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Connected vehicle technology can provide traffic signal controllers with abundant types of data 

resources, e.g., vehicle occupancy data, etc. The provided data can be used to improve the 

performance of signal control methods and enable conversion from vehicle-based controls to 

person-based controls, which focus on optimizing person-related objective values, such as 

minimising average person delay. However, so far research in relevant fields has not fully 

exploited potential paradigms and benefits of person-based controls. In respect of such, this study 

has provided a better understanding about the impacts of occupancy information collected from 

connected vehicles (CVs) on urban signal controls and potential benefits to person-related 

performance that those information can bring. 

The contributions of this study include:  1) development of a three-layered DP person-based 

signal control mechanism (PerSiCon-Junction) in a fully CV environment at an isolated junction 

with a signal phase transition exploration mechanism and car-following updating theories; 2) 

development of a person-based control mechanism (PerSiCon-Bus) with completely flexible signal 

plans to apply the PerSiCon-Junction to more complex vehicle mixtures of cars and buses in a 

generalized 8-phases options junction; 3) proposal of a coordinated paradigm PerSiCon-Network 

to better understand how PerSiCon-Bus with flexible phase combinations and stage sequences 

should be implemented in multiple junctions; 4) realistic case and scenarios studies that assess 

the performance of the proposed method against benchmarking models involving vehicle-based 

controls using CV data; and 5) proposal of a EUVO algorithm to estimate status of unequipped 

vehicles with occupancy so as to improve the behaviour of PerSiCon-Network under imperfect CV 

penetration rate environments.
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Chapter 1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Problems and challenges in urban roads 

Due to rapid growth of urban population, car ownerships and passenger vehicle miles travelled, 

traffic delay and congestion has been increasing in urban areas. In the UK in 2019, motor vehicle 

and passenger miles travelled have reached record high of 357 billion vehicle miles and 873 billion 

passenger-kilometres, respectively, or 186% and 117% increment over the past 50 years, 

respectively (UK Govt. Dept. Transport, 2019a). In 2020, vehicle and passenger miles travelled 

decreased by 21% and 33% from one year ago, respectively, owing to the COVID-19 pandemic 

starting in March 2020 (UK Govt. Dept. Transport, 2020). However, it is unclear whether such 

decrease will remain for long time. As a matter of fact, congestions at UK city centres in 2021 have 

shown signs of recovery back to 2019 levels along with ease of lockdown policies (INRIX, 2021). 

Traffic delays and congestions often lead to excessive waste of time for vehicle users and 

passengers and costs of economic activities. According to statistics from INRIX, each British driver 

and passenger lost 73 hours in traffic on average in 2021, which is lower than the 115 hours in 

2019 pre-COVID but significantly higher than the 37 hours in 2020 (INRIX, 2021). For each Brits, 

the average time spent by sat in traffic in 2021 equals to £595 of traffic cost or £8 billion 

nationwide (INRIX, 2021). Table 1.1 lists the 10 most congested urban areas in the UK in 2021. It 

indicates that congestion circumstances in London are most serious. London is also one of the 

most congested cities in the world in 2021. Drivers in Paris and New York lost an average of 140 

and 102 hours due to traffic congestion in 2021, respectively (INRIX, 2021). 

Urban delay and congestion is expected to worsen in the future. There is no forecast on 

congestion cost in recent years, but it can still be roughly calculated from the forecast of vehicle 

miles and fuel prices. The worldΩǎ ǇƻǇǳƭŀǘƛƻƴ is predicted to increase by 147% from 2019 to 2050 

(United Nations, 2019). Traffic volume levels and congestion in England and Wales are also 

expected to increase by 17% to 51% and 8% to 16% from 2015 to 2050, respectively (UK Govt. 

Dept. Transport, 2018a). In addition, the petrol and dispel fuel prices in the UK in November 2021 

has reached 150 pence per litre, the highest level over the past five years (Department for 

Business, Energy and Industrial Strategy, 2021). Therefore, urban congestion will result in 

increasing transportation-related costs for people living in big cities. Conventional approaches, 

such as constructing new roads and lanes, are not feasible solutions in most urban cities due to 

political and environmental concerns along with limited lane resources and infrastructure 

construction restrictions (Baskar et al., 2011). Instead, efficient traffic management on existing 
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infrastructures has become increasingly essential to reduce traffic congestion, travel time loss and 

related costs. For example, the UK Department for Transport (DfT) has recently highlighted the 

challenges for future urban person mobility and proposed to utilise data sensing technology (UK 

Govt. Dept. Transport, 2019b). If person-based signal controls can improve person mobility 

significantly over vehicle-based signal controls, lots of benefits such as people travel time loss 

saving, congestion cost reduction and traffic demand reduction can be achieved. 

 

Table 1. 1 10 most congested urban areas in the U.K.  (INRIX, 2021) 

нлнм ¦Y wŀƴƪ ¦Ǌōŀƴ !ǊŜŀ !ǾŜǊŀƎŜ 5Ŝƭŀȅ нлнм όƘƻǳǊǎύ нлнм 5ǊƛǾŜǊ /ƻǎǘ нлнм /ƛǘȅ /ƻǎǘ 

м [ƻƴŘƻƴ мпу ϻмΣнмм ϻрΦм. 

н /ŀƳōǊƛŘƎŜ тр ϻсму ϻммa 

о .Ǌƛǎǘƻƭ сс ϻрпн ϻнуa 

п 9ȄŜǘŜǊ тм ϻрту ϻосa 

р /ƘŜƭǘŜƴƘŀƳ тм ϻртс ϻмплa 

с aŀƴŎƘŜǎǘŜǊ сн ϻрлн ϻорa 

т .ŜƭŦŀǎǘ сл ϻпут ϻонa 

у .ƛǊƳƛƴƎƘŀƳ ро ϻпоп ϻмноa 

ф bƻǘǘƛƴƎƘŀƳ ру ϻпсф ϻсрa 

мл Iǳƭƭ рс ϻпрф ϻннсa 

 

1.2 Existing urban traffic control system and limitations 

Traffic signal junctions are essential components of urban road network. Traffic signal control 

system is one of major traffic management approaches to control vehicle flows by scheduling 

traffic light schemes for competing flows and allowing vehicles to share the junction spaces 

without collision (Gordon and Tighe, 2005). Urban Traffic Control (UTC) systems has developed 

rapidly with improved hardware and control strategies. Current UTC systems formulate signal 

timing plans based on either historic data (fixed-time signals) or real-time data collected by 

sensors (inductive loops, radar, infrared) at fixed locations. The below are three major UTC 

strategies (Feng et al., 2015):   

1. Fixed-time control strategies do not change phase durations and cycle lengths. The phase 

sequence and phase durations of fixed-time control are pre-determined by local historical 

traffic data for different times of a day (Jing et al., 2017). Therefore, fixed-time control 

methods do not require any further infrastructures to measure traffic demand. The 

infrastructure construction and maintenance costs can be saved. Nevertheless, fixed-time 

strategies have poor flexibility and are insensitive to traffic flow fluctuations during the day 



Chapter 1 

3 

(Maslekar et al., 2013), leading to frequent traffic congestion and disturbance to high-priority 

vehicles such as emergency vehicles.   

2. Actuated signal control strategies collect real-time traffic data using sensors, such as loop 

detectors, radar and video detectors. They adjust signal cycle lengths, phase durations and 

signal sequences by applying simple logic-like extending unit green time (Feng et al, 2015). 

Actuated signal controls have a better response to real-time traffic flows than fixed-time 

control. Apart from that, simple signal logics can also save computational expenses. However, 

the availability of real-time detection is limited at traffic flows on green phase roads, despite 

those lanes on red phase with vehicle information. Moreover, actuated traffic signals rely on a 

set of pre-defined static parameters, such as unit extension time, minimum and maximum 

green time to transform collected data into traffic control strategies (Jing et al., 2017). 

Furthermore, the coverage of infrastructure-based detectors is low due to high installation 

and maintenance costs.  

3. Adaptive signal controls strategies use similar information resources as actuated control to 

acquire data (e.g., speed and acceleration) from the upstream urban road. They are 

advantageous in respect of estimating short period incoming traffic flows and able to reach 

maximum or minimum objective functions by optimizing timing strategies. Current well-

known adaptive control strategies include SCATS (Besley et al., 1998), OPAC (Gartner, 1983), 

SCOOT (Bing and Carter, 1995), RHODES (Mirchandani and Head, 2001), PRODYN (Henry et al., 

1984) and MOTION (Brilon and Wietholt, 2013). 

Traditional actuated and adaptive signal strategies currently can only partially adjust their 

decisions to variable demand (Guler et al., 2014). With rapid technological developments, the 

performance of UTC systems can be improved. However, there are still two major limitations 

preventing UTC systems from tackling urban congestion and cost issues: 

The first limitation of UTC systems is inadequate traffic data collected from inductive loop 

detectors and other existing sensors. Traffic data collection sensors (e.g. inductive loops 

embedded under roads) in most commonly used UTC systems are point detectors, which can only 

provide a brief snapshot of vehicles (Box and Waterson, 2010). It is thus challenging for UTC 

systems to understand accurately the state of vehicular environments and accordingly make 

signal timing decisions. This issue can be addressed by the advancement in wireless 

communication technologies. With the developments of Vehicle-to-Infrastructure (V2I) and 

Vehicle-to-Vehicle (V2V) communication systems (Qu et al, 2010), new data sources are available 

for signal control optimization by accessing to road and vehicle states. New data stream that is 

continuously that is continuously provided by Connected Vehicles (CVs) can deliver information 
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such as vehicle locations, speeds and accelerations to traffic signal controllers. This area has 

become the focus of current research where great improvements have been achieved. 

The second limitation of existing UTC systems is they are all vehicle-based but not person-

oriented. In other words, the optimization objectives of these signal controls are to reduce total 

vehicle delays, vehicle travel time, and number of stops or increase vehicle throughput. Thus the 

importance of personal mobility in urban networks has been ignored (Vilarinho et al., 2017). But 

most of the cost caused by urban road congestions are measured by how much time a person has 

spent rather than a vehicle. Those vehicle-based signal control optimizations tend to cause unfair 

treatment of vehicles with high occupancy level. Therefore, development of person-based 

controls is more useful with respects to reducing delays, congestion and related costs. The 

person-based controls optimize signal timing plans using CV data and occupancy data of CV. 

However, fixed point detectors used by UTC systems can only count the number of arrival vehicles 

at a certain time. It is difficult for them to obtain vehicle occupancy data. This issue has been 

addressed by application of advanced CV communication technology, detailed in Sections 1.3.3 

and 2.4.  

1.3 Motivations of this research 

As mentioned above in Section 1.2, existing UTC systems have some limitations which can be 

addressed by CV technology and sufficient data resources. The connected vehicle technologies 

can potentially reduce congestion on the entire road network by providing real-time vehicle 

trajectory data to signal control systems. Moreover, they collect the occupancy information of 

every vehicle connected as a prerequisite of proposing person-based control. The state-of-the-art 

researches only focus on improving the first limitations at present.   

  

This section investigates the importance of implementing person-based signal control systems, 

the introduction of CV technology for technical realization, what progress has been achieved by 

researchers in this field and the potential benefits of developing person-based signal control 

systems.   

1.3.1 Time loss savings and cost reduction 

The major motivation for researching person-based signal control systems is the potential 

benefits of time loss savings and cost reductions for passengers. INRIX (2018) research estimated 

that the total congestion cost across US, UK and Germany almost reaches 461 billion dollars. The 

direct cost accounts for a great proportion of the total costs of congestion, which is mainly a 
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result of the needlessly time wasted by drivers and passengers in congestion. The calculation of 

direct costs of congestion is associated with time loss of average drivers, different values of time 

and different vehicle occupancy rates among three countries (INRIX, 2018). In other words, the 

direct costs of congestion largely depend on the time loss and related costs of all people in one 

vehicle rather than the vehicle itself. The situation of a high occupancy vehicle (e.g. 4 people in a 

vehicle) suffering from heavy congestion is worse than a low occupancy vehicle (e.g. 1 person in a 

vehicle) under that case as the time losses of all people in high occupancy vehicle will increase. On 

the contrary, reducing delay of the vehicles with more people can significantly save the time loss 

and cost reduction.  

However, notably that improving urban mobility and reducing total passenger delay in the current 

level of congestion is not a straightforward task. The global average time loss of every person in 

urban areas due to congestion is predicted to be 106 hours per year in 2050, three times higher 

than the value in 2018 (Lerner, 2018). The costs of urban mobility are estimated to be 829 billion 

euros, which are four times greater than those costs in 1990 worldwide.   

A study for vehicle-based adaptive signal control based on wireless communication (Wang et al., 

2018) suggested great flexibility than the existing UTC system as more detailed data sources were 

provided for the signal decision-making process. The utilisation of cheaper detectors in V2V and 

V2I communication systems, such as On-board Units (OBU), Dedicated Short-Range 

Communication (DSRC), and satellite navigation systems, also significantly reduces costs. 

However, additional spaces can be further explored to reduce total people time losses and costs 

by transferring adaptive vehicle-based signal controls to adaptive person-based controls. This is 

because the objectives and metrics of vehicle-based systems are measured by vehicles and do not 

consistent with the costs of congestion measured by people. Although there is no exact statistics 

for vehicle occupancy level distributions, the reasonable estimates for different ratios of vehicle 

occupancy based on average occupancy statistics in Section 2.3 indicate that vehicle occupancy is 

not a constant. While vehicle-based control systems regard all vehicles on the road as the same 

occupancy level.  

Some policies in transport have realized the importance of reducing person delay or providing 

more delay reduction chances to those vehicles with high occupancies. Bus priority schemes are 

critical strategies to protect bus services with a great level of priority and to improve the reliability 

of buses, thus enhancing the levels of services to bus passengers (Ahmed, 2014). Bus priority plays 

an important role in public transport and is advocated by most cities and towns worldwide due to 

its large passenger capacity and applicability in limited urban road spaces (Cheney, 1992). 

Supposing that the delay of bus significantly reduces through bus priority strategy, travel time of 
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the mass amount of passengers would also be reduced so that it contributes greater to savings of 

people time losses and related costs than passenger vehicles. This priority idea has expanded to 

high occupancy private cars through implementing High Occupancy Vehicle (HOV) lanes (Stamos 

et al., 2012) in some cities to ensure faster, more reliable travel of those vehicles with high 

occupancies.  

Owing to this, one of the principles proposed by DfT for improving urban people's mobility is to 

reduce urban congestion through more efficient use of limited road space and innovative 

approaches, such as increasing vehicle occupancy rates or car consolidating. However, 

implementing HOV lanes is a conventional method to respond to this principle like constructing 

new roads, which do not fit with efficient utilisation of limited land resources. The person-based 

signal control systems have potential benefits to reduce personal costs and improve urban 

mobility, which is worthy to research.  

1.3.2 Pressures on increasing traffic demand 

The values of average occupancy for cars and vans in England fluctuated between 1.55 and 1.6 

from 2002 to 2019 (seen in Figure 1.1). In 2020, the average car occupancy in England decreases 

to 1.49 affected by the COVID-19 pandemic, as a result of trip restrictions imposed by authorities 

and fear of infection by individuals. Based on this level, the UK Department of Transport (DfT) 

forecasted traffic growth of approximately 35% over the 2015 and 2050 period due to increasing 

car ownership and vehicle miles travelled with the assumption of a 1.5 average car occupancy 

rate. DfT also carried out sensitivity tests to observe the influences of changing car occupancy to 

traffic demand. The average car occupancy rate is assumed to be 1.3 and 1.7 in 2050 in the 

private travel test and ride-sharing test respectively to represent changes in average car 

occupancy in different modes. As a result, road traffic is estimated to grow 55% between 2015 

and 2050 in case of average vehicle occupancy rate decreases from 1.5 to 1.3 (UK Govt. Dept. 

Transport, 2019b). Contrarily, if the average vehicle occupancy value rises from 1.5 to 1.7, the 

increment of traffic demand during the same period will only be 5%. The results indicate big 

differences in traffic demand increment even if there are only slight changes in average car 

occupancy. The increasing rate of low occupancy vehicles possibly caused by private travel will 

deteriorate the increasing traffic level demand in future. However, a bit higher average car 

occupancy rate could dramatically relieve pressures on future traffic demand. Ride-sharing is one 

way to potentially increase the average car occupancy level. The person-based signal controls may 

also contribute to increasing the vehicle occupancy levels from the perspective of urban signal 

control if it can assign higher priority to high occupancy vehicles, enabling them to suffer less 

delay and congestion on urban roads.  
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Figure 1. 1 Average car and van occupancy in England from 2002 to 2020 (UK Govt. Dept. Transport, 2021a)  

1.3.3 Connected vehicle technology  

Connected Vehicle (CV) technology (see details in Chapter 2) emerges promptly in to response the 

urgent requirement of improving traffic congestion and delays. Intelligent Transportation Systems 

(ITS) have demonstrated the potential of absorbing technologies from multiple disciplines to 

improve current transport conditions for CVs (Qu et al., 2010). Meanwhile, CVs are expected to 

deliver enormous mobile data demand flow in transport-related applications (Lu et al., 2014).  CVs 

equipped with on-board devices and sensors enable the acquisition of self-vehicular data. By 

means of powerful, interoperable networked wireless communications, connected vehicles create 

a communication environment with other road elements.  

Within a definite network communication scope, CVs achieve information exchange to other 

connected vehicles (V2V), roadside infrastructure (V2I), as well as on-board sensors (V2S). Those 

interactions combine several developing network technologies such as cellular, Wi-Fi, satellite 

radio, or DSRC into wireless communications to provide an enriched information platform. For 

instance, advanced vehicle sensors are used for collecting real-time vehicle and driver status. On-

board computer processing system copes with data streamed from V2I and V2I communications 

in coordination with mobile smart devices (Olia et al., 2016). GPS navigations also provide more 

accurate vehicle positions and other vehicular parameters (Faezipour et al., 2012). Hence, the 

connected vehicle system makes multiple levels of data sensing, gathering, sharing, computing 

and releasing to be possible through two-way connectivity (shown in Figure 1.2). Thus 
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complicated information broadcast and multiple events can be realized simultaneously (Qu et al., 

2010). 

 

Figure 1. 2 Overview sketch map of connected vehicle (Faezipour et al., 2012) 

Due to the powerful data handing capacity and wide applicability, CV has been developed and 

deployed in many transport areas (Chang et al., 2015). The main aspects include driver safety, 

infotainment, dealer services, location-based services, quality & reliability and customer 

experience (SAS Institute GmbH, 2016). Not like the traditional methods adopted to alleviate the 

damages and destroy when accidents occur, such as airbags or sudden deceleration manoeuvres, 

safety applications aim to avoid vehicle crashes. Safety applications are designed to process high 

hazard awareness towards surrounding environments (Uhlemann, 2015). The collision avoidance 

system warns when it is too near to surrounding vehicles and adjust the vehicle speed 

automatically (Qu et al., 2010). While mobile applications enhance the travel ability of vehicles by 

warning drivers of the upcoming flow and recommending the corresponding speed (UK Govt. 

Dept. Transport, 2019b). As for environment applications, they provide more information about 

signal timings and phases to help drivers adjust the speed to pass through the junction when the 

lights are green (Zlotchenko, 2017), and thus reaching the targets of reducing stops or 

decelerations frequency in a more eco-friend way. 

Connected cars also have extremely promising prospects for development. The numbers of new 

produced connected vehicles meet a booming surge in a future short period. The size of the 

globally connected car fleet on the road in 2021 is estimated to be 237 million units. European 

Union accounts for almost 30% of the globally connected car fleet with 76 million units (Martin 
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Placek, 2021). In 2035, the size of the connected car fleet in the European Union is predicted to be 

261 million units. In terms of the UK, 71% of all newly registered vehicles on road in 2019 are 

estimated to be connected vehicles (Statista Research Department, 2022). From the statistics 

forecasted by Statista Research Department, all of the new vehicles registered on road in the UK 

would be connected starting from 2026. 

The significantly demands for CVs in the future result in great development and profits in the CV 

devices market. According to the statistics in 2020, the total value of the global connected cars 

market was USD 55.56 billion, while it would be expected to account for USD 191.83 billion by 

2028 (Fortune Business Insights, 2022). Moreover, the generated revenue of the globally 

connected car market in 2025 will reach USD 198 billion, which is almost triple that of value in 

нлмф ό¦{5 тн ōƛƭƭƛƻƴύ όtϧ{ LƴǘŜƭƭƛƎŜƴŎŜΣ нлнлύΦ !ǎ ŦƻǊ 9ǳǊƻǇŜ ŀƴŘ ¦YΣ 9ǳǊƻǇŜΩǎ ŎƻƴƴŜŎǘŜŘ ŎŀǊ 

market is expected to reach USD 37.15 billion in 2026, with a 7% compound annual growth rate 

(Market Data Forecast, 2022). The market for Connected and Autonomous Vehicles (CAVs) in the 

UK is forecasted to be worth £41.7 billion in 2035, accounting for 6.4% of the global market 

(Connected Places Catapult, 2020). These statistics indicate that the CVs, in terms of passenger 

cars, will be mainstream in the future road network. However, they still need a process to transit 

from a low CV penetration rate in the current stage. These statistics highlight the rapidly growing 

tendency of CVs on roads with a mass amount of available real-time data. Understanding how to 

utilise this connected information on improving urban mobility and reducing congestion and costs 

is very important. 

1.3.4 Proposed urban signal controls in connected vehicle environment 

There is a great number of researches being carried out to explore the future possibilities of new 

urban signal control paradigms with more powerful effectiveness over UTC systems due to 

restrictions of constructing new roads and principles of efficiently making use of limited land 

resources. The decision-making processes of existing UTC systems completely do not incorporate 

available new data from rising numbers of CVs. The development of connected vehicle 

technologies brings unique opportunities for the improvement of urban signal controls as they 

can help junction control realize the state of road environments by delivering vehicular detailed 

information (e.g. positions, speeds, accelerations). A study made by Olia et al. (2016) has 

suggested that CVs have the potential of reducing 37% of corridor travel time by providing more 

route information to drivers. A High Bid control algorithm was also proposed on the basis of 

position and speed additional data and outperformed the MOVA control system as a baseline, in 

terms of 25% delay reduction achieved (He et al., 2012). These researches highlight the potential 

benefits of utilising CV information in traffic signal controls, hence why the state-of-the-art 
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researches and this project concentrates on developing new urban signal control systems by 

incorporating connected data sources as inputs. 

A series of urban signal control algorithms have been developed to solve road congestion 

problems under connected vehicle environments. As discussed in Section 1.3.3, the number of 

CVs is dramatically rising and a great amount of data can be collected from CVs to provide a 

better realization of road networks. Therefore, the state-of-the-art urban signal control systems 

are reviewed in this project (see details in Chapter 2) to understand what has been achieved in 

this field, also which kind of connected data could be useful, how to use connected information in 

the urban signal control paradigm and what are benefits of using such information. 

Adaptive urban signal controls using CV data can be mainly divided into three roughly directions. 

(1) paying attention to fully connected and autonomous vehicles' trajectory and incorporating 

them into signal control schemes (Li and Wang, 2006); (2) central signal controllers optimize the 

signal timing phases according to positions and speeds information of connected vehicles (He et 

al., 2012); (3) considering different discharge sequences for each individual vehicle; providing 

prepared reservations for them at junctions in advance, or optimizing vehicle platoon sequence of 

departures (Guler et al., 2016). They took into account connected vehicle information, such as 

current speeds, positions, and headings used for describing trajectories and movements of CVs as 

inputs of the proposed signal control algorithm. A variety of vehicle-based objective functions 

were established as aims of developing control methods, for instance, reducing vehicle delays, 

number of vehicle stops, queuing lengths, maximum vehicle throughputs and junction capacities.  

The analysing results of a number of signal control researches indicated that the connected 

vehicle signal control method significantly improves the performance of vehicle-based objectives 

against benchmarking existing control strategies. For instance, a study found a proposed junction 

signal control algorithm minimising vehicle delay using information from CVs can decrease 

average delay per vehicle by up to 60% compared to fixed time control (Guler et al., 2016). 

However, in the latest years, researchers focused on testing the connected vehicle model in more 

realistic scenarios and attempted to identify the possibilities of implementing these models in 

real-world road networks. There are parts of researches that applied proposed models in more 

authentic road environments, like different traffic demand levels and various connected vehicle 

penetration rates. However, only a small group of researchers attempted to consider vehicle 

priorities at different levels given different vehicle occupancies. 
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1.3.5 Potential benefits of adaptive person-based urban signal controls 

In recent years, few studies introduced the concept of person-based signal controls. Person-based 

signal controls change the objective function for optimization from vehicle-related metrics in 

vehicle-based controls to person-related metrics and assign corresponding weights to CVs 

according to their individual occupancy data. Optimal signal plans in person-based controls are 

expected to reduce travel times, delays and the number of stops of all people in vehicular 

environments (drivers and passengers) and perform more powerful than vehicle-based controls in 

this subject area. If this target could be achieved, the outlined problems above, such as enhancing 

time loss savings of people, cost reduction, and improving person mobility are possible to be 

improved. The pressures of increasing traffic demands in future can also be significantly relieved 

by assigning more priorities to those high-occupancy vehicles to encourage car-sharing 

behaviours. 

It is important to recognize the potential benefits that could be achieved if person-based urban 

signal controls are developed so as to determine whether the study of exploring person-based 

signal controls is worthy. Although there are no completely ready-made person-based urban 

controls, the performance and effects of bus priority strategies can be taken as references due to 

their similar principles of providing different priority levels to different occupancy vehicles (buses 

and passenger cars) accordingly.  

Daniel et al. (2004) conducted a survey of the impacts and benefits of signal priority for buses 

through accessing a number of bus priority schemes in USA cities. The bus priority plans in Los 

Angeles decreased 20-27% of overall bus travel time over no priority strategy. Similarly, a 34% of 

average bus delay reduction was found in Seattle when a bus was eligible for priority treatment. 

These statistics highlight that the travel time and delay of buses could be reduced with higher 

priority treatments. In this case, a relatively large number of passengers on buses can save their 

travel time; total time losses and congestion cost savings will be higher than those of low 

occupancy vehicles. Therefore, exploring person-based signal controls has the potential of 

reducing travel time losses and related costs for urban people, responding to urban mobility 

strategy in future. 

The connected vehicle technology is also considered to be applied to Transit Signal Priority (TSP) 

as real passenger numbers in buses are not incorporated in traditional bus priority schemes. 

Various public transport priority systems give priority to public transport (e.g. buses) in case of 

priorities request (more details can be found in Section 2.1.2) by signal timing adjustments (e.g., 

green extension, recall, stage skipping) (Diakaki et al., 2013). With the introduction of Connected 

Vehicles (CVs), TSP researches assumed that detailed occupancy information, which is a necessary 
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data input in person-based controls, can be collected from both connected passenger cars and 

connected buses in the system. This makes the transit priority system better react to the arrival 

statuses of public transits and it can be used to improve the performance of traditional TSP 

strategies. Based on this, the research problems of person-based control become: if relevant 

connected vehicle data is available in signal controls, what the decision algorithm would look like 

to be, what are roles of these connected data and what kinds of benefits could be achieved by 

person-based signal controls over vehicle-based controls. This research will be carried out to 

answer these problems.    

1.4 Unanswered questions for urban signal controls under CV environment  

A number of connected vehicle-based urban junction control managements have been developed 

to identify the improvements brought by real-time data from connected vehicles. However, the 

majority of current research about urban signal control methods under the CV environment only 

exploited a small part of available connected information. Meanwhile, they regarded all of the 

vehicles on the road as are same and focused on vehicle delay rather than person delay. While the 

connected TSP approaches, which provide higher priority to public transport vehicles, inspire the 

urban signal control strategies that connected vehicles on road should be treated differently. 

Besides, they attempted to insert or remove specific stages and breaking the fixed stage 

sequences in order to make give the highest priority to transits. There are some TSP-related 

papers that considered the occupancy levels in passenger cars and developed person-based delay 

signal control methods. Few person-based approaches also attempted to achieve person-related 

objectives by incorporating occupancy data into their methods, but only changed the objective 

function value to optimize the signal plans. 

However, there is no research that attempts to thoroughly investigate how person-based traffic 

signal timing schemes and traffic vehicular systems would be if only considering the passenger 

cars but different occupancy levels in urban junctions. The vehicular environments are 

complicated in different areas and person-based controls should be well-embedded in both 

vehicle situations with/without buses. There is also no research exploring the traffic signal control 

paradigms by predicting the person-based performance of different signal timing choices without 

the constraints of fixed stage sequences and non-conflicting phase combinations at every decision 

inspired by public transport approaches. Besides, current researches do not account for how the 

junction control method will work if considering more realistic scenarios, such as coordinated 

junction control managements, imperfect CV penetration rates and different traffic demand 

levels, and also, supporting the control algorithms for better performance and stabilities in 

various situations. 



Chapter 1 

13 

1.5 Aims and objectives  

The state-of-the-art urban signal control systems were developed using connected vehicle 

information (e.g. instantaneous positions and speeds) while the person-based controls require 

additional vehicle occupancy data. In CV environments, the occupancy data of each CV can be 

obtained by cameras installed in vehicles or on roadsides. Vehicle occupancy detection 

technology using cameras has been developed in most recent years and some researches are 

proposed (see details in Section 2.3). TSP researches inspire the transformation from adaptive 

vehicle-based signal control to person-based signal control. The objective of reducing person 

delay or travel time is possible to be accomplished by fairly assigning priority levels to all vehicles 

for the purpose of reducing more person delay, congestion and related costs over vehicle-based 

signal controls. However, there is no research to understand how exactly the person-based signal 

control paradigm would be, how to use CV data in more complicated situations such as large road 

networks, and imperfect CV penetration rates and what are their benefits of them in a real-world 

case study. Three key research questions are outlined: 

1. How exactly the person-based signal control paradigm would be? 

2. Which kinds of data can be used and how to use them in person-based signal controls? 

3. Are there any benefits to use the data in person-based signal controls? 

Aims: to better understand the impacts of occupancy information from connected vehicles (CVs) 

on urban signal controls and the potential benefits of adopting them, in terms of person-related 

performance.  

Objectives: 1) Investigating the relationships between vehicle-based and person-based signal 

controls; understanding the current state-of-the-art signal controls using connected vehicle data; 

2) Proposing an Adaptive Person-based Signal Control Algorithm (PerSiCon-Junction) to reduce 

person average delay in isolated urban junction under 100% CV penetration rate;  

3) Developing an Adaptive Person-based Signal Control Algorithm with Buses (PerSiCon-Bus) 

which integrates bus mode into vehicular environments of person-based control; constructing 

real-world case study to validate the performance of the proposed control method in isolated 

junction;  

4) Developing Coordinated Person-based Control (PerSiCon-Network) to extend algorithm from 

isolated junction to multiple road networks and evaluating its performances in road network case 

study; 
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5) Proposing an Estimation status of Unequipped Vehicle with Occupancy (EUVO) algorithm to 

improve the behaviours of PerSiCon-Network under imperfect CV penetration rate environments. 

1.6 Thesis structure 

This section provides a descriptive summary of seven chapters in this thesis below: 

Chapter 1: Introduction 

Chapter 1 presents the background and motivation if this research, points out the main 

limitations of current urban signal controls and outlines the research aims and objectives, and the 

structure of this thesis. 

Chapter 2: General background 

Chapter 2 reviews traditional vehicle-based controls and signal priority strategies to identify their 

relationships and differences of them. The review of connected vehicle technology and data types 

provides opportunities to improve the performance and transitions of signal controls. The chapter 

also reviews state-of-the-art vehicle-based junction control strategies. The chapter points out that 

most of the urban signal controls in CV environments are vehicle-based controls and it is 

important to develop person-based controls. 

Chapter 3: Person-based adaptive signal control background and concept 

This chapter reviews the state-of-the-art researches in person-based junction control strategies 

and signal controls with flexible signal plans. The discussion of the reviews indicates where the 

present challenges in person-based controls are, and what the critical gaps in the knowledge are. 

The chapter firstly introduces the solutions of this research to fulfil the objectives, and to make 

contributions to the study area. The harmonised evaluation and validation frameworks for 

proposed person-based control algorithms are also clarified in this chapter. 

 

Chapter 4: The detailed methodologies of proposed person-based control algorithms 

Chapter 4 proposes an innovative person-based adaptive control algorithm (PerSiCon-Junction) in 

all passenger cars environments in isolated junction. PerSiCon-Junction is developed with a three-

layered dynamic programming system to minimise total passenger delay over specific prediction 

periods. The approach is novel, as flexible phase combinations and stage sequences signal 

schemes are adopted to explore optimal solutions for reducing passenger delay of passenger cars 

from all feasible signal plan possibilities in a certain period. 



Chapter 1 

15 

This chapter then modifies the paradigm of PerSiCon-Junction to be a Person-Based Adaptive 

Control Algorithm with Buses (PerSiCon-Bus) and extends its scope of application into more 

complicated vehicular environments containing both buses and passenger cars. PerSiCon-Bus is a 

scalable framework which can join different vehicle modes into the algorithm as it calculates and 

estimates the possible discharging time of each vehicle with their respective parameters during 

the optimization process. 

This chapter also proposes a Coordinated Person-based signal Control algorithm (PerSiCon-

Network) to extend PerSiCon-Bus to coordinated paradigms with flexible phase combinations and 

stage sequences that would be implemented in multiple junctions. The CV information from both 

surrounding CVs and adjacent junctions can be acquired to enable junction controllers to know 

vehicular situations within further range. To incorporate further information properly for 

controllers to make adaptive signal timing decisions to all surrounding vehicles with different 

occupancies, the data from the adjacent junction will be utilised as a supplement form of 

predictive vehicle arrival time list according to vehicle trajectory data and signal strategy. 

Chapter 5: Experiments and evaluations of person-based controls in isolated junction and road 

networks 

Chapter 5 reproduces an isolated junction and a road network real-world case study in 

Birmingham, UK in SUMO simulation to validate the performance of PerSiCon-Bus and PerSiCon-

Network in more realistic situations respectively. Section 5.1 lists the assumptions and limitations 

of evaluation frameworks in simulation. Section 5.2 introduces the location and geometry of the 

case study area. Section 5.3 describes the traffic flow data sources for the case study area 

obtained from manual traffic surveys and an online data portal. Section 5.4 elaborates on the 

traffic flow data treatment process from the online portal collected by inductive loops to the O-D 

matrix to generate traffic flows from different zones. Sections 5.5 and 5.6 describe the model 

calibration and validation process, junction settings and vehicle parameters for simulation 

experiments. Section 5.7 provides passenger count estimation for passenger cars and buses to 

determine their occupancy ratios. Section 5.8 clarifies the general simulation operations. Sections 

5.9 and 5.10 discuss the results of PerSiCon-Bus/PerSiCon-Network operation and performance 

changes to CV penetration rates, accumulation time weighted factors, predictive horizons and bus 

occupancy levels. 

Chapter 6 Improving the performance of person-based control under imperfect connected 

vehicle penetration rate 
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Chapter 6 develops an Estimation status of Unequipped Vehicle with Occupancy (EUVO) algorithm 

to estimate the vehicle statuses of those unequipped vehicles based on several data types 

collected from CVs, inductive loops and cameras. EUVO algorithm is proposed to improve the 

behaviours of PerSiCon-Network under imperfect CV penetration rate environments. To validate 

the effectiveness of the EUVO algorithm, the enhanced PerSiCon- Network augmented by the 

EUVO algorithm is evaluated in the case study and its person-based performance are compared to 

those of PerSiCon-Network illustrated in Chapter 5. 

