the road network were considered, ranging from 0% (i.e., conventional vehicles only) to 100% (i.e., all vehicles are fully autonomous). This is vitally important as currently there is limited data on the transitional phase when ConFAVs are introduced into the road network alongside conventional vehicles. Additionally, the model also allowed for the reaction to the type of vehicle in front of the ConFAV (i.e., whether it is also autonomous or human driven). This is usually omitted in current models, and it is vitally important to capture this interaction. The road networks were simulated using PTV VISSIM software and the model.



Two real-life case studies were used to calibrate and validate the model with field data collected from several sites within the Queen Elizabeth Olympic Park in East London. This was aimed at exploring the impact of ConFAVs operating within these two case studies. The latter were chosen based on the classification of users and the transportation needs that they represented. Hackney Wick (Case Study: Site A) was selected because it was predominantly residential and Westfield (Case Study: Site B) because of the commercial district and the international train station next to it. The key findings from each case study are summarised next.



5.1. Case Study: Site A—Hackney Wick


The average delay for all movements within each of the priority junctions in Site A was calculated and compared for each level of ConFAV penetration. It was observed that there was a slow decline in the average delay as the number of ConFAVs increased within the network. The reduction in delay was up to 100%, 99%, and 89% for Priority Junctions 1, 2, and 3, respectively. Each junction maintained an excellent level of service, as the worst average delay recorded was less than 1.4 s, keeping within a level of service (LOS) of category ‘A’. Similar to the comparison of the priority junctions in this case study, the roundabout and signal-controlled junctions both experienced a slow decline in average delay. The reduction in delay was up to 98% and 86% for roundabout and signal-controlled junctions, respectively. The change in average delay within the signal-controlled junction improved the level of service from a category ‘B’ to category ‘A’. In general, the signal-controlled junction provided the highest reduction in delay (and thus congestion and corresponding greenhouse gas emissions) and this is likely due to the ConFAVs in the present model being connected to the signal system and being able to anticipate signal changes in advance. This demonstrates the potential for connected ConFAVs to reduce congestion and its environmental impact.




5.2. Case Study: Site B—Westfield


It was observed that there was an overall reduction in delays within the isolated network. Thirteen out of 18 routes were analysed (the remaining five routes within the network had extremely low levels of vehicles and so could not provide statistically conclusive results), and it was found that all routes experienced a reduction in delay up to 30% at 100% ConFAV penetration (i.e., when the road network was used by autonomous vehicles only) when compared to 0% ConFAVs (i.e., when all vehicles were human driven). Furthermore, two movements out of the 13 routes examined had improvements in their LOS category with one changing from category “D” to category “C”, and the other from Category “E” to Category “D” at 80% and 40% ConFAV penetration level, respectively.




5.3. Overall Conclusion


The case studies considered in the present study led to a conclusion that increased numbers of ConFAVs driving in platoons within the network reduce delays and as a result either maintained the LOS of the chosen route or made it better. The lead vehicle in the platoon was able to anticipate changes in signals and communicate this with the trailing vehicles, allowing them to perform better at signalised junctions. Platoons also increased network capacity on congested links, allowing better performance in the average delays, as observed in Case Study B.



Results showed that it was possible to achieve a reduction in the average delay of a vehicle of up to 100% through the introduction of large volumes of ConFAVs, which translates to a significant reduction in greenhouse gas emissions. This coupled with the fact that ConFAVs are predominantly electric and the overall increasing trend towards electric vehicles points to a more sustainable road transport system.




5.4. Future Work


It would be beneficial if further research is conducted to ascertain if similar results could be achieved through the provision of real-time traffic signal status in all human driven vehicles, allowing the driver to adjust their speeds accordingly. This would reduce the number of start–stop instances in the drive cycle, which could cut back on the vehicle’s generated emissions. To fully realise this potential solution, future research will be required to look at larger networks with more degraded levels of service. The parameters for LOS categorisation used may also need rethinking as a delay of 1 s may have a different impact on platoons of ConFAVs than it would on conventional vehicles traversing the junction.



However, while the potential success of the ConFAV in reducing congestion is apparent, the number of ConFAVs on the road is highly dependent on customer acceptance and willingness to buy these vehicles. Continuous research into the common concerns of future customers will be key in the implementation of widespread ConFAV uptake.








Author Contributions


Conceptualization, R.N., H.A. and A.A.; methodology, R.N., H.A. and A.A.; software, R.N.; validation, R.N.., formal analysis, R.N.; investigation, R.N., H.A. and A.A.; resources, R.N., H.A. and A.A.; data curation, R.N.; writing—original draft preparation, R.N.; writing—review and editing, A.A. and H.A.; visualization, R.N.; supervision, A.A. and H.A.; project administration, R.N, H.A. and A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable




Data Availability Statement


Not applicable




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, K.; Batterman, S. Air pollution and health risks due to vehicle traffic. Sci. Total Environ. 2013, 450, 307–316. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Djahel, S.; Zhang, Z.; McManis, J. Next Road Rerouting: A Multiagent System for Mitigating Unexpected Urban Traffic Congestion. IEEE Trans. Intell. Transp. Syst. 2016, 17, 2888–2899. [Google Scholar] [CrossRef]

	



Congestion Charge Fact Sheet. Available online: https://content.tfl.gov.uk/congestion-charge-factsheet.pdf.pdf (accessed on 28 March 2022).

	



Transport for London. Why Do We Have a ULEZ? Available online: https://tfl.gov.uk/modes/driving/ultra-low-emission-zone/ulez-expansion (accessed on 28 March 2022).

	



Harwood, N.; Reed, N. Modelling the impact of platooning on motorway capacity. In Proceedings of the Road Transport Information and Control Conference, London, UK, 6–7 October 2014. [Google Scholar] [CrossRef]

	



Kyriakidis, M.; Happee, R.; de Winter, J. Public opinion on automated driving: Results of an international questionnaire among 5000 respondents. Transp. Res. Part F Traffic Psychol. Behav. 2015, 32, 127–140. [Google Scholar] [CrossRef]

	



American Automobile Association. Americans Feel Unsafe Sharing the Road with Fully Self-Driving Vehicles. Available online: http://go.nature.com/2i296OW (accessed on 30 May 2022).

	



Bansal, P.; Kockelman, K.M.; Singh, A. Assessing public opinions of and interest in new vehicle technologies: An Austin perspective. Transp. Res. Part C Emerg. Technol. 2016, 67, 1–14. [Google Scholar] [CrossRef]

	



Bansal, P.; Kockelman, K.M. Are we ready to embrace connected and self-driving vehicles? A case study of Texans. Transportation 2016, 45, 641–675. [Google Scholar] [CrossRef]

	



Cunningham, M.; Regan, M.; Ledger, S.; Bennett, J. To buy or not to buy? Predicting willingness to pay for automated vehicles based on public opinion. Transp. Res. Part F Traffic Psychol. Behav. 2019, 65, 418–438. [Google Scholar] [CrossRef]

	



Schoettle, B.; Sivak, M. A Survey of Public Opinion about Autonomous and Self-Driving Vehicles in the U.S., the U.K., and Australia; University of Michigan, Ann Arbor, Transportation Research Institute: Ann Arbor, MI, USA, 2014; Available online: https://hdl.handle.net/2027.42/108384 (accessed on 30 May 2022).

	



Cartenì, A. The acceptability value of autonomous vehicles: A quantitative analysis of the willingness to pay for shared au-tonomous vehicles (SAVs) mobility services. Transp. Res. Interdiscip. Perspect. 2020, 8, 100224. [Google Scholar] [CrossRef]

	



Cascetta, E.; Cartenì, A.; Di Francesco, L. Do autonomous vehicles drive like humans? A Turing approach and an application to SAE automation Level 2 cars. Transp. Res. Part C Emerg. Technol. 2022, 134, 103499. [Google Scholar] [CrossRef]

	



Badnava, S.; Meskin, N.; Gastli, A.; Al-Hitmi, M.; Ghommam, J.; Mesbah, M.; Mnif, F. Platoon Transitional Maneuver Control System: A Review. IEEE Access 2021, 9, 88327–88347. [Google Scholar] [CrossRef]

	



HelmUK. UK Heavy Goods Vehicle (HGV) Platooning Project. Available online: https://www.helmuk.co.uk/ (accessed on 2 August 2019).