Chapter 7 Conclusions and future works 

Chapter 7 summarises how the research works to achieve the objectives of the research, the 

implementation procedure of proposed person-based control and discusses the opportunities for 

future work. 
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Chapter 2 DŜƴŜǊŀƭ ōŀŎƪƎǊƻǳƴŘ 

2.1 Introduction 

The growing traffic demands caused by increasing automobile fleets bring severe congestion and 

mobility problems to urban road networks. Developing efficient urban signal controls is a major 

way to mitigate the delay conditions on urban roads and manage growing traffic volumes. 

Therefore, this chapter provides a general background about the urban signal controls, CV 

technology and their combinations. This chapter reviews a number of existing urban signal control 

systems that have been implemented throughout the world; summarises key characteristics of 

every control system before highlighting their limitations resulting from inaccurate real-time data 

collection infrastructures. In addition, existing urban signal controls focus on vehicle-based 

optimization objectives rather than person-based metrics. The chapter thus justifies the practical 

meanings of setting person-based policy goals for urban signal controls and gets inspiration from 

the reviews of existing transit priority strategies. These two limitations need to be solved in 

follow-up researches.  

More adaptive and person-based urban signal controls need the support of greater detail levels of 

real-time vehicle information as data inputs. Connected vehicle technology brings unique 

opportunities for the improvements of urban signal controls. The chapter then reviews the 

technical principles of connected vehicle communication technology, involving which kind of data 

they can provide and how they transmit real-time messages to corroborate that how to 

potentially improve the limitations of existing control methods. 

After that, the chapter provides a comprehensive review of state-of-the-art vehicle-based new 

adaptive urban signal control paradigms designed for the near future, in which connected vehicle 

data are incorporated. The chapter points out at which levels the urban signal controls have been 

improved, and what are the remaining problems of the majority of state-of-the-art vehicle-based 

signal controls in CV environments.  

The state-of-the-art transit signal priority strategies combined with connected vehicle information 

are also reviewed. The review highlights that the research problems from adaptive person-based 

urban signal controls are still not solved. Therefore, the chapter justifies the gap in knowledge of 

current researches for adaptive urban signal controls, aim, objectives and the contributions of this 

project in terms of person-based controls and realistic situations. 

The structure of this chapter is as follows: Section 2.2 provides a review of current prevailing 

signal control strategies. Section 2.3 justifies the importance of person-based control and a review 
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of bus priority strategies. It points out the potential paradigms of person-based controls inspired 

by the review of bus priority strategies. Section 2.4.1 provides an overview of those advanced 

technologies which have been integrated into CV and ITS applications. The roadside infrastructure 

data and on-board vehicular data determine the degree of junction control performance and 

which data types are available to be adopted in signal control strategies. Sections 2.4.2 and 2.4.3 

introduce the wireless communication channel and massage sending formats to realize how the 

various data sources can be transferred between junction infrastructures and CVs. Section 2.5 

then looks into the state-of-the-art adaptive signal controls and reviews how connected vehicle 

technologies optimize and broaden the control algorithm with diverse forms of input data, control 

objectives, Key Performance Indicators (KPIs) and control decision styles. Section 2.6 makes a 

summary of general literature and highlights their main limitations.  

2. 2 Existing urban signal control systems  

The development of signal control strategies can be traced back to 1868, when the prototype 

coloured traffic light was utilised in Westminster, England (Webster and Cobbe, 1966). After that 

signal traffic lights experienced numerous changes including their hardware and design strategies. 

The traffic control managements can be classed into three stages: fixed-time, actuated, and 

traditional adaptive. Fixed-time controls decide signal timings based on historically recorded data 

and cannot react to fluctuating flow demands. Actuated methods and traditional adaptive control 

strategies are developed to make responsive to traffic flow demands by real-time data collected 

from loop detectors. This section reviews the existing urban signal control strategies in the world 

in four categories: Fixed-time isolated control, fixed-time coordinated control, traffic-response 

isolated control and traffic-response coordinated control.  

As the main junction control means in urban roads, signal control systems with traffic signals in 

different directions guarantee insurance for all road users (e.g., drivers, passengers, cyclists, 

pedestrians) from conflicting traffic streams. However, it was also found later that the occurrence 

of traffic signals led to severe delays and lower efficiency in the road network because of rule 

restrictions on red traffic lights. Hence, the optimal traffic signal control strategies have been 

developed to seek the best solutions with the targets of reducing the total time vehicle remaining 

in the junction.  

Regardless of the design instructions and theories, the modelling junction layouts of urban traffic 

signal strategies are quite similar: 1) one junction or road network which are comprised of a series 

of successive junctions; 2) a number of approaches which are represented different road 

directions and a certain range of crossing area; 3) one or several lanes in each approach with 
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vehicle queues and traffic flows (Papageorgiou et al, 2003). Under such circumstances, the basic 

parameters and factors of traffic lights that may affect the performance of control strategies are 

listed as follows: 

ω Cycle length: The total time required by operating a complete specific sequence of stages, 

expressed by seconds. The cycle length is added by the durations of each stage and a 

certain total loss time (Younes and Boukerche, 2016). The longer cycle length will cause a 

higher traffic flow capacity in the junction due to the lower proportion of losses time 

(Papageorgiou et al, 2003). While the total delay of vehicles will ascend as the long 

waiting time for vehicles without green times.  

ω Phase: Set of conditions that fix the pattern of movement and schedule for one or more 

traffic streams during the signalling cycle (UK Govt. Dept. Transport, 2006). In general, 

green light represents the acquisition of right-of-way priority and red light means stop.  

ω Stage: Indication by traffic signals during a period of the signalling cycle that gives the 

right of way to one or more particular traffic movements at the same time (UK Govt. 

Dept. Transport, 2006). The reasonable design of optimal numbers and specified order of 

stages is the core of signal schemes, which can greatly improve the transport efficiency of 

the junction.   

ω Split: The green time proportion is proposed by the signal control system for individual 

stage (Younes and Boukerche, 2016). Those stages with right-of-way for larger traffic flow 

demand should be rendered more duration. 

ω Offset: The time difference between a defined point and a reference point in the cycles 

for two successive junctions (Younes and Boukerche, 2016). Offset is an important factor 

ǘƻ ǊŜǎǳƭǘ ƛƴ ΨƎǊŜŜƴ ǿŀǾŜǎΩ ǿƘŜƴ ŘŜŎƛŘƛƴƎ Ǉƭans for multiple junctions, which make the 

traffic lights turn green along serval junctions in the same direction.  

Before reviewing the urban signal control methods, objective functions for signal controls and 

KPIs need to be first introduced as they are essential components to decide the signal control 

optimization targets and evaluation standards. The most commonly used objective functions and 

KPIs for vehicle-based signal controls are introduced in Sections 2.2.1 and 2.2.2 respectively. 

2.2.1 Objective functions for vehicle-based urban adaptive signal controls  

As the main purpose of the adaptive signal control strategies, the different objective functions will 

result in different behaviours of signal timing decisions. The objective function attributes under 

the CV environment could be improving junction efficiency (minimising vehicle delay, minimising 

queue length, minimising number of stops, minimising travel time), increasing junction capacity 
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(maximum junction throughput) or environmental economy (minimising fuel consumption and 

emission rate). In each proposed method the objective function adopted could be either one or 

multiple (e.g. minimising vehicle delay and number of stops with different weighted ratios 

(Goodall et al, 2013), minimising the weighted sum of total fuel consumption and travel time of 

the vehicle in (Li and Ban, 2017). The common used objective functions and requisite data inputs 

will be listed. 

2.2.1.1 Minimising vehicle delay 

Minimising vehicle delay in junction is one point to guarantee junction efficiency through 

eliminating the travel time expense of waiting for avoiding collision as much as possible. The total 

delay of a sequence of vehicles in set N can be calculated by supposing every possible departure 

time Ὀ  for each vehicle c in this set minus the virtual departure time ὠ (cross time without 

other vehicles and traffic signal) and then finding the distinctive control state to reach minimum 

vehicle delay value taking vehicle sequences in all phases in junction into account (Yang et al., 

2016), shown as: 

άὭὲ Ὀ  ὠ

ᶰ

 όнπмύ 

Alternatively, the total delays of vehicles are counted by the summation of queue lengths of all 

phases during one optimizing horizon (one or two cycle lengths) (Feng et al., 2015). The proper 

state variables and control variables are allocated to form the minimum delay. Therefore, the 

calculation of total delay needs previous testing free flow travel time for each route and possible 

departure time of single vehicle, or queue length at various time steps, which can be measured by 

CVs mentioned in Section 2.4.1. 

2.2.1.2 Minimising vehicle queue length 

The optimal control methods based on minimising queue length objective are developed by either 

using current situations of queue length or future situations as references. The current situation 

queue length method calculates the queue length for all phases in the junction at the moment 

and selects the phase with the max combined queue length as the next phase (Kari et al., 2014; 

Tiaprasert et al., 2015). The future method compares the vehicle queue length conditions over 

different optimization strategies, and then implements the one with the minimum metric (Feng et 

al., 2015; Islam and Hajbabaie, 2017). 
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2.2.1.3 Minimising vehicle number of stops 

Minimising vehicle stops, as a kind of channel to improve steady steam and save fuel 

consumption, is reckoned by reducing the sum of all vehicles in a phase combination that switch 

speed to 0 and then accelerate to pass through the junction (Guler et al, 2014). The number of 

stops Ὓὡ for individual vehicle c in set N equals the number of green light time that switch to the 

current lane between its arrival time and departure time due to every vehicle suffering from one 

stop if failure to cross the junction (Guler et al, 2014). Thus the minimising total number of stops 

of each combination is simplified to the sum of all cars considered, shown as (Guler et al, 2014): 

άὭὲ Ὓὡ  Ὓὡ

ᶰ

 όнπнύ 

Where ὅ  is the smallest index of car departing after the arrival of car c. 

2.2.1.4 Minimising vehicle travel time 

As the travel time can be detected and recorded by inductive loops located at different positions 

or CVs, the cumulative total travel time for vehicles in each lane is calculated. The vehicle 

movement lanes with the highest combined travel time for possible combination phases (i.e., 

NEMA phases 2 & 6 or 4 & 8 in (Lee et al., 2013)) were then selected for the next decision stage. 

Or models based on travel time consider total summation of vehicle ὲ travel time Ὕ ȟίȟὼ  

as a function in terms of state variables ί and decision variables ὼ at time t  within range of time 

step ί to ί (Li and Ban, 2017), minimise it as: 

άὭὲ Ὕ ȟίȟὼ  όнπоύ 

2.2.1.5 Maximum vehicle junction throughput 

The capacity maximum models intend to improve the average number of vehicles left the road 

network per unit time, which is also called throughput. In Islam and Hajbabaie (2017) this target is 

calculated by the number of vehicles ὲ leaving the approach lane i in all movements lanes M in 

one phase at time step Ôɴ 4, filtering the phase with the highest value as the next control 

variable, which is represented by: 

ÍÁØ ὲ

ᶰᶰ

 όнπпύ 

Sun et al. also improve the junction throughput by selecting maximum flow demand in combined 

lanes divided by corresponding lane numbers as evaluation criteria (Sun et al., 2018). 
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The objective of traditional signal control methods concentrates on maximising the throughput or 

reducing vehicle delay limited by original data sources. The connected vehicle technology brings 

diverse objective functions, being able to optimize the junction from multiple standards. 

Meanwhile, high precision connected vehicle delay estimation and vehicle number identification 

make adaptive signal control better performance. 

2.2.2 Key performance indicators for vehicle-based urban adaptive signal controls 

KPIs are measurable, calculable values to demonstrate how effectively models achieve their key 

objectives. KPIs in adaptive signal control under connected vehicle technology are defined to 

weigh the effectiveness of junction control strategies, moreover, comparing against the 

benchmarking models, for instance, fixed time control and actuated control. KPIs also supply 

researchers with ways to validate and calibrate the validity and reliability of their models and to 

what degree they achieve the cost functions. Table 2.1 outlines a description of the most common 

KPIs adopted in adaptive signal controls and procedures of how to collect those data. Besides, 

Table 2.1 lists those KPIs selected by researchers to measure the effectiveness of their algorithm. 

 

Table 2. 1 Descriptions and measurements of common KPIs in vehicle-based signal controls 

KPI Description Measurement 

Average vehicle travel time 

The time a vehicle spends to 

move from the original point 

to the destination point 

The time step end at 

destination minus the time 

start from origin 

Average vehicle delay 

The excess time one vehicle 

spends to complete its journey 

than free flow travel time 

Travel time of individual 

vehicle ς free flow time on the 

same route 

Queue length 

The number of vehicle stopped 

behind the cross line waiting 

for discharging 

Count the number of vehicles 

with speed 0 in each lane at 

special time step 

Throughput 

The number of vehicle clear 

from the junction or road 

network per unit time 

Count the number of vehicles 

disappear from the simulation 

per unit time 
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Flow 

The number of vehicle enter 

the junction or travel along the 

specific road point per unit 

time 

Count the number of vehicles 

enter the simulation per unit 

time 

Fuel consumption 

The volume of fuel 

consumption (e.g. gasoline) 

vehicle cost per kilometer 

The fuel consumption model 

adopted for each vehicle and 

add up 

Emissions 

The volume of emission (e.g. 

FC, CO2, CO, HC, NOx) 

produced by vehicles per 

kilometer 

Use instantaneous emission 

model to calculate the 

emissions each vehicle and add 

up 

 

Average vehicle number of 

stop 

The number of travelling 

vehicle switch its speed to 0 

and acceleration 

Count the number of stop by 

tracking each vehicle and 

judging stop by speed variation 

Robustness to errors 

The observation of how robust 

the model algorithm are 

effected to different 

errors(arrival patterns, 

demand ratio, information 

level and others) 

Measure the coefficient of 

variation between the 

performance of any above and 

designated error type 

The KPIs mentioned in Table 2.1 are representative factors in the road traffic environment due to 

validation of algorithm effectiveness towards the objectives of the model and are widely 

acknowledged in signal control papers. The required data collection for calculating KPIs are 

automated processes, for instance, GPS, speedometers, and accelerometers mentioned in Section 

2.4. Those data are gathered in a specified way at the regular transmission interval within an 

acceptable well-defined error margin. In contrast to manual data collection, electronic data 

collection pattern by connected vehicle eliminates the affection of human error. Therefore, KPI 

data in this research can be regarded as both more accurate and reliable than the traditional 

method. Remarkably, the improvements of KPI for one algorithm model are not only restricted to 

its objective. In other words, even though there is only one objective function in control strategies 

the benefits could be various aspects. For instance, the CTT algorithm proposed by Lee et al 

(2013) also found enhancement to average speed, throughput, emission and fuel consumption.  
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2.2.3 Review of existing urban signal controls  

Current urban signal control methods are generally classified into four categories according to 

two parallel elements: 1) isolated or coordinated control decided by the scales of planning 

objects; and 2) fixed-time or traffic-response control due to different attitudes toward arterial 

traffic flow (Papageorgiou et al, 2003).  

ω Isolated control: Each junction is considered as an independent individual for signal 

control systems, which is applicable for sparsely distributed junctions. 

ω Coordinated control: The signal control regards a large zone road network involving 

ƳǳƭǘƛǇƭŜ ƧǳƴŎǘƛƻƴǎ ŀǎ ŀ ǿƘƻƭŜΦ ¢ƘŜ ǳǎǳŀƭ ƳŜǘƘƻŘ ƛǎ ǘƻ ŀŎƘƛŜǾŜ ΨƎǊŜŜƴ ǿŀǾŜǎΩ ǇƘŜƴƻƳŜƴŀΣ 

which let one or more streams in lanes in the same direction pass through several 

junctions smoothly without stop-and-go to reach maximum vehicle throughput. 

ω Fixed-time control: The patterns, sequences and splits of each stage in the cycle are 

determined by offline historical constant demands data beforehand. The values of stage 

timings are variable, depending on a different given time of day (e.g. peak hour). 

ω Traffic-response control: Traffic response strategies decide the stage settings and signal 

timings online by acquiring real-time traffic demand data (usually measured by one or 

two inductive loops in each lane). 

Thus, four types of signal controls combined with these features are formed: fixed-time isolated 

control, fixed-time coordination control, traffic-response isolated control and traffic-response 

coordination control will be introduced in the following sub-sections. 

2.2.3.1 Fixed-time isolated control 

Pre-timed control assigns the right of way at a junction according to a predetermined schedule. 

The length of the time interval for each signal indication in the cycle is fixed, based on historic 

traffic patterns. The timing is repeated over and over regardless of the presence or absence of 

traffic demand. As a result, it is critical to determine the values of a cycle and split in fixed time 

control.  

There are different ways to determine the cycle length. Webster (1958) developed a relatively 

simple expression to determine the optimal cycle length ὅ, based on total lost time ὒ and the 

sum of ήȾί ratios ὣ at all junction phases. The optimal cycle length ὅ is calculated as: 

ὅ
ρȢυὒ υ

ρ ὣ
 (2-5) 

The sum of ήȾί ratios ὣ is calculated as:  
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ὣ ήȾί  (2-6) 

Recall that ήȾί is the maximum ratio of the arrival flow rate ή to the saturation flow rate ί at 

all approaches at phase Ὥ). After the calculation of the optimal cycle length, the splits of all phases 

can be determined. For instance, the green time split Ὃ at phase Ὥ can be determined by: 

Ὃ ὅ ὒ
ήȾί

ὣ
 (2-7) 

Besides the general description of fixed-time control provided above, there are also 

some advanced fixed-time controls developed to optimize some specific objective values 

in two groups: stage-based strategies and phase-based strategies: 

 

a) One type of fixed-time isolated strategy reaches the maximum traffic flow capacity or minimum 

total vehicle delay through optimizing the cycle and split timings, which are called stage-based 

strategies. SIGSET (Allsop, 1971a) and SIGCAP (Allsop, 1976) are two well-known methods in this 

category. The former aims to reduce the stream delay while SIGCAP attempts to maximise the 

capacity for an isolated junction. Assuming that both of the strategies predetermine ὴ phases for 

one cycle and they divide the splits for each stage, known as ‗ȟȣȟ‗. Then have 

‗ ‗ Ễ ‗ ρ (2-8) 

where ‗ ὒὧϳ, L is the total lost time in the cycle and c is the cycle length. To avoid vehicle 

queue generation in each approach, the average arrival rate or demand ή of stream j should be 

constrained by the following inequality: 

ί ‌‗ ή (2-9) 

note that  ί is the saturation flow of stream j, which means the average flow rate crossing the 

stop line during the effective green time. ‌  is a binary value and equals to 1 if stream j has right 

of way in phase i, otherwise the value is 0. This formula reflects that the flow demand should be 

no more than the maximum possible saturation flow to prevent congestion according to the split 

assigned for this approach. Other constraints such as minimum green time and maximum cycle 

length are introduced in (Allsop, 1971b). The Webster average delay estimation method 

(Webster, 1958) under saturated conditions is adopted by SIGSET as an objective function, which 

is shown as: 
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Ὠ
ω

ρπ

ὧρ Ὣ ὧϳ

ςρ ήί

ὼ

ςή ρ ὼ
 (2-10) 

where Ὠ is the average delay for each vehicle in stream j, Ὣrepresents the effective green 

duration for approach j and ὼ ήὧίϳ Ὣ. Therefore, SIGSET treats the objective as a linearly 

constrained nonlinear programming problem by combining constraints with vehicle average 

delay.  As for SIGCAP, it replaced ή ōȅ ˃ή ό˃  1) so ǘƘŀǘ ǘƘŜ ƳŀȄƛƳǳƳ ǾŀƭǳŜ ˃ ǿƛƭƭ contribute to 

maximum flow capacity. Thus SIGCAP would find solutions by solving a linear programming 

problem. It should be noticed that both SIGSET and SIGCAP are only suitable for under-saturated 

situations because of the capacity constraint. 

b) Another class, phase-based strategies, considers optimal cycles and splits, as well as the 

compatibility of stages. The phase-based method (Improta and Cantarella, 1984) adopted a binary 

mixed-integer linear programming methodology to test the stage specifications. In this way, 

different combinations of stages are calculated by adding variety of binary variables. The flexibility 

and result of phase-based strategies are inarguable better than stage-based strategies. While the 

computation and difficulty degree of phase-based strategies step up to another level. However, 

the off-line predetermined characteristic of isolated signal control makes it non-significant. 

2.2.3.2 Fixed-time coordinated control 

Similar to the principles of fixed-time isolated junction schemes, fixed-time coordinated strategies 

also predetermine the settings of phase and stage based on historical data but apply them to 

larger scale road networks with several successive junctions. The main design concepts of fixed-

time coordinated control seek a solution for the maximum number of crossing vehicles in streams 

without stopping. Therefore, the coordination of traffic lights is required to satisfy that the bands 

formed by all vehicles in one stream are covered by green time on two opposite arterials. The 

illustration is shown in Figure 2.1. 
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Figure 2. 1 Time-distance diagram for traffic signal coordination on a fixed time plan (Hunt et al., 1981) 

As a representative of bandwidth-based fixed time coordinated control, MAXBAND was first 

formulated by Little on a two-way arterial for the sake of maximum total progression bandwidths 

(Little, 1966). A Mixed Integer Linear Programming (MILP) formulation is adopted by MAXBAND to 

specify the corresponding offsets of signals for their separate junctions so that several decision 

variables are integer. Little et al. (1981) then extended the original MAXBAND model to a new 

vision for a triangle network with three arterials and a closed loop, which was also based on MILP 

formulation. Corresponding to a more rigorous mathematical problem, MAXBAND is designed for 

an offline computer program so that it can automatically calculate the appropriate offset, cycle 

length, split and left-turn phase sequence values for arterials. The MAXBAND determines the 

weighted combinations of bandwidths as a globally optimal solution.  

Later, MAXBAND applies to grid networks with multiple arterials and closed loops to maximise the 

progression bandwidths, which is called MAXBAND 86 (Chaudhary et al., 1991). MAXBAND 86 is 

the first attempt of fixed-time coordinated control at multi-arterials networks. However, 

MAXBAND 86 is regarded as an extremely simple assumption model without considering green 

split optimization (Chaudhary et al., 1991). The tremendous computations of MAXBAND 86 also 

cause the system inefficient. PASSER II is another bandwidth optimization program by using a 

heuristic optimization procedure to decide the best combination of offsets with the widest bands 

(Messer et al., 1973). While PASSER II cannot be implemented in multiple arterials compared to 
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MAXBAND 86. Due to the insensitive variations toward actual traffic flow limitations that existed 

in these bandwidth-based models, the MULTIBAND model is created by incorporating a traffic-

dependent criterion into progression calculated procedures (Gartner et al., 1991). The 

MULTIBAND figures out the individual bandwidth for each special link, as well as maintains the 

platoon of the vehicle stream.  The flexible individual bandwidths along with varying traffic flow 

make MULTIBAND perform better, specifically reflecting on the significant decrease in vehicle 

delays, number of stops, and fuel consumption over traditional models. Referring to the sensitive 

traffic pattern matching characteristic of MULTIBAND, The MULTIBAND-96 is then generated by 

absorbing this advantage and optimizing crossing arterial signal control variables simultaneously 

(Stamatiadis and Gartner, 1996). Therefore, MULTIBAND acquires better measurements than 

MAXBAND 86 when operating models into multi-arterials road networks. PASSER IV is also a good 

attempt to optimize signal timings for closed grid multi-arterial networks by combining multiband 

and green splits (Chaudhary and Messer, 1993). 

Different to the above bandwidth-based models, the delay-based fixed time coordinated control 

method Traffic Network Study Tool (TRANSYT) minimises the delay of the whole road network. 

The TRANSYT model is contribute to selecting suitable offsets to allow the interactions of traffic 

flows and continuous road sections (Robertson, 1969). The TRANSYT included a heuristic 

optimization algorithm that leads to a simple but efficient method to find the minimum vehicle 

delays as a representative of platoon dispersion and flow control. As an improvement of 

TRANSYT, TRANSYT-7F calculates the performance index of variables in the road network to 

achieve delay minimisation, given quantities of traffic parameters, such as splits, offsets and cycle 

time (Li and Gan, 1999).  

TRANSYT-7F models have been commonly adopted in North America. However, the delay-based 

fixed time coordinated controls reveal poorer ability to optimize phasing sequence than 

bandwidth-based controls (Gartner et al., 1991). 

LinSig is another widely used fixed-time coordinated control which can be operated in either an 

isolated junction or road network comprising successive junctions (Moore and Cheng, 2010). It 

optimizes the signal timing plans to reduce delay or maximum reserve capacity. Different from 

TRANSYT which is predominantly useful for modelling large networks, LinSig is more suitable to be 

adopted in detailed modelling of junctions. Cyclic flow profiles are used in LinSig to represent the 

patterns of traffic and queues for each cycle period and model the signal timing plans. The stage 

lengths and offset can also be adjusted in LinSig to minimise delay for the whole network. As a 

result, the LinSig outputs are deterministic and relatively stable. 
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2.2.3.3 Traffic-response isolated control 

Traffic-response strategies can detect whether a vehicle passes through the specified point at a 

certain time utilising the flag change function of buried inductive loops. The flag signal will 

transfer if lanes are occupied by vehicles and the short-time cruise speed of vehicles can also be 

measured. Thus the real-time vehicle flow will be a key parameter to arrange signal controls. 

Microprocessor Optimised Vehicle Actuation (MOVA) is a real-time self-optimization isolated 

junction control system with the target of reducing vehicle stops and delays, or maximum 

capacity throughput during oversaturate periods (Peirce and Webb, 1990). Two loop detectors 

are placed 40m and 100m upstream from the stop line respectively in the design of MOVA, which 

are estimated to leave about 3.5 and 8.0 times vehicle cruise time from loops to cross lines 

(Vincent and Peirce, 1988). More sophisticated vehicle actuation logic were then applied in 

MOVA. The minimum green durations are assigned for every phase so that each lane has 

sufficient time to discharge the remaining queue in front of 40m upstream detectors (Lu et al., 

2014). If there is no vehicle detected from the related detectors, the control system will proceed 

to the next determined stage. Otherwise, a critical interval of several seconds will be created to 

extend the green durations of the current stage, clearing the vehicle at the full saturation rate. 

The detection and additional interval step will be repeated until the green duration reaches the 

maximum green time or no vehicle is detected. Miller (1963) proposed a more complicated vision 

of MOVA, considering the opportunity to switch to the next stage (takes place at once or 

postpone). The optimizing process solution balances the benefits of extending the green phase 

against the losses of a vehicle stopped in red lanes. 

System D vehicle actuation is another traffic responsive control in the isolated junction (UK Govt. 

Dept. Transport, 2006). As illustrated in Figure 2.2, three inductive loops are used in System D 

vehicle actuation to replace pneumatic detectors. The furthest inductive loop is normally 

distributed at 39 meters from the stop line. A green extension can be scheduled for the current 

approach if a vehicle passes through the buried inductive loop or Above Ground Detectors (AGDs). 

Otherwise, the traffic signal will be switched from green to red light if no vehicle is detected in a 

gap duration. The next two inductive loops are used for extending green duration.  
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Figure 2. 2 Illustration of System D vehicle actuation (UK Govt. Dept. Transport, 2006) 

2.2.3.4 Traffic-response coordinated control 

Traffic response coordinated strategies developed the isolated controls into network-wide 

applications, which provide more practical significance than the latter. The characteristics of 

widely used strategies in this category are summarized in Table 2.2.  Split Cycle and Offset 

Optimisation Technique (SCOOT) (Hunt et al., 1981) and Sydney Coordinated Adaptive Traffic 

Signals (SCAT) (Lowrie, 1990) are two first famous traffic response versions which can be applied 

in urban network scale coordinated junctions. SCOOT can be regarded as an improvement of 

TRANSYT with similar principles. While the vehicle flow and occupancy measured and stored by 

loop detectors are adopted to replace the historical data used in TRANSYT (Hunt et al., 1981). A 

central online network model is selected in SCOOT to predict the traffic queues, delays and stops 

repeatedly by every few seconds with the updated latest real-time measurements as input. The 

consecutive alternations would be approved and implemented by local signal controls once they 

are estimated to bring positive effects to the junction operation, particularly the prescribed 

performance index. The structure of SCAT is a two-level approach. The upper level predetermines 

the network-wide signal plan for centre control and the decentralised level adjusts the signal 

control strategies so that they can fit with major traffic situations (Lowrie, 1990). However, in the 

initial trials towards more than one junction, the limited effects of subtle alternations in answer to 

changeable adjacent upstream flow against the fixed time plan cannot satisfy the rapid flow 

changes.  

After that, a series of model-based traffic response methods are proposed to better visualize 

urban control challenges as combinative optimizations without demonstrably splits, cycles and 

offsets. Optimisation Policies for Adaptive Control (OPAC) (Gartner, 1983) provided a feasible and 

promising complete enumeration method for considering all possible integer switching times. 

While PROgramme DYNamique (PRODYN) (Henry et al., 1984) adopted a bi-level signal setting 

approach which places decomposition coordination at the upper level and dynamic programming 
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hierarchical algorithm at the lower level. Dynamic programming is also applied in Real-time 

Hierarchical Optimised Distributed Effective System (RHODES) (Mirchandani and Head, 2001), 

responding to predicted real-time vehicle arrivals, platoon arrivals, traffic flow rates and queues in 

each junction. Current road capacities, vehicle travel times and network disruptions can be 

measured from loop detectors and videos as inputs of a hierarchical architecture in RHODES to 

ŀŎǘƛǾŀǘŜ ǘǊŀŦŦƛŎ ǎƛƎƴŀƭ ōŜƘŀǾƛƻǳǊǎΦ w9![.!b5 ό5ŜƭƭΩhƭƳƻ ŀƴŘ aƛǊŎƘŀƴŘŀƴƛΣ мффрύ ŀƭǎƻ Ŧƻllowed 

similar hierarchical control architecture to identify the variety of vehicle platoons and predict 

their movements.  

An approximate traffic model developed from the theory of MAXBAND boosted the throughputs 

of the detected platoons in networks, as well as balanced the benefits of two conflicting 

movements to decide which one is awarded priority. ALLONS-D (Porche and Lafortune, 1997) is a 

traffic response decentralized method combining dynamic programming and rolling horizon, 

carrying out the signal timing results in a short roll period decided by a larger horizon plan. The 

plan decision is updated every few seconds based on real-time measurements. MOTION (Brilon 

and Wietholt, 2013) also executed separated local junction network signal controls second by 

second in a three-level optimization system to promote operational efficiency than SCOOT and 

SCAT.  

However, all of the above model-based methods solved the urban coordinated signal control in a 

perspective of global network minimum, resulting in exponential complexity of algorithms so that 

they are barely applicable to more than one junction in actual operation. On the contrary, 

CRONOS (Boillot et al, 2006) built a polynomial complexity algorithm heuristic achieving local 

minimum so that the optimization solutions would be founded faster. Video sensors are used in 

CRONOS to seize vehicle spatial position, density and queue length on the road for simultaneous 

working out strategies under several junctions. One common challenge of those model-based 

approaches is that they do not consider the downstream vehicles for each junction, hence they 

are not suitable in saturated flow conditions (Papageorgiou et al., 2003).   

The store-and-forward models are designed for various urban road traffic controls to provide a 

more efficient and feasible approach than model-based strategies (Diakaki et al., 2002). By 

abandoning discrete variables as parameters inside traffic flow demand descriptive mathematical 

models, store-and-forward methods opened a new era for coordinated dynamic strategies. A 

crowd of high-efficiency optimization programming methods are frequent occurrences. The 

examples include linear programming, multivariable regulators, nonlinear programming and 

quadratic programming. Bi-level programming (Yang and Yagar, 1995) and mixed integer linear 
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programming (Lo et al., 2001) approaches have also been explored to be available in over-

saturated traffic flows. 

2.2.3.5 Discussion and conclusion for existing urban signal control  

The main drawbacks of fixed-time strategies are highlighted in several aspects. The most obvious 

feature of fixed time controls is the predefined off-line signal timing schemes according to local 

historical observed data. This data collection mode makes them cannot respond to the temporal 

and spatial variations of traffic flows. In actual circumstances, traffic demands are inconstant both 

at a time of day and on different days because of special events, festivals, and week attributes. 

The long-term traffic demands and turning movements are also unfixed. The unpredictable 

disturbances will cause heavy interference in traffic conditions. All of those situations indicate 

that the effects of fixed time controls will be poor, which becomes a major problem to provide 

junction efficiency. Moreover, the optimizations of fixed-time signal controls are only developed 

under saturated flow conditions, which fail to consider the oversaturated situations.  

Isolated response signal controls (e.g. MOVA) change the operation way from fixed time controls. 

However, they still fail to exploit the full characteristics and potentials of urban signal junctions, 

for the reason that they ignore the correlations among modelling junctions and surrounding 

junctions. The signal control managements need to be coordinated within a region of related 

junctions, guaranteeing the delay reduction in the urban transport network rather than a 

particular space.  

Coordinated response urban signal controls have evolved from fixed time and isolated signal 

controls with better operationally treatment of traffic volumes and network scales. Therefore, 

they are the most powerful signal control method among these four categories due to their 

practicability in larger-scale road networks. In addition, they make responses to dynamic flow 

demands to a certain degree. Table 2.2 summarises the prevailing traditional adaptive 

coordinated control strategies and their key characteristics.  

Coordinated response urban signal controls provide additional sensors for signalized operators, 

enabling them to sense the state of the road network and approaching vehicles. The data they 

collected is processed by control algorithms and made real-time signal decisions corresponding to 

dynamic traffic volumes. However, from Table 2.2 most of the data collection sensors used by 

coordinated traffic response control strategies are inductive loops or camera/video sensors. From 

the perspective of cost and stability, the loop detectors' expense of installation and maintenance 

is considerable. Thus the loop detectors were only installed upstream and downstream of the 

road links (Hunt et al., 1981) and cannot cover the whole network. Moreover, once robustness 
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errors occur to loop detectors, the data collection and control behaviour of coordinated traffic 

response would heavily degrade (Feng et al., 2015). 

On top of that, all of those sensors collect data at fixed points, which can detect the numbers of 

vehicles when they pass through the places where inductive loops are embedded (Younes and 

Boukerche, 2016). These census data only provide a snapshot of the state of the road network, 

being less capable of describing detailed information. More concretely, the SCATS and SCOOT 

models can only provide slightly alternations against the fixed cycle plans with limited effects. 

Although OPAC and PRODYN introduce queue length as new data resources in their models, 

advanced knowledge of queue length and vehicle arrivals are challenging to be obtained in the 

circumstances (Gartner, 1983). The predictions of vehicle movements (e.g. arrival time, vehicle 

ǎƛȊŜ ŀƴŘ ǾŜƘƛŎƭŜ ǎǇŜŜŘǎ ό5ŜƭƭΩhƭƳƻ ŀƴŘ aƛǊŎƘŀƴŘŀƴƛΣ мффрύύ ōȅ ƭƻƻǇ ŘŜǘŜŎǘƻǊǎ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ 

RHODES and REALBAND are also not so accurate because of the stochastic nature of vehicular 

movements (Lee et al., 2013). To improve these limitations, new detection and communication 

technology is required to support urban signal controls to have a better understanding of 

vehicular and road network states. Connected vehicle technology is such a choice to provide 

abundant data resources for the signalized controller, which is presented in Section 2.4.  

Another limitation of traditional urban signal control can be observed from Table 2.2 that all of 

the policies adopted are vehicle-based signalized optimization (e.g. minimising total vehicle 

delay). In other words, these strategies regard all of the vehicles on road at the same priority 

level. Such vehicle-based objectives result in unfairness to those vehicles with high occupancy 

vehicles and passengers inside vehicles, which is also not consistent with the future city 

development target of enhancing person mobility projected by UK DfT and European Commission. 