	



Verdict Media Limited. Project SARTRE (Safe Road Trains for the Environment)—Verdict Traffic. Road Traffic Technology. Available online: https://www.roadtraffic-technology.com/projects/the-sartre-project/ (accessed on 2 August 2019).

	



Chan, E.; Gilhead, P.; Jelínek, P.; Krejči, P.; Robinson, T. Cooperative control of SARTRE automated platoon vehicles. In Proceedings of the 19th ITS World Congress, Vienna, Austria, 22–26 October 2012. [Google Scholar]

	



Dávila, A.; Nombela, M. Sartre-Safe Road Trains for the Environment Reducing Fuel Consumption through Lower Aerodynamic Drag Coefficient. SAE Tech. Pap. 2011, 36, 2688–3627. [Google Scholar]

	



Sun, J.; Guo, B.; Tian, S.; Guo, Q.; Sun, C. Brief Analysis on the Control and Management Measures of Urban Road Congestion. IOP Conf. Ser. Earth Environ. Sci. 2021, 820, 012034. [Google Scholar] [CrossRef]

	



Department for Transport. Explanatory Memorandum to the Intelligent Transport Systems (Eu Exit) Regulations 2018. Available online: https://assets.publishing.service.gov.uk/media/5c001546ed915d11a257a011/EM_Intelligent_Transport.pdf (accessed on 4 April 2022).

	



Le Den, X.; Floristean, A.; Nyberg, J. Final Report Mid-Term Evaluation of the Implementation of the Its Action Plan; Ramboll: Copenhagen, Denmark. Available online: https://transport.ec.europa.eu/system/files/2016-09/2013-03-06-mid-term-evaluation-of-the-implementation-of-the-its-action-plan.pdf (accessed on 4 April 2022).

	



European Commission. Intelligent Transport Systems. Mobility and Transport. Available online: https://transport.ec.europa.eu/transport-themes/intelligent-transport-systems_en (accessed on 4 April 2022).

	



Department for Business, Energy & Industrial Strategy. Annex 1: 2020 UK Greenhouse Gas Emissions, Final Figures by End User and Uncertainty Estimates; 2022. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statistical-release.pdf (accessed on 12 May 2022).

	



Lu, Y.; Gao, H. Analysis of Fuel Consumption in Urban Road Congestion Based on SPSS Statistical Software. Lect. Notes Data Eng. Commun. Technol. 2021, 94, 113–123. [Google Scholar]

	



Department for Transport. Transport Statistics Great Britain 2019; Department for Transport: London, UK, 2019. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/870647/tsgb-2019.pdf (accessed on 30 May 2022).

	



Transport for London. Travel in London. Report 13. Available online: https://content.tfl.gov.uk/travel-in-london-report-13.pdf (accessed on 30 May 2022).

	



Rodrigue, J. The Geography of Transport Systems. Available online: https://transportgeography.org/contents/ (accessed on 29 January 2022).

	



UITP. World Report on Metro Automation 2018; Observatory of Automated Metros: Brussels, Belgium; Available online: https://cms.uitp.org/wp/wp-content/uploads/2020/06/Statistics-Brief-Metro-automation_final_web03.pdf (accessed on 30 May 2022).

	



Guo, J.; Balon, N. Vehicular Ad Hoc Networks and Dedicated Short-Range Communication, 1st ed.; University of Michigan: Dearborn, MI, USA, 2006; Available online: http://nbalon.info/projects/cis695/vanet_chapter.pdf (accessed on 12 July 2015).

	



Gradinescu, V.; Gorgorin, C.; Diaconescu, R.; Cristea, V.; Iftode, L. Adaptive Traffic Lights Using Car-to-Car Communication. In Proceedings of the 2007 IEEE 65th Vehicular Technology Conference—VTC2007-Spring, Dublin, Ireland, 22–25 Apri 2007. [Google Scholar]

	



Kishimoto, K.; Yamada, M.; Jinno, M. Cooperative Inter-Infrastructure Communication System Using 700 MHz Band. SEI Tech. Rev. 2014, 78, 19–23. [Google Scholar]

	



Coates, A. Nissan to Trial Autonomous Cars in London Next Month. The Independent. 18 January 2017. Available online: https://www.independent.co.uk/life-style/motoring/nissan-to-trial-autonomous-cars-in-london-next-month-a7533101.html (accessed on 4 April 2017).