It is more valuable and realistic to apply person-based optimization approaches. Concerning this, 

Section 2.3 justifies person-based policies and performance indicators for urban signal controls. 
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2. 3 Transform urban signal controls to person-based paradigm: reasons 

and inspirations  

The review of existing urban signal controls in Section 2.2 concludes that all of the systems 

operating throughout the world are vehicle-based optimization policies and take into account that 

all vehicles on road are the same. This section elaborates on the motivations of selecting person-

based objectives and performance measurements. However, the transition from vehicle-based 

signal controls to person-based approaches is a challenging task. Both new kinds of data sources 

and new signal control algorithm paradigms are required. The urban signal-control-based priority 

methods, which are most commonly incorporated in urban junction managements, award high 

priority levels to public transport so that they can pass through the road sections and junctions as 

quickly. By reviewing these strategies, the different treatments of public transport vehicles and 

passenger cars\vans may provide inspiration to the ways how urban person-based signal controls 

should be and related potential challenging problems. 

2.3.1 The meanings of person-based urban signal controls 

Over the past 50 years, personal transport, which was dominated by private vehicles, has been 

rapidly developed to provide users with a high degree of freedom by enabling them to arrive to 

any location they want. However, the massive adoption of private vehicles in urban areas also 

leads to heavy congestion and related negative economic and environmental impacts (European 

Commission, 2020). Therefore, addressing future person mobility challenges in cities has been a 

critical subject area in Science for Policy report by the Joint Research Centre (JRC) to support the 
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European policymaking process ((European Commission, 2020). With the signal control system 

widely deployed in urban networks, one of the most efficient ways to enhance person mobility is 

developing person-based signal controls to provide preferential treatment to those vehicles with 

high occupancy (Christofa et al, 2013a). Several people in one vehicle with high priority have 

chances to greatly enhance the people mobility compared to one person in the same vehicle as 

the former one achieves multiple travelling with one vehicle.  

¢ƘŜ ǊŜǇƻǊǘ άCǳǘǳǊŜ ƻŦ aƻōƛƭƛǘȅΥ ¦Ǌōŀƴ {ǘǊŀǘŜƎȅέ ǿŀǎ ǇǳōƭƛǎƘŜŘ ōȅ 5ŜǇŀǊǘƳŜƴǘ ŦƻǊ ¢ǊŀƴǎǇƻǊǘ ό5Ŧ¢ύ 

of the UK government in 2019, discussing the challenges and opportunities of urban transport in 

future and strategies that may improve transport mobility (UK Govt. Dept. Transport, 2019b). 

Reducing congestion and better utilisation of limited urban road spaces is one of the important 

targets for future transport innovation in this report. The traffic volumes in England and Wales are 

forecasted to increase by 55% between 2015 and 2050 if the vehicle occupancy level decreases 

from 1.5 to 1.3 (UK Govt. Dept. Transport, 2019b). This prediction value is far beyond a 5% 

increment of traffic volumes if average vehicle occupancy increase to a level of 1.7. It is worth 

mentioning that the forecasts are made before the COVID-19 pandemic and could not have 

foreseen the influence of the extraordinary circumstances on the traffic volumes and vehicle 

occupancy on road. In 2020, the average car occupancy in the UK decreased to 1.49 and total 

vehicle miles decreased 21% compared to that in 2019 (UK Govt. Dept. Transport, 2021a). Travel 

demand and mode preferences (from public transport to private vehicles) have shifted during 

COVID-19 pandemic situations compared to normal situations due to trip restrictions imposed by 

authorities and fear of infection by individuals (Abdullah et al., 2020). However, as discussed in 

Section 1.1, this unusual trend will not last for long period. Overall, the occupancy levels of 

vehicles in the network still seriously affect the urban road traffic conditions. Therefore, one of 

the urban strategy innovation principles which are expected to be underpinned by the 

government is described as follows: 

 

     άaƻōƛƭƛǘȅ ƛƴƴƻǾŀǘƛƻƴ Ƴǳǎǘ ƘŜƭǇ ǘƻ ǊŜŘǳŎŜ ŎƻƴƎŜǎǘƛƻƴ through more efficient use of limited 

road space, for example through sharing rides, increasing occupancy or consolidating 

freight. 

There is finite road and pavement space in our towns and cities, many of which were laid out 

long before the advent of motorised transport. The lower running costs enabled by new 

technologies and business models could worsen congestion if vehicle occupancy and load 

ŦŀŎǘƻǊǎ ǊŜƳŀƛƴ ƭƻǿΦέ 
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Person-based urban signal control is such a conceptual framework that intends to offer higher 

priority levels to high occupancy vehicles in the urban road network. Person-based signal controls 

are designed to put more emphasis on person-related values and provide better strategies to 

improve average person delay. Besides, the promotion and implementation of these strategies 

are advantageous for car-sharing policy realization. Those people who are willing to share cars 

with others would be more likely to cross the urban junctions quicker. Therefore, the researches 

for person-based urban signal controls are consistent with the future strategic target of urban 

transport mobility. 

Public transport priority system is operated in such circumstances where bus occupancy is higher 

than passenger cars in most cases. The measures for qualities and capabilities of public transport 

modes and tools are determined based on passengers' load capacities in the same situation, not 

merely departure frequency. For public transport modes, the higher vehicle carrying capacities 

are transited by seat numbers multiplying respective load factors, considering carriage sizes, seats 

and well as standees (MacKechnie, 2017). So that the capacities of bus transit, light rail and 

subway can be regarded as 90, 90 and 100 passengers per vehicle per grade separately 

(MacKechnie, 2017). Passenger capacity is one of the most important factors to measure the 

performance of public transit modes (MacKechnie, 2017), which refers to how many passengers 

can be carried by one mode per hour. This index is calculated by passenger number of one mode 

and operation frequency, indicating the importance of considering people in the vehicle. In 

addition, high occupancy vehicle (HOV) lanes are designed to provide a dedicated passageway for 

those vehicles with high occupancy (minimum occupants of 2 or 3) and prohibit low occupancy 

vehicle (Institute for Transport Studies, 2018). HOV lanes are a road strategy to award higher 

priority to portion vehicles based on numbers of people and have been applied in Leeds, South 

Gloucestershire and other cities (Institute for Transport Studies, 2018). 

Most of the current signal control researchers set their goals as minimising vehicular delays and 

attempting to offer more vehicles to pass through the junction at the same time in the absence of 

passenger information consideration. In some ways, reducing vehicle delays is equivalent to 

reducing person delays if identical number of people in each car. However, the average value of 

car occupancy is 1.6 according to statistics from UK DfT (UK Govt. Dept. Transport, 2019a). 

Although there are no specific distribution proportions of different car occupancies released from 

UK DfT, the distribution of car occupancies (excluding drivers so that the value can start from 0) 

can be estimated in this project with proper assumptions. Poisson distribution is a proper model 

that helps to describe the discrete probability distribution of the number of events occurring in a 

given period/space interval and having a known constant mean value. In this case, a thing that 
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happens in a period/space interval is replaced by a passenger sitting in a vehicle. The Poisson can 

be used once all of the criteria are satisfied:  

¶ The number of independent trials is large: in this project, the number of vehicles on road 

in the UK is a large value; 

¶ The probability of occurrence in one experiment is very small: for individual passenger, 

the person can only be inside one of the vehicles and the probability of a person in a 

specific vehicle is very small; 

¶ The events are independent: for any two passengers, a passenger in a vehicle is 

independent of another person in a vehicle. The relationships between two passengers, 

(e.g. family members, friends) are not considered for simplification. 

From the analysis above, the probability of car occupancy (excluding drivers) in a vehicle can be 

assumed to follow the Poisson distribution. Thus the distributions of different car occupancies are 

calculated in Table 2.3. As a typical passenger vehicle can load at most 3 passengers, the 

probability of 3 car occupancy in a vehicle in Table 2.3 is the summation of the probabilities of 3 

and more passengers in a vehicle.  

Table 2. 3 Different probabilities of cars occupancies from 1 to 4 in a vehicle assumed Poisson distribution 

with a mean of 1.6 

/ŀǊ ƻŎŎǳǇŀƴŎȅ л м н о 

tǊƻōŀōƛƭƛǘȅ рп҈ оо҈ мл҈ о҈ 

 

In Table 2.3 it can be found that the probability of a car with high occupants (2 or more occupants 

in a car) is around 46% of the total amount with a mean occupancy value of 1.6. The person-based 

control could be properly proposed to reduce delays of those HOVs to achieve person-related 

objectives. In addition, the statistics of average car occupancies sorted by different time of days 

and vehicle types are also released by UK DfT, which can be seen in Tables 2.4 and 2.5 

respectively. 
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Table 2. 4 Average car occupancies sorted by time of days and journey purposes in UK in 2010 (UK Govt. 

Dept. Transport, 2021b) 

 
Journey Purpose 

Weekday 

Weekend 
Average 

All 
Week 

Average 

7am 
ï 

10am 

10am 
ï 

4pm 

4pm 
ï 

7pm 

7pm 
ï 

7am 

Average 
Weekday 

Occupancy per Vehicle Kilometre travelled  

Work  1.13 1.16 1.15 1.17 1.15 1.31 1.16 

Commuting  1.13 1.15 1.14 1.15 1.14 1.21 1.15 

Other  1.71 1.82 1.79 1.79 1.79 2.12 1.91 

Average Car  1.35 1.63 1.43 1.45 1.48 2.01 1.61 

  Occupancy per Trip  

Work  1.20 1.19 1.17 1.18 1.19 1.26 1.20 

Commuting  1.17 1.15 1.16 1.18 1.17 1.24 1.18 

Other  1.68 1.65 1.71 1.66 1.67 1.90 1.73 

Average Car  1.43 1.55 1.48 1.48 1.49 1.81 1.57 

 

 

 

Table 2. 5 Average vehicle occupancies sorted by vehicle types and journey purposes in UK in 2000 (UK 

Govt. Dept. Transport, 2021b) 

Vehicle Type 

Journey Purpose 

Weekday 
Average 

Weekend 
Average 

All Week 
Average 

Occupancy per Vehicle Kilometre travelled 

LGV 

Work  (freight) 
Non Work 

1.20 1.26 1.20 

1.46 2.03 1.59 

Average LGV 1.23 1.35 1.25 

OGV1 
OGV2 

Work only 
Work only 

1.00 1.00 1.00 

1.00 1.00 1.00 

PSV 
Driver 

Passenger 

1.00 1.00 1.00 

12.20 12.20 12.20 

 

From Table 2.4, the average car occupancy values during the weekday are lower than those 

during the weekend. The average numbers of passengers travelling with the purpose of work and 

commuting are compared to be less than the numbers of passengers with other purposes. 

Comparing the values in different time-of-day periods, the average car occupancies at morning 

peak hours are slightly lower while the car occupancies at inter-peak periods are relatively higher 

than those in other periods. From Table 2.5, the average occupancies of Light Goods Vehicles 

(LGV) and Other Goods Vehicles (OGV) during weekdays are also less than those values during 

weekends. The occupancies of Public Service Vehicles (PSV), for instance, buses, are considerable. 

In summary, UK car occupancies fluctuated between 1.1 and 2.2, depending on the various 

variables of travelling purposes, vehicle types and different periods of the day. Moreover, 
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supposing that car occupancy is a constant value, the car occupancy sequences arriving from 

different lanes and approaches to the junction in a short time also have large quantities of 

combinations. The vehicular situations and potential varying traffic demands for person-based 

controls are much more complicated than vehicle-based controls and TSP approaches. The 

person-based control paradigms therefore should be designed to be more adaptive to different 

vehicular situations, and flexible to consider different possibilities of signal timing plans and their 

function values. Even if the HOVs on road are extremely low proportion and almost all vehicles 

are under the same priority levels, the optimal strategy adopted by vehicle-based control is one of 

the potential solutions which should be considered in the person-based control design to ensure 

its performance.   

2.3.2 Traditional transit signal priority 

Public transport priority strategies and other forms of priority methods are dominant to be 

implemented in many cities in several decades, proceeding from better making use of limited 

road space with the larger capacity tool. All forms of bus lanes and HOV lanes are designed to 

segregate those priority needed vehicles and normal cars. Compared to those dedicated priority 

methods resorted to facilities, giving priority to traffic signal situations is more universal due to 

unavailable facility-based systems and most cases existing traffic lights (Diakaki et al., 2015). 

Under urban traffic lights network circumstances, approaching vehicle priority (e.g. bus) is quite 

realistic and achieved by adjusting signal timing settings.  

A series of traffic response control strategies mentioned in Section 2.2 alter their signal timings to 

give priority to public transport without severe disadvantages to other traffic, such as bus priority 

in SCOOT (Hunt et al., 1981). Many priority methods at urban traffic lights are flexibly utilised. The 

green time extension is applied for those approaches which detect the public transport upon 

lanes and request to clear beyond the normal green time. The recall method shortens green time 

of the phases without detecting public transport and move them to the phases with bus routes. 

The stage skipping method directly cancels one or more stages against the prior setup sequence 

to provide service for priority vehicles. Stage re-ordering also disturbs the signal timing ranks and 

selects the activate stage as well as later stages according to bus information. Green wave 

strategies are frequently served for emergency vehicles to allow them to pass through several 

junctions with all green signals to reach high-level priority. All green for bus method helps bus 

arrive at the lane stop line with green lights anytime. Compensation methods will recover the 

normal signal control operation once the priority vehicle is detected disappearing from the lane. 

Current signal control-based priority methods select several options from the above skills to 

achieve their method, which can be classified into passive priority and active priority methods. 
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2.3.2.1 Passive priority method 

The passive priority method acquires the public transport vehicle information and timetable to 

consider which flow streams will contain more priority vehicles. Higher green times towards those 

flows are weighted and allocated in advance. TRANSYT method also formulates a fixed-time plan 

for the whole network corresponding to public transport (Robertson, 1969). This coordinated plan 

makes use of rough buses and tram lines' arrival information and their frequencies without 

detecting approaching priority vehicles. VISGAOST is another program determining appropriate 

signal light parameters including cycle, offsets and stage sequences with an off-line genetic 

algorithm (Stevanovic et al., 2008). Green extension or stage recall signal priority optimization 

limited by maximum green will be operated in case of priority request, and then signal settings 

beforehand will be recovered. However, passive priority methods appeared to be inefficient, 

which attributes to the high accuracy degree of priority vehicle streams forecasting and 

information acquisition. The inappropriate signal timing arrangement for actual missing or 

unpredictable priority vehicles brings even more negative effects than normal signal controls. 

2.3.2.2 Active priority method 

Owing to bus loops, public transport receivers or other detectors, active priority methods attempt 

to overcome the shortcoming of passive methods by sensing each public priority vehicle arriving 

on the road. Higher priority schemes are only assigned for buses once they are detected. 

Therefore, the minimum requirements of active methods are Selective Vehicle Detectors (SVD) to 

gather real-time public transport approaching data. The SCOOT system installed a variety of 

facilities to provide priority to public transport vehicles (Hunt et al., 1981). Besides this, the 

system also implemented active strategies such as preventing red light stopping, stage recall and 

stage skipping for individual heavy delay buses, which are widely applied in London, Glasgow, 

Southampton, York and many other UK cities (Oliveira-Neto et al., 2009).  

SCATS system, which is mainly appeared in Australia, Canada, and Brazil around the globe, also 

adopted green extension, stage recall, stage skipping, special stage, and stage reordering as 

means of serving late priority vehicles (TCRP, 1998). While it treated different kinds of vehicles as 

three layers: highest priority for trams, medium layer for buses forbidden stage skipping, and low 

priority for other vehicles. Different levels of priority framework from no priority to absolute 

priority also performed in the lower layer of the two-layer BALANCE system, making it responsive 

to the lateness degree of public transport and traffic demand (Fox et al., 1998). BCC-RAPID made 

decisions on whether the buses are out of the green schedule and worthy to provide priority via 

green extension or stage recall (Fox et al., 1998). Upon separation of buses from other vehicles by 

SDVs, MOVA gave general priority means to a bus (Fox et al., 1998). Similarly, SPRINT also sought 
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the earliest possible chances to clear the buses selective from the junction when individual buses 

were detected (Fox et al., 1998). Different from the above strategies, PRIBUSS developed flexible 

priority programming based on First-In-First-Out (FIFO) theory which enabled engineers to select 

the traffic situations, procedures, limitations and other parameters (Wahlstedt, 2011). This 

system can be available in isolated junction or coordinated signal control, becoming the main 

public transport priority method in Sweden. 

Another sort of active method relies on optimization techniques rather than explicitly 

consideration of signal timings. The vehicle priority part of PRODYN took into account public 

transport equivalent to a single vehicle platoon comprised of several normal vehicles to reach 

minimum delay in the junction (TCRP, 1998). Quite similar to PRODYN by leaving off traditional 

cycle length and green splits, SPPORT considered whether to terminate the current stage or not 

and which phase could be awarded the next green duration at every decision point (Dion and 

Hellinga, 2001). BUSBAND priority system can either transfer buses into ordinary cars with 

weighted values or add a constraint to the network control logic thus providing bus priority (TCRP, 

1998). As an updated version of BUSBAND system, CAPRI operated quite similar logic to the 

former one via additional predicted public transport, at-grade rails and trains arrivals 

(Mirchandani and Lucas, 2004). DARVIN also predicted vehicle movement conditions and 

identified network quality upon integration of buses and other vehicles to perform instantaneous 

signal control settings adaptively (Duerr, 2000). The bi-level priority optimization systems, SPOT 

(TCRP, 1998) and MOTION (Gardner et al., 2009), decided on the central component signal setting 

optimization at the upper level and provided local parameter adjustments calculated by the cost 

function at the lower level. 

Urban junction priority systems were then improved by more advanced detections which are 

capable of accessing more detailed and accurate public transport-related data than SDVs. The 

instances include Automatic Vehicle Location (AVL) and Global Positioning Systems (GPS), which 

make multiple detections points feasible. iBus system in London is such a representative (Wong 

and Hounsell, 2010). Instead of costly physical hardware detections installed on urban road fixed 

places, AVL and GPS improve the flexibility of iBus system with locations and other information. 

The system is also cost-saving by replacing the installation and maintaining cost of those 

numerous bus detections on street.  

2.3.3 Discussions and conclusions 

The priority schemes for public transport vehicles are applied to respond to the government 

policies of promoting public transport operation. The detectors and sensors such as SVD or AVL 
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are capable of detecting the locations of public transport vehicles approaching the junctions, 

delivering the information to the decision-making algorithm and adjusting signal schemes to be 

biased towards buses with higher occupancies. Through the review in this section, traditional TSP 

strategies are challenging to be considered intelligent and adaptive since the special detectors 

dedicated to public transport vehicles can only provide location information and not be adequate 

to predict accurate arrival times for buses. Those schemes also only take into account whether 

the public transport vehicles are approaching, neglecting the real occupancies in them and 

passenger cars. Most importantly, public transport priority systems are designed merely for 

providing priority to limited buses and are hard to be implemented in person-based urban signal 

controls where different occupancy levels of all vehicles should be fairly modified.  

However, there are still two inspirations from the review of existing urban signal control-based 

priority schemes for person-based urban signal controls. The priority methods treat differently 

public transport vehicles and passenger cars, as public transport vehicles can load a great number 

of passengers far beyond those in cars. The occupancy level differences make the signal control 

system provide different priority levels to them. Servings for public transport vehicles first are 

accessible to support more travellers less suffering from junction delay and congestion to achieve 

people mobility target. Some studies investigated the travel time and delay benefits of TSP. An 

early field experiment of TSP in Louisville, Kentucky reported 9% - 17% time savings for buses 

compared to those without TSP (Capelle et al., 1976). Another trial in Virginia found 2.3% - 2.5% 

travel time savings for express buses, 4.8% time savings for local buses and an 18% increase in 

average travel time for all traffic when unconditional TSP is executed. Hounsell et al. (1996) 

reported a 20% - 30% bus delay reduction with TSP in SCOOT. Wahlstedt (2011) reported an 

overall 6% travel time improvement for buses from two directions but up to 13% and 6% travel 

time increment of other vehicles on the cross street and main street respectively. From these 

researches, traditional TSP methods were found to improve the travel time and delay of buses 

compared to the cases without bus priority. However, they also made impacts on other vehicles 

on road and even negative impacts like the results reported by Wahlstedt (2011). One of the 

challenges of the person-based control paradigm is how to achieve the objectives of reducing the 

person delay of all vehicles with and without the presence of buses.  

Another inspiration is that the stage sequences of person-based urban signal controls may not be 

as fixed as a vehicle-based system. The fixed stage sequences applied in existing signal controls 

make them only decide the duration of the separate stage for the convenience of 

implementation. This will not significantly disrupt the performance of signal controls when all 

vehicles are assumed to be the same. Since high priorities are occupied by public transport 

vehicles and their common arrivals conflict with current green active stages, priority signal 
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systems take a series of measures, such as stage recall, stage skipping, and stage reordering to 

avoid these circumstances. The measures break the stage sequences, allowing public transport 

vehicles to pass as fast as possible. The person-based signal controls can also adopt complete 

flexible stage sequences to make sure of passages of those high occupancy vehicles. 

Notably, the realizations of person-based urban signal controls need not only detailed information 

on the state of vehicles and road networks, but the occupancy information from all vehicles as 

well for a better understanding of priority levels. The fixed point detections for existing urban 

systems discussed in Section 2.2 are not capable of collecting such an abundant level of data. New 

connected vehicle technology offers opportunities to shift existing urban signal controls to be 

more adaptive and correspond to variable traffic situations. In Section 2.4 connected vehicle 

technology will be introduced to reveal the opportunities it brings to widen the affordability, 

availability and accessibility of urban signal controls. 

2.4 Review of connected vehicle technology  

High levels of detailed and accurate real-time information are the prerequisites for the innovation 

of urban signal controls. Connected vehicle technology enables all of the vehicles and junction 

controllers in a certain range to be connectivity. It absorbs the variety of current mature data 

collection and wireless communication technologies, fundamentally changing the ways how 

traditional sensors monitor the state of roads. This section provides a detailed survey for 

connected vehicle technology, including the data collection technologies it adopts, data type 

available, wireless communication standards dedicated used for transport mobility and related 

standardized message sets designed for information delivering efficiency.  

2.4.1 Main data types and sources for connected vehicle communication 

Collecting traffic environment-related data is positively the first step to constructing a new 

adaptive signal control paradigm. ITS technologies are combinations of advanced vehicle sensors, 

smart infrastructure, GPS navigation and other advanced modules to provide an information-rich 

platform for junction management. Available data information participants and devices include 

pedestrians, vehicles, road infrastructures, sensors, as well as management centres (Qu et al., 

2010). In general, the data source collection system is comprised of vehicle on-board units and 

roadside infrastructures (Olia et al., 2016). On-board units utilise different components (as shown 

in Figure 2.3) installed on the body of CV to acquire individual vehicular parameters. While road 

infrastructures gather the road conditions and vehicle flow or tracking information. This chapter 

summarizes common acquisition devices and data sources respectively for on-board units and 
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roadside infrastructures, which are relevant to this project.  Comprehensive descriptions of 

available technologies in connected vehicle communication systems for both vehicular and 

roadside data are outlined in Table 2.5 and Table 2.6.  

 

Figure 2. 3 On-board units on connected vehicle (Diakaki et al., 2015) 

On-board unit data sources 

The on-board unit equipment can be roughly divided into five classifications: GPS device, 

vehicular camera and video, various vehicle sensors and seat pressure system. The data 

contributions they can provide are concluded in Table 2.6. 

ω Global position system (GPS) is a U.S.-owned technology to provide positioning, 

navigation and timing functions to the user by 24 operating satellites (Hofmann-

Wellenhof et al., 2012). The main compositions of GPS are space, control and user 

segment. If the user segment is equipped with connected vehicles, the GPS generic 

receiver will receive the signals from satellites and then calculate three-dimensional 

position and time by antenna (Hofmann-Wellenhof et al., 2012). The final navigation 

outputs contain position, velocity, heading and time fault information (Grewal et al., 

2001). To ensure the signal is accurate, 35-55 dB of gain and 20MHz nominal bandwidth 

are provided for radio frequency amplification and two GPS signals (Grewal et al., 2001). 

One or two antennae on GPS can also use for detecting road grades by obtaining the ratio 

of vertical to horizontal vehicle velocity (Hofmann-Wellenhof et al., 2012). 
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ω Numerous on-board sensors distribute in different locations of internal vehicle spaces to 

perceive vehicle status and parameters in multivariate travelling phases. Collecting single-

vehicle data is relatively easy if integrating observation values from different sensors (SAE, 

2012). Wheel encoder can obtain vehicle speed, while steering and brake sensors collect 

vehicle heading and state (SAE, 2012). Similarly, vehicle acceleration and deceleration 

from the accelerometer can be measured, even turning intention from the turn signal on 

the vehicle. 

ω Seat pressure system is a kind of on-board sensor installed under car seats to obtain car 

occupancy data. Electronic, pneumatic and electro-pneumatic are three main types of 

sensors used for measuring seat-buttock interface pressure (Gyi et al, 1998). In the first 

type, a deformable component consists of Electronic transducers to connect sensors 

which can electorally measure variations in resistance caused by applied force (Cooper et 

al, 1986). The pneumatic sensor is connected to an air reservoir. The volume of air in the 

sensor will increase suddenly when an inflation pressure rises, resulting in an abrupt drop 

in a pressure increase rate. The value changed is recorded as interface pressure (Eckrich 

and Patterson, 1991). Electro-pneumatic sensors have electronic components on the 

inner surface of a flexible sac, which balances the internal and external pressure when air 

is pumped into it. The pressure value at this moment is recorded as interface pressure for 

occupancy detection (Robertson et al, 1980). 

ω Different from the seat pressure system or camera used for measuring car occupancy, bus 

occupancy is acquired from the Automated Passenger Counting (APC) system. APC is an 

electronic counting device which can counts and record the number of passengers 

boarding and disembarking at every bus stop (Sojol et al, 2018). The APC system consists 

of two sensors, which are typically installed at the same height level of the front and rear 

doors of a bus. When passengers get on or get off a bus, they break the infrared beam 

between the corresponding sensor and the value is recorded. The computer then 

calculates the passenger information according to the order in which the beam was 

broken.  

ω Camera and video installed inside the CVs (Figure 2.4 provides a location of the installed 

infrared camera) can also capture the figures of passengers so that car occupancy can be 

distinguished by recent technology of occupancy detection system (details provided in 

sub section below). 

Table 2. 6 On-board unit connected vehicle data type relevant to the research 

Available technology and equipment Data contribution for connected vehicle 

GPS Position, velocity, heading 
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On-board sensors (steering, speed, brake) State, velocity, acceleration, heading, route, type 

Seat pressure system Car occupancy 

Automatic passenger counting system Bus occupancy 

Camera/video Car occupancy 

 

 

Figure 2. 4 Thermal camera and its location for data capture (Nowruzi et al. 2019) 

Roadside infrastructures data sources 

Roadside infrastructures data is generally collected by inductive loops, junction infrastructures 

and infrared cameras placed on road surfaces or roadside in advance. Their common feature is 

stationary rather than moving with the vehicles; hence data sources they produced are fixed 

regions, which can be seen in Table 2.7. 

ω Inductive loops are installed on the entire road surface, each of them supervising the lanes they 

are located. When vehicles surpass the loop detectors, the weights of vehicles and durations will 

transfer to special electrical signals in the management section. The detection flags will form to 

judge the number and types of vehicles that pass through this place in a certain period (Cheung et 

al., 2004). Based on this information, inductive loops can conduct vehicle flow and occupancy 

data, which are also used for vehicle classification at the measurement zone (Gajda et al., 2001). 

ω Junction management system is a special existing to represent signal control operation 

strategies and junction geographical information. Signal phases and timing (SPaT) and Map data 

elements describes those junction situations and are remained to delivery and communicate with 

connected vehicles. Dataset includes four fundamental sections: 1) SPaT (describes the signal 

state and duration of the junction); 2) Map data (describes physical geometry of one or more 
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junctions); 3) Signal Request Message (current signal pre-emption and priority status); 4) Signal 

Status Messages (California PATH Program, 2011). The final part contains the information of lane 

set or movements, current signal state and rest time to switch the signal. 

ω As illustrated in Figure 2.5, the cameras installed at the roadside can also capture images of 

vehicles when they cross the photo-shoot locations to detect the car occupancy information. 

Table 2. 7 Roadside infrastructure connected vehicle data type 

Available technology and equipment Data contribution for connected vehicle 

Inductive loops 
Vehicle classification, vehicle flow, road occupancy, 

number of turns 

Junction system 
Signal phases and timing (SPaT), the geometry of the 

junction, 

Roadside cameras Car occupancy 

 

 

Figure 2. 5  Overview of the image acquisition system for vehicle occupancy detection. (a) Rear view. (b) 

Side view (Lee et al, 2020) 

The variety of vehicular data and roadside infrastructure data that can be supplied by connected 

vehicles are reviewed in this section. The scale of vehicular data providing multiple dimensions is 

proportional to the number of CVs presented in the road network, with a high rate of information 

conversion among moving vehicle agents and junction agents. The potential enormous data size 

supplies the opportunity and possibility for more intelligent adaptive signal control towards 

dynamic traffic. Moreover, although the data size of roadside technologies is inferior to vehicular 

information, they indeed provide additional helpful data for signal control such as vehicle flows 

and SPaT information from the whole road situation. All of the available data collected by those 

technologies are possible to be utilised in designing signal control algorithms. 
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Vehicle occupancy detection technology 

The technical systems that can be used to get vehicle occupancy data from CV environments have 

been summarized in Figure 2.6. The sensors in the seat pressure system and APC system are 

connected to a computer and therefore the passenger occupancy can be displayed on board. 

However, the CV-equipped cameras and roadside cameras can only take images and there is still a 

need for a process to transfer the image information to car occupancy data. 

 

 

Figure 2. 6 The technical mechanisms for capturing vehicle occupancy data in CV environments 

The most recent researches attempted to develop vehicle occupancy detection technology to 

solve this problem. The initial purpose of proposing vehicle occupancy detection system is to 

enforce HOV lane monitoring policies, which encourage carpooling and the use of public 

transport. The traditional manual method to count for vehicle occupancy is labour-intensive, has 

low operational efficiency, and increases labour costs (Schijns and Mathews, 2005). The various 

studies were conducted to fast and automatically achieve the vehicle occupancy estimation 

process in two groups: using in-vehicle sensors and using roadside cameras. The detection 

accuracy of occupancy estimation from in-vehicle cameras is generally high (Owechko et al, 2003). 

Infrared cameras are also used in some studies to replace general cameras to protect the privacy 

of passengers (Nowruzi et al, 2019). However, cameras or sensors are required to be equipped 

inside vehicles. The occupancy detection system using roadside cameras had limited scopes for 

detecting occupancy and some of them can only detect the passengers in the front seat (Hao et 

al, 2006; Artan et al, 2014). A new study in recent two years improved the limitations of previous 

research and it reached a 99% detection accuracy for two-sided roadside cameras and 87% 
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detection accuracy for one-sided roadside cameras. In this project, the car occupancy data from 

CVs are assumed to be obtained from in-vehicle cameras as the literature on detecting car 

occupancy from in-vehicle cameras indicated high levels of detection accuracy. The occupancy 

detection system for one-side roadside cameras will be used in an unequipped vehicle status 

estimation algorithm to capture the occupancy of all crossing vehicles (see details in Section 6). 

This subsection lists the available data sources that can be collected by on-board units from CVs, 

which are related to this project. Notably, not all of the CVs are equipped with the full data 

collection devices mentioned at present. However, this is not a critical thing as the aim of this 

subsection is to realize which kinds of data can be collected and how can they be collected from 

CVs so that the assumptions and methodologies adopted in this project can be made. The 

sensitivity tests for different sorts of CV penetration rates are also carried out in the following 

sections to explore the performance of proposed signal controls in different situations.  

2.4.2 Dedicated Short-Range Communication (DSRC) 

In Section 2.4.1 it has been shown that a quantity amount of data resources collected 

electronically are available via connected vehicle enabling technologies. IEEE 802.11p is found the 

most suitable standard for data transmission among CV environments (Qiao et al., 2011). On the 

basis of IEEE 802.11p, dedicated short-range communication (DSRC) is specially designed to 

support vehicular ITS applications under V2V and V2I connectivity. Federal Communications 

Commission (FCC) specially allocated 75MHz bandwidth at 5.9 GHz licensed spectrum for DSRC 

(Lee et al., 2013). The dedicated 5.9 GHz spectrum is divided into seven 10MHz bands used to 

exchange information among vehicles and infrastructures (Lee et al., 2013). IEEE Wireless Access 

in Vehicular Environments (WAVE) defines the specifications and version of DSRC (Kenney, 2011). 

IEEE 802.11p decides the PHY and MAC layers of DSRC while IEEE 1609 family determine the 

upper layer (Kenney, 2011). The DSRC/WAVE system consists of on-board unit (OBU) and Road-

Side Unit (RSU), which are equivalent to serving as mobile stations and base stations in cellular 

networks (Kenney, 2011). IEEE 802.11p-based DSRC enables wireless communication in CV 

environments, and can potentially meet various requirements for road messaging and control. 

2.4.3 SAE_J2735 message sets 

From section 2.4.1 it has been found that a variety of data collected by enabling current ITS 

equipment are available. From section 2.4.2 the wireless standard for connected vehicles has also 

been identified. However, how to use an established format to send the message can be quickly 

recognized by connected vehicle elements and identifying which kinds of data are more useful and 
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crucial to ensure efficient and sustainable communication. In general, there are two most common 

message sets designed for connected vehicle environments by the US and the EU. The Society of 

Automotive Engineers (SAE) in the US defines the message sets in the SAE J2735 standard. While 

European Telecommunications Standards Institute (ETSI) in the EU defines two kinds of message 

types Cooperative Awareness Message (CAM) and the Decentralized Environmental Notification 

Message (DENM). 

 

SAE standard attempts to support the collaborations among those connected vehicle segments in 

a means of DSRC applications, in terms of the standardized message set aspects. Therefore, SAE 

specifically designed a special message set focused on the 5.9 GHz DSRC/WAVE communication 

system, named SAE J2735 standard (SAE, 2016). SAE J2735 message set has its data frames and 

data elements covering a quantity of useful connected vehicle data in different types (shown in 

Table 2.8). The purpose and all contained data of each kind of message type are described in Table 

2.8. SAE J2735 message set belongs to both awareness-based messages and event-based messages. 

The awareness-based message implies SAE J2735 can timely send pieces of messages describing 

the status information of a vehicle in a short interval (SAE, 2016). Each piece of the SAE J2735 

message includes DSRC message ID corresponding to a separate message framework and other 

information, which make it easy to be recognized (SAE, 2016). Meanwhile, event flags contained in 

SAE J2735 represent different vehicle failures (e.g. hard braking, disabled). 
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Basic safety message (BSM) is an important and most widely used component in SAE J2735 Message 

Sets. BSM can broadcast at most 10 times per second and is comprised of two parts. The first part 

contains core elements connected to vehicle data, including vehicle size, position, speed, heading 

acceleration, and brake system status (Cronin, 2012). While part 2 can choose optional data to 

supply part 1 of BSM according to the needs, such as weather data, and vehicle data (Cronin, 2012). 

The details of all possible data type in BSM and those not including vehicle status are summarized 

in Table 2.9. Other frequencies used message sets in signal control applications are Signal Phase 

and Timing Message, Map Data and Probe Vehicle Data. 
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CAMs are broadcasted periodically by each vehicle to its neighbours to communicate information. 