	



Pitas, C. Self-Driving Nissan Car Takes to Europe’s Streets for First Time. Reuters UK. 11 May 2017. Available online: https://www.reuters.com/article/us-britain-autos-driverless-idUKKBN16621H (accessed on 4 April 2017).

	



Malley, J. Autonomy in the UK: Riding in Nissan’s Driverless Leaf in East London. Gizmodo UK. 2 March 2017. Available online: https://www.theguardian.com/business/2017/mar/02/konnichiwa-london-nissan-leaf-drives-itself-on-city-roads (accessed on 4 April 2017).

	



Topham, G. ‘You Weren’t Scared?’: Nissan Takes Us for a Ride in the Leaf Driverless Car. The Guardian. 2 March 2017. Available online: https://www.theguardian.com/business/2017/mar/02/konnichiwa-london-nissan-leaf-drives-itself-on-city-roads (accessed on 4 April 2017).

	



Williams, D. Nissan’s New Self-Driving Car Gets Test Drive on London’s Public Roads. Evening Standard. 1 March 2017. Available online: https://www.standard.co.uk/news/transport/nissan-s-new-selfdriving-car-gets-test-drive-on-london-s-public-roads-a3478761.html (accessed on 4 April 2017).

	



CCAV and Innovate UK. Humandrive: Vehicle Completes 230 Mile, Self-Navigated Drive across the UK. Available online: https://www.gov.uk/government/case-studies/humandrive-vehicle-completes-230-mile-self-navigated-drive-across-the-uk (accessed on 29 January 2022).

	



Transport Systems Catapult. Exploring the Opportunity for Mobility as a Service in the UK. Available online: https://cp.catapult.org.uk/wp-content/uploads/2021/07/Exploring_the_Opportunity_for_Mobility.pdf (accessed on 4 April 2017).

	



Oxford Mobile Robotics Group. Lutz Pathfinder Project: University of Oxford. Available online: http://mrg.robots.ox.ac.uk/projects/lutz-self-driving-pods/ (accessed on 15 October 2016).

	



Volvo Car Corporation. Volvo Cars and Uber Present Production Vehicle Ready for Self-Driving. Available online: https://www.media.volvocars.com/global/en-gb/media/pressreleases/254697/volvo-cars-and-uber-present-production-vehicle-ready-for-self-driving (accessed on 2 August 2019).

	



Pauca, O.; Caruntu, C.; Maxim, A. Trajectory Planning and Tracking for Cooperative Automated Vehicles in a Platoon. In Proceedings of the 24th International Conference on System Theory, Control and Computing (ICSTCC), Sinaia, Romania, 8–10 October 2020. [Google Scholar]

	



Duan, X.; Jiang, H.; Tian, D.; Zou, T.; Zhou, J.; Cao, Y. V2I based environment perception for autonomous vehicles at intersections. China Commun. 2021, 18, 1–12. [Google Scholar] [CrossRef]

	



Marzbani, H.; Khayyam, H.; To, C.; Quoc, D.; Jazar, R. Autonomous Vehicles: Autodriver Algorithm and Vehicle Dynamics. IEEE Trans. Veh. Technol. 2019, 68, 3201–3211. [Google Scholar] [CrossRef]

	



Milani, S.; Khayyam, H.; Marzbani, H.; Melek, W.; Azad, N.; Jazar, R. Smart Autodriver Algorithm for Real-Time Autonomous Vehicle Trajectory Control. IEEE Trans. Intell. Transp. Syst. 2020, 23, 1984–1995. [Google Scholar] [CrossRef]

	



Valera, J.; Huaman, L.; Pasapera, L.; Prada, E.; Soto, L.; Agapito, L. Design of an autonomous electric single-seat vehicle based on environment recognition algorithms. In Proceedings of the 2019 IEEE Sciences and Humanities International Research Conference (SHIRCON), Lima, Peru, 13–15 November 2019. [Google Scholar]

	



Wang, H.; Zhang, W.; Wu, X.; Weng, W.; Meng, Z.; Gao, Q. Local Path Planning for Autonomous Vehicle Based on Artificial Potential Field Algorithm. In Proceedings of the 2019 3rd International Conference on Electronic Information Technology and Computer Engineering (EITCE), Xiamen, China, 18–20 October 2019. [Google Scholar]

	



Zhou, X.; Jiang, Z.; Li, Q. A Location Algorithm for Autonomous Vehicles in Large-scale Scenarios Using a Multilayer LIDAR. In Proceedings of the 2020 IEEE 9th Joint International Information Technology and Artificial Intelligence Conference (ITAIC), Chongqing, China, 11–13 December 2020. [Google Scholar]

	



Son, S.; Jeong, Y.; Lee, B. A Driving Decision Strategy (DDS) Based on Machine learning for an autonomous vehicle. In Proceedings of the 2020 International Conference on Information Networking (ICOIN), Barcelona, Spain, 7–10 January 2020. [Google Scholar]

	



Nallaperuma, D.; De Silva, D.; Alahakoon, D.; Yu, X. Intelligent Detection of Driver Behavior Changes for Effective Coordination Between Autonomous and Human Driven Vehicles. In Proceedings of the IECON 2018—44th Annual Conference of the IEEE Industrial Electronics Society, Washington, DC, USA, 21–23 October 2018. [Google Scholar]

	



Li, H.; Wu, C.; Chu, D.; Lu, L.; Cheng, K. Combined Trajectory Planning and Tracking for Autonomous Vehicle Considering Driving Styles. IEEE Access 2021, 9, 9453–9463. [Google Scholar] [CrossRef]

	



Hodgkiss, J.; Djahel, S.; Hadjadj-Aoul, Y. An Advanced Coordination Protocol for Safer and more Efficient Lane Change for Connected and Autonomous Vehicles. In Proceedings of the 2019 16th IEEE Annual Consumer Communications & Networking Conference (CCNC), Las Vegas, NV, USA, 11–14 January 2019. [Google Scholar]

	



Domingues, G.; Cabral, J.; Mota, J.; Pontes, P.; Kokkinogenis, Z.; Rossetti, R. Traffic Simulation of Lane-Merging of Autonomous Vehicles in the Context of Platooning. In Proceedings of the 2018 IEEE International Smart Cities Conference (ISC2), Kansas City, MO, USA, 16–19 September 2018. [Google Scholar]

	



Morino, H.; Kage, Y. Performance study of the lane change control using vehicle communications for alleviating congestion. In Proceedings of the 2021 IEEE International Conference on Pervasive Computing and Communications Workshops and other Affiliated Events (PerCom Workshops), Kassel, Germany, 22–26 March 2021. [Google Scholar]

	



Tesla. A Tragic Loss. Available online: https://www.tesla.com/blog/tragic-loss?utm_campaign=Blog_063016%26utm_source=Twitter%26utm_medium=social (accessed on 30 January 2022).

	



Pavia, W. Driverless Uber Car ‘Not to Blame’ for Woman’s Death. Available online: https://www.thetimes.co.uk/article/driverless-uber-car-not-to-blame-for-woman-s-death-klkbt7vf0 (accessed on 30 January 2022).

	



Zheng, X.; Liang, H.; Yu, B.; Li, B.; Wang, S.; Chen, Z. Rapid Generation of Challenging Simulation Scenarios for Autonomous Vehicles Based on Adversarial Test. In Proceedings of the 2020 IEEE International Conference on Mechatronics and Automation (ICMA), Beijing, China, 13–16 October 2020. [Google Scholar]

	



Elli, M.; Wishart, J.; Como, S.; Dhakshinamoorthy, S.; Weast, J. Evaluation of Operational Safety Assessment (OSA) Metrics for Automated Vehicles in Simulation. SAE Tech. Pap. 2021, 01-0868. [Google Scholar] [CrossRef]

	



PTV Group. PTV Vissim New. Available online: https://www.ptvgroup.com/en/solutions/products/ptv-vissim/ (accessed on 12 October 2019).