Both sending and receiving devices are specific ITS agents, which need to be compliant with the 

ETSI standard (Santa et al., 2013). The context of CAM contains the presence, position, temperature, 
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and basic status of the vehicle. CAM is an awareness-based message and needs to receive more 

than one message if tracking needs. The CAM will be produced only need to meet one of the 

requirements as follows (ETSI, 2011): 

ω aŀȄƛƳǳƳ /!a ƎŜƴŜǊŀǘŜŘ ƛƴǘŜǊǾŀƭ ƛǎ ƭŜǎǎ ǘƘŀƴ мǎΦ 

ω aƛƴƛƳǳƳ /!a ƎŜƴŜǊŀǘŜŘ ƛƴǘŜǊǾŀƭ ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ лΦмǎΦ 

ω ±ŜƘƛŎƭŜ ƘŜŀŘƛƴƎ ŀƴƎƭŜ ǾŀƭǳŜ ƛǎ ƭŀǊƎŜǊ ǘƘŀƴ пϲ ŎƻƳǇŀǊŜŘ ǘƻ ƭŀst CAM. 

ω ±ŜƘƛŎƭŜ Ǉƻǎƛǘƻƴ ŘƛǎǘŀƴŎŜ ƛǎ ƭŀǊƎŜǊ ǘƘŀƴ рƳ ŎƻƳǇŀǊŜŘ ǘƻ ƭŀǎǘ /!aΦ 

ω ±ŜƘƛŎƭŜ ǎǇŜŜŘ ŎƘŀƴƎŜǎ ƳƻǊŜ ǘƘŀƴ мƳκǎ ŎƻƳǇŀǊŜŘ ǘƻ ƭŀǎǘ /!aΦ 

DENMs belong to event-based messages. Therefore, they are generated once hazardous events 

happen to alert road users (Santa et al., 2013). The message structure of DENM is more complex 

than those of CAM. The body of the DENM structure contains more details. The decentralized 

situation management in the DENM body includes general information about the event. While the 

second part claims the detailed context about what the event wants to be reported. The final 

situation group gives location data about the event (Santa et al., 2013). 

There are significant differences exist in data definition formats and application cases by 

comparing SAE J2735, CAM and DENM. However, all of them have similar data types so they can 

be matched mutually. Apart from that, the message broadcasting intervals and type of messages 

of BSM and CAM are not similar. The BSM prefer to be generated more periodically fixed, but 

CAM will be generated when one of the requirements meet. The corresponding message types of 

CAM will be several options. That means the contexts and sending frequency of BSM are more 

stable. Another difference is SAE J2735 can provide Signal Phase and Timing and map data 

information with DSRC message IDs 13 and 6, while CAM/DENM cannot. In most cases of adaptive 

control models, for instance, in Feng et al. (2015), BSM in J2735 DSRC Message Set Dictionary 

based on IEEE 802.11p is used.  

The introduction of connected vehicle communication proves that connected vehicles can 

broadcast Basic Safety Message (BSM) to both other connected vehicles and infrastructures. 

Society of Automotive Engineers (SAE) J2735 Dedicated Short Range Communications (DSRC) 

Message Set Dictionary regulates a variety of specialized transmission data types for V2V and V2I 

communication, also called BSM (Goodall et al., 2013). Each piece of BSM can provide vehicle ID 

location, speed, heading, acceleration, size, and infrastructure system information (Feng et al., 

2015). Moreover, the broadcasting frequency of BSM can reach to 10Hz along the DSRC radio 

(Feng et al., 2015). In other words, the BSM can be received by Junction Management Agent 

(IMA) and Vehicle Agents (VA) connected in Vehicular Ad-Hoc Networks (VANET) every 0.1 

seconds. The optimization decision algorithm for signal control is typically discretized into 1s 
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intervals (Li and Ban, 2017). Therefore, for every decision point, the signal centre infrastructure is 

capable of obtaining affluent real-time connected vehicle data. 

The message sets currently contain the most useful information to be transmitted for modelling 

new adaptive urban signal controls. The message sets are designed to be concise enough to be 

launched and received efficiently and minimise the occupation of channel use. From Table 2.9 

some essential data sources for monitoring the road state, such as locations, and speeds of 

connected vehicles have been incorporated. Also, there is no standardization for the collection of 

vehicle occupancy data at present, the APC system has been implemented to count for the 

passenger numbers in transit. The bearing loading sensors installed on vehicles and 

videos/cameras on road sections offer potential ways to check out the occupancy in the 

passenger car. It is not difficult to combine the occupancy level information of vehicles into 

message sets if they are found to have the potential to improve the development of person-based 

urban signal controls. 

2.4.4 Connected vehicle data sources and processions for new urban adaptive signal controls 

Given available data sources can be collected in Section 2.4.1, the connected vehicle data 

selection as inputs of respective state-of-the-art urban signal control strategies are listed in this 

section. The instantaneous speeds and positions of each connected vehicle in VANET ranges are 

commonplace and entire in most models, due to they are the most possible information to 

describe the traffic situations surrounding the junction. Thus, a number of vehicle and traffic 

parameters with regard to model objective functions have access to be precisely predicted or 

calculated, for instance, vehicle arrival time, vehicle trajectories, queue length, vehicle stopping 

times, arrival rates and so on. 

a. Vehicle arrival time 

Given the locations and speeds of those vehicles detected by the communication system, the 

vehicle arrival time from the current space to the possible spaces towards the stop line (consider 

queue exist) can be predicted. Arrival time information is used commonly in situations of multi-

agent interaction. After obtaining arrival time information, the junction contributes to planning 

the vehicle motion, holding a future place for the vehicle to pass through the junction with the 

maximum speed, as well as smoothing vehicle trajectories (Jin et al., 2012). The time-of-arrival 

information can be calculated by considering all the possible conditions according to the distance 

from the vehicle to the stop line, current speed and maximum speed of the vehicle (Jin et al., 

2012). More directly, the vehicle agents predict their own arrival time based on the proposed 

model and inform infrastructure (Kari et al., 2014). In the traditional method, arrival time 
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information is unavailable because the loop detectors cannot detect the speed of vehicles 

crossing them.  

b. Arrival flow/ Departure flow 

As an important parameter to represent the vehicle flow demand coming to the junction or 

measure the vehicle queue length, arrival flow can be acquired directly from connected vehicle 

technology (Feng et al., 2015). In some cases the vehicle flow is set to follow the Poisson 

distribution (Chang and Park, 2013), therefore (Chandan et al., 2017) use the Poisson distribution 

to estimate the number of arrival vehicles entering in a certain period to represent the arrival 

flows. The departure flow is relatively counted by the number of vehicles leaving the cross line 

during the period. The queue calculation at the decisive moment and ratio flow estimation cannot 

be separated from the departure flow value. Cumulative departure flow numbers are obtained by 

estimating the vehicle departure time from the car-following model and then checking the 

numbers of vehicle passing through (Chandan et al., 2017). Similarly but not the same, loop 

detectors have limited effects to measure the number of vehicles passing through a certain point 

in a given period. Compared to this, the connected vehicle can provide arrival or departure rates 

at any point within the network transmission range.  

c. Departure time 

Departure time describes the duration spent for vehicles from the waiting status to the moment 

they cross the stop line under traffic light states. This value is a key factor to estimate the delay 

vehicle may suffer corresponding to different traffic light operations to decide the most suitable 

case to assign green light for each lane as a whole (Guler et al., 2014). The departure time of 

vehicle Ὀ  is influenced by many factors depending on whether it exists in a queue or not, which 

is calculated as follows (Box and Waterson, 2010; Yang et al., 2016): 

Ὀ άὥὼὠȠ Ὀ
ρ

Ὓ
ὖ  όнπммύ 

Where ὠ represents the duration of vehicle travel to the downstream end of the junction under 

the situation that there is no queue exists. Ὀ  means the departure time of the previous vehicle 

and Ὓ  is the value of the saturation flow in this lane. ὖ is the delay penalty of this vehicle 

related to its initial speed and acceleration. For the situation when a queue exists, the vehicle 

departure time can also be simplified in (Younes and Boukerche, 2014; Younes and Boukerche, 

2016) like this: 

Ὀ ‌
Ὂ

Ὓ
 όнπмнύ 
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Where ‌ refers to the start-up lost time of the first vehicle when the green light is awarded. Ὂ is 

the distance from the furthest vehicle in this queue to the stop line and Ὓ  is the vehicle speed of 

traffic flow. In traditional real-time signal control strategies departure time of the vehicle still 

cannot be measured for the reason that the vehicle location and how many vehicles are ahead of 

it are unknown to the loop detectors. 

d. Vehicle queue length 

Vehicle queue length is a critical factor to measure the traffic congestion conditions in a specific 

lane. Part of the proposed strategies adopted minimum vehicle queue length as their objective 

function. In most cases, the queue length taking a vehicle as a unit is represented by the number 

of vehicles idling behind the cross line and waiting for discharge at one time. Considering those 

vehicles approaching the existing vehicle queue with deceleration, the method to capture such a 

constant under a dynamic vehicle stream environment is not unique. A method which is similar to 

regarding the arrival flow and departure flow as intake and discharge was mentioned in (Feng et 

al., 2015) with available arrival flow and departure flow data collected by connected vehicles. This 

queue measurement method is shown as:  

ὰὲ ὰὲ ρ ή ὲ ή ὲ όнπмоύ 

Where ὰὲ and ὰὲ ρ mean the queue length for the specific lane at time n and time n-1 

respectively. ή ὲ is the arrival flow and ή ὲ represents the departure flow at time n. Another 

proposed method in (Tiaprasert et al., 2015) discriminated the three kinds of queue length 

situations in terms of connected vehicle speeds and positions. The vehicle would be determined 

to be stopped if its speed was lower than the pre-defined stopped speed. Thus 1) the vehicle 

queue is estimated to 0 if no stopped vehicle is detected at all; 2) if stopped vehicles are found 

but no moving connected vehicle detected, the queue length equals the furthest stopped vehicle 

distance to the cross line divided by effective vehicle length; 3) if both stopped vehicle and 

moving vehicle detected, the vehicle length is decided between the rank number of the furthest 

stopped vehicle and the nearest moving vehicle. The alternative format by using meters as a unit 

to present queue length is also acceptable in Yang et al. (2016), which also account for the 

number of stopped vehicles N in formula (2-7): 

ὰὲ  ὠὒ ὃὈὄὠzὔ ρ όнπмпύ 

Where ὠὒ is the individual vehicle length for vehicle i in stopped sequence and ὃὈὄὠ represents 

the average gap between vehicles. All of the above cases to calculate queue length require instant 

speeds and positions of vehicles to judge vehicle stopped or moving status, which are impossible 

to achieve in traditional methods without that information.  
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e. Travel time 

The Cumulative Travel Time (CTT) for individual vehicles still not passed the junction could be also 

a major aim for the designed model (Lee et al., 2013; Kari et al., 2014) or as part of process 

variables to determine vehicle delay (Yang et al., 2016). One of the feasible methods for 

calculating travel time is to count the elapsed time from when the vehicle enters the 

communication range of the approach link to the current position (Lee et al., 2013). While 

aggregating the separate vehicle position and speed information with the traffic light, the queue 

message provides an alternative solution for predicting vehicle travel time in four cases (Li and 

Ban, 2017): directly pass through; arrivals during green and queue exists; arrivals during red; 

arrival during red and queue exists.  

f. Vehicle trajectories management 

Besides gathering vehicle information for junction centres by V2I communication, the connected 

vehicle technology enables the guidance from the signal controller for every connected vehicle 

with better trajectories by I2V communication, definitely beyond traditional methods. Vehicle 

efficiency-based models expect to plan the trajectories for identified vehicle platoons recognized 

by mutual distances to let the vehicle pass through the junction at the maximum possible speed 

at a certain time and avoid stopping at all possible ((Yang et al., 2016; Feng et al, 2018; 

Pourmehrab et al., 2017). The future trajectories of the leader vehicle in the platoon and the 

behaviours of following vehicles will be predicted by optimal control using the car-following 

model (Feng et al, 2018; Pourmehrab et al., 2017). Thus the departure time of the leader vehicle 

controlled by the optimal trajectories model will cater to the green light switch for reducing 

vehicle travel delay. Eco-driving models also optimize the target velocity for connected vehicles 

and suggest advisory velocity for drivers or automatic operation systems based on model 

predictive control (Du et al., 2017) for the sake of improving fuel economy and reducing 

emissions. Therefore, those connected vehicles followed by the trajectories information from the 

optimal model would be more smooth and energy economy.  

g. Vehicle occupancy  

The vehicle occupancy level is a unique data type required in person-based control. For each 

vehicle, the vehicle occupancy is a constant value at a certain time. In most person-based control 

researches, perfect occupancy data are assumed to be available without claiming access to them 

(Christofa et al, 2013b; Yu et al., 2017; Yang et al, 2018). Vehicle occupancy can be used for 

calculating person-related objective values. For instance, the person delay can be calculated by 
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vehicle delay scaled by occupancy data of this vehicle. The passenger travel time equals vehicle 

travel time multiples occupancy data. 

2.5 The state-of-the-art vehicle-based urban signal controls in connected 

vehicle environments  

In Section 2.4 connected vehicle communication technology is introduced to enable junction 

infrastructure to acquire more detailed connected vehicle information, providing a good prospect 

for adaptive signal control. The new data sources from connected vehicle technology are 

preparing for the innovation of urban transport mobility and potentially remedy the limitations of 

existing urban signal controls with better knowledge of the road environment. However, whether 

formations or quantities of connected data are fundamentally different from the data inputs 

collected from point detectors (e.g. inductive loops). Therefore it is very important to develop 

new urban signal control systems, exploring how will these sorts of connected vehicle data will be 

boosted and incorporated into the urban signal control paradigm.  

This section reviews the state-of-the-art vehicle-based urban adaptive signal controls in 

connected vehicle environments, investigating the progress they have made and the limitations 

for future researches. A comprehensive review has been made in survey papers by Wu and 

Waterson (2021) and Wang et al (2021a). Given the inputs of connected vehicle real-time 

information and objective functions, the decision algorithms are introduced in this section, as well 

as their pros, cons, applicable conditions and case studies. The generic frameworks of adaptive 

signal control and the detailed aspects which are worthy to be noticed are also explained in this 

section. It is a critical step to justify what is the main limitation of vehicle-based urban signal 

controls in connected vehicle environments and then focus on more specific researches to 

enhance this limitation in the next chapter.  

The core of the adaptive signal control systems, known as the road traffic information from the CV 

dataset (Section 2.4.1), is how to take action to optimize the strategies so that more responsive to 

objective functions (Section 2.2.1). The actions implemented by the junction could be either signal 

timing parameters adjustments (phase sequences, durations and cycle length), or optimum 

connected vehicle trajectories (speed, acceleration, headway suggestions). Hence, the adaptive 

signal control process can be viewed as incorporating the current state (vehicle delay, queue 

length, travel time and other situations) and decision variables (different signal timing control 

strategies) to decide the best solution (max or min objective functions) which make vehicles 

perform better (validate and calibrate by KPIs in section 2.2.2 with benchmarking models). This 

section will review the state-of-the-art decision algorithms to see how the junction works under 
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connected vehicle technology, including comments and discussions, which are summarized in 

Table 2.10. 

2.5.1 Integer programming and solution algorithms 

Mathematical programming model is the most commonly used method to solve junction control 

optimization, which is dedicated to the optimization problems. Objective function z, constraints 

like Equation (2-15) and decision variables x are three fundamental components of mathematical 

programming, the canonical form of which can be presented as: 

ÍÉÎÏÒ ÍÁØÚ Æὼȟ  ὼ ὼȟȣȟὼ  όнπмрύ 

ίȢὸȢ                                  ὋάὭὲ ὼὭ Ὃάὥὼ όнπмсύ 

As part or all of the decision variables are only possible integers (e.g. number of vehicles in lane 

cells (Islam and Hajbabaie, 2017), green time duration for one phase (Feng et al., 2017)), the 

mathematical programming models for signal control methods are classified as integer 

programming. The range of the decision variables is limited by traffic control constraints, such as 

the restrictions of minimum and maximum green time (Feng et al., 2017), and red or green signal 

state (Islam and Hajbabaie, 2017). In other words, the possible optional decision schemes which 

are feasible for the junctions are finite in a given operating time horizon. Different decision 

variables will cause a variety of vehicle delays, queue lengths and others for different lanes 

concerning which phase is prioritized with green and how long duration it lasts. Countable 

decision variables will result in the exclusive optimum solution, which is predicted or calculated as 

the best objective value performance after junction control management executes this decision, 

which can be found by integer programming. For instance, a Mixed Integer Linear Program (MILP) 

was adopted by Islam and Hajbabaie (2017) to maximise the junction throughput while also 

minimising the queue length within 2 junctions with 14 two-lane links and 9 junctions with 48 

two-lane links. A mixed-integer non-linear programming with multi-objectives of maximising the 

capacity and minimising number of vehicles crossing the centreline of the road are also tested in 

numerical examples with different demand compositions (Sun et al., 2018).  

The most basic approach to solving the integer programming problem is enumeration, which lists 

all the possible decisions made by junction controllers and yields respective function value results. 

The solution leading to the max or min value will be optimum. The enumeration method using CV 

was initially proposed to find the longest queue length and minimum delay by considering 5 

optional phase transition decisions in a real road network in Hannover, Germany, consisting of 9 

signalized junctions (Cai et al., 2013). Afterwards, the algorithms explore the highest cumulative 

vehicle travel time for the next green phase (Lee et al., 2013), the next vehicle departure 



Chapter 2 

59 

sequence to minimise delay and number of stops (one junction) (Younes and Boukerche, 2014), 

and largest vehicle density from defined phase combinations (a 4-legs simulated junction) (Younes 

and Boukerche, 2016), the current longest queue length (isolated junction) (Tiaprasert et al., 

2015) were all successfully enumerated and performed better than calibrated models. In order to 

absorb more updated recent connected vehicle data to prevent unforeseen changes in dynamic 

traffic (Feng et al., 2017) and decrease the complexity of integer programming, the proposed 

models collect data at the current time step, predicting future traffic states in certain time horizon 

to find optimal solutions, then execute in next several time steps (Islam and Hajbabaie, 2017), 

which is called as rolling horizon approach. The rolling horizon circle will be continued once the 

last horizon has been run out with a variety of cycle lengths in their methods (15s in (Goodall et 

al., 2013), 80s in (Feng et al., 2017) and 2s in (Feng et al., 2018)).  

The enumeration algorithm for integer programming visits all the possibilities but has operational 

efficiency difficulties due to exponentially increasing complexity when a number of cars increase 

in the algorithm (Yang et al., 2016). A branch and bound algorithm were therefore adopted by 

(Yang et al., 2016) to directly cut down those unnecessary nodes in a tree search problem. A total 

of 1896 cases were tested in contrast to the enumeration method, and the computational 

efficiency of branch and bound algorithm was found significantly improved (Yang et al., 2016). 

Moreover, dynamic programming algorithm divides the whole optimization problem into sub-

problems, attempting to seek optimum solutions for each sub-problem by recursion (Feng et al., 

2015). The sub-optimum solutions will finally form together to the whole and avoid repetition 

when going through the specified parts. A dynamic programming algorithm has been completed 

to test in an isolated junction in Gavilan Peak and Daisy Mountain in Arizona Connected Vehicle 

Test Bed (Feng et al., 2015) and coordination signals (Li and Ban, 2017) toward large dimension 

and no-linear problem. Approximate dynamic programming was then developed to overcome the 

complete set of connected vehicle information required in dynamic programming by function 

approximation techniques in numerical experiments of one and two junctions (Cai et al., 2013).  

In most recent years, signal-trajectory joint control is designed for vehicle environments 

transferring from CVs to mixtures of Connected and Autonomous Vehicles (CAVs) and 

conventional vehicles. Signal-trajectory joint control receives vehicular information from CVs and 

Autonomous Vehicles (AVs) to optimize the signal timing plans by integer programming to reduce 

vehicle delay. AVs are regarded as leaders of vehicle platoons, with the signal controller adjusting 

the trajectories of whole vehicle platoons by sending commands to AVs (the trajectories of 

following vehicles can be predicted based on car-following models) to enable the platoons to 

enter the junction with the desired speed at the beginning of the green light. 
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Xu et al. (2018) propose a two-level method, in which the upper level optimizes the signals and 

vehicle arrival time, and the lower level optimizes engine power and brake force. Yu et al. (2018) 

proposed a comprehensive framework for the cooperative driving problem, which considered 

detailed signal parameters and vehicle trajectories with lane-changing behaviour at an isolated 

junction. Feng et al (2018) proposed a two-stage optimization problem is formulated, in which 

traffic signal is optimized with dynamic programming, and vehicle trajectory is controlled based 

on the optimal control theory. Yu et al., (2019) then extended the integrated control to a corridor 

level to coordinate control of the CAV trajectories in a centralized formulation. An integrated 

optimization in mixed traffic conditions is proposed by Guo et al. (2019) considered the mixed 

traffic of CAVs and RVs and develop a two-step control framework, in which the first layer 

optimized the signal timing plan accounting for vehicle trajectories, and the second layer designed 

optimal trajectories for CAVs. The study by Liu et al. (2019) prioritized CACC platoons at junctions 

to maximise the throughput of the junction. Information on conventional vehicles was estimated 

by the location and speed of CACC vehicles. A coordinated work proposed by Wang et al. (2020) 

tried to optimize both signal timing plans and vehicle trajectories at an arterial level. Yang et al. 

(2021) developed a hierarchical and implementation-ready cooperative driving framework with a 

mixed traffic composition of CAVs in a coordinated distributed way in corridors.  

Integer programming is a well-performed method to work out the optimum solution gaining max 

benefits or min expense with multivariate constraint conditions (limited green light resources). 

Integer programming has a unified algorithm to deal with junction control problems, which is 

another advantage. While integer programming sometimes cannot be solved analytically and 

needs great computational requirement (Li and Ban, 2017) because of exponential order to the 

large dimensions size of state and complexity of the non-linear model (Cai et al., 2013), which 

leads to integer programming model too complicated to implement in a real network. Extremely 

accurate road traffic input data and predicted vehicle performance are also required in integer 

programming so that controller can ensure their optimum solution will bring the greatest 

objective value in case study testing. At this point, the CV-based methods will prominently 

perform better than the traditional method due to their more detailed and accurate information.  

2.5.2 Traditional theory based method 

The optimal cycle length C of traditional fixed time models is formulated by ƳƻŘƛŦȅƛƴƎ ²ŜōǎǘŜǊΩǎ 

model for isolated signalized critical junction, which is derived from computer simulation and field 

observation under Federal Highways Administration Signal Timing Manual (STM) (Koonce et al., 

2008), shown in Equation (2-17): 
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#  
ρȢυὒὸυ

ρ В ᾀ
 όнπмтύ 

Where ὒὸ is the total lost time per cycle (usually the sum of inter-green periods), ᾀ is the flow 

ratio (observed flow/adjusted saturated flow) of lane index i for each lane with a number of M in 

junction, which also represents the ratio of density to length in the cluster in (Maslekar et al., 

2013; Shaghaghi et al., 2017). Then the green time ὋὝ for each lane i is described in Equation (2-

18): 

ὋὝ  
ᾀ

В ᾀ
 ὅ  ὒὸ όнπмуύ 

The traditional theory-based method of using CV was initially researched by Gradinescu et al. 

όнллтύ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ²ŜōǎǘŜǊΩǎ ƳƻŘŜƭ ƛƴ ŀ ƧǳƴŎǘƛƻƴ ƛƴ Lǳƭƛǳ aŀƴƛǳ κ ±ŀǎƛƭŜ aƛƭŜŀ ǎǘǊŜŜǘǎ ƛƴ 

downtown Bucharest. Then it was tested in one simulated junction for 2000 cycles and repeated 

10 times (Chang and Park, 2013). Tomescu et al developed this method in consecutive junctions 

by including new parameters (weather, vehicle type, minor events) to decide offset coefficients 

adopting fuzzy logic function (Tomescu et al., 2012). The ratio of density and length (replacing the 

flow ratio) formatted by density information from CVs gathered by clustering algorithm was also 

successfully implemented in 7 junctions (Maslekar et al., 2013) and 36 junctions in a central urban 

area from Open-Street Map (Shaghaghi et al., 2017). Similarly, the traditional theory proposed 

method followed junction green time flow ratio profile regular and defined the lanes with the 

highest flow ratio as the next stage were simulated in one isolated junction along Castle Downs 

Road and 97 Street, Edmonton, Canada (Chandan et al., 2017) and a bidirectional crossroads (Nafi 

and Khan, 2012) respectively.  

²ŜōǎǘŜǊΩǎ ƳƻŘŜƭ Ŏŀƴƴƻǘ ōŜ ŘƛǊŜŎǘƭȅ ŀŘƻǇǘŜŘ ƛƴ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ǇǊƻǇƻǎŜŘ ƳŜǘƘƻŘ ŘǳŜ ǘƻ ǘƘŜ Ŧƭƻǿ 

ratio for each lane in each cycle is various. Hence, the traditional fixed-time method computed 

flow ratio parameters based on historic recorded data, which failed to be adapted to varying flow 

demand (Maslekar et al., 2013). The green durations decided by the traditional method were thus 

viewed as inaccurate and unreliable. Whilst traditional theory-based methods are capable of 

gathering the real-time flow demand or density information every time step by means of CVs, 

making the signal control more efficient. The most outstanding benefit of traditional theory-based 

methods is they are easy to be implemented and have almost no computation (Chandan et al., 

2017). Nevertheless, this kind of method is hard to reach the optimum solution because of 

stochastic nature of vehicular movements still existed during the green time. The control schemes 

are not flexible enough, such as without stage skipping in integer programming. Unclear objective 

functions and lack of future vehicle performance prediction also cause this method more 

inefficiency than the integer programming method. 
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2.5.3 Reinforcement learning method 

As a kind of machine learning paradigm, reinforcement learning has been widely adopted in 

various fields as artificial intelligence technology, such as Alpha Go broad games (Silver et al., 

2016), computer games (Mnih et al., 2015) and helicopter control (Ng et al., 2006), letting systems 

themselves optimize their policies through trial-and-error interactions react to dynamic 

environments. Adaptive signal control strategies are such a general process: make a series of 

decisions to optimize the junction signal timing reacting to dynamic traffic demands, which is 

extremely following the pattern of reinforcement learning. A schematic operation process of 

reinforcement learning is illustrated in Figure 2.7. 

 

Figure 2. 7 Schematic figure for reinforcement learning 

The working principle of reinforcement learning adopted in adaptive signal control is like this: the 

junction signal controller is considered as an agent, who needs to adjust the management aiming 

to the environment (dynamic road traffic circumstances). The algorithm starts with an 

initialisation randomly (Yang, 2017) or on the basis of historical data and experience (Xiang and 

Chen, 2016) of the action value function (mapping from correlations of state-action pair to the 

expected value) and improves it iteratively in discrete time steps. The algorithm, at every time 

step t, captures the proper information from CVs as representative as the state ί(e.g. queue 

length and queue waiting time (Liu et al., 2017), positions and speeds of vehicles at a junction 

(Xiang et al., 2018)) of the environment. The controller then decides its action (determines green 

and red light state for each lane in the next period (Yang, 2017; Xiang and Chen, 2016), selects a 

pair of non-conflicting phases (Liu et al., 2017), and durations of every phase (Xiang et al., 2018)) 

from a set of finite actions according to its policy, which represent the probabilities of taking 

different actions for a particular state. The controller at the current stage prefers to select those 

state-action pairs mapping to the higher expected return value (objectives, e.g. min queue length, 
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min average waiting time) developed by the reward accumulations up to the current reward Ὑ 

(the change of the cumulative waiting time between two cycles (Xiang et al., 2018), the negative 

sum of the squared delays of all vehicles (Yang, 2017), the sum of vehicle queue length and 

waiting time of queue (Liu et al., 2017)) given by the environment. Then the action selected at the 

current state will result in a transition to the new state ί  and new reward Ὑ , which 

contribute to correcting the parameters of mapping state-action pair with a more accurate 

objective value for reproducing updated policy (Yang, 2017). The positive rewards will reinforce 

the algorithm selection of this action while negative rewards are on the contrary. The optimal 

policy is pursued by the algorithm with an ultimate aim to reach the highest excepted objective 

value through continuous iterations. 

The reinforcement learning method using CVs for adaptive signal control was primarily developed 

in a bi-directional junction with only two phases (Yang, 2017), but met with difficulties due to the 

exponentially increasing complexity of the neural network (input states, actions and export 

rewards) as vehicle number increases. A dynamic clustering algorithm (Liu et al., 2017) and deep 

learning algorithm (Xiang et al., 2018) were then associated with reinforcement learning by 

researchers for the sake of achieving a relatively stable connected vehicle data structure from 

mass communication loads and reliving exponential complexity of traditional reinforcement 

learning. Their algorithms have been implemented in 78 road segments with 96 junctions in 

Changsha, China (Liu et al., 2017) and simply isolated junction separately. In addition, a neuro-

fuzzy network was adopted to evaluate both fairness and average waiting time of grouping 

vehicles, considering the benefit levels of each grouping vehicle by gathering group size, the 

difference in size and average waiting for time information as inputs (Cheng et al., 2017). 

Preliminary processing of connected data by a neuro-fuzzy network declined the complexity of 

reinforcement learning violently, tested in a junction (Cheng et al., 2017). The co-learning 

algorithm was also combined with reinforcement learning for providing the recommended 

shortest time paths for vehicles beyond signal timing control in 22 junctions in Xiaogan, China 

(Xiang and Chen, 2016). Wang et al. (2021b) then proposed a deep reinforcement learning 

method for the effective rewarding mechanism that takes into account the impact of the 

detouring on the network traffic to improve efficiency. 

As a model-free algorithm, reinforcement learning is unnecessary to establish complicated traffic 

flow models like integer programming method (Xiang and Chen, 2016)and prior information to 

the road network as well (Liu et al., 2017). In contrast to integer programming, reinforcement 

learning methods incrementally optimize their management policies by experiencing trial and 

error interactions with the environment, without the constraint of being computationally 

expensive (Xiang et al., 2018) and sensitive to noisy errors (Yang, 2017; Xiang and Chen, 2016). 
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However, in addition to the great complexity of the action-value function, explicit rules about 

signal control principles are not expected to be perceived from reinforcement learning (Brooks 

and Dahlke, 2017). Reinforcement learning will not choose explicit actions even if meets the same 

states inspired by the mechanism of exploiting new actions (Brooks and Dahlke, 2017). Large 

capacity input data are required to form proper rewards and give feedback to the current 

mechanism (Brooks and Dahlke, 2017), meanwhile, the updating process for reproducing more 

perfect policies and parameters will cause delay when new actions are ready to be selected (Xiang 

et al., 2018). 

2.5.4 Multi -agent junction management 

Autonomous vehicles (AV), which process the functions of connected vehicles and intelligent 

autopilot without drivers at the same time, are expected to dominate road traffic in future and 

significantly reduce the accident number mainly ascribed to human error (Jin et al., 2012). 

Dresner and Stone firstly proposed a reservation-based cooperative junction management system 

for completely all autonomous vehicles in the isolated no-turn junction (Dresner and Stone, 

2005). They regarded the junction controller and each autonomous vehicle as an individual agent, 

which opened a new era for multi-agent (system comprised of Junction Management Agent (IMA) 

and Vehicle Agents (VA) (Li and Ban, 2017)) junction control management. 

The multi-agent management method needs communications and collaboration among agents 

(infrastructure to vehicle, vehicle to vehicle, vehicle to infrastructure). Autonomous vehicles send 

their parameters (e.g. time of arrival predicted (Kari et al., 2014)) to other vehicles and junctions, 

who also receive the connection information to adjust their driving behaviours. The multi-agent 

method was then developed into two categories: reservation-based method and trajectory-based 

algorithm. In reservation-based method, IMA allocates the finite temporal and spatial junction 

right-of-way to certain VAs permitted in fixed-time slot according to pre-defined policies (e.g. 

request ever cancelled priority, with lane-based policy, first come first serve (Jin et al., 2012), no 

conflicts policy (Webster, 1958)) by IMA. If VA attempts to cross the junction, they need to send a 

ǊŜǉǳŜǎǘ ŦƻǊ ƧǳƴŎǘƛƻƴ ŀƴŘ άōƻƻƪƛƴƎέ ŀ ƧǳƴŎǘƛƻƴ ǎǇŀŎŜ ǇƻǎǎŜǎǎƛƻƴ ŀǘ ƻƴŜ Ǉƻƛƴǘ ƛƴ ǘƘŜ ŦǳǘǳǊŜ όWƛƴ Ŝǘ 

al., 2012). The junctions balance their policies and then grant the permissions for those eligible 

vehicles; requests for other vehicles will be rejected to wait until proper opportunities. 

Reservation-based method has been tested in the isolated junction (Jin et al., 2012) and a grid of 

4 junctions with 9000 veh/h flow demand (Hausknecht et al., 2011). Trajectories-based method 

coordinates vehicle trajectories by an invisible junction management unit, which attempts to seek 

optimal sufficient safe gaps for those vehicles approaching from conflicting directions (Lee and 

Park, 2012). Hence vehicles are capable of searching for a safe gap between the opposite vehicle 
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flow and going through the junction without stopping in a suitable case (like situation (a) in Figure 

2.8), as well as collision avoidance. A unique feature of trajectories-based methods is that they 

removed traffic lights in the junction because of inessential when tested in an isolated junction 

(Kamal et al., 2015; Budan et al., 2018).   

 

Figure 2. 8 Illustration of the collision avoidance concept around a cross collision point: (a) safe situation 

and (b) unsafe situation (Kamal et al., 2015) 

Multi-agent control methods break through traditional cognitions of signal timing control, such as 

vehicles participating in junction management as subjects rather than merely confined to report 

information for infrastructure, signal control at the non-signalized junction (Budan et al., 2018), 

vehicles travelling from conflicting phases without collision (Kamal et al., 2015). Multi-agent 

methods also provide new ideas for autonomous vehicles managements in the future. However, 

the over-idealized assumptions of multi-agent methods restrict their applicable range. All of the 

multi-agent methods require 100% well-equipped connected vehicles or autonomous vehicles (Li 

and Ban, 2017), which is impossible to achieve in the current stage, as well as assuming the best 

manoeuvres for all vehicles (Lee and Park, 2012). Communication and connected data 

performance of junction centres are also required to be perfect (e.g. no packet drops and 

transmission delays (Lee and Park, 2012)). High-precision vehicle speed and position data have to 

be gathered, which is far beyond the accuracy connected vehicle data needed; otherwise 

frequently accidents due to vulnerability in no traffic light junctions. 
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2.5.5 Analogy method 

Besides the aforementioned adaptive control method, a subclass of models draws lessons from 

the knowledge and architectures of other areas. An artificial immune network (Darmoul et al., 

2017; Louati et al., 2017) was implemented for controlling signalized junctions. The current traffic 

situations such as queue length and average queue delay (Louati et al., 2018) obtained by CVs 

were treated as antigens and control decisions like phase sequences with separate durations were 

considered to be antibodies. By detecting affinity between an antibody and a pathogen by 

rewards and penalties the mechanism found the control strategies corresponding to variable 

traffic states (Louati et al., 2018). The artificial immune network model was tested in an isolated 

junction (Louati et al., 2017) and six junctions ((Darmoul et al., 2017) with several scenarios and 

compared with fixed-time, actuated time and longest queue selection algorithms (Louati et al., 

2017). The job schedule model recognized each vehicle group as a job, operating the junction 

control by the oldest job first (OJF) algorithm (Pandit et al., 2013). The first arrival vehicle platoons 

would be served at the first chance. The method is distributed in an isolated junction with four 

typical approaches. The ideas of applying the Petri Nets model (Ahmane et al., 2013) and 

weighted backpressure model (Wu et al., 2018) to manage traffic networks were also presented.  