	



PTV VISSIM 2020 User Manual; PTV AG: Karlsruhe, Germany, 2020.

	



Department for Transport. Research on the Impacts of Connected and Autonomous Vehicles (CAVs) on Traffic Flow; Stage 2: Traffic Modelling and Analysis Technical Report. 2016. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/530093/impacts-of-connected-and-autonomous-vehicles-on-traffic-flow-technical-report.pdf (accessed on 1 March 2019).

	



Sukennik, P. Micro-Simulation Guide for Automated Vehicles. Deliverable 2.5. 2018. Available online: https://www.h2020-coexist.eu/wp-content/uploads/2018/11/D2.5-Micro-simulation-guide-for-automated-vehicles.pdf (accessed on 1 Mar 2019).

	



Sukennik, P.; Zeidler, V.; van Etten, J. Technical Report on Data Collection and Validation. Deliverable 2.6. 2018. Available online: https://www.h2020-coexist.eu/wp-content/uploads/2018/10/D2.6-Technical-report-on-data-collection-and-validation-process_FINAL.pdf (accessed on 1 Mar 2019).

	



Neufville, R. Exploratory Analysis of Connected Fully Autonomous Vehicles on the Safety and Efficiency of Road Networks Using Microsimulation. Ph.D. Thesis, University of East London, London, UK, 2022. [Google Scholar]

	



Vahidi, A.; Eskandarian, A. Research advances in intelligent collision avoidance and adaptive cruise control. IEEE Trans. Intell. Transp. Syst. 2003, 4, 143–153. [Google Scholar] [CrossRef]

	



LBoH. Hackney Wick. Available online: https://hackney.gov.uk/regeneration-hackney-wick (accessed on 12 January 2022).








[image: Sustainability 14 06910 g001 550] 





Figure 1. Proportion of net greenhouse gas emissions in each end user sector, UK 2020 [20]. 
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Figure 2. Proportion of net greenhouse gas emissions in each end user sector (adopted from UK Department for Business, Energy & Industrial Strategy [23]). 
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Figure 3. Percentage of auto lines [28]. 
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Figure 4. Proposed model flowchart [63]. 
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Figure 5. PTV VISSIM’s Wiedemann’s car-following model [63]. 
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Figure 6. Site A network layout [63]. 
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Figure 7. Site B network layout [63]. 
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Figure 8. Test sites in QEOP for data collection [63]. 






Figure 8. Test sites in QEOP for data collection [63].



[image: Sustainability 14 06910 g008]







[image: Sustainability 14 06910 g009a 550][image: Sustainability 14 06910 g009b 550] 





Figure 9. Sample sites used for data collection for test site (a) ‘X’ and (b) ‘I’, and snapshots from their corresponding videos recording of traffic at site (c) ‘X’ and (d) ‘I’ [63]. 
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Figure 10. Case Study B Junction 2 volumes and static route decisions [63]. 
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Figure 11. Comparison of delay using three behaviour models [63]. 






Figure 11. Comparison of delay using three behaviour models [63].



[image: Sustainability 14 06910 g011]







[image: Sustainability 14 06910 g012 550] 





Figure 12. Route performance of Priority Junction 1 within Site A [63]. 
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Figure 13. Route performance of Priority Junction 2 within Site A [63]. 
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Figure 14. Route performance of Priority Junction 3 within Site A [63]. 
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Figure 15. Route performance of all priority junctions within Site A [63]. 
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Figure 16. Route performance of the roundabout within Site A [63]. 
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Figure 17. Route performance of the signal-controlled junction within Site A [63]. 






Figure 17. Route performance of the signal-controlled junction within Site A [63].



[image: Sustainability 14 06910 g017]







[image: Sustainability 14 06910 g018 550] 





Figure 18. Route performance of the signal-controlled junction within Site A [63]. 
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Figure 19. Three signal-controlled junctions within Site B [63]. 
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Figure 20. Average delays of vehicles along four routes through Junction 1 within Site B [63]. 
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Figure 21. Average delays along some routes through Junctions 2 and 3 within Site B [63]. 
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Table 1. Specific measures to optimise urban congestion by Jiehao Sun et al. (2021) [19].
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Brief Analysis on the Control and Management Measures of Urban Road Congestion. Authors: Jiehao Sun, Baohua Guo, Shixuan Tian, Qingwen Guo, Chongxuan Sun




	
Specific Measures to Optimise Urban Congestion:






	
1.

	
Optimise the layout of urban land and make it develop in coordination with transportation




	
2.

	
Speed up the construction of transportation infrastructure and build a large-volume transportation system




	
3.

	
Optimize the urban traffic structure and promote the development of mass traffic modes




	
4.

	
Control the total number of motor vehicles and slow down the growth rate of motor vehicles




	
5.

	
Vigorously develop intelligent transportation systems to promote sustainable urban development




	
6.

	
Enhance the concept of transportation and adhere to people-oriented
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Table 2. Estimated daily average number of trips (in millions) within Greater London by main mode of travel [26].






Table 2. Estimated daily average number of trips (in millions) within Greater London by main mode of travel [26].





	Year
	Rail/Overground
	Underground/Docklands Light Rail
	Bus/Tram
	Taxi/Public Hire Vehicle
	Car Driver
	Car Passenger
	Motorcycle
	Pedal Cycle
	Walk
	All





	2018
	3.0
	2.8
	3.7
	0.4
	5.8
	3.6
	0.2
	0.7
	6.7
	26.9



	2019
	3.1
	2.9
	3.7
	0.4
	5.8
	3.6
	0.2
	0.7
	6.8
	27.0
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Table 3. Estimated daily average number of trips (in millions) within Greater London by car versus public transport and other modes [26].
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Public Transport

	
Car (Driver and Passenger)

	
Other Modes






	
2018

	
Million trips -

	
9.9

	
9.4

	
7.6




	
Percentage of total No. of trips -

	
36.8%

	
34.9%

	
28.3%




	
2019

	
Million trips -

	
10.1

	
9.4

	
7.7




	
Percentage of total No. of trips -

	
37.4%

	
34.8%

	
28.5%
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Table 4. System vs. user-defined Input parameters [63].
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	System-Defined Input Parameters
	User-Defined Input Parameters





	Road geometry
	
	
Headway times








	Vehicle traffic counts
	
	
Standstill distances








	Signal timing
	
	
Lack of attention








	Speed limit
	
	
Reaction time at signals








	Routing choice
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Table 5. Parameter input values [63].
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	System-Defined Input Parameters
	User-Defined Input Parameters





	Standstill distances:
	
	
Approx. 0.7 m avg.








	Headway time:
	
	
0.9 s ± 0.2 s








	Lack of attention:
	
	
10% of drivers averaged approximately 1 s








	Behaviour at amber:
	
	
Continuously checking








	Red/amber:
	
	
Go








	Reaction time distribution:
	
	
Drivers averaged 2 s ± 1 s








	Overtake in reduced speed area:
	
	
Allowed
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Table 6. Parameter input values [63].






Table 6. Parameter input values [63].









	System-Defined Input Parameters
	User-Defined Input Parameters





	Standstill distances:
	
	
Approx. 0.65 m avg.








	Headway time:
	
	
1.0 s ± 0.2 s








	Lack of attention:
	
	
No change








	Behaviour at amber:
	
	
No change








	Red/amber:
	
	
No change








	Reaction time distribution:
	
	
No change








	Overtake in reduced speed area:
	
	
No change
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Table 7. LOS calculation parameters adapted from PTV VISSIM [63].
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Level of Service

	
Time Lost in Seconds




	
Signal-Controlled

	
Not Signal-Controlled






	
A

	
Loss time < 10 s or no volume




	
B

	
>10 s to 15 s

	
>10 s to 15 s




	
C

	
>20 s to 35 s

	
>15 s to 25 s




	
D

	
>35 s to 55 s

	
>25 s to 35 s




	
E

	
>55 s to 80 s

	
>35 s to 50 s




	
F

	
>80 s

	
>50 s
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Table 8. Change in LOS for each route movement within junctions [63].
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Junction