The novelty solutions to address traffic signal control represent innovative strategies for 

connected vehicle signal methods. Whilst the alignments of mechanisms they proposed towards 

traffic road characteristics and effects are required to calibrate rigorously. The models established 

by small group researchers merely refer to their comprehensions of adaptive junction control, 

which still lacks widely acknowledgment. 

Table 2. 10 Summary of vehicle-based adaptive signal controls using connected vehicle technology 
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WŀǾŀ 

!ŎǘǳŀǘŜŘ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ 

Dǳƻ Ŝǘ ŀƭΦ όнлмфύ 

!ƴ ŜŦŦƛŎƛŜƴǘ ŘȅƴŀƳƛŎ 

ǇǊƻƎǊŀƳƳƛƴƎ ǿƛǘƘ 

ǎƘƻƻǘƛƴƎ ƘŜǳǊƛǎǘƛŎ 

ŀƭƎƻǊƛǘƘƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ 

ǘƻǘŀƭ ǾŜƘƛŎƭŜ ŘŜƭŀȅ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

ŀŎŎŜƭŜǊŀǘƛƻƴǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

CǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴ 

±L{{La 
!ŘŀǇǘƛǾŜ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ 

tŀƴŘƛǘ Ŝǘ ŀƭΦ όнлмоύ  
hƭŘŜǎǘ ŀǊǊƛǾŀƭ ŦƛǊǎǘ 

ŀƭƎƻǊƛǘƘƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ŀǾŜǊŀƎŜ 

ŘŜƭŀȅ ǇŜǊ 

ǾŜƘƛŎƭŜ 

!ƴŀƭƻƎȅ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅ 

{¦ah 

hab9¢ҌҌ 

±Ŝƴƛǎ 

±ŜƘƛŎƭŜπŀŎǘǳŀǘŜŘ 

ǘǊŀŦŦƛŎ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭΣ ²ŜōǎǘŜǊΩǎ 

ŀƭƎƻǊƛǘƘƳΣ ŦƛȄŜŘπ

ǘƛƳŜ ŎƻƴǘǊƻƭ 

YŀƳŀƭ Ŝǘ ŀƭΦ όнлмрύ  

±ŜƘƛŎƭŜπƧǳƴŎǘƛƻƴ 

ŎƻƻǊŘƛƴŀǘƛƻƴ 

ǎŎƘŜƳŜ ό±L/{ύ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aŀȄƛƳƛǎƛƴƎ 

ŎŀǇŀŎƛǘȅΣ ŦǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴΣ ŀƴŘ 

ƳƛƴƛƳƛǎƛƴƎ ǘǊŀǾŜƭ 

ǘƛƳŜ 

aǳƭǘƛπŀƎŜƴǘ 

ƧǳƴŎǘƛƻƴ 

ƳŀƴŀƎŜƳŜƴǘ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

Ǉƻǎƛǘƛƻƴǎ ŀƴŘ 

ŘŜǎǘƛƴŀǘƛƻƴ 

!ǾŜǊŀƎŜ ǘǊŀǾŜƭ 

ǘƛƳŜΤ !ǾŜǊŀƎŜ 
ƛŘƭƛƴƎ ǘƛƳŜΤ 

!ǾŜǊŀƎŜ ŦǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴ 

aŀǘƭŀō 

!ŎǘǳŀǘŜŘ 

ǎƛƎƴŀƭƛȊŜŘ 

ƧǳƴŎǘƛƻƴ ǎŎƘŜƳŜ 

¸ƻǳƴŜǎ ŀƴŘ 

.ƻǳƪŜǊŎƘŜ όнлмпύ  

LƴǘŜƭƭƛƎŜƴǘ ¢ǊŀŦŦƛŎ [ƛƎƘǘ 

/ƻƴǘǊƻƭƭƛƴƎ 

ŀƭƎƻǊƛǘƘƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ŀǾŜǊŀƎŜ 

ŘŜƭŀȅ ǿŀƛǘƛƴƎ ǘƛƳŜΣ 

ƳŀȄƛƳƛǎƛƴƎ 

ǘƘǊƻǳƎƘǇǳǘ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

¢ƘǊƻǳƎƘǇǳǘ 

{¦ahΣ b{πн 

!ŘŀǇǘƛǾŜ ǘǊŀŦŦƛŎ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

ƳŜŎƘŀƴƛǎƳ όh!Cύ 

/ƘŀƴŘŀƴ Ŝǘ ŀƭΦ 

όнлмтύ  

/ƻƴƴŜŎǘŜŘ ǾŜƘƛŎƭŜ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ ό/±{/ύ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǘǊŀǾŜƭ 

ǘƛƳŜ ŘŜƭŀȅΣ ŀǾŜǊŀƎŜ 

ƴǳƳōŜǊ ƻŦ ǎǘƻǇǎ 

ǇŜǊ ǾŜƘƛŎƭŜ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

¢ǊŀǾŜƭ ǘƛƳŜ 

ŘŜƭŀȅΤ !ǾŜǊŀƎŜ 

ƴǳƳōŜǊ ƻŦ 

ǎǘƻǇǎ 

±L{{La 

/ha 

9tL/{Ωǎ ŀŘŀǇǘƛǾŜ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭΣ 

²ŜōǎǘŜǊΩǎ ŦƛȄŜŘπ

ǘƛƳŜ ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

tƻǳǊƳŜƘǊŀō Ŝǘ ŀƭΦ 

όнлмтύ  

¢ǊŀƧŜŎǘƻǊȅπōŀǎŜŘ 

ƻǇǘƛƳƛȊŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ŀǾŜǊŀƎŜ 

ǘǊŀǾŜƭ ǘƛƳŜ ŀƴŘ 

ŀǾŜǊŀƎŜ ŘŜƭŀȅ 

aǳƭǘƛπŀƎŜƴǘ 

ƧǳƴŎǘƛƻƴ 

ƳŀƴŀƎŜƳŜƴǘ 

±ŜƘƛŎƭŜ 

Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

!ǾŜǊŀƎŜ ǘǊŀǾŜƭ 

ǘƛƳŜΤ 

¢ƘǊƻǳƎƘǇǳǘ 

aŀǘƭŀō 
Cǳƭƭȅ ŀŎǘǳŀǘŜŘ 

ŎƻƴǘǊƻƭ ǎǘǊŀǘŜƎȅ 

[ƛǳ Ŝǘ ŀƭΦ όнлмфύ 

! ŎƻƻǇŜǊŀǘƛǾŜ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ ŀƭƎƻǊƛǘƘƳ ōȅ 

ƭŜǾŜǊŀƎƛƴƎ ǘƘŜ /!// 

ŎŀǇŀōƛƭƛǘƛŜǎ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ƻŦ ǘƘŜ 

ǘƻǘŀƭ ǉǳŜǳŜ ƭŜƴƎǘƘ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

ŀŎŎŜƭŜǊŀǘƛƻƴǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ ŦǳŜƭ 

ŜŎƻƴƻƳȅΤ 

!ǾŜǊŀƎŜ 

ǎǇŜŜŘΤ 

!ǾŜǊŀƎŜ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

ĺĺ л҈ /!// Ŏŀǎǎ 

·ƛŀƴƎ ŀƴŘ /ƘŜƴ 

όнлмсύ  

aǳƭǘƛπŀƎŜƴǘ ōŀǎŜŘ ŎƻƴǘǊƻƭ 

ƳŜǘƘƻŘ 
нн ƧǳƴŎǘƛƻƴǎ 

aƛƴƛƳƛǎƛƴƎ ǘƻǘŀƭ 

ǘǊŀǾŜƭ ǘƛƳŜ 

wŜƛƴŦƻǊŎŜƳŜƴǘ 

ƭŜŀǊƴƛƴƎ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ 

Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ ǘǊŀǾŜƭ 

ǘƛƳŜΤ !ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

¢ƘǊƻǳƎƘǇǳǘΤ 

bǳƳōŜǊ ƻŦ 

ǎǘƻǇǎ 

±L{{La 

CƛȄŜŘπǘƛƳŜ ŎƻƴǘǊƻƭ 

ŀƴŘ ŀŎǘǳŀǘŜŘ 

ŎƻƴǘǊƻƭƳŜǘƘƻŘ 

¸ŀƻ Ŝǘ ŀƭΦ όнлнлύ 

! ŘȅƴŀƳƛŎ ƻǇǘƛƳƛȊŀǘƛƻƴ 

ƳŜǘƘƻŘ ŦƻǊ ŀŘŀǇǘƛǾŜ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ŀǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

vǳŜǳŜ ƭŜƴƎǘƘ 

±L{{La /ht ŀƭƎƻǊƛǘƘƳ 
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¢ƛŀǇǊŀǎŜǊǘ Ŝǘ ŀƭΦ 

όнлмрύ  

vǳŜǳŜπōŀǎŜŘ ŀŘŀǇǘƛǾŜ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǘƘŜ 

ǉǳŜǳŜ ƭŜƴƎǘƘ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 
vǳŜǳŜ ƭŜƴƎǘƘ ±L{{La !ŎǘǳŀǘŜŘ {ƛƎƴŀƭ 

¸ŀƴƎ Ŝǘ ŀƭΦ όнлмтύ  
wŜƛƴŦƻǊŎŜƳŜƴǘ ƭŜŀǊƴƛƴƎ 

ōŀǎŜŘ ƳŜǘƘƻŘǎ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǘƘŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅ 

wŜƛƴŦƻǊŎŜƳŜƴǘ 

ƭŜŀǊƴƛƴƎ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅ 
{¦ah CƛȄŜŘ ǘƛƳŜ ŎƻƴǘǊƻƭ 

LǎƭŀƳ Ŝǘ ŀƭΦ όнлмтύ  
5ƛǎǘǊƛōǳǘŜŘπ/ƻƻǊŘƛƴŀǘŜŘ 

ό5/ύ ŀǇǇǊƻŀŎƘ 

н ŀƴŘ ф 

ƧǳƴŎǘƛƻƴǎ 

aŀȄƛƳƛǎƛƴƎ 

ǘƘǊƻǳƎƘǇǳǘΣ 

ƳƛƴƛƳƛǎƛƴƎ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ ǘǊŀǾŜƭ 

ǘƛƳŜΤ !ǾŜǊŀƎŜ 

ŘŜƭŀȅΤ bǳƳōŜǊ 

ƻŦ ǎǘƻǇǎΤ 

!ǾŜǊŀƎŜ ǎǇŜŜŘ 

±L{{La 

CƛȄŜŘπǘƛƳŜ 

/ƻƻǊŘƛƴŀǘŜŘΣ 

!ŎǘǳŀǘŜŘ 

/ƻƻǊŘƛƴŀǘŜŘ 

5ŀǊƳƻǳƭ Ŝǘ ŀƭΦ 

όнлмтύ 

ŘƛǎǘǊƛōǳǘŜŘΣ ƛƴǘŜƭƭƛƎŜƴǘ ŀƴŘ 

ŀŘŀǇǘƛǾŜ ǘǊŀŦŦƛŎ ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ 

о ŀƴŘ с 

ƧǳƴŎǘƛƻƴǎ 

aƛƴƛƳƛǎƛƴƎ ƻŦ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅǎΣ ŀƴŘ 

ǾŜƘƛŎƭŜ ǉǳŜǳŜ 

ƭŜƴƎǘƘǎ 

!ƴŀƭƻƎȅ 

ƳŜǘƘƻŘ 

vǳŜǳŜ ƭŜƴƎǘƘΣ 

ŀǾŜǊŀƎŜ ǉǳŜǳŜ 

ŘŜƭŀȅ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

!ǾŜǊŀƎŜ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

±L{{La 
a!{π[vCπa²aΣ 

ŦƛȄŜŘπǘƛƳŜ ŎƻƴǘǊƻƭ 

YŀƳŀƭ Ŝǘ ŀƭΦ όнлмфύ 

! ƴƻǾŜƭ ŀŘŀǇǘƛǾŜ ǘǊŀŦŦƛŎ 

ǎƛƎƴŀƭ ƛƴ ŀ ƳƛȄŜŘ Ƴŀƴǳŀƭπ

ŀǳǘƻƳŀǘŜŘ ǘǊŀŦŦƛŎ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ 

ǘƻǘŀƭ ŎǊƻǎǎƛƴƎ ǘƛƳŜǎ 

ƻŦ ŀƭƭ ǾŜƘƛŎƭŜǎ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǎǇŜŜŘΤ 

!ǾŜǊŀƎŜ 

ǇŀǎǎƛƴƎ ǘƛƳŜΤ 

CǳŜƭ ŜŦŦƛŎƛŜƴŎȅΤ 

/hн ŜƳƛǎǎƛƻƴ 

a!¢[!. 
CƛȄŜŘπǘƛƳŜ ŀƴŘ 

ŀŎǘǳŀǘŜŘ ŎƻƴǘǊƻƭ 

[ƛǳ Ŝǘ ŀƭΦ όнлмтύ  

/ƻƻǇŜǊŀǘƛǾŜ w[πōŀǎŜŘ 

ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭ ŀƭƎƻǊƛǘƘƳ 

о ƧǳƴŎǘƛƻƴǎ 

LƳǇǊƻǾƛƴƎ ǘǊŀŦŦƛŎ 

ǘƘǊƻǳƎƘǇǳǘ ŀƴŘ 

ǊŜŘǳŎƛƴƎ ŀǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜ 

wŜƛƴŦƻǊŎŜƳŜƴǘ 

ƭŜŀǊƴƛƴƎ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜΤ 

¢ƻǘŀƭ ǿŀƛǘƛƴƎ 

ǉǳŜǳŜ ƭŜƴƎǘƘ 

{¦ah 

b{πо 
ĺĺ 

wŀŦǘŜǊ Ŝǘ ŀƭΦ όнлнлύ 
aǳƭǘƛπƳƻŘŜ 

ŀŘŀǇǘƛǾŜ ǘǊŀŦŦƛŎ ǎƛƎƴŀƭǎ 
мн ƧǳƴŎǘƛƻƴǎ 

wŜŘǳŎŜ ǾŜƘƛŎƭŜ 

ŘŜƭŀȅ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

tƻǎƛǘƛƻƴ ŦǊƻƳ 

/±ǎ ŀƴŘ 

ƛƴŘǳŎǘƛǾŜ ƭƻƻǇǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

bǳƳōŜǊ ƻŦ 

ǎǘƻǇǎΤ 

{¦ah CƛȄŜŘ ǘƛƳŜ ŎƻƴǘǊƻƭ 

!ƘƳŀƴŜ Ŝǘ ŀƭΦ 

όнлмоύ  

¢ƛƳŜŘ tŜǘǊƛ bŜǘǎ 

ǿƛǘƘ aǳƭǘƛǇƭƛŜǊǎ ōŀǎŜŘ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

!ƴŀƭƻƎȅ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ 

Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜΤ 

!ǾŜǊŀƎŜ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

±ƛŘŜƻ н 
a[πC/C{Σ ¢ǊŀŦŦƛŎ 

ƭƛƎƘǘǎ 

aŀǎƭŜƪŀǊ Ŝǘ ŀƭΦ 

όнлмоύ  

ŎŀǊπǘƻπŎŀǊ ŎƻƳƳǳƴƛŎŀǘƛƻƴ 

ōŀǎŜŘ ŀŘŀǇǘƛǾŜ ǘǊŀŦŦƛŎ 

ǎƛƎƴŀƭ ǎȅǎǘŜƳ 

т ƧǳƴŎǘƛƻƴǎ 

wŜŘǳŎƛƴƎ ǘƘŜ 

ŀǾŜǊŀƎŜ ǿŀƛǘƛƴƎ 

ǘƛƳŜΣ ǘƘŜ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ 

ŘƛǊŜŎǘƛƻƴǎ ŀƴŘ 

Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜΤ 

vǳŜǳŜ ƭŜƴƎǘƘ 

b/¢¦ƴǎ /π5wL±9 

¸ŀƴƎ Ŝǘ ŀƭΦ όнлнмύ 

ŎƻƻǇŜǊŀǘƛǾŜ ŘǊƛǾƛƴƎ 

ŦǊŀƳŜǿƻǊƪ ŦƻǊ ŀǊǘŜǊƛŀƭ 

ŎƻǊǊƛŘƻǊǎ ƛƴ ŀ ƳƛȄŜŘ ǘǊŀŦŦƛŎ 

ŎƻƴŘƛǘƛƻƴ 

с ƧǳƴŎǘƛƻƴǎ 

hǇǘƛƳƛȊƛƴƎ ǘǊŀŦŦƛŎ 

Ŧƭƻǿ ŀƴŘ ƛƳǇǊƻǾƛƴƎ 

Ƴƻōƛƭƛǘȅ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ 

ǘǊŀƧŜŎǘƻǊȅ Řŀǘŀ 

ŦǊƻƳ .{a ŀƴŘ 

ŘŜǘŜŎǘƻǊ 

¢ƻǘŀƭ ǾŜƘƛŎƭŜ 

ŘŜƭŀȅΤ ƴǳƳōŜǊ 

ƻŦ ǎǘƻǇǎΤ /hн 

ŜƳƛǎǎƛƻƴǎ 

±L{{La 

CƛȄŜŘ ǘƛƳŜ 

ƻǇǘƛƳƛȊŜŘ ōȅ 

±L{¢wh 

/ƘŜƴƎ Ŝǘ ŀƭΦ όнлмтύ  

ŦǳȊȊȅ ƎǊƻǳǇπōŀǎŜŘ 

ƧǳƴŎǘƛƻƴ 

ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

wŜŘǳŎƛƴƎ ǘƘŜ 

ŀǾŜǊŀƎŜ ǿŀƛǘƛƴƎ 

ǘƛƳŜ 

wŜƛƴŦƻǊŎŜƳŜƴǘ 

ƭŜŀǊƴƛƴƎ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜ 
b{πо 

!ŘŀǇǘƛǾŜ ƭƛƎƘǘΣ ƴƻ 

ƎǊƻǳǇΣ ŦǳȊȊȅ ƎǊƻǳǇ 

/ƘŀƴƎ ŀƴŘ tŀǊƪ 

όнлмоύ  

ǉǳŜǳŜ ƭŜƴƎǘƘ 

ŜǎǘƛƳŀǘƛƻƴ ƳƻŘŜƭ ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ŀǾŜǊŀƎŜ 

ƧǳƴŎǘƛƻƴ 

ǿŀƛǘƛƴƎ ǘƛƳŜΣ ǘƘŜ 

ǘƻǘŀƭ ǉǳŜǳŜ ƭŜƴƎǘƘ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

¢ƻǘŀƭ ǿŀƛǘƛƴƎ 

ǉǳŜǳŜ 

ƭŜƴƎǘƘ 

D[5 
ǊŀƴŘƻƳ ŎƻƴǘǊƻƭΣ 

ōŜǎǘπŦƛǊǎǘ ŎƻƴǘǊƻƭ 

/ŀƛ Ŝǘ ŀƭΦ όнлмоύ  

ŀǇǇǊƻȄƛƳŀǘŜ 

ŘȅƴŀƳƛŎ ǇǊƻƎǊŀƳƳƛƴƎ 

ό!5tύ ŎƻƴǘǊƻƭ ŀƭƎƻǊƛǘƘƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

wŜŘǳŎƛƴƎ ǘǊŀǾŜƭ 

ǘƛƳŜ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

aŜŀƴ ǘǊŀǾŜƭ 

ǘƛƳŜΤ bǳƳōŜǊ 

ƻŦ ǎǘƻǇǎ 

/ƻƳƳǳǘŜǊ 
ōŜƴŎƘƳŀǊƪ 

ƳŜǘƘƻŘǎ 

¸ƻǳƴŜǎ ŀƴŘ 

.ƻǳƪŜǊŎƘŜ όнлмсύ  

ŀƴ ƛƴǘŜƭƭƛƎŜƴǘ ǘǊŀŦŦƛŎ ƭƛƎƘǘ 

ŎƻƴǘǊƻƭƭƛƴƎ ŀƭƎƻǊƛǘƘƳ ŀƴŘ 

ŀƴ 

ŀǊǘŜǊƛŀƭ ǘǊŀŦŦƛŎ ƭƛƎƘǘ 

ŎƻƴǘǊƻƭƭƛƴƎ 

ŀƭƎƻǊƛǘƘƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

wŜŘǳŎƛƴƎ ǘƘŜ 

ŜȄǇŜŎǘŜŘ ǉǳŜǳƛƴƎ 

ŘŜƭŀȅΣ ƛƴŎǊŜŀǎƛƴƎ 

ǘƘŜ ǘƘǊƻǳƎƘǇǳǘ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

¢ƻǘŀƭ ŘŜƭŀȅΤ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

¢ƘǊƻǳƎƘǇǳǘ 

{¦ah 

b{πн 
h!C ƳŜŎƘŀƴƛǎƳ 

DǊŀŘƛƴŜǎŎǳ Ŝǘ ŀƭΦ 

όнллтύ  

aƻŘƛŦƛŜŘ ²ŜōǎǘŜǊΩǎ 

ŦƻǊƳǳƭŀ 

LǎƻƭŀǘŜŘ 

WǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǘƘŜ 

ŀǾŜǊŀƎŜ ŘŜƭŀȅ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

CǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴΤ 

9Ƴƛǎǎƛƻƴǎ 

bǎπнΣ 

Wƛǎǘκ{²!b{ 

±L{{La 

CƛȄ ǘƛƳŜŘ 

YŀǊƛ Ŝǘ ŀƭΦ όнлмпύ  

!ƴ ŀƎŜƴǘπōŀǎŜŘ ƻƴƭƛƴŜ 

ŀŘŀǇǘƛǾŜ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ ό!{/ύ 

ǎǘǊŀǘŜƎȅ 

LǎƻƭŀǘŜŘ 

WǳƴŎǘƛƻƴ 

wŜŘǳŎƛƴƎ ǘƘŜ ǘǊŀǾŜƭ 

ŘŜƭŀȅ ŀƴŘ ǘƘŜ ŦǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴ 

aǳƭǘƛπŀƎŜƴǘ 

ƧǳƴŎǘƛƻƴ 

ƳŀƴŀƎŜƳŜƴǘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ ǘǊŀǾŜƭ 

ǘƛƳŜΤ CǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴ 

{¦ah 
v9aκI/a ōŀǎŜŘ 

ǎǘǊŀǘŜƎȅ 

bŀŦƛ ŀƴŘ YƘŀƴ 

όнлмнύ  

LƴǘŜƭƭƛƎŜƴǘ wƻŀŘ ¢ǊŀŦŦƛŎ 

{ƛƎƴŀƭƛƴƎ {ȅǎǘŜƳ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

wŜŘǳŎƛƴƎ ǘƘŜ 

ŀǾŜǊŀƎŜ ǿŀƛǘƛƴƎ 

ǘƛƳŜ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜΤ 

¢ƘǊƻǳƎƘǇǳǘ 

htb9¢ 

aƻŘŜƭŜǊ 
CƛȄŜŘ ǘƛƳŜ 

{ƘŀƎƘŀƎƘƛ Ŝǘ ŀƭΦ 

όнлмтύ  

!ŘŀǇǘƛǾŜ ƎǊŜŜƴ ǘǊŀŦŦƛŎ 

ǎƛƎƴŀƭ 

ŎƻƴǘǊƻƭƭƛƴƎ ǳǎƛƴƎ ǾŜƘƛŎǳƭŀǊ 

ŎƻƳƳǳƴƛŎŀǘƛƻƴǎ ό!D¢{/π

±/ύ 

ос ƧǳƴŎǘƛƻƴǎ 

5ŜŎǊŜŀǎƛƴƎ ǘƘŜ 

ǾŜƘƛŎƭŜ ǿŀƛǘƛƴƎ 

ǘƛƳŜ ŀƴŘ 

Ǉƻƭƭǳǘŀƴǘ ŜƳƛǎǎƛƻƴ 

¢ǊŀŘƛǘƛƻƴŀƭ 

ǘƘŜƻǊȅ ōŀǎŜŘ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ 

ŘƛǊŜŎǘƛƻƴǎ ŀƴŘ 

Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜΤ 

¢ƘǊƻǳƎƘǇǳǘ 

±Ŝƛƴǎ 

±!b9¢πōŀǎŜŘ 

ŀŘŀǇǘƛǾŜ ¢{/{ǎ 

όa/π5wL±9ύΣ 

¢ǊŀŘƛǘƛƻƴŀƭ !¢{/{ 

¸ǳ Ŝǘ ŀƭΦ όнлмфύ 

! aL[t ƳƻŘŜƭ ǘƻ 

ŎƻƻǇŜǊŀǘƛǾŜƭȅ ƻǇǘƛƳƛȊŜ 

/!± ǘǊŀƧŜŎǘƻǊƛŜǎ 

п ƧǳƴŎǘƛƻƴǎ 
aƛƴƛƳƛǎƛƴƎ ǘƻǘŀƭ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

¢ƘǊƻǳƎƘǇǳǘ 

{¦ah 
/ƻƻǊŘƛƴŀǘŜŘ ŦƛȄŜŘπ

ǘƛƳŜ ŎƻƴǘǊƻƭ 
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ŀŎŎŜƭŜǊŀǘƛƻƴǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

tǊƛŜƳŜǊ ŀƴŘ 

CǊƛŜŘǊƛŎƘ όнллфύ  

5ŜŎŜƴǘǊŀƭƛȊŜŘ ŀŘŀǇǘƛǾŜ 

ǘǊŀŦŦƛŎ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

{ƛƎƴŀƭƛȊŜŘ 

ŀƴŘ 

ǳƴǎƛƎƴŀƭƛȊŜŘ 

ƧǳƴŎǘƛƻƴǎ 

wŜŘǳŎƛƴƎ ǘƘŜ ǘƻǘŀƭ 

ǉǳŜǳŜ ƭŜƴƎǘƘ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ǎǇŜŜŘ 

!La{¦b bD 
5tϧ/9 ǿƛǘƘƻǳǘ ǉƭπ

ŜǎǘƛƳŀǘƛƻƴ 

¸ǳ Ŝǘ ŀƭΦ όнлмуύ 

!ƴ aL[t ƳƻŘŜƭ ǘƻ 

ƻǇǘƛƳƛȊŜ ǘǊŀŦŦƛŎ ǎƛƎƴŀƭǎ ŀƴŘ 

ǾŜƘƛŎƭŜ ǘǊŀƧŜŎǘƻǊƛŜǎ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎŜ ŦǳŜƭ 

ŎƻƴǎǳƳǇǘƛƻƴ ŀƴŘ 

ŜƳƛǎǎƛƻƴ 

LƴǘŜƎŜǊ 

ǇǊƻƎǊŀƳƳƛƴƎ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

ŀŎŎŜƭŜǊŀǘƛƻƴǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅΤ 

¢ƘǊƻǳƎƘǇǳǘΤ 

/hн ŜƳƛǎǎƛƻƴ 

ĺĺ !ŎǘǳŀǘŜŘ ŎƻƴǘǊƻƭ 

²ǳ Ŝǘ ŀƭΦ όнлмуύ  
5ŜƭŀȅπōŀǎŜŘ ōŀŎƪǇǊŜǎǎǳǊŜ 

ǘǊŀŦŦƛŎ ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

wŜŘǳŎŜ ǉǳŜǳŜ 

[ŜƴƎǘƘǎΣ 

ǘƘǊƻǳƎƘǇǳǘ 

ƻǇǘƛƳŀƭ 

!ƴŀƭƻƎȅ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ ǉǳŜǳŜ 

ƭŜƴƎǘƘ 
ĺĺ 

vǳŜǳŜπōŀǎŜŘ 

.ŀŎƪπ 

tǊŜǎǎǳǊŜ /ƻƴǘǊƻƭΣ 

5ŜƭŀȅπōŀǎŜŘ .ŀŎƪ 

tǊŜǎǎǳǊŜ 

[ƛŀƴƎ Ŝǘ ŀƭΦ όнлмуύ  
5ŜŜǇ ǊŜƛƴŦƻǊŎŜƳŜƴǘ 

ƭŜŀǊƴƛƴƎ ƳƻŘŜƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ŘŜƭŀȅΣ 

ǊŜŘǳŎƛƴƎ ŀǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜ 

wŜƛƴŦƻǊŎŜƳŜƴǘ 

ƭŜŀǊƴƛƴƎ 

ƳŜǘƘƻŘ 

±ŜƘƛŎƭŜ ǎǇŜŜŘǎ 

ŀƴŘ Ǉƻǎƛǘƛƻƴǎ 

!ǾŜǊŀƎŜ 

ǿŀƛǘƛƴƎ ǘƛƳŜΤ 

/ǳƳǳƭŀǘƛǾŜ 

ǾŜƘƛŎƭŜ ŘŜƭŀȅ 

{¦ah CƛȄŜŘ ǘƛƳŜ 

CŜƴƎ Ŝǘ ŀƭΦ όнлмуύ  
!ƴ ƛƴǘŜƎǊŀǘŜŘ ŦǊŀƳŜǿƻǊƪ 

ŦƻǊ Ƨƻƛƴǘ ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎŜ ǾŜƘƛŎƭŜ 
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2.5.6 Discussions and conclusions  

The state-of-the-art adaptive signal control models in connected vehicle environments are 

summarized in Table 2.10. The diversity of model objective selections, data sources and KPIs are 

all originally derived from connected vehicle technology, which is far beyond those of traditional 

proposed methods. The adaptive connected vehicle methods also presented significant 

improvements in various aspects compared to the benchmarking models they selected (generally 

fixed time and actuated control method), for instance, 48% average travel time reduction against 

benchmarking models in Islam and Hajbabaie (2017) in coordinated junctions under saturated 

flows, 34% total travel time reduction, 36% average speed and 4% throughput increase in Lee et 

al. (2013) in isolated junction under saturated flows. The results shown by researchers prove that 

connected vehicle data have great potential to support the development of new adaptive urban 

signal controls in future by offering detailed information about the state of junctions. From the 

perspective of flow conditions, most researches improved the performance of urban signal 

controls under saturated flow situations (Feng et al., 2018; Guler et al., 2016; Yang et al., 2016). 

Few papers attempted to improve the effectiveness of their control methods in oversaturated 

flows (He et al., 2012; Rafter et al., 2020). The majority of researches selected an isolated junction 

as a research object (Feng et al., 2015, Lee et al., 2013; Yang et al.). Part of the studies achieved 

the optimized goal of coordinated control in an arterial or a network with the coordination 

considerations of all controllers (Xiang and Chen, 2016; Wang et al., 2020) 
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However, several limitations are found in the most advanced researches. From Table 2.10 and 

reviews in Sections 2.2.1 and 2.2.2, the signal schemes determined by connected vehicle urban 

signal controls are all optimized by vehicle-based objectives (e.g. minimising average vehicle 

delays, minimising vehicle number of stops, minimising vehicle queue lengths). Besides, the 

measures of their proposed signal decision algorithms are vehicle performance indicators. These 

policies and measurement methods mean that they treat all of the vehicles on road are same and 

prevent them from exploring the person-based signal control styles. However, Section 2.3 justify 

that the development of person-based urban signal controls is essential in future and more 

meaningful than vehicle-based models to accelerate the progress of urban mobility. The vehicle-

based models can result in unfair treatment of those vehicles with high occupancy levels. 

Another limitation in current researches is unrealistic experiment assumptions used to test the 

effectiveness of proposed models. The existing urban control systems have been successfully 

implemented in complex real-world scenes. The testing factors include large road network scales 

consisting of coordinated junctions, and different levels of traffic volumes during peak and off-

peak periods in the local area. Further, the transitions from conventional vehicles with neither 

connectivity nor autonomy in current situations to the deployments of 95% or higher connected 

vehicles on road are estimated to be long-term (Feng et al., 2015). Therefore, it is very essential to 

understand the new paradigms of urban junction managements under the presence of connected 

vehicles, notably, the different adoption levels of connected vehicles and conventional vehicles.  

Up to now, the whole publications on urban junction controls with CAVs use simulation to 

approach their researches. Examples of simulation platforms include VISSIM (PTV Group, 2011), 

SUMO (Krajzewicz et al., 2006), Veins (Sommer et al., 2010), NCTUns (Wang and Lin, 2008), NS-2, 

etc. This on its own is not a problem, because the practical approach requires quantities of high-

expense connected vehicles and great network scales for trials, which is quite difficult to prepare 

in the current stage. Contrarily, mathematical analytical approaches are also infeasible to be 

applied as the complexity of combinations of junction controls, increasing number of vehicles, and 

various incoming lanes. However, it is notably that simulations for junction operation are 

necessary to be as realistic as real-world traffic situations so that these junction controls will make 

sense when they are implemented in the field. Only mathematical programming and part of other 

optimization-based methods are aware to evaluate their models in realistic scenarios but not 

adequate. The rest of the methods make ideal or even unpractical assumptions for their proposed 

algorithms. As for person-based urban signal controls, things would be more complex as the 

information absence of occupancy levels of vehicles at different rates also need to be considered. 

Therefore, another research gap here is how to develop coordinated paradigms for person-based 

signal control in multiple junctions, test and ensure the performance of person-based models in 
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realistic situations, including dynamic traffic volumes, mixture vehicular environments 

with/without buses imperfect connected information from under 100% connected vehicle 

environments. 

2.6 Summary  

This section summarizes literature on vehicle-based signal controls, discusses their relationships 

and points out research gaps in this area. The overview summary is graphed in Figure 2.9. 

Traditional UTCs have evolved significantly from fixed time control to infrastructure-based traffic 

responsive control to better respond to dynamic road traffic so that reducing urban road 

congestion and delay, which have been reviewed in Section 2.2. However, the performance of 

current UTC coordinated signal controls are still limited by the availability of data sources from 

fixed point detectors such as inductive loops, which cannot describe the detailed state of the road 

network. There are still promoting spaces for UTC systems if they are provided with abundant 

road information enabling accurate vehicular predictions. The UTC systems are vehicle-based 

signal controls, not fitting with encouraged policies of urban people congestion reduction and 

mobility improvement.  

The review of bus priority schemes in Section 2.3.2 indicates that the development of person-

based signal controls is more realistic and meaningful than vehicle-based controls from the 

perspectives of urban mobility improvement, direct travel time costs reduction and social 

management. However, the review also finds that the transition from vehicle-based controls to 

person-based controls is not a straightforward task. The person-based controls require occupancy 

information from every vehicle and more complicated signal control paradigms assigning different 

priority levels to vehicles according to their occupancy levels and resulting in flexible phase 

combinations and stage sequences, which is difficult to implement by UTC systems due to 

detection technology.    

The review of state-of-the-art detection and communication technology in Section 2.4 presents 

that new communication technology collected road information from various most advanced 

equipment (e.g. GPS, on-board sensors, infrared camera) are available to support urban signal 

control systems. They create a communication network among junction controllers and 

connected vehicles (V2V, V2I) through wirelessly communication technology (e.g. IEEE 802.11p, 

DSRC). Abundant and detailed real-time information (e.g. speeds, positions, accelerations) 

become available for the next generation of urban signal controls. As an essential data source for 

implementing person-based approaches, vehicle occupancy can also be collected from several 

sensors, such as in-vehicle cameras, roadside cameras, and AVL. Therefore, the signal control 
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paradigms need to be changed to accommodate those new data sources to conduct new decision 

optimization processes. 

The state-of-the-art vehicle-based adaptive signal control systems in connected vehicle 

environments are then reviewed in Section 2.5. A number of new signal control decision 

algorithms are developed and great improvements are found against benchmarking models (e.g. 

reducing vehicle travel time, reducing vehicle delay, reducing vehicle number of stops), which 

highlights the potential benefits and opportunities of adopting connected information into urban 

signal controls as data sources. The utilisation of CV technology improves the performance of 

vehicle-based signal controls compared to existing urban signal controls. However, the majority of 

adaptive signal controls in Section 2.5 still do not take into account occupancy levels of 

information and they are still vehicle-based signal controls by assuming all vehicles on road are 

the same except for their IDs. Meanwhile, simulations are found to be the most common method 

to reproduce the proposed adaptive signal controls and evaluate their performance. And part of 

vehicle-based signal controls considers realistic environments (e.g. coordinated junctions, not 

perfect penetration rates, and varying traffic flow demands) to extend their models and 

simulation experiments to make them realistic in real-world implementations.  

From Section 2.4, the connected vehicle information supports the improvements of transit signal 

priority by realizing real occupancy levels of buses. The available occupancy data from CV also 

enables the transition from vehicle-based to person-based control to be realizable. Up to now, 

there are few researches developed person-based controls by incorporating vehicle occupancy 

data. In next chapter, few researches focus more on person-based control and flexible signal 

timing plans are reviewed. The chapter discusses their limitations and points out the research 

gaps, aim and objectives of this project. The challenging and requirements of the new 

methodology that need to be adopted to fill in the research gaps are also elaborated in next 

chapter as well as a general harmonised evaluation framework to validate the performance of the 

proposed algorithm. 
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Chapter 3 tŜǊǎƻƴπōŀǎŜŘ ŀŘŀǇǘƛǾŜ ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ 

ōŀŎƪƎǊƻǳƴŘ ŀƴŘ ŎƻƴŎŜǇǘ 

Chapter 2 reviews the general literature related to vehicle-based signal controls in CV 

environments, pointing out the main limitation of the majority of state-of-the-art research in 

Section 2.6. The connected vehicle also supports vehicle occupancy data, which makes the 

transmission from vehicle-based controls to person-based controls to be possible. This chapter is 

divided into three parts. The first part reviews the state-of-the-art person-based controls in CV 

environments and signal controls with flexible signal timing plans and highlights their limitations 

and the critical research gaps in urban signal control areas in Sections 3.1 and 3.2.  

The second part of this chapter claims research gaps based on the literature and tries to make 

contributions to the study area by achieving objectives in Section 3.3. To fulfil the objectives of 

the research area. Section 3.4 discusses and decides the general methodology for this project by 

analysing the potential challenges and requirements of developing new person-based algorithms. 

The rest of this chapter in Section 3.5 structures the evaluation framework to validate the 

performance of proposed person-based algorithms. The selections of evaluation tools, car-

following model, benchmarking signal control algorithms, experiment scenarios and KPIs are 

elaborated to ensure that all of the algorithms are tested in a fair and consistent evaluation 

framework.  

3.1 The state-of-the-art person-based urban signal controls in connected 

vehicle environments  

Most junction management papers proposed vehicle-based signal control models with small parts 

of all kinds of connected vehicle data mentioned in Section 2.4 such as vehicle speeds and 

positions, signal phase and timing information, which are shown in Table 2.10. These researches 

are out of consideration the occupancy level diverges of vehicles on road.  

However, some researchers have noticed the importance of considering passenger delay by 

incorporating passenger occupancies of transits and cars into their optimization algorithms and 

frameworks. Different from vehicle-based controls, person-based signal controls are optimized 

and evaluated by unique person-related objective functions (minimising person delay and 

minimising person number of stop) and KPIs (average person delay and average person number of 

stop), which are described below: 
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¶ Minimising person delay is the most commonly used objective indicator to measure the 

effectiveness of person-based controls (Christofa et al, 2013b; Yu et al., 2017; Yang et al., 

2018). All of the passengers and drivers inside a vehicle suffer the same vehicle delay. 

Therefore, the calculation of objective value is extended from the calculation of vehicle 

delay, which is represented by: 

άὭὲ ὠ Ὀ  ὠ

ᶰ

 όоπмύ 

Where ὠ is the occupancy value of a specific vehicle.  

¶ Minimising person stop is an indicator used in part of person-based controls to measure 

the travelling experiences of all people in vehicles (Christofa et al, 2013a). Similar to 

minimising vehicle delay, minimising person number of stop is calculated by vehicle 

number of stop scaled by occupancy data of this vehicle, which is shown as: 

άὭὲ ὠ Ὓὡ  Ὓὡ

ᶰ

 όоπнύ 

 

¶ Average person delay is the excess times of all people in one vehicle spend to complete its 

journey than free flow travel time, its value equals to average vehicle delay multiples its 

occupancy data. 

¶ Average person number of stop is the number of people in a vehicle who switch their 

speed to 0 and acceleration, which can be calculated by average vehicle number of stop 

multiples its occupancy data. 

Some studies developed TSP strategies in CV environments to assign high priority to buses with 

more passengers to reduce passenger delay with more attention on buses than on passenger cars 

(Christofa et al, 2011; Wu et al, 2017). The extension works include investigating the 

implementation locations of TSP strategies at arterial levels (Guler et al, 2018; Bagherian et al, 

2015; Bayrak and Guler, 2020), considering the bus stops (Yang et al, 2018), bus dwell time (Lin et 

al, 2019; Kim et al 2019), bus requests from conflicting directions (Xu et al, 2018) and bus arrival 

numbers (Lian et al, 2020). These papers put more emphasis on improving the prediction time of 

arrival buses or considering more details of bus routes and bus facilities. 

Other studies focused more on reducing person-based metrics in car and bus mixture 

environments and have been summarized in Table 3.1. The person-based controls assumed that 

occupancy data of buses and cars were known information. A person-based signal control system 

proposed by Christofa et al. (2013a) attempted to minimise total passenger delay by accounting 
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for cars and buses number in an isolated junction. The arrival times of vehicle platoon were 

predicted using auto delay estimation theory.  

However, this paper adopted fixed cycle length, phase sequence and stage combinations. The 

simulations indicated the best result of 4.5% person delay reduction achieved in cross streets 

compared to vehicle-based optimization during evening peak duration. The system was then 

extended to be implemented in successive junctions along signalized arterial corridors, which 

found up to 7.9% person delay reduction in Main Arterial Southbound compared to TRANSYT-7F 

(Christofa et al, 2016).  

Yu et al., (2019) broke through the assumption of fixed cycle lengths in previous works by 

accommodating flexible cycle lengths. The approach also improved the system to better deal with 

the uncertain arrival time of buses, but it was implemented in a fixed three-stages isolated 

junction. The algorithm extended green time using available green time from the next cycle to 

serve arriving buses. The study found a 25% delay reduction for all passengers compared to 

person-based strategy with fixed cycle length. 

Vilarinho et al. (2017) developed a bid-based total passenger delay reduction approach beyond 

public transport priority, aiming for assigning different priorities to passenger vehicles with 

different occupancy levels under 100% car environments, but it only used a traditional experience 

formula to estimate the number of pedestrians. The data sources used in this study were vehicle 

arrival flows rather than explicit vehicle trajectory information. The optimized signal plans were 

also constrained in a three-stage junction with fixed phase combinations. 

A user-based signal optimization algorithm was then designed to maximise user throughput 

rather than minimising passenger delay in a four-leg isolated junction using fixed phase sequence 

and stage combination settings (Mohammadi et al, 2019). This paper assumed a vehicular 

environment without the presence of buses and used a similar vehicle trajectories theory adopted 

in Christofa et al (2013b) to estimate the arrival times of vehicles in a platoon under different 

statuses. Phase sequence settings are adopted according to National Marine Electronics 

Association (NEMA) Standard ring-and-barrier. Results showed a significant increase in user 

throughput compared to vehicle-based optimization with the same algorithm. 

Hu et al. (2015) developed a person delay-based optimization method that enables bus/signal 

cooperation and coordination among a pair of junctions under connected vehicle technology. The 

proposed method is an extension work of transit signal priority (TSP) logic by using binary mixed 

integer linear programs. The advanced connected vehicle data are capable of providing more 

accurate bus locations and counting passenger numbers in each bus to decide the coordination 
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strategies against conventional TSP. The numerical experiments of TSP combined with connected 

vehicles found great bus delay reduction than the traditional method.  

He et al. (2012) proposed a platoon-based arteria signal control method considering multiple 

modes (buses, pedestrians, cars) in V2I communications. This actuated coordinated method 

identified the vehicle stream platoon by connected vehicle. The priority phase will be determined 

by the priority levels of each platoon and choose whether extend a green actuation time or switch 

to next phase. The case study tested in a pair of junctions with public transport facilities (bus 

routes and bus stops). The proposed method was strengthened later by He et al. (2014) to better 

performance in low levels of communications penetration.  

Another research attempted to maximise the weighted passenger number through the junction 

for the disposal of both demands of private vehicles and buses (Polgar et al., 2013). The study 

divided the available green time among the signal stages of the junction in order to maximise the 

number of passengers crossing the stop line with fixed cycle time and stage order in a two-stage 

junction. The scheme which can acquire a maximum number of weight passengers was adopted 

as the optimal strategy to assign green duration for two stages. 

Table 3. 1 Summary of person-based adaptive signal controls using connected vehicle technology  
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ǎŜǉǳŜƴŎŜ ŀƴŘ 

ŎȅŎƭŜ ƭŜƴƎǘƘ 

5ŜƳŀƴŘΣ 

ǘǊŀǾŜƭ ǘƛƳŜǎΣ 

ŀƴŘ 

ǘǳǊƴƛƴƎ ǊŀǘƛƻǎΣ 

ǾŜƘƛŎƭŜ 

ƻŎŎǳǇŀƴŎƛŜǎΣ 

ōǳǎ ǎǇŜŜŘ ŀƴŘ 

ƭƻŎŀǘƛƻƴ 

¢ƻǘŀƭ 

ǇŀǎǎŜƴƎŜǊ 

ŘŜƭŀȅ 

!La{¦b ¢w!b{¸¢πтC 

Iǳ Ŝǘ ŀƭΦ όнлмрύ  

! ǇŜǊǎƻƴπŘŜƭŀȅπōŀǎŜŘ 

ƻǇǘƛƳƛȊŀǘƛƻƴ ƳŜǘƘƻŘ ŦƻǊ 

¢{t 

н ŎƻƴǎŜŎǳǘƛǾŜ 

ƧǳƴŎǘƛƻƴǎ 

aƛƴƛƳƛǎƛƴƎ ǘƻǘŀƭ 

ǇŜǊǎƻƴ ŘŜƭŀȅ 

CƛȄŜŘ ǇƘŀǎŜ 

ǎŜǉǳŜƴŎŜ ŀƴŘ 

ŎȅŎƭŜ ƭŜƴƎǘƘ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

ƭƻŎŀǘƛƻƴǎ ŀƴŘ 

ƻŎŎǳǇŀƴŎƛŜǎ 

.ǳǎ ŘŜƭŀȅΤ 

¢ƻǘŀƭ ǇŜǊǎƻƴ 

ŘŜƭŀȅ 

±L{{Laπ

/ha 

¢{t/±Σ 

/ƻƴǾŜƴǘƛƻƴŀƭ ¢{tΣ 

bƻ ¢{t 
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tƻƭƎŀǊ Ŝǘ ŀƭΦ όнлмоύ 

tŀǎǎŜƴƎŜǊ ƴǳƳōŜǊ 

ŘŜǇŜƴŘŜƴǘ ǘǊŀŦŦƛŎ 

ŎƻƴǘǊƻƭ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aŀȄƛƳƛǎƛƴƎ 

ƴǳƳōŜǊ 

ƻŦ ǿŜƛƎƘǘŜŘ 

ǇŀǎǎŜƴƎŜǊ  

CƛȄŜŘ ŎȅŎƭŜ 

ƭŜƴƎǘƘ ƛƴ ŀ 

ǘǿƻπǎǘŀƎŜ 

ƧǳƴŎǘƛƻƴ 

±ŜƘƛŎƭŜ 

Ǉƻǎƛǘƛƻƴǎ ŀƴŘ 

ƻŎŎǳǇŀƴŎƛŜǎ 

bǳƳōŜǊ 

ƻŦ ǿŜƛƎƘǘŜŘ 

ǇŀǎǎŜƴƎŜǊ 

±L{{La CƛȄŜŘπǘƛƳŜ ŎƻƴǘǊƻƭ 

¸ǳ Ŝǘ ŀƭΦ όнлмфύ 

! Ŧ ǇŜǊǎƻƴπōŀǎŜŘ 

ŦǊŀƳŜǿƻǊƪǎ ŦƻǊ 

ǘǊŀŦŦƛŎ ǎƛƎƴŀƭ ǘƛƳƛƴƎ 

ƻǇǘƛƳƛȊŀǘƛƻƴ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǘƻǘŀƭ 

ǇŜǊǎƻƴ ŘŜƭŀȅ 

CƛȄŜŘ ǇƘŀǎŜ 

ǎŜǉǳŜƴŎŜ ŀƴŘ 

ŎȅŎƭŜ ƭŜƴƎǘƘ 

±ŜƘƛŎƭŜ 

Ǉƻǎƛǘƛƻƴǎ ŀƴŘ 

ƻŎŎǳǇŀƴŎƛŜǎ 

.ǳǎ ŘŜƭŀȅΤ 

¢ƻǘŀƭ ǇŜǊǎƻƴ 

ŘŜƭŀȅ 

ĺĺ 

bƻ ǳƴŎŜǊǘŀƛƴǘȅΣ 

ŘŜǘŜǊƳƛƴƛǎǘƛŎΣ 

Ǌƻōǳǎǘ 

ƻǇǘƛƳƛȊŀǘƛƻƴΣ ŀƴŘ 

ōƭŜƴŘŜŘ ǎǘǊŀǘŜƎȅ 

±ƛƭŀǊƛƴƘƻ Ŝǘ ŀƭΦ 

όнлмтύ 

! ǇŜǊǎƻƴπōŀǎŜŘ ǘǊŀŦŦƛŎ 

ǎƛƎƴŀƭ ŎƻƴǘǊƻƭ ǎǘǊŀǘŜƎȅ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aƛƴƛƳƛǎƛƴƎ ǘƻǘŀƭ 

ǇŜǊǎƻƴ ŘŜƭŀȅ 

CƭŜȄƛōƭŜ ǇƘŀǎŜ 

ǎŜǉǳŜƴŎŜ ŀƴŘ 

ŎȅŎƭŜ ƭŜƴƎǘƘΣ 

ŦƛȄŜŘ ǇƘŀǎŜ 

ŎƻƳōƛƴŀǘƛƻƴ ƛƴ 

ŀ ǘƘǊŜŜπǎǘŀƎŜ 

ƧǳƴŎǘƛƻƴ 

±ŜƘƛŎƭŜ 

ƻŎŎǳǇŀƴŎƛŜǎΣ 

ǉǳŜǳŜ ƭŜƴƎǘƘ 

ŀƴŘ ǘǊŀŦŦƛŎ 

ŀǊǊƛǾŀƭǎ  

!ǾŜǊŀƎŜ 

ǇŜǊǎƻƴ ŘŜƭŀȅ 
!La{¦b CƛȄŜŘπǘƛƳŜ ŎƻƴǘǊƻƭ 

aƻƘŀƳƳŀŘƛ Ŝǘ ŀƭΦ 

όнлмфύ 

! ǳǎŜǊπōŀǎŜŘ ǎƛƎƴŀƭ ǘƛƳƛƴƎ 

ǎǘǊŀǘŜƎȅ 

LǎƻƭŀǘŜŘ 

ƧǳƴŎǘƛƻƴ 

aŀȄƛƳƛǎƛƴƎ ǳǎŜǊ 

ǘƘǊƻǳƎƘǇǳǘ 

CƛȄŜŘ ǇƘŀǎŜ 

ǎŜǉǳŜƴŎŜ ŀƴŘ 

ŎƻƳōƛƴŀǘƛƻƴǎΣ 

ŦƭŜȄƛōƭŜ ŎȅŎƭŜ 

ƭŜƴƎǘƘ 

±ŜƘƛŎƭŜ 

ǎǇŜŜŘǎΣ 

ƭƻŎŀǘƛƻƴǎ ŀƴŘ 

ƻŎŎǳǇŀƴŎƛŜǎ 

!ǾŜǊŀƎŜ 

ƧǳƴŎǘƛƻƴ 

ǘƘǊƻǳƎƘǇǳǘ 

±L{{La 

±ŜƘƛŎƭŜπōŀǎŜŘ 

ƻǇǘƛƳƛȊŀǘƛƻƴ ǿƛǘƘ 

ǎŀƳŜ ŀƭƎƻǊƛǘƘƳ 

3.2 Flexible signal plans in connected vehicle environments 

The majority of vehicle-based control (reviewed in Section 2.5) and person-based control 

(reviewed in Section 3.1) optimized their signal plans in several limited criteria (e.g. fixed cycle 

length, phase sequence, phase combinations). Table 3.2 provides a summary review of signal 

controls using CV data with at least flexible cycle length and flexible phase durations. The 

flexibility degrees (whether phase sequence, phase combinations and cycle length are flexible or 

not) and the number of phase options of traffic signals they assumed to adopt their methods are 

also summarized in Table 3.2.   

Table 3. 2 Summary of signal controls with flexible signal plans in connected vehicle environments 

aŀƛƴ ŀǳǘƘƻǊ 
ŀƴŘ ȅŜŀǊ 

aŜǘƘƻŘƻƭƻƎȅ tƘŀǎŜ 
ǎŜǉǳŜƴŎŜ 
ŦƭŜȄƛōƭŜΚ 

/ȅŎƭŜ ƭŜƴƎǘƘ 
ŦƭŜȄƛōƭŜΚ 

CƭŜȄƛōƭŜ ǇƘŀǎŜ 
ŎƻƳōƛƴŀǘƛƻƴǎΚ 

bƻΦ ƻŦ 
ǇƘŀǎŜ 
ƻǇǘƛƻƴǎ 

±ŜƘƛŎƭŜπ
ōŀǎŜŘκ 
tŜǊǎƻƴπ
ōŀǎŜŘ 

±ƛƭŀǊƛƴƘƻ Ŝǘ ŀƭΦ 
όнлмтύ 

¢ǿƻπǎǘŀƎŜ ōƛŘ 
ƳŜŎƘŀƴƛǎƳ 

¸Ŝǎ ¸Ŝǎ bƻ о tŜǊǎƻƴπ
ōŀǎŜŘ 

aƻƘŀƳƳŀŘƛ 
Ŝǘ ŀƭΦ όнлмфύ 

aƛȄŜŘπƛƴǘŜƎŜǊ 
ƴƻƴƭƛƴŜŀǊ ǇǊƻƎǊŀƳ 

[ƛƳƛǘŜŘ ōȅ 
b9a! 
ŘǳŀƭπǊƛƴƎ 

¸Ŝǎ bƻ у tŜǊǎƻƴπ
ōŀǎŜŘ 

[ƛŀƴƎ Ŝǘ ŀƭΦ 
όнлмуύ 

/ƻƳǇƭŜǘŜ ŜƴǳƳŜǊŀǘƛƻƴ ¸Ŝǎ ¸Ŝǎ bƻ п ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

.Ŝŀƪ Ŝǘ ŀƭΦ 
όнлмтύ 

5ȅƴŀƳƛŎ tǊƻƎǊŀƳƳƛƴƎ [ƛƳƛǘŜŘ ōȅ 
b9a! 
ŘǳŀƭπǊƛƴƎ 

¸Ŝǎ bƻ у ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

IŜ Ŝǘ ŀƭΦ 
όнлмнύ 

aƛȄŜŘπƛƴǘŜƎŜǊ ƴƭƛƴŜŀǊ 
ǇǊƻƎǊŀƳ 

[ƛƳƛǘŜŘ ōȅ 
b9a! 
ŘǳŀƭπǊƛƴƎ 

¸Ŝǎ bƻ у ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

[ŜŜ Ŝǘ ŀƭΦ 
όнлмоύ 

/ƻƳǇƭŜǘŜ ŜƴǳƳŜǊŀǘƛƻƴ ¸Ŝǎ ¸Ŝǎ bƻ у ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

tǊƛŜƳŜǊ ŀƴŘ 
CǊƛŜŘǊƛŎƘ 
όнллфύ 

/ƻƳǇƭŜǘŜ ŜƴǳƳŜǊŀǘƛƻƴ 
ŀƴŘ 5t 

¸Ŝǎ ¸Ŝǎ bƻ о ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

CŜƴƎ Ŝǘ ŀƭΦ 
όнлмрύ 

5ȅƴŀƳƛŎ ǇǊƻƎǊŀƳƳƛƴƎ [ƛƳƛǘŜŘ ōȅ 
b9a! 
ŘǳŀƭπǊƛƴƎ 

¸Ŝǎ bƻ у ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

Dǳƻ Ŝǘ ŀƭΦ 
όнлмфύ 

5ȅƴŀƳƛŎ ǇǊƻƎǊŀƳƳƛƴƎ 
ǿƛǘƘ ǎƘƻƻǘƛƴƎ ƘŜǳǊƛǎǘƛŎ 

¸Ŝǎ ¸Ŝǎ bƻ п ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 
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[ƛŀƴƎ Ŝǘ ŀƭΦ 
όнлнлύ 

IŜǳǊƛǎǘƛŎ ƳŜǘƘƻŘ ¸Ŝǎ ¸Ŝǎ ¸Ŝǎ у ±ŜƘƛŎƭŜπ
ōŀǎŜŘ 

Only a few existing papers adopted flexible phase sequence and cycle length in their proposed 

approaches (Vilarinho et al., 2017; Liang et al., 2018, Priemer and Friedrich, 2009; Guo et al., 

2019). However, the algorithms employed in these studies either consider a simplified junction 

with two one-way streets or only three or four-phase options for a three/four approach junction. 

The simplified assumptions of junction layouts limit their methods to be applied in real-world case 

studies or scenarios with unbalanced and fluctuating traffic demands, which cannot be regarded 

as completely flexible. 

Some other studies offered limited phase sequencing options by using the NEMA dual-ring signal 

phase structure, which does not allow flexible signal strategies, such as phase skipping, between 

two barrier groups (Feng et al, 2015; Beak et al., 2017; He et al, 2012; Mohammadi et al, 2019). 

The signal plans in these studies operated with a fixed phase sequence order and a phase to have 

zero duration due to minimum green times are also not allowed. This simplification reduces the 

number of phase sequence options but limits the flexibility degree of signal plans adapting to 

varying traffic flows. 

Lee et al. (2013) determined the next optimal signal phase by minimising the CTT of vehicles with 

flexible phase sequences in an 8-phases junction. However, the algorithm used fixed phase 

combinations and it only optimized the first phase without consideration for the impacts on 

future phases. This caused the decision-making process only get a sub-optimal solution rather 

than an optimal signal plan for the whole period.  

To the best knowledge of the author, there is only one vehicle-based control study that developed 

a complete flexible signal plan approach in the generalized 8-phases junction (Liang et al., 2020). 

However, the flexible signal plans in this paper were operated to serve the departure sequence of 

the first platoon to reduce vehicle delay. Completely flexible signal plans are more valuable and 

sensible in person-based controls than those in vehicle-based controls due to various priority 

levels of car and bus sequences. As different signal plan decisions will result in different statuses 

of vehicles, the prediction departure time of vehicles will also need to be changed. Therefore, 

there is a critical research gap that more flexible signal plans should be optimized for person-

based signal controls to better react to passenger cars and buses with various occupancy levels 

from different directions and arrival lanes. The new vehicle trajectory and car-following updating 

theories need to be developed to predict the departure time of cars and buses under different 

potential signal timing plans as well. 
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3.3 Research gaps and contributions 

3.3.1 Research gaps 

There are a few papers summarized in Table 3.1 that developed person-based controls focusing 

on passenger delays including public transport, some of which extended the person-based 

objectives towards a regular junction environment with/without the interpretation of public 

vehicles. This enables signal control transitions from vehicle-based systems to person-based 

systems utilising CV data. From the experiences of TSP strategies, flexible signal timing 

approaches were adopted for buses with more passengers than cars to award higher priorities, 

e.g., stage skipping, green extension, and stage recall (Anderson et al, 2020). However, the 

vehicular environments of different occupancy passenger vehicles with/without buses are even 

further complicated for controllers to reach the total passenger delay objective as it is hard to 

predict the arriving distributions of passenger vehicles, which lane they will arrive and related 

occupancy sequences. Inspired by TSP strategies, complete flexible signal plans should be adopted 

for person-based controls with flexible stage sequences, specific phase combinations and phase 

durations. However, from Table 3.2 the state-of-the-art researches do not adopt completely 

flexible signal plans in person-based approaches. They also do not understand how different 

possible signal plans will impact the vehicle trajectories, departure times of vehicles in different 

occupancies and the decision-making process of person-based approaches. Those researches lay 

particular emphasis on adjusting signal schemes to provide priorities to transits rather than 

vehicles and still do not answer how to react to different priority levels of passenger cars on 

normal urban roads. 

On the other side, small groups of the signal control plans adopted in person-based controls in 

Section 3.1 are not completely flexible and they do not explore the impacts of different possible 

signal strategies on vehicle trajectories and departure times. 

While no research understands how person-based signal control paradigms would be and what 

are their potential benefits for urban mobility and person congestion reduction over adaptive 

signal controls. More specifically, how would person-based control be in realistic scenarios? As 

can be seen in Figure 3.1, the research gaps are found in the literature: 

ω There is no research developing person-based signal controls with completely flexible 

signal plans in CV environments in a generalized 8-phases options isolated junction. It is 

unknown how the trajectories and predictive departure times of vehicles from different 

lanes with different occupancies will be changed with possible signal plans, and how these 

changes impact the person-based will signal control paradigms. More concisely, what 
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person-based control paradigm would exactly be, which sort of data could be used in 

person-based control and how to use them. 

ω There is no research developing coordinated paradigms for person-based controls with 

completely flexible signal plans implemented in multiple junctions. How to utilise the 

information from adjacent junctions and how to achieve coordination for person-based 

control are unknown. 

ω It also needs to figure out how to develop person-based signal controls with completely 

flexible signal plans in vehicle mixtures of cars and buses, and how to implement person-

based controls in real word case studies with more realistic scenarios including varying 

traffic flow demands, CV penetration rates, planning durations and other variables and 

what are benefits in these different scenarios. 

ω There is no research answering how to develop person-based signal controls with 

mixtures of CVs and conventional vehicles in the case that not all of the vehicles are 

connected. How to improve the performance of person-based controls when part of 

vehicle trajectory and occupancy data cannot be acquired.  

 

 

Figure 3. 1 Overview of literature review and research gaps 

3.3.2 Contributions of this research 

Aim and objectives in Section 1.5 try to fill in the research gaps. The contributions of this project 

are: 
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ω A three-layered DP person-based signal control mechanism PerSicon-Junction is 

developed in isolated junction and CV environments. This signal control system searches 

for the most suitable signal timing plans to reach the minimum person delay in the 

defined planning horizon. The possible signal plans and corresponding delay reduction 

benefits are considered here. Inside PerSicon-Junction, a signal phase transition 

exploration mechanism is developed to efficiently explore all possible signal timing plans 

for every next planning step according to non-conflicting phase rules. The vehicle 

trajectory and car-following updating theories are proposed and used for predicting 

discharging time of all vehicles from incoming lanes under different cases. 

ω A person-based control PerSicon-Bus with completely flexible signal plans is developed to 

apply PerSicon-Junction in more complex vehicle mixtures of cars and buses in 

generalized 8-phases options isolated junction. Buses are considered to be a special 

vehicle mode which can be incorporated into the algorithm of PerSicon-Junction. A 

realistic isolated junction and a number of scenarios are constructed to investigate the 

performance of the proposed method against benchmarking models involving vehicle-

based controls using CV data. The performance are evaluated under car and bus mixtures 

under varying flow demands, as well as other sensitivity analysis factors such as CV 

penetration rates and bus occupancies. 

ω The proposed PerSicon-Network extends PerSicon-Bus to coordinated paradigms to 

better understand how person-based signal control with flexible phase combinations and 

stage sequences would be implemented in multiple junctions. The CV information from 

both surrounding CVs and adjacent junctions can be acquired to enable junction 

controllers to have knowledge of vehicular situations within further range. In order to 

incorporate further information properly for controllers to make adaptive signal timing 

decisions to all surrounding vehicles with different occupancies, the data from the 

adjacent junction will be utilised as a supplement form of predictive vehicle arrival time 

list according to vehicle trajectory data and signal strategy. A real-world road network is 

built to evaluate the performance of PerSicon-Network. 

ω Estimation status of Unequipped Vehicle with Occupancy (EUVO) algorithm is proposed to 

improve the behaviours of PerSicon-Network under imperfect CV penetration rate 

environments. The EUVO algorithm collects vehicle data from roadside cameras and 

inductive loops to support the data inputs and performance of PerSicon-Network. 

It is worth noting the relationships between different proposed person-based algorithms. 

PerSicon-Junction is the initial version which only considers passenger cars in isolated junction. 

PerSicon-Bus is an evolution of PerSicon-Junction, which incorporates bus mode with higher 
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occupancy levels against passenger cars in isolated junction. PerSicon-Network is an upgraded 

version of PerSicon-Bus, extending the junction scales from isolated junction to road networks. 

The EUVO algorithm enhances the data inputs of PerSicon-Bus to improve its performance in 

imperfect CV penetration rates. 

3.4 Challenges for modelling adaptive person-based signal controls in 

urban isolated junction 

In contrast to the vehicle-based approach, there should be an additional vehicle occupancy level 

state variable to be considered in the person-based signal control paradigm due to occupancy 

levels in passenger cars are different. The signal control design and signal timing strategies, in 

person-based control, may make different choices to guarantee the right-of-ways of all 

passengers in junction surrounding vehicles with real-time information from CVs. The design of 

person-based signal control algorithm is not an easy task as constant vehicle flow demands, 

irregular vehicle and inside passenger arrival distributions, varying traffic state parameters and 

the influence of signal plan decisions on vehicular environments cause the traffic situations more 

complex than the vehicle-based approach. In order to develop a fair passenger occupancy priority 

assigning system that specifically reacts to the real-time road network environment, several 

challenges need to be considered: 

Special person-based signal optimization mechanism: The most common adaptive vehicle-based 

signal controls follow fixed, or dual ring (Feng et al., 2015) phase sequences, and provide green 

durations to specific stages according to vehicle queues or vehicle trajectories. It is suitable when 

vehicle numbers are only determinable for signal planning decisions as all vehicles account for the 

same proportions of weights with a slight impact on vehicle delay. While the public transport 

priority-based strategies apply different signal timing priorities to detecting public transport 

vehicles, such as stage skipping, green extension, and stage recall (Diakaki et al., 2013), which 

breaks the current stage ordering sequence for the aim of assigning higher priority to those 

vehicles with a mass amount of passengers. This is because public transport vehicles with more 

passengers are more susceptible to be suffered from delays than passenger vehicles from the 

perspective of reducing person delays. The flexible stage schemes could also be implemented in 

person-based signal control in urban junctions for all passenger vehicles. However, this leads to a 

more complicated signal optimization mechanism for a person-based approach since flexible 

stage schemes would be extra determination factors for signal timing design.  

The person-based approach controller should select the priority green stage rather than the pre-

defined stage sequence for next stage to better reduce person delay. While various patterns of 
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unpredicted passenger occupancy levels in queuing or arriving make signal controller challenging 

to identify which lane and how many vehicles should be awarded junction crossing priority. In the 

public transport priority-based approach the green time priority will be given for detecting public 

transport vehicles and related lanes it belongs. In vehicle-based approaches, if flexible stages 

adopt, those lanes with higher queuing vehicles might be promised priority as more vehicles will 

be discharged before stage switches. However, neither of them can apply to the person-based 

urban signal control approach. A basic example illustrated in Figure 3.2 can describe this situation. 

Without the consideration of passenger number, the queuing platoon with four vehicles in a 

vertical lane in Figure 3.2 is more efficient to be provided with priority than two queuing vehicles 

in conflicting lanes, taking into account the average vehicle discharging rate and start-up time loss 

caused by stage switching. However, if comprehensively considering the influence of passenger 

numbers in each of the vehicles in Figure 3.2, the horizontal lane will acquire green pre-emption 

first due to higher occupancy rates in two vehicles in the horizontal lane. This situation will 

become more complex if more combinations of different passenger occupancy levels occur. The 

circumstances in Figure 3.2 or more complex traffic situations indicate that the person-based 

signal controller cannot assign priority to those lanes with the highest occupancy level vehicle, or 

decide the priority according to vehicle number in a separate lane. The person-based signal 

control should develop a special innovation signal optimization mechanism to manage the global 

maximum benefits and travelling experience through properly deciding the priority of vehicles 

from different lanes.  
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Figure 3. 2 A basic example: priority should be provided for which lane in person-based approach? 

Stochastic passenger level distributions among different lanes: There is typically more than one 

lane per incoming approach serving all vehicle movements (left turn, straight, right turn) in one 

junction. Two or three of those non-conflicting phases could be operated with green lights at the 

same time to share the limited junction spaces more efficiently. The non-conflicting phase 

combinations in the vehicle-based approach are fixed; loop executing one stage after another. 

The signal timing plan for bus priority also follows this trend, only switching to the specific stage 

when it involves a high priority arriving bus at the current time. However, notably, the proportion 

of buses in the total vehicle number coming towards the junction is rather low and buses are 

moving along relatively regular routes. As for passenger vehicles in the situations of the person-

based signal control approach, those high occupancy vehicles (typically 3 or 4 people in each 

vehicle) occupy a considerable part of the total amount of vehicles and their arrival patterns are 

stochastic. The distributions of vehicle occupancy are varying, unpredictable and irregular among 

all possible lanes approaching the junction. The vehicle groups with high occupancy level 

combinations may appear in non-conflicting phases out of pre-defined stage settings and 

situations may be changeable in the following stages. The present vehicle-based signal control 

algorithms are hard to satisfy the requirements of reacting to such dynamic network situations 

and reducing passenger delay. The flexibility of the person-based signal design paradigm needs to 
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be significantly extended to explore the most appropriate signal timing possibility to react to 

various occupancy level distributions and improve passenger mobility on the premise of ensuring 

junction user safety. 

Constant vehicle flow demand towards junction: The person-based signal control optimization is 

a dynamic planning process. The constant vehicle flow demands travel towards the junction from 

different directions at every time step, with varying passenger occupancy levels. The incoming 

vehicles continuously bring variables to junction environments and vehicular status and thus 

influence the priority strategy judgement made by the person-based signal controller. Vehicles 

with a high number of passengers may arrive in the following time and step out of the detection 

region of the current junction; join the lane regarded as a low priority to reform junction priority 

situations. The adaptive signal control system using connected vehicle data can merely capture a 

snapshot of current localization traffic conditions, based on which predicts the short-term future 

traffic state and optimize signal timing parameters (Islam and Hajbabaie, 2017). Signal controllers 

need to figure out real-time signal timing plans that yield the highest person-based objective 

functions over the prediction horizon period in isolated urban junction, eliminating the 

unforeseen changes in constant traffic demand as possible toward global optimal solutions. 

Influence of signal decision to next state: The principle of reinforcement learning approach of 

stochastic approaches introduced in Chapter 2 indicates that controller decision in the next state 

is a consequence of vehicle states, junction actions and rewards in the current step. Vehicle-based 

controls assign green time for each stage according to queuing vehicle numbers or real-time 

vehicle flows in the current lane and it does not need to explicitly consider the influence of the 

controller decision. This is because the general objective of the vehicle-based approach is to 

discharge more vehicles with the same priority weights at the same time. Ensuring green time 

assignments for saturated flows is rather effective. However, the person-based approach needs to 

take into account passenger vehicles at different priority levels and it is more likely to switch 

active traffic lights to other stages with higher priority vehicle groups. In this case, the role of the 

current signal timing decision is critical to affecting the signal timing optimization process over 

prediction duration. The signal decision of the junction controller made in the current time step 

(extending green stage time or switching to any possible next stage) have effects to unblock or 

obstruct all vehicles and passengers inside them in all approaching lanes. 