	
Route Movement

	
Changes in Delays

	
LOS at 0% Penetration

	
LOS at 100% Penetration






	
Priority Junction 1

	
Eastway SB

	
−100%

	
A

	
A




	
Eastway SB to Osborne Rd SB

	
−100%

	
A

	
A




	
Osborne Rd NB to Eastway SB

	
−28%

	
A

	
A




	
Osborne Rd NB to Eastway NB

	
−26%

	
A

	
A




	
Eastway NB to Osborne Rd SB

	
+21%

	
A

	
A




	
Eastway NB

	
−59%

	
A

	
A




	
Priority Junction 2

	
Berkshire SB

	
−91%

	
A

	
A




	
Berkshire SB to Felstead Road EB

	
−83%

	
A

	
A




	
Felstead Road EB to Berkshire SB

	
+9%

	
A

	
A




	
Felstead Road EB to Berkshire NB

	
+36%

	
A

	
A




	
Berkshire NB to Felstead WB

	
−99%

	
A

	
A




	
Berkshire NB

	
−84%

	
A

	
A




	
Priority Junction 3

	
Chapman Rd NB

	
−70%

	
A

	
A




	
Chapman Rd NB to Felstead Rd EB

	
+4%

	
A

	
A




	
Felstead Rd WB to Chapman Rd NB

	
−89%

	
A

	
A




	
Felstead Rd WB to Chapman Rd SB

	
−60%

	
A

	
A




	
Chapman Rd SB to Felstead Rd EB

	
+22%

	
A

	
A




	
Chapman Rd SB

	
−76%

	
A

	
A




	
Roundabout

	
Chapman Rd NB to Trowbridge Rd EB

	
−58%

	
A

	
A




	
Chapman Rd NB to Chapman Rd NB

	
−50%

	
A

	
A




	
Chapman Rd NB Chapman Rd SB

	
−76%

	
A

	
A




	
Trowbridge Rd WB to Trowbridge Rd EB

	
0%

	
A

	
A




	
Trowbridge Rd WB to Chapman Rd NB

	
−53%

	
A

	
A




	
Trowbridge Rd WB to Chapman Rd SB

	
−98%

	
A

	
A




	
Chapman Rd SB to Trowbridge Rd EB

	
−47%

	
A

	
A




	
Chapman Rd SB to Chapman Rd NB

	
−37%

	
A

	
A




	
Chapman Rd SB to Chapman Rd SB

	
−51%

	
A

	
A




	
Signal-Controlled Junction

	
Wick Rd EB to Eastway NB

	
−55%

	
A

	
A




	
Wick Rd EB to Chapman Rd SB

	
−26%

	
B

	
B




	
Chapman Rd NB to Eastway NB

	
−8%

	
B

	
B




	
Chapman Rd NB to Wick Rd NB

	
−13%

	
B

	
B




	
Eastway SB to Chapman Rd SB

	
−4%

	
B

	
B




	
Eastway SB to Wick Rd WB

	
−86%

	
A

	
A











[image: Table] 





Table 9. Change in LOS for each route movement within junctions [63].
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	Ref
	Route Movement
	Change in Delays
	LOS at 0% Penetration
	LOS at 100% Penetration





	[1]
	Int’l Way SB to Waterden Rd WB
	−17%
	E
	D



	[4]
	Waterden Rd EB to Int’l Way NB
	−19%
	B
	B



	[5]
	Waterden Rd EB to Roundhouse EB
	−16%
	C
	C



	[6]
	Waterden Rd EB to Olymp. Pk. NB
	−19%
	B
	B



	[7]
	Waterden Rd EB to WA EB Mid
	−8%
	C
	C



	[8]
	Roundhouse WB to Waterden Rd WB
	−13%
	D
	D



	[9]
	Roundhouse WB to Olymp. Pk. NB
	−13%
	D
	D



	[10]
	Roundhouse WB to WA EB Mid
	−12%
	C
	C



	[12]
	Olymp. Pk. SB to Roundhouse EB
	−11%
	C
	C



	[13]
	Olymp. Pk. SB to Waterden Rd WB
	−8%
	C
	C



	[15]
	Westfield Ave WB to Int’l Way NB
	−30%
	D
	C



	[16]
	WA WB Mid to: Roundhouse EB
	−13%
	D
	D



	[17]
	WA WB Mid to: Waterden Rd WB
	−17%
	A
	A
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