The value of predicted crossing times of those high occupancy level vehicles and lane state in the 

next time step partial depend on immediate signal stage arrangements. The estimated high-

priority vehicle group crossing time will be postponed if the current lane is inactive with the red 

traffic light. This may lead to different person-based objective function values in the next time 
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step as the priority centre probably shifts to other lanes or postponed prediction crossing time. 

Therefore, formulating the environmental state every time step to explore all the possibilities for 

person-based function values is important. 

3. 5 Requirements for modelling adaptive person-based signal controls in 

urban isolated junction 

Person-based signal controls in urban isolated junction is a rarely implemented design concept, 

which makes it challenging to determine the format of the signal timing optimization paradigm. It 

is not the first time to propose the person-based signal control approach for an urban isolated 

junction. In Vilarinho et al. (2017) the proposed control system attempted to consider the 

occupation of any vehicle and fairly treat vehicles and their passengers. The system should bring 

up the benefits of stage designs and phase change as needed to replace the fixed paradigm. The 

paper also discusses how a person-based approach would look like to be to react to unexpected 

traffic events including varying occupancy levels. Combining with the challenges of the person-

based approach against vehicle-based signal control need to be addressed mentioned above, the 

characteristics of expected paradigm formation of the person-based approach are: 

Delay predictions for every vehicle in any junction approaching lane: The first challenge of the 

person-based approach claims that a new signal optimization mechanism should be developed to 

ensure the urban junction discharges people in passenger vehicles at the highest rates. The 

distributions of vehicle occupancy levels are varied in dynamic environment states so it is hard to 

calculate how many vehicles in which lane should be prioritized directly. For instance, the signal 

timing duration awarded based on queuing vehicles in person-based approaches or stage 

resetting for arriving buses and its prediction of crossing time in the bus priority approach are not 

suitable in these complex situations. The vehicles waiting for departure in incoming lanes are 

separable into different vehicle groups with different discharging opportunities. Providing more 

green active duration for one crowded lane means more queuing vehicles are expected to be 

discharged in the following time, but may not be the optimal discharging rate. In the proposed 

person-based approach, it is essential to predict explicit crossing time corresponding to every 

passenger vehicle in any incoming lane in an isolated junction. Only in this way junction controller 

is capable of figuring out which kind of signal timing strategy should be adopted, how many 

vehicles in which lane could be released as predicted, and whether it is the most efficient solution 

to reducing person delay, improving people's mobility and person-based performance. 

Traffic states update for every stage: The crossing time prediction for every vehicle relies on the 

newest traffic states in the approach lane, more specifically, how many vehicles are in front of it, 
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what are their statuses and whether the junction controller assigns lasting green time priority to 

this lane. The last challenge mentioned above presents that the current traffic state is affected by 

the traffic state and signal timing strategy last time. It also becomes recursive to be a critical 

factor to determine various junction states in the next stage with different controller actions. Any 

one of the feasible signal timing schemes is possible to achieve the underlying person-based 

objectives, part of which may significantly be different from signal strategy in vehicle-based 

controls and result in different traffic states. It is challenging to figure out which signal plan should 

be executed unless all of the possible schemes are judged by a new person-based mechanism at 

the end of the prediction period. The person-based signal optimization approach should be able 

to identify the relationships between traffic states in the current time step and last time step. 

Moreover, the traffic states in every time step need to be updated and recorded for the sake of 

exploring vehicle crossing opportunities and their benefits for passenger mobility. 

Flexible stage sequences and phase combinations: The most common vehicle-based adaptive CV 

signal controls are constrained to follow a pre-determined stage order. Dual ring-and-barrier 

diagram (shown in Figure 3.3) is a standard formation of fixed stage sequence adapted in many 

vehicle-based approaches such as (Li and Ban, 2017). The traffic signal in an isolated junction 

successively executes two non-conflicting phases in their separate rings (for instance, phase 1 & 5 

in the first stage, phase 2 and 6 in the second stage in Figure 3.3) and repeats the cycle. Given the 

fact that passenger vehicles with higher passenger occupancies may instantaneously arrive at the 

final place of fixed stage order to cause heavier person congestions, the proposed person-based 

approach provides the possibility of no pre-defined stage order. The next signal timing stage 

scheme can be assumed any phase combinations (e.g. phase 1 & 5 or phase 1 & 6 in Figure 3.3) or 

any flexible stage sequences (e.g. executing phases 4 & 8 as the first stage in Figure 3.3) within 

permitted ranges. Therefore, the person-based signal controller has capable of selecting any 

possible but permissible stage on the basis of the most beneficial stage plan for person-based 

objectives at any prediction period for solving the second challenge, considering all vehicle users 

present and expected in junction. 
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Figure 3. 3 Standard ring-and-barrier diagram (Koonce et al., 2008) 

Different from sequential signal timing plans in vehicle-based signal controls, flexible signal 

planning in person-based control may result in uncertain stop-and-go behavioural adaptation in 

drivers as they cannot learn the dynamic decision-making mechanism of the controller rather 

than the repetitive structure. As a result, the expected performance of person-based controls may 

be reduced if drivers hesitate to cross the junction at the earliest chance. However, the CV 

technology allows two-way communication between junction controllers and CVs, which has the 

chance to solve this matter. After determining the signal plans for person-based controls, the 

junction controller can inform timing opportunity for each driver in CV to cross the junction by 

wireless communication to make them have mental preparation in advance. 

No constraints of cycle length; minimum green time and maximum green time in another 

version: Minimum green time, maximum green time and cycle length are typical traffic signal 

parameters used in the vehicle-based approach. Minimum green time is adopted as the first 

portion of the green interval and is set for the consideration of satisfying driver expectancy and 

clearing storage of vehicles between the detectors and the stop line that cannot be detected in 

the presence of inductive loops (Koonce et al., 2008). The minimum green time setting has 

appeared in another version. This is because in the person-based approach, the signal transitions 

are more flexible (e.g. phase 1 & 5 or phase 1 & 6), and the vehicle clear time is calculated by the 

person-based signal optimization mechanism and traffic states obtained by CVs. This person-

based mechanism can determine the signal timing assignments more precise according to the 

benefits to all passengers in vehicles while meeting the requirements of minimum green time by 

using CV communication systems.  
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The maximum green time and cycle length are produced to prevent one of the approaching lanes 

from operating overlong duration and excessive waiting time of vehicles in other lanes. In a 

person-based approach, the cycle length and maximum green time are hard to be defined due to 

flexible phase combinations and stage reorder. Therefore, the fixed cycle length is not adopted 

and maximum green time appears in another version. Instead, the person-based control agent 

evaluates whether it is worthy and favourable to continue the green time or turn into another 

stage with the highest benefits to people's mobility. The green duration can be assumed at any 

value without constraints of cycle length. To replicate the negative effects of serving one lane for 

a too long time, the person-based approach introduces the accumulated waiting time of 

passengers in any vehicle detected as a factor into person-based objective functions. Moreover, 

the green time for a specific lane will be terminated if it serves too long and the signal plans 

related to it are excluded in the next step from the list of all possible signal schemes.  

Rolling horizon approach: As discussed in the third challenge, CV communication allows junction 

controllers a detailed snapshot of dynamic networks and a person-based approach need to figure 

out the optimal solutions for the future period. To avoid unforeseen changes in dynamic traffic 

demand, and occupancy level distributions and reduce the complexity of the problem formulation 

as possible, a rolling horizon solution technique is developed. The proposed approach collects 

data at the moment time step and predicts the traffic state for certain time steps up to the 

prediction period. The person-based approach then figures out optimal signal timing parameters 

that yield the highest objective function values at the isolated junction over the prediction period. 

The decisions for signal timing schemes will be implemented from the next time step until the 

prediction period ends. The optimization process is triggered again and repeats the same works.  

3. 6 Methodology consideration for person-based signal control approach 

in isolated junction 

The characteristics of the person-based signal control approach should have are presented in 

Section 3.5 to solve all of the challenges for the transformation from vehicle-based approaches. 

This project reviews the state-of-the-art vehicle-based adaptive CV signal control systems in 

Chapter 2. The review of vehicle-based signal control decision algorithms indicates that there are 

five alternative options for developing a new person-based paradigm: integer programming and 

solution algorithms, traditional theory-based methods, stochastic approaches, multi-agent 

junction managements and analogy methods.  

Other methods except integer programming are not suitable for person-based control with 

completely flexible signal plans. The traditional theory-based methods determine the signal 



Chapter 3 

90 

timing parameters such as green duration split, cycle length, and offset based on real-time flow 

demands or the number of vehicles in a certain section collected by CVs. It is not suitable to be 

adopted in person-based control as those flow demands which indicate regional vehicle counts 

cannot shift to explicit traffic states in every stage. Hence, the traditional theory-based methods 

also fail to predict the crossing time of every passenger vehicle and compute the different 

occupancy level priorities of any vehicle group. The stochastic approaches are effective in small 

traffic networks and they have good performance when traffic signal timing selections are limited 

such as in some cases in vehicle-based approaches (Hu et al., 2014). However, as discussed in 

Section 3.5, there have potentially plenty of traffic signal choices in person-based approaches to 

find out the most appropriate to reduce passenger delays. The number of traffic state patterns in 

a person-based approach is also greater than in vehicle-based approaches due to additional 

occupancy level distributions in different incoming lanes. The matching of state patterns and 

junction controller action patterns is much more difficult and complex for stochastic approaches 

such as reinforcement learning methods and neural networks, also resulting in severe time 

consumption for model structure construction. The performance of stochastic approaches are 

also very sensitive to changes in traffic state parameters and susceptible when traffic volumes and 

road network scales increase. Multi-agent junction managements are more appropriate for traffic 

vehicular environments in the presence of autonomous vehicles. This research only focuses on 

the person-based approach in connected vehicle environments. Besides, they emphasise the 

vehicle platoon trajectory planning negotiated by junction agents and vehicle agents, which may 

be hard to calculate the highest person-based objective function values in a person-based 

approach. Analogy methods are not prevailing vehicle-based approaches, and lack validation of 

signal control principles and performance.  

Therefore, integer programming is chosen for modelling the person-based signal control approach 

due to its optimization capability to formulate person-based objective functions (e.g. minimising 

average person delay) mathematically and figure out the optimal signal timing parameters with 

the highest objective values under finite available signal scheme options over prediction period. 

The integer programming can increase the number of constraints for describing the vehicle's free-

slow or queuing status, maximum vehicle discharging rates and lowest crossing time, and 

available signal strategies considering collision avoidance conditions and their respective 

passenger proceeds. Modelling constraints for integer programming contribute to finding out all 

eligible signal timing options and computers are sufficiently fast to model the person-based 

outcomes of different junction choices. Therefore, it is applicable to be formulated in complicated 

traffic situations and execute the optimization process in real-time signal approach 

implementation.  
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Integer programming solution algorithms have been reviewed in Chapter 2 and dynamic 

programming is selected as the methodology for the proposed person-based approach. The 

reason to choose dynamic programming is it is a powerful technique to solve a particular class of 

problems and able to characterize the optimal decision based on partial solved solutions, and 

thus, more efficient than other solution algorithms (e.g. enumeration approach, branch and 

bound approach) avoid duplication of same traffic situations. It is also more reasonable than part 

of solution algorithms such as greedy algorithms to calculate the optimal solutions for the whole 

prediction period rather than one stage, emphasizing the relationships between two consecutive 

time stages. Nevertheless, the usage of dynamic programming requires a recursive structure for 

solving problem and it is only applicable to those problems which have several properties: 

ω The given problem can be partitioned into smaller sub-problems. 

ω Each of the sub-problems can be solved independently. 

ω Optimal solutions to the sub-problems contribute to the optimal solution of the given 

problem. 

ω Sub-problems should have the same optimal substructure property. 

The person-based approach in isolated urban junction follows all of the requirements for 

developing a dynamic programming method. As for a certain prediction period, the signal timing 

optimization problem for this duration can be broken up into sub-problem, for instance, figuring 

out signal timing optimal solutions in a shorter prediction term. The estimation process of 

junction traffic states can be regarded as a recursive structure, those of which in every step are 

results of traffic states and junction actions in the last step and can be part of references for the 

next step. All of the sub-problem that have been solved would not take effect in the junction 

states in the following step. In the first step, the person-based algorithm attempts to find optimal 

traffic signal plans for the current step as an outcome of the smallest sub-problem. The recorded 

sub-optimal solution can be directly quoted to calculate the benefits for passengers in the next 

step without over-lapping optimization from the very beginning. Moreover, the algorithm only 

remains and records the signal plan with the highest value results reacting to the same situation 

at the current step to avoid the unnecessary re-calculation of the rest of the possible signal plans 

to reduce time complexity; repeats the same optimization process until the final step.  

The initial adoptions of dynamic programming methods in adaptive CV vehicle-based signal 

control systems, such as (Feng et al., 2015; Priemer and Friedrich, 2009), only consider the explicit 

green duration for a specific stage or limited stage selections available for junction controller. In 

the proposed signal control approach, the dynamic programming method is used to explore the 

optimal signal timing solutions for the greatest person-based objective values based on all 



Chapter 3 

92 

possibilities of flexible stage sequences and phase combinations for every time step efficiently. 

Two ways of dynamic programming approaches are considered: 

Forward recursion dynamic programming: the problem is solved by starting from the first step 

and proceeding toward the last step. The value function of the initial state is set to zero. The 

result obtained at a step is used as a consideration of the decision modifiers of the states in the 

next step. This recursive optimization process will continue until the last step. The optimal policy 

with minimum cost or maximum benefits will be adopted at the final step. 

Backward recursion dynamic programming: in a backward recursion case, the optimal decision is 

computed starting from each state recursively, beginning at the last period. The value function for 

a state represents the cost of an optimal decision sequence beginning from the given state. In the 

last step, there are no decisions left to be made and therefore the value function for all states is 

set to zero. When the decision space left is adequate to execute a policy, its corresponding value 

will be recorded to find the optimal solution with the greatest value function until the first step. 

The backward recursion dynamic programming needs to realize all of the passenger mobility 

benefits when the junction controller takes any signal timing plan in any step from the last state in 

the first step. As for the person-based approach, the benefit values to passengers in vehicles are 

not identified at the very beginning as the dynamic traffic state determined benefit value in the 

next step cannot be figured out until the junction state and action in the last step are obtained. 

Therefore, in this project, the forward recursion dynamic programming will be used to model the 

core part of the person-based signal control algorithm to find the highest objective value for 

passengers. 

3.7 General evaluation framework for proposed person-based controls  

Signal control evaluation is a critical part to validate the performance of proposed algorithms. In 

this section, the simulation tool and car-following model used for operating signal controls and 

imitating vehicle behaviours are discussed and selected. The benchmarking signal controls are 

also described to compare and validate the effectiveness of the proposed algorithm. It is 

important to ensure that the benchmarking models and proposed algorithm are operated in the 

same vehicular and traffic dynamic environments and evaluated under a consistent and fair 

evaluation framework. Therefore, the developed evaluation framework is consistently applied for 

all of the signal control algorithms and key points of the evaluation framework are summarized in 

summary. 
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3.7.1 Microsimulation tool selection for this research 

The methodology to validate the performance of the proposed algorithm PerSiCon-Junction needs 

to be considered and selected. There are three frequently used methods in transport research: 

analytical computation (e.g. developing car-following models (Krauß, 1998), simulation and field 

trials. Considering large amounts of CV and wireless communication devices are required in this 

research to achieve PerSiCon-Junction, the field trial approach would be difficult to implement 

such researches logically due to the heavy cost of CVs and wireless communication devices and 

large scaled test sites for trials. Meanwhile, the performance indicators in real trials for the CV 

technology approach are complicated to be collected. The directly analytical computation 

approach also appears to be unrealistic for this research because the junction control system and 

performance involving large numbers of vehicles, communication systems and controller agents 

are too complex to be measured. Microscopic simulation is found the most suitable way to 

approach this research compared to other main research approaches due to the low cost and 

efficient KPI collection process with high-performance computation of computer.  

There are three types of simulation which can be used to evaluate road network performance: 

microscopic, mesoscopic and macroscopic simulations. Microscopic simulations collect the 

behaviours of individual vehicles in the road network, such as speeds, and locations. Macroscopic 

simulations collect the performance of the road network or a zone as a whole area, for instance, 

vehicle flows and average speed for a road section. Mesoscopic simulations consider the small 

groups of traffic elements with similar traffic behaviours, such as flows and average speed of 

vehicles from one lane. Mesoscopic simulations are relatively less computationally intensive than 

microscopic simulations while providing more detail than macroscopic. In this project, the 

microscopic simulations allow large quantities of detailed vehicle information to be collected with 

different characteristics (e.g. vehicle occupancy levels) to be compared among models. Detailed 

information on the individual vehicle is also necessary for PB-AVA as data sources, which cannot 

be captured from mesoscopic and macroscopic simulations. Therefore, signal control models are 

applied in microscopic simulation to test the performance of the proposed algorithm with 

benchmarking models. 

The microscopic simulations available for this project should satisfy several criteria: 

ω The simulation software should have accessible documentation. 

ω The simulation software should support CV as a user case. 

ω The simulation software should contain a scripting function though which the traffic 

models and traffic signals could be controlled. 
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Three microscopic simulations were found to meet the several criteria mentioned above: Aimsun 

(Barceló and Casas, 2005), SUMO (Krajzewicz et al., 2006), and VISSIM (Fellendorf, 1994). Some 

key features of the three microscopic simulations used to identify which one is most suitable for 

this project have been reviewed in Table 3.3. 

Table 3. 3 Comparisons of microscopic simulations 

 VISSIM SUMO Aimsun 

License Commercial Open-source Commercial 

Visualization 2D/3D 2D 2D/3D 

Vehicle types Car, bus, truck Any types Car, bus, truck 

Scope City/Region City/Region Regional/Country 

Parallel operation 4 instances With multi-scripts With extra cost 

CPU usage 50 ς 60%(2D), 60 ς 70%(3D), 30 ς 40% 30 ς 40% 

RAM usage 720MB(2D), 

780 - 800MB(3D) 

12-16MB 300 - 400MB(2D), 

1GB(3D) 

 

VISSIM is a commercial microsimulation package based on the Windows system which uses the 

Wiedemann car-following model (Wiedemann and Reiter, 1992). It only supports the simulations 

of cars, buses and trucks. VISSIM has a link to TRANSYT which can be reproduced as a 

benchmarking model. VISSIM also integrates travel demand modelling tools to assist road 

network buildings. Vissim has the best graphical representation which supports a two/three-

dimensional preview of road networks and it provides more realistic vehicles, pedestrians and 

even static city buildings. However, the scripts can only interface with VISSIM after the 

simulations have been operated. The CPU and memory usage of VISSIM is the highest among the 

three microsimulation software. 

Simulator of Urban Mobility (SUMO) is an open-source microsimulation package which supports 

Windows and Linux operating systems based on car-following models of Krauß (Krauß, 1998), IDM 

(Treiber et al., 2000), or Wiedemann (Wiedemann and Reiter, 1992). Unlike VISSIM and Aimsun, 

SUMO does not provide visualization details of vehicles and surrounding buildings. It also does not 

have links with other traffic signal controllers due to its open-source licence. SUMO supports 

parallel simulations with different scripts so that there is no extra cost. The CPU/memory usage of 
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SUMO is the lowest and the simulation in SUMO can be operated starting from its scripts, which 

ensures that SUMO simulation is more efficient than the other two simulations. 

Aimsun is a commercial microsimulation package based on a Windows system with Gipps car-

following model (Gipps, 1981). Aimsun has the largest simulation scope from the regional level to 

the country level. It also has built-in demand modelling tools to simplify road network modelling. 

Similar to VISSIM, the simulation in Aimsun needs to be running before the scripts can be used to 

interface with signal controls. 

The overview of three microsimulation software find that the script operation property of SUMO 

is superior to VISSIM and Aimsun as it supports parallel simulation without extra cost and the 

scripts can be operated to interface with the simulation. These benefits can save simulation 

operation time in performance evaluations of proposed PerSiCon-Junction and benchmarking 

models with the number of experiments. Moreover, the algorithm mechanism of PerSiCon-

Junction is rather complicated and it requires more computation complexity than traditional UTC 

systems. The last memory storage and CPU occupation in SUMO enable the proposed algorithm 

to be implemented smoother. SUMO also supports more vehicle types than VISSIM and Aimsun, 

which can make PerSiCon-Junction scalable to more complicated vehicular situations in future 

research. Therefore, SUMO is selected as the most appropriate software to simulate models in 

this research. 

3.7.2 Car-following model consideration 

Section 3.7.1 identifies that SUMO is the most appropriate software to simulate the proposed 

signal control algorithm. SUMO implements a few well-validated car-following models, namely 

Krauß, IDM, or Wiedemann. Pourabdollah et al. (2017) evaluated the performance of three car-

following models using real-world vehicle data. The results indicated that IDM car-following 

model replicated better driving behaviours than the other two models in the case of high driver 

imperfection parameter. IDM car-following model is more suitable to be applied when driver 

reactions are almost perfect or in vehicular environments with AVs. The performance of Krauß 

improved significantly with optimized parameters and time delay. Another research found that 

Krauß car-following model performed better than the other two models in mixed traffic scenarios 

with passenger cars and buses (Mathew and Ravishankar, 2011). 

This study develops the person-based signal controls with CVs and conventional vehicles. The 

proposed algorithm could be scalable to incorporate buses with higher passenger volume in 

Chapter 4 and other vehicle types (e.g. emergency vehicles) with different priority levels in future 

research. These vehicle types have different parameters including vehicle length, saturated flow 
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and acceleration rates. In addition, Krauß can generate stable and collision-free traffic flow, which 

has been validated (Krauß, 1998). Therefore, Krauß car-following model is considered to be most 

appropriate for this research. 

3.7.3 Benchmarking models for validation 

3.7.3.1 TRANSYT fixed-time control 

Fixed-time control uses historical traffic demand data as inputs and deploys an offline 

optimization process to generate predetermined signal plans. The junction controller operates 

through the stages sequentially and repeats the cycle. Figure 3.4 illustrates a flowchart for a fixed 

time control mechanism.  

 

Figure 3. 4 Flowchart overview of TRANSYT 

 

As introduced in Section 2.2, TRANSYT (Robertson, 1969) is one of the most widely adopted fixed-

time control. TRANSYT can calculate the optimized fixed time signal plans using historical flow 

measurements for both isolated junction and coordinated junctions. Although open-source 
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microsimulation software SUMO does not have a link to incorporate TRANSYT into simulation 

operation, the TRANSYT 16 software (Binning, 2019) license can be accessible from Transportation 

Research Laboratory (TRL). The signal timing optimization process can be conducted in TRANSYT 

and applied in SUMO with the flowchart in Figure 3.4. The details of TRANSYT parameters are 

introduced in Chapter 5. 

  
Besides the fixed-time optimization function in isolated junction, TRANSYT also provides the 

coordination version to operate fixed-time controls in road networks by optimizing the offsets 

between one cycle start time and another cycle start time. In this project, the coordination 

version of TRANSYT is called TRANSYT-network to distinguish that it is a coordination signal plan 

for the road network. 

3.7.3.2 Inductive loop based actuated signal control (ILACA) 

Due to open-source license of SUMO, the MOVA traffic signal actuated control in isolated junction 

does not provide a link to be incorporated into SUMO simulation. In this research, an Inductive 

Loop Actuated Control Algorithm (ILACA) which can detect traffic situations and correspondingly 

adjust the flexible durations for each stage by means of loop detectors (Papageorgiou et al., 2003) 

is proposed. A fully-actuated junction control strategy is introduced here in Figure 3.5 as a 

benchmarking model from Federal Highways Administration Signal Timing Manual guidelines 

(Koonce et al., 2008). A maximum green time and minimum green time are pre-determined for 

ILACA, which are illustrated in Chapter 5 with their specific values. The junction will be operated 

following pre-defined stage sequences. When the junction control switches to the new stage, it 

will run out the minimum green time and judge whether the current flow exceeds the flow 

threshold at the end of the duration. The stage duration will be extended to an extension unit 

time in response to the vehicle flow approximated saturated flow of this lane (typically 80% of the 

saturated flow of this lane). This circle will last until the detected flow does not reach this 

threshold or the cumulated stage duration exceeds the limitation of maximum green time. The 

ILACA will then transfer to the next stage and experience the same process. The parameters of 

ILACA are described in Chapter 5. 

  
In fully-actuated control, each junction controller makes signal timing decisions based on data 

received from all approaches to the junction. The junction controller operates without a common 

background cycle (Koonce et al., 2008). As a result, there is no coordination version for fully-

actuated control ILACA. To maintain the consistency of the evaluation framework, ILACA-network 

is defined as the ILACA operation in the road network in this research. Each junction controller 

makes its signal timing decisions independently in ILACA-network with data from inductive loops 

installed surrounding it. 
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Figure 3. 5 Flowchart overview of ILACA 

3.7.3.3 Vehicle-based signal control using data from CVs (VehSiCon) 

The performance of proposed PerSiCon-Junction optimize signal timing plans with person-based 

objectives using CV data is meaningful to compare with the performance of algorithms with 

vehicle-based objectives using CV data. The state-of-the-art researches are difficult to be 

reproduced and compared in this project because of their complex algorithm paradigms and 

different modelling objects. This research proposes a vehicle-based signal control using CV data, 

namely VehSiCon, as a benchmarking model. The VehSiCon use the same initial vehicle departure 

time prediction theory to put more emphasis on investigating the impacts on complete flexible 

signal plans, vehicle trajectory update theory and person-based objective optimizations. Figure 

3.6 provides an overview flowchart for VehSiCon. 
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The VehSiCon adopts fixed stage sequences and phase combinations to minimise vehicle delay in 

a certain planning horizon. When the vehicle-based control triggers, it collects speed and location 

information of CVs and predicts the departure time of every arriving vehicle from green light lanes 

using theories in Section 4.3.2. The core part of the optimization process is to determine how long 

the green time durations should be assigned for different stages, in other words, when the most 

appropriate cases switch the traffic light to the next stage. A possible switch point appears when a 

vehicle discharges from the lane in the last time step to avoid wasting the green light.  

  

From the initial time step to the planning horizon, each vehicle's initial prediction discharging time 

step in the current stage forms a possible point to switch to the next stage. For instance, the 

vehicle's initial departure time list for the current stage (phase 1&5) is predicted to be [3s, 5s, 7s, 

9s], and each element in this list is regarded as a case to switch the traffic light (green light for 

phase 1&5 will last for 3, 5, 7 and 9 seconds respectively for four different cases and switch to 

next phase 2&6 after an intergreen duration). The departure times of vehicles in the next stage 

are also predicted using the vehicle updating theories from Section 4.3.5 based on when it is 

activated. For instance, assuming intergreen duration is 3 seconds, 6, 8, 10, and 12 seconds red 

light durations are considered in vehicle updating predictions for phases 2&6 to calculate switch 

points according to the departure times of vehicles in this stage. This circle repeats in Figure 3.6 

until the end of the horizon duration. After all of the stage switch points and their corresponding 

cases are founded, the optimal signal timing plan can be found within the time horizon to achieve 

the objective of minimising vehicle delay using Equation (4-2) without the presence of vehicle 

occupancy and be executed until the start of next horizon. The green duration for each stage in 

VehSiCon should also follow the constraints of minimum green time and maximum green time. 

  

The coordination version of VehSiCon, namely VehSiCon-Network, has the same coordination 

optimization structure as PerSiCon-Network. As claimed in Section 4.5, the decentralized 

coordination structure predicts the arrival time of vehicles which are out of the communication 

range, to enhance the data inputs of the three-layered person-based optimization algorithm. 

VehSiCon-Network also adopts the enhancement of optimization algorithm data inputs to realize 

the further vehicle arriving information. The main differences between VehSiCon-Network and 

PerSiCon-Network are their optimization algorithm mechanisms and objective functions. 
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Figure 3. 6 Flowchart overview of VehSiCon 

3.7.4 Simulation experiment scenarios and performance indicators (KPIs) 

The evaluation framework needs to carry out a variety of simulation experiment scenarios for 

validating the performance of the proposed algorithm and benchmarking models with different 

sensitivity analysis factors. There are two different situations about sensitivity analysis factor 

choice. The first case is that the optimal values for some parameters in PerSiCon and related 
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algorithms are not decided yet. For instance, although rolling horizon approach has been applied 

in vehicle-based adaptive signal control, there is no conclusion about the optimal value for 

planning duration. Therefore, different planning duration values will be adopted in PerSiCon-

Junction evaluation, which is incremented from 10s to 60s with a step of 10s to test the influences 

of the planning horizon towards PerSiCon-Junction. The different values of weighted factor ‏ from 

0 to 1 in Equation (4-2) should also be tested in PerSiCon-Junction.  

Another case is that different situations happen in the real world traffic dynamics and all signal 

control algorithms are essential to be tested in these scenarios to observe the changes in their 

performance. For instance, the traffic flows fluctuate at different times of days and on different 

dates. Therefore, simulation scenarios with different flow levels are carried out in the evaluation 

framework. The penetration rate of CV also changes over the years as the value is predicted 

higher in future. The proposed algorithm is tested in different CV penetration rate evaluation 

scenarios. Similarly, various bus occupancy levels are considered in different evaluation scenarios. 

The most commonly used KPIs in vehicle-based controls and person-based controls are 

summarized in Table 2.1 and Section 3.1 respectively. In this research, average vehicle delay, 

average vehicle number of stop, average person delay and average person number of stop are 

selected to evaluate the algorithms in each scenario based on the following considerations:  

¶ Average vehicle delays and number of stop are primary optimization components in fixed-

time calibrated signal plans TRANSYT to execute the signal timing plans; 

¶ The objective function of VehSiCon is to minimise average vehicle delay; 

¶ PerSiCon is proposed to minimise average person delay; 

¶ Average person delay and average person number of stop can reflect the performance of 

person-based controls and are widely adopted in related researches. Average person 

delay can measure the delay suffered by each passenger in the vehicle. The average 

number of stop is not merely a KPI to measure the fuel consumption and fuel emissions, it 

can also reflect the passenger travelling experiences in vehicles. Fewer average person 

number of stop can improve the travelling experience of each person. 

Delay is described as the excess time one vehicle takes to complete its travelling routes compared 

to the free-flow travel time. The free-flow travel time is defined as the time vehicle takes to finish 

its journey by free travelling status under road speed limits, without the disturbances of external 

factors such as signalized junctions, surrounding vehicles or traffic infrastructures. The free-flow 

travel time can be tested by implementing a series of vehicles travelling in a non-signalized 

junction, recording time spent and calculating the average value. The actual travel time of one 

vehicle equals to time step it leaves the simulation minus the time step it appears in the 
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simulation. The delay of one vehicle equals actual travel time minus free-flow travel time. The 

delays of all passengers inside the vehicle are the same as the value of vehicle delay. Therefore, 

the total delay of passengers in one vehicle equals the number of passengers multiply vehicle 

delay. The number of stops for one vehicle during the entire journey is recorded by simulation. 

The passenger number of stops in one vehicle equals the number of passengers multiply vehicle 

number of stops. 

3. 8 Summary 

This chapter highlights the research gaps in urban signal controls by reviewing the most relevant 

state-of-the-art person-based controls and flexible signal timing literature and lists the 

contributions of this project to respond to the aim and objectives. To fill in the gaps, the chapter 

elaborates on the general methodologies that should be adopted for the new proposed person-

based algorithm by analysing its challenges and requirements. Moreover, the evaluation 

framework for validating the performance of the proposed algorithm by comparing it with 

reference algorithms is constructed, which has been summarized in Table 3.4. All of the signal 

control algorithms are evaluated in the same vehicle environments and criteria. Both vehicle-

based metrics and person-based metrics are adopted in Table 3.4 to ensure the fairness of the 

evaluation. Next chapter provides detailed descriptions of the proposed person-based algorithm 

PerSiCon-Junction, PerSiCon-Bus and PerSiCon-Network to respond to objectives. 

Table 3. 4 Key points in harmonised evaluation and validation framework 

Junction scale Isolated 

junction 

Multiple junctions 

Evaluation signal 

control 

algorithms 

TRANSYT, 

ILACA, 

VehSiCon, 

PerSiCon-Bus 

TRANSYT-Network, 

ILACA-Network, 

VehSiCon-Network, 

PerSiCon-Network 

PerSiCon-Network with EUVO 

algorithm 

Performance 

indicators 

Average vehicle delay, average vehicle number of stop, average person delay, 

average person number of stop 

Sensitivity 

analysis factors 

Traffic flow level, CV penetration rate, 

planning horizon, weighted factor ‏, bus 

occupancy level 

CV penetration rate, distance from 

detection area to cross line, loops 

and cameras activation interval 
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Chapter 4 ¢ƘŜ ŘŜǘŀƛƭŜŘ ƳŜǘƘƻŘƻƭƻƎƛŜǎ ƻŦ ǇǊƻǇƻǎŜŘ 

ǇŜǊǎƻƴπōŀǎŜŘ ŎƻƴǘǊƻƭ ŀƭƎƻǊƛǘƘƳǎ 

Chapter 3 briefly introduces the proposed person-based algorithms PerSiCon-Junction, PerSiCon-

Bus, and PerSiCon-Network and their evaluation framework. This chapter describes the detailed 

methodology of these three algorithms. Section 4.1 lists the simplifying assumptions made for 

three algorithms to point out their limitations and constraints, which are expected to be improved 

in future works. Section 4.2 lists definitions of all sets, variables and parameters used in this 

chapter. Section 4.3 provides the details for the adaptive person-based signal control approach 

PerSiCon-Junction proposed to minimise average person delay in an urban isolated junction, to 

correspond to objective 2 of this project. It describes the controller decision-making operational 

mechanism of associating traffic signal plans with corresponding person-based performance 

measures, considering the occupancy level of each vehicle according to real-time information 

from the interaction of junction controller and connected vehicles through wireless 

communication. Dynamic programming is an efficient and powerful technique for integer 

programming solution algorithms, applied when signal optimization problems can divide into sub-

problem with recursive structures. An innovative three-level dynamic programming signal 

optimization algorithm is developed in this project as the core of PerSiCon-Junction after 

collecting and processing connected vehicle data, which can explore all of the possible signal 

timing strategies in a certain planning horizon, predict the vehicle-based controls and efficiently 

figure out their person-based value function for determining optimal solutions. In this way, 

PerSiCon-Junction can implement in an urban isolated junction with passenger vehicles for the 

person-based signal control system.  

The vehicle constitution is assumed to be all passenger vehicles on road in Section 4.3. However, 

road traffic consists of different vehicle types in some cases. PerSiCon-Junction is a scalable 

framework which can join different vehicle modes into the algorithm as it calculates and 

estimates the possible discharging time of each vehicle during the optimization process. In Section 

4.4, buses are incorporated into modelling situations as a representative of special vehicle modes 

because it is most widely considered as a vehicle type with more passenger capacity in TSP 

strategies and other person-based methods. The proposed method is called an Adaptive Person-

based Signal Control Algorithm with Buses (PerSiCon-Bus), which uses the same optimization 

framework as PerSiCon-Junction, but more specific treatments are distinguished by passenger 

cars and buses in some equations. Section 4.5 develops PerSiCon-Network to understand how 

adaptive person-based control formulates and implements in multiple junctions and how it affects 

junction performance in terms of average person delay and number of stops. 
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4. 1 Assumptions and limitations of proposed algorithms  

Traffic signal control optimization is a complicated problem and it is proper to make some 

assumptions to simplify the optimization model. This chapter describes three person-based 

controls PerSiCon-Junction, PerSiCon-Bus and PerSiCon-Network. Their respective assumptions 

and limitations are listed below. 

For PerSiCon-Junction in Section 4.3, the assumptions and limitations include: 

¶ The vehicle compositions on road are assumed to be consisted of conventional vehicles 

and CVs, without the presence of AVs. AVs can send vehicular data to junction controllers 

and receive trajectory recommendations from controllers. Their changeable trajectories 

have minor influence on the vehicle arrival predictions and person-related performance, 

however, result in more complicated vehicle trajectory planning to reduce fuel 

consumption and emissions. Future works should take into account AVs in vehicular 

environments to achieve multiple objective function targets. 

¶ Vehicle lane-changing behaviours are assumed to be perfect in this project. Vehicles are 

assumed to change to their targeted lanes at the earliest chance once they enter the 

discharging lanes to the junction. In vehicle arrival prediction theories lane-changing 

behaviours are not considered and it is assumed that all of the vehicles would be 

discharged from their detected lane by default. In the real world, the vehicle may change 

its lanes after the data collection and signal timing optimization process. This 

phenomenon makes disturbance to the vehicle arrival sequence and number of vehicle 

predictions, which degrades the prediction accuracy and person-based performance. 

Future works should consider the impacts of vehicle lane-changing behaviours in signal 

control optimization. 

¶ To simplify the CV data collection process, it is assumed that there is no communication 

delay and data measurement error from CVs to junction controllers. The packet loss of CV 

data message is assumed to be 0%. In reality, the communication delay, data 

measurement error and packet loss will affect the quality of data inputs and degrade the 

performance of the proposed algorithm. Future works should develop enhanced signal 

control algorithms in more realistic scenarios. 

¶ Pedestrians and other vehicle modes are not considered in vehicle environments. 

Pedestrians have their special lanes to cross the junction and they will increase the 

computational complexity of flexible signal plan exploration. The individual car-following 

models and vehicle travelling behaviours of special vehicle modes may also cause 



Chapter 4 

105 

inaccurate vehicle arrival predictions. Future works can incorporate more vehicle modes 

into person-based controls.  

For PerSiCon-Bus in Section 4.4, the additional assumptions and limitations include: 

¶ The bus dwell time at the bus stop, bus lane-changing behaviours, and acceleration and 

deceleration process to approach and leave the bus stop are not considered in this 

research, assuming any bus stop near the junction area. The factors mentioned above will 

cause higher delays for buses and bus lane-changing behaviours will also disrupt the 

travelling of other vehicles. The improvement measurements to these influences should 

be solved in future works. 

¶ The calculation of headway between two vehicles is assumed to be only decided by the 

saturated flow of the former vehicle. This simplification is justified by the calculation of 

headway only relying on the front vehicle, so does not significantly degrade the results 

(Yang et al, 2018).  

For PerSiCon-Network in Section 4.5, the additional assumptions and limitations include: 

¶ The communication range of the junction controller to receive CV data is defined as 250m 

in this research. The communication range is typically 250 ς 300m. The shorter the 

distance communication range is, the fewer CV data can be received by the junction 

controller. The data transmissions of those CVs which are out of the communication range 

suffer heavier delay if considering data transmission latencies from CV to junction 

controller then to adjacent controller. In addition, the arrival times of those vehicles 

which are out of the communication ranges of two junction centres need to be predicted 

by former information. Although data transmission latency is not considered in this 

research, the 250m communication range is adopted as the worst scenario to develop 

PerSiCon-Network. 

¶ PerSiCon-Network assumes there is no data transmission between two adjacent 

junctions. Similar to the communication delay between CVs and junction controllers, the 

communication delay between two adjacent junctions will affect the quality of data 

inputs and degrade the performance of the proposed algorithm, which should be 

considered in future research. 

4. 2 Definitions of sets, decision variables and parameters  

This section provides all of the sets, variables and parameters used in three new proposed person-

based controls in Table 4.1. 
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Table 4. 1 Definitions of sets, decision variables and parameters for PerSiCon-Junction, PerSiCon-Bus and 

PerSiCon-Network 

{Ŝǘǎ 5ŜǎŎǊƛǇǘƛƻƴ ¦ƴƛǘ  

Ὕ {Ŝǘ ƻŦ ŀƭƭ ǎǘŜǇǎ ƛƴ ǘƘŜ ǇƭŀƴƴƛƴƎ ƘƻǊƛȊƻƴΣ ŜȄǇǊŜǎǎŜŘ ƛƴ ŦƻǊƳ ƻŦ ǘƛƳŜ ǎǘŜǇΦ ψψ 

ὖ {Ŝǘ ƻŦ ŀƭƭ ǇƘŀǎŜǎ ƛƴ ŀƴ ƛǎƻƭŀǘŜŘ ƧǳƴŎǘƛƻƴΦ ψψ 

Ὀ {Ŝǘ ƻŦ ŀƭƭ ǇƻǎǎƛōƭŜ ǘǊŀŦŦƛŎ ǎƛƎƴŀƭ Ǉƭŀƴǎ ƛƴ ŀ ƧǳƴŎǘƛƻƴ όŀǎǎƛƎƴ ƎǊŜŜƴ ǘǊŀŦŦƛŎ ƭƛƎƘǘ ǘƻ ǿƘƛŎƘ ǇƘŀǎŜύΦ ψψ 

Ὀ ί  {Ŝǘ ƻŦ ŦŜŀǎƛōƭŜ ŎƻƴǘǊƻƭ ŘŜŎƛǎƛƻƴǎ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸΣ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ίΦ ψψ 

Ὓ {Ŝǘ ƻŦ ǇƻǎǎƛōƭŜ ǘǊŀŦŦƛŎ ƭƛƎƘǘ ǇƘŀǎŜ ǎǘŀǘŜǎ ŀǘ ǎǘŜǇ ǎǘŜǇ ὸΦ ψψ 

ὒ {Ŝǘ ƻŦ ǎǘŀǘŜ ǘǊŀƴǎƛǘƛƻƴ ƭƛƴƪŀƎŜ ŀƭƭƻǿƛƴƎ ƧǳƴŎǘƛƻƴ ǎǘŀǘŜ ǘǊŀƴǎŦŜǊ ŦǊƻƳ ƭŀǎǘ ǎǘŜǇ ǘƻ ŎǳǊǊŜƴǘ ǎǘŜǇΦ ψψ 

Ὁὴ {Ŝǘ ƻŦ ŀƭƭ ŎƻƳǇŀǘƛōƭŜ ǇƘŀǎŜǎ ƎƛǾŜƴ ǇƘŀǎŜ ƛƴŘŜȄ ὸ ƛƴ ƛǎƻƭŀǘŜŘ ƧǳƴŎǘƛƻƴΦ ψψ 

{Ŝǘǎ   

ὴ LƴŘŜȄ ƻŦ ǇƘŀǎŜǎ ƛƴ ǇƘŀǎŜ ǎŜǘ ὖΦ ψψ  

ὸ tƭŀƴƴƛƴƎ ǘƛƳŜ ǎǘŜǇ ƛƴŘŜȄ ƛƴ ǘƛƳŜ ǎǘŜǇ ǎŜǘ ὝΣ ŜȄǇǊŜǎǎŜŘ ƛƴ ŦƻǊƳ ƻŦ ǘƛƳŜ ǎǘŜǇΦ ψψ  

Ὥ LƴŘŜȄ ƻŦ ŀ ǾŜƘƛŎƭŜ όŎŀǊ ƻǊ ōǳǎύ ƛƴ ŀ ǎǇŜŎƛŦƛŎ ƭŀƴŜ ŀǘ ŀ ǎǇŜŎƛŦƛŎ ǘƛƳŜ ǎǘŜǇΣ ŎƻǳƴǘƛƴƎ ŦǊƻƳ ǘƘŜ 

ǾŜƘƛŎƭŜ ƴŜŀǊŜǎǘ ǎǘƻǇ ƭƛƴŜΦ 

ψψ  

Ὣ ¢ƻǘŀƭ ƴǳƳōŜǊ ƻŦ Ŏƻƴǎǘŀƴǘƭȅ ƎǊŜŜƴ ǘǊŀŦŦƛŎ ƭƛƎƘǘǎ ǘƛƳŜ ǎǘŜǇǎ ƎƛǾŜƴ ŦƻǊ ǇƘŀǎŜ Ǉ ōŜŦƻǊŜ ƛƴƛǘƛŀƭ ǘƛƳŜ 

ǎǘŜǇ лΣ л ƛŦ ǊŜŘ ƭƛƎƘǘΦ 

ǎ  

ά  ¢ǊŀŦŦƛŎ ƭƛƎƘǘ ǎǘŀǘŜ ƛƴ ǇƘŀǎŜ ὴ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸΣ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ōƛƴŀǊȅ ǾŀǊƛŀōƭŜǎΦ л ƛŦ ǊŜŘ ŀƴŘ м ƛŦ 

ƎǊŜŜƴΦ 

ψψ  

Ὀ Ὥȟὴ ±ƛǊǘǳŀƭ ŀǊǊƛǾŀƭ ǘƛƳŜ ƻŦ ǾŜƘƛŎƭŜ Ὥ ƛƴ ǇƘŀǎŜ ὴ ǘƻ ǘƘŜ ƧǳƴŎǘƛƻƴ ǿƛǘƘ ŦǊŜŜ Ŧƭƻǿ ǎǇŜŜŘΦ ǎ  

Ὀ Ὥȟὴ !Ŏǘǳŀƭ ŘŜǇŀǊǘǳǊŜ ǘƛƳŜ ƻŦ ǾŜƘƛŎƭŜ Ὥ ƛƴ ǇƘŀǎŜ ὴ ŦǊƻƳ ǘƘŜ ƧǳƴŎǘƛƻƴΦ ǎ  

Ὕ Ὥȟὴ !ŎŎǳƳǳƭŀǘƛǾŜ ǿŀƛǘƛƴƎ ǘƛƳŜ ƻŦ ǾŜƘƛŎƭŜǎ ŦǊƻƳ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ƛǘ ŘŜǘŜŎǘŜŘ ōȅ ƧǳƴŎǘƛƻƴ ŎƻƴǘǊƻƭƭŜǊ ǘƻ 

ǎǘŀǊǘ ƻŦ ŎǳǊǊŜƴǘ ǇƭŀƴƴƛƴƎ ǘƛƳŜ ǎǘŜǇ лΦ  

ǎ  

ὝὧὭȟὴ ¢ƛƳŜ ǎǇŜƴǘ ŦƻǊ ǾŜƘƛŎƭŜ Ὥ ƛƴ ǇƘŀǎŜ ὴ ŦǊƻƳ ōŜƎƛƴƴƛƴƎ ǘƛƳŜ ǎǘŜǇ ǘƻ ǿƘŜƴ ƛǘ ŎǊƻǎǎŜǎ ǘƘŜ ǎǘƻǇ ƭƛƴŜΦ  ǎ  

ὃὭȟὴ hŎŎǳǇŀƴŎȅ ƭŜǾŜƭ ƻŦ ǾŜƘƛŎƭŜ ƛ ƛƴ ǇƘŀǎŜ Ǉ ŀǘ ōŜƎƛƴƴƛƴƎ ǘƛƳŜ ǎǘŜǇΦ aƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅΣ ƛǘ ƛǎ ŀƭǎƻ 

ǿǊƛǘǘŜƴ ŀǎ ÁÉȟÔȟÐȟÓ ǿƘƛŎƘ ǊŜŦŜǊǎ ǘƻ ƻŎŎǳǇŀƴŎȅ ƭŜǾŜƭ ƻŦ ǾŜƘƛŎƭŜ É ƛƴ ǇƘŀǎŜ Ð ŀǘ ǘƛƳŜ ǎǘŜǇ ÔΣ 

ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ Ó ƛƴ ŘŜǘŀƛƭŜŘ ŦƻǊƳǳƭŀǎΦ 

ǇŜǊ  

ὃ Ὥȟὴ hŎŎǳǇŀƴŎȅ ƭŜǾŜƭ ƻŦ ǾŜƘƛŎƭŜ Ὥ ƛƴ ǇƘŀǎŜ ὴ ŀǘ ōŜƎƛƴƴƛƴƎ ǘƛƳŜ ǎǘŜǇ ƛŦ ƛǘ ƛǎ ŀ ŎŀǊΦ aƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅΣ 

ƛǘ ƛǎ ŀƭǎƻ ǿǊƛǘǘŜƴ ŀǎ ὥ Ὥȟὸȟὴȟί ǿƘƛŎƘ ǊŜŦŜǊǎ ǘƻ ƻŎŎǳǇŀƴŎȅ ƭŜǾŜƭ ƻŦ ŎŀǊ Ὥ ƛƴ ǇƘŀǎŜ ὴ ŀǘ ǘƛƳŜ 

ǎǘŜǇ ὸΣ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ί ƛƴ ŘŜǘŀƛƭŜŘ ŦƻǊƳǳƭŀǎ ǘƻ ǊŜŦƭŜŎǘ ǘƘŜ ǳǇŘŀǘŜ ƻŦ ƛƴŘŜȄ ƻŦ ǾŜƘƛŎƭŜ 

ǿƛǘƘ ƻŎŎǳǇŀƴŎȅ ŘǳŜ ǘƻ ŘƛŦŦŜǊŜƴǘ ŘƛǎŎƘŀǊƎƛƴƎ ǎǘŀǘŜǎΦ 

ǇŜǊ 

ὃ Ὥȟὴ hŎŎǳǇŀƴŎȅ ƭŜǾŜƭ ƻŦ ǾŜƘƛŎƭŜ ƛ ƛƴ ǇƘŀǎŜ Ǉ ŀǘ ōŜƎƛƴƴƛƴƎ ǘƛƳŜ ǎǘŜǇ ƛŦ ƛǘ ƛǎ ŀ ōǳǎΦ aƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅΣ 

ƛǘ ƛǎ ŀƭǎƻ ǿǊƛǘǘŜƴ ŀǎ ὥ Ὥȟὸȟὴȟί ǿƘƛŎƘ ǊŜŦŜǊǎ ǘƻ ƻŎŎǳǇŀƴŎȅ ƭŜǾŜƭ ƻŦ ōǳǎ Ὥ ƛƴ ǇƘŀǎŜ ὴ ŀǘ ǘƛƳŜ 

ǎǘŜǇ ὸΣ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ί ƛƴ ŘŜǘŀƛƭŜŘ ŦƻǊƳǳƭŀǎ ǘƻ ǊŜŦƭŜŎǘ ǘƘŜ ǳǇŘŀǘŜ ƻŦ ƛƴŘŜȄ ƻŦ ǾŜƘƛŎƭŜ 

ǿƛǘƘ ƻŎŎǳǇŀƴŎȅ ŘǳŜ ǘƻ ŘƛŦŦŜǊŜƴǘ ŘƛǎŎƘŀǊƎƛƴƎ ǎǘŀǘŜǎΦ 

ǇŜǊ 

ὺ Ὥ LƴǎǘŀƴǘŀƴŜƻǳǎ ǎǇŜŜŘ ƻŦ ǾŜƘƛŎƭŜ Ὥ ŦǊƻƳ ǎǘƻǇ ƭƛƴŜ ǘƻ ƛǘǎ ƭƻŎŀǘƛƻƴ ƛƴ ǇƘŀǎŜ Ǉ ŀǘ ƛƴƛǘƛŀƭ ǘƛƳŜ ǎǘŜǇ л 

ƛƴ ƳŜǘŜǊǎ ǇŜǊ ǎŜŎƻƴŘΦ 

Ƴκǎ  

Ὓὲ Ὥ ¢ƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ŎǊƻǎǎ ƭƛƴŜ ƻŦ ǇƭŀƴƴƛƴƎ ƧǳƴŎǘƛƻƴ ὃ ǘƻ ὲ ὭǘƘ ǾŜƘƛŎƭŜ Ὓ Φ Ƴ  

ὖ  ¢ƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ŎǊƻǎǎ ƭƛƴŜ ƻŦ ŀŘƧŀŎŜƴǘ ƧǳƴŎǘƛƻƴ ὄ ǘƻ ὲ ὭǘƘ ǾŜƘƛŎƭŜ Ὓ Φ Ƴ  

Ὀὃȟὄ  ¢ƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ƧǳƴŎǘƛƻƴ ὃ ŀƴŘ ƧǳƴŎǘƛƻƴ ὄΦ Ƴ  
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ὗὸ ±ŜƘƛŎƭŜ ǉǳŜǳŜ ƭŜƴƎǘƘ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸ ǾŜƘ 

ὅὲ Ὥ ¢ƛƳŜ ƴŜŜŘŜŘ ŦƻǊ ὲ ὭǘƘ ǾŜƘƛŎƭŜ ǘƻ ōŜ ŘƛǎŎƘŀǊƎŜŘ ŦǊƻƳ ŀŘƧŀŎŜƴǘ ƧǳƴŎǘƛƻƴ . ŀǘ ǘƘŜ ƛƴƛǘƛŀƭ 

ǘƛƳŜ ǎǘŜǇ ƛŦ ƛǘ ƛǎ ƴƻǘ ƻƴ ƭƛƴƪ ǊƻŀŘΦ 

ǎ 

Ὕ  ¢ƘŜ ƛƴƛǘƛŀƭ ǇǊŜŘƛŎǘƛǾŜ ǘƛƳŜ ƻŦ ὲ ὭǘƘ ǾŜƘƛŎƭŜ ǎ 

Ὢὸ ±ŜƘƛŎƭŜ ŀǊǊƛǾŀƭ ǊŀǘŜ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸ ǾŜƘκǎ 

Ὣὸ ±ŜƘƛŎƭŜ ŘƛǎŎƘŀǊƎƛƴƎ ǊŀǘŜ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸ ǾŜƘκǎ 

5ŜŎƛǎƛƻƴ ǾŀǊƛŀōƭŜǎ  

Ὠ /ƻƴǘǊƻƭ ǾŀǊƛŀōƭŜ ŘŜƴƻǘƛƴƎ ǘǊŀŦŦƛŎ ŎƻƴǘǊƻƭ ŘŜŎƛǎƛƻƴ ƳŀŘŜ ōȅ ƧǳƴŎǘƛƻƴ ŎƻƴǘǊƻƭƭŜǊΣ ǘǊŀƴǎŦŜǊǊƛƴƎ 

ŦǊƻƳ ǎǘŀǘŜ ί  ŀǘ ǘƛƳŜ ǎǘŜǇ ὸ ρ ǘƻ ǎǘŀǘŜ ί ŀǘ ǘƛƳŜ ǎǘŜǇ ὸΦ !ƭǎƻ ǿǊƛǘǘŜƴ ŀǎ ἂί ȟίἃΦ 

ψψ 

ί {ǘŀǘŜ ǾŀǊƛŀōƭŜ ŘŜƴƻǘƛƴƎ ŎǳǊǊŜƴǘ ǎǘŀǘŜ ƻŦ ǘǊŀŦŦƛŎ ƭƛƎƘǘ ǇƘŀǎŜ ŀǘ ǘƛƳŜ ǎǘŜǇ ǘΣ ǿƘƛŎƘ ǾŀƭǳŜ ƛǎ 

ǊŜǇǊŜǎŜƴǘŜŘ ōȅ όὴȟὴΦ ὴȟὴ ǊŜǇǊŜǎŜƴǘǎ ǇƘŀǎŜ ƛƴŘŜȄ ƎƛǾŜƴ ƎǊŜŜƴ ǘǊŀŦŦƛŎ ƭƛƎƘǘǎ ƛƴ ǇƘŀǎŜ 

ƎǊƻǳǇ όмΣоΣсΣуύ ŀƴŘ όнΣпΣрΣтύ ǊŜǎǇŜŎǘƛǾŜƭȅ ƛƴ ǎǘŀǘŜ ίΦ LŦ ŀƭƭ ƻŦ ǇƘŀǎŜǎ ƛƴ ǇƘŀǎŜ ƎǊƻǳǇ όмΣоΣсΣуύ 

ƻǊ όнΣпΣрΣтύ ŀǊŜ ƎƛǾŜƴ ǊŜŘ ƭƛƎƘǘΣ ὴ ὶ ƻǊ ὴ ὶΦ Ὦ ƳŜŀƴǎ ǘƻǘŀƭ ǘƛƳŜ ǎǘŜǇ Ƙŀǎ ōŜŜƴ ƭŀǎǘƛƴƎ 

ŦƻǊ ŀƭƭ ǊŜŘ ǎǘŀǘŜΦ   

ψψ 

ὠὧὭȟί  tǊŜŘƛŎǘƛǾŜ ŘŜǇŀǊǘǳǊŜ ǘƛƳŜ ƻŦ ǾŜƘƛŎƭŜ Ὥ ƛƴ ǇƘŀǎŜ ὴ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸΣ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ί 

ŀǎǎǳƳƛƴƎ Ŏƻƴǎǘŀƴǘ ƎǊŜŜƴ ƭƛƎƘǘ ƎƛǾŜƴ ŦƻǊ ǘƘŜ ǇƘŀǎŜ ƛƴ ŦƻƭƭƻǿƛƴƎ ǎǘŜǇǎΦ 

ǎ   

ὛὧὭȟί  ! ōƛƴŀǊȅ ǾŀǊƛŀōƭŜ ǊŜǇǊŜǎŜƴǘǎ ǇǊŜŘƛŎǘƛǾŜ ǎǘŀǘǳǎ ƻŦ ǾŜƘƛŎƭŜ Ὥ ƛƴ ǇƘŀǎŜ Ǉ ǿƘŜƴ ƛǘ ŎǊƻǎǎ ǎǘƻǇ ƭƛƴŜ 

ŀǘ ǘƛƳŜ ǎǘŜǇ ὸȟ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ίΣ м ǊŜǇǊŜǎŜƴǘǎ ŦǊŜŜ ǘǊŀǾŜƭƭƛƴƎ ǎǘŀǘǳǎ ŀƴŘ л ǊŜǇǊŜǎŜƴǘǎ 

ǉǳŜǳƛƴƎκǎƭƻǿπŘƻǿƴ ǎǘŀǘǳǎΦ 

ψψ   

ὧίȟὨ  tŜǊŦƻǊƳŀƴŎŜ ƳŜŀǎǳǊŜ ŦƻǊ ǇŀǎǎŜƴƎŜǊ ŘŜƭŀȅ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸΣ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ί ŀƴŘ ŎƻƴǘǊƻƭ 

ǾŀǊƛŀōƭŜ ὨΦ 

ǎ  

Ὢὸȟί  CǳƴŎǘƛƻƴ ǾŀƭǳŜ ŀǘ ǘƛƳŜ ǎǘŜǇ ὸ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀŎŎǳƳǳƭŀǘŜŘ ǇŜǊǎƻƴπōŀǎŜŘ ǇŜǊŦƻǊƳŀƴŎŜ 

ƳŜŀǎǳǊŜ ŦƻǊ ŎǳǊǊŜƴǘ ǎǘŜǇ ŀƴŘ ŀƭƭ ƻŦ ǘƘŜ ǇǊŜǾƛƻǳǎ ǎǘŜǇΣ ƎƛǾŜƴ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ίΦ 

ǎ  

/ƻƴǎǘŀƴǘǎ 

Ὂ LƴǘŜǊƎǊŜŜƴ ǘƛƳŜ ƛƴǘŜǊǾŀƭ ƛƴ ǎŜŎƻƴŘǎΦ ǎ   

‌ {ǘŀǊǘπǳǇ ƭƻǎǘ ǘƛƳŜ ƛƴ ǎŜŎƻƴŘǎΦ ǎ   

   ƻŜŦŦƛŎƛŜƴǘ ƻŦ ŀŎŎǳƳǳƭŀǘƛǾŜ ǿŀƛǘƛƴƎ ǘƛƳŜ ƻŦ ǾŜƘƛŎƭŜǎ ψψ/ ‏

Ὤ {ŀǘǳǊŀǘƛƻƴ ƘŜŀŘǿŀȅ ƛƴ ǎŜŎƻƴŘǎΦ ǎ   

Ὕᴂ tƭŀƴƴƛƴƎ ŘǳǊŀǘƛƻƴ ƛƴ ǎŜŎƻƴŘǎΦ ǎ   

Ὥ bǳƳōŜǊ ƻŦ ǾŜƘƛŎƭŜǎ ƛƴ ǇƘŀǎŜ ὴ ŀǘ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǇƭŀƴƴƛƴƎΦ ǾŜƘ   

ὴᴂ ¢ƻǘŀƭ ƴǳƳōŜǊ ƻŦ ǇƘŀǎŜǎ ƛƴ ƧǳƴŎǘƛƻƴΦ ψψ   

Ὓ {ŀǘǳǊŀǘƛƻƴ Ŧƭƻǿ ǊŀǘŜ ƛŦ ŀƭƭ ǾŜƘƛŎƭŜǎ ŀǊŜ ŎŀǊǎΦ ǾŜƘκƘ 

Ὓ {ŀǘǳǊŀǘƛƻƴ Ŧƭƻǿ ǊŀǘŜ ƛŦ ŀƭƭ ǾŜƘƛŎƭŜǎ ŀǊŜ ōǳǎŜǎΦ ǾŜƘκƘ 

ὃ  hŎŎǳǇŀƴŎȅ ƭƛƳƛǘ ƻŦ ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎΦ ǇŜǊ 

ὃ  hŎŎǳǇŀƴŎȅ ƭƛƳƛǘ ƻŦ ǇŀǎǎŜƴƎŜǊ ŎŀǊǎΦ ǇŜǊ 

ὃ  hŎŎǳǇŀƴŎȅ ƭƛƳƛǘ ƻŦ ōǳǎŜǎΦ ǇŜǊ 

ὺ {ǇŜŜŘ ƻŦ ǾŜƘƛŎƭŜǎ ŘƛǎŎƘŀǊƎƛƴƎ ŦǊƻƳ ǉǳŜǳŜΦ  Ƴκǎ 

ὺ  {ǇŜŜŘ ƻŦ ŎŀǊǎ ŘƛǎŎƘŀǊƎƛƴƎ ŦǊƻƳ ǉǳŜǳŜΦ Ƴκǎ 

ὺ  {ǇŜŜŘ ƻŦ ōǳǎŜǎ ŘƛǎŎƘŀǊƎƛƴƎ ŦǊƻƳ ǉǳŜǳŜΦ Ƴκǎ 
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Ὑ /± ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǊŀƴƎŜΦ Ƴ 

ὠ ±ŜƘƛŎƭŜ ŦǊŜŜπŦƭƻǿ ǘǊŀǾŜƭƭƛƴƎ ǾŜƭƻŎƛǘȅΦ Ƴκǎ 

Á ±ŜƘƛŎƭŜ Ŏƻƴǎǘŀƴǘ ŀŎŎŜƭŜǊŀǘƛƻƴΦ  Ƴκǎн 

ὸ ¢ƘŜ ǘƛƳŜ ƴŜŜŘŜŘ ŦƻǊ ǾŜƘƛŎƭŜ ŀŎŎŜƭŜǊŀǘƛƻƴ ǇǊƻŎŜǎǎΦ ǎ  

Ὀ  ¢ƘŜ ŘƛǎǘŀƴŎŜ ǾŜƘƛŎƭŜ ǘǊŀǾŜƭƭŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŀŎŎŜƭŜǊŀǘƛƻƴ ǇǊƻŎŜǎǎΦ Ƴ  

ὗ  Lƴƛǘƛŀƭ ǉǳŜǳŜ ƭŜƴƎǘƘΦ ǾŜƘ  

ὗ  vǳŜǳŜ ƭŜƴƎǘƘ ƳŀȄƛƳǳƳ ŎƻƴǎǘǊŀƛƴǘΦ ǾŜƘ  

 

4. 3 Detail description of signal control algorithm PerSiCon-Junction  

This section describes the proposed algorithm PerSiCon-Junction to optimize signal timing plans 

using information from CVs.  A signalized junction with approaches from four directions is 

considered, which is shown in Figure 4.1. Each approach contains a dedicated left-turning lane 

which exclusively serves conflicting left-turning vehicles and a right-turning and through lane for 

those right-turning vehicles or vehicles that go straight. The phase number allocated for each lane 

and phase conflicting map are also illustrated in Figure 4.1 to indicate the vehicle movements at 

the junction. 

 

Figure 4. 1 (a) Junction layout and signal phase number (b) Phase conflicting map adopted in this section 

The PerSiCon-Junction integrates real-time vehicular-related data with junction control 

information for optimization. The position, speed, occupancy and ID of every CV received by 

PerSiCon-Junction originated from the BSM data framework under the SAE J2735 message set, 

which broadcasts at 10HZ frequency (USGAO, 2015). BSMs are through IEEE 802.11p 

communication protocol which describes the hierarchy of DSRC designing for high-speed vehicular 

movements. The time step of the proposed adaptive signal timing approach is set as 1s. The 
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connected junction control region is defined as 250m as a far enough reliable communication 

range in a four-leg isolated junction, where the messages can be received accurately under IEEE 

802.11p DSRC networks (He et al., 2012). 

A three-layered dynamic programming optimization procedure is developed to find out the 

maximum performance values and corresponding signal plans at a certain time. As shown in 

Figure 4.2, the algorithm receives vehicle ID, position, speed and road occupancy level, and 

processes them to produce the vehicle state list and initial departure time list as inputs for the 

first layer in Section 4.3.2. The first layer then calculates sub-performance values for different 

possible signal strategies at every time step (1 s) using Dynamic Programming (DP). The minimum 

performance value is recorded for the current step after figuring out all nodes of a certain step. 

The details of DP structure in the first layer are described in Section 4.3.3. To search all branches 

at each node when operating the DP algorithm, a signal phase transition exploration algorithm is 

developed to explore any potential traffic signal timing strategies in the middle layer (see Section 

4.3.4). The vehicle trajectory and car-following theories are also adopted to understand vehicle 

trajectory influences caused by different signal plan selections and related costs/benefits on every 

branch are determined (see Section 4.3.5). In the third layer in Section 4.3.6, the algorithm finds 

the maximum person-based performance measure benefits at the end of the planning horizon 

and uses a backward recursion DP to search for an optimal signal timing plan. The rolling horizon 

procedure repeats to execute the optimization framework when the arranged signal plans are 

implemented. 

 

Figure 4. 2 CV data collecting process and contents of BSM 

4.3.1 Model formulation 

The algorithm aims to minimise average passenger delay in an urban isolated junction without 

following any strict phase sequence and phase duration. PerSiCon-Junction describes the 

controller decision-making operational mechanism of associating traffic signal plans with 
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corresponding person-based performance measures, considering the occupancy level of each 

vehicle according to real-time information from the interaction of junction controller and CVs. All 

sets, variables and parameters used to formulate PerSiCon-Junction are listed in Table 4.1: 

The objective of the PerSiCon-Junction is to minimise the total passenger delay of vehicles which 

can be detected by CV technology around the junction. The passenger delay is calculated by the 

product of vehicle delay and the number of people in vehicles separately. The vehicle delay equals 

the difference value of the vehicle predicted departure time from the junction and virtual arrival 

time to the junction with free flow speed, which is shown in Equation (4-1): 

άὭὲ ὃὭȟὴ Ὀ Ὥȟὴ Ὀ Ὥȟὴ  (4-1) 

However, the summation of delays of all detected vehicles is difficult to be measured in signal 

optimization procedure as not all the vehicles from upcoming lanes can be discharged in a limited 

planning duration Ὕ. The departure times of those vehicles that failed to be discharged are 

unknown in the current optimization horizon. Therefore, the increment of total people time 

savings is adopted in this paper to replace the summation of people delay reduction. A mixed 

integer linear program is developed in PerSiCon-Junction to maximise the total number of people 

discharging time savings. As minimum green time is satisfied in flexible signal plans, the 

accumulated waiting time of the vehicle, from the first time it is detected to the initial step of the 

current optimization process with coefficient, is added to the objective function to guarantee the 

weight of low occupancy vehicle queuing for a longer time. The occupancy level factor is 

incorporated into the objective function to assign fairly priorities to different occupancy vehicles. 

The person-based objective function is formulated in Equation (4-2).  

άὥὼ ὃὭȟὴ Ὕ ρ ὝὧὭȟὴ Ὕ‏ Ὥȟὴ  (4-2) 

  

ίȢὸȢ 

π ὃὭȟὴ  ὃȟ   Ὥ ρȟςȟȣȟὭȟᶅὴ ɴ ὖ (4-3) 

π ὝὧὭȟὴ Ὕ ρȟὭ ρȟςȟȣȟὭȟᶅὴᶰὖ (4-4) 

π ά ςȟᶅὸɴ Ὕ (4-5) 

ὠὧὭȟί ὠὧὭ ρȟίὭ ρȟςȟȣȟὭ ρȟᶅὴɴ ὖȟᶅὸɴ ὝȟᶅίᶰὛ (4-6) 

ὨᶰὈ ίȟίᶰὛȟᶅὸɴ Ὕ (4-7) 
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Constraint (4-3) limits the value range of occupancy level parameter in each vehicle. Constraint (4-

4) limits the value of time spent on the departure time of a specific vehicle starting from time step 

0. This value equals Ὕ ρ if the vehicle fails to cross in planning duration. Equation (4-5) 

constrains the number of green traffic light phases ά  available to be assigned at the same time, 

which should be no more than 2 to obey the rules of non-conflicting phases in a standard 8-

phases isolated junction to avoid vehicle collision. Constraint (4-6) sets out the relationships of 

predictive departure time among those vehicles in the same lane assuming no lane-changing 

behaviours near the junction.  

Constraint (4-7) claims that all of the state variables ίand decision variables Ὠ need to be 

selected from their separate sets at time ὸ. The determinations of state set and control decision 

set depend on phase transition regulation and state set in last step ὸ ρ, which are represented 

in Equations (4-8) and (4-9) respectively. The details are described in Sections 4.3.3 ς 4.3.6. 

Ὓ ί ἂ᷉ί ȟίἃɴ ὒȟί ᶰὛ ὸᶅɴ Ὕ (4-8) 

  

Ὀ ί ἂί ȟίἃ᷉ ἂί ȟίἃɴ ὒȟί ᶰὛ ὸᶅɴ Ὕ (4-9) 

4.3.2 PerSiCon-Junction overview and data source processing  

PerSiCon-Junction is developed to provide a method for solving the optimization problem 

formulated, finding out the maximum performance values and corresponding signal plans over a 

certain period. The system overview of PerSiCon-Junction is presented in Figure 4.3. As shown in 

Figure 4.3, the algorithm receives vehicle ID, position, speed and road occupancy level, and 

processes them to produce the vehicle state list and initial departure time list as inputs at t = 0 

using Equations (4-10) ς (4-13). A three-layered DP algorithm is the core part of PerSiCon-Junction 

to figure out the optimal solution with DP structure. Dynamic programming is adopted to divide 

the whole optimization problem into sub-problem in every time step with recursive structure. The 

optimal solution for the substructure is recorded and can be retrieved in the following 

optimization process to avoid repetitive calculations, which is more effective than the 

enumeration method. The three-layered DP algorithm (as seen in Figure 4.3) is constructed by a 

forward recursion algorithm (Algorithm 1) at the upper and middle layers and a backward 

recursion algorithm (Algorithm 3) at the lower layer. Algorithm 1 describes the upper and middle 

layers of PerSiCon-Junction with a forward recursion DP structure. Algorithm 2 is a phase 

transition algorithm operating every step inside Algorithm 1, to explore all of the possible signal 

plans in the next step based on the signal plan in the current step. After determining the 

maximum objective function value, Algorithm 3 performs a backward recursion DP structure to 

figure out the optimal solution. 
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Figure 4. 3 Conceptual framework flowchart of PerSiCon-Junction 

Before the operation of the optimal solution algorithm, all pieces of BSM from CVs are managed 

to form vehicle information lists sorted by phase index. The purpose of this process is to generate 

initial predictive departure time lists for the fleet based on the vehicle trajectory theories shown 

in Figure 4.4.  
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Every CV can only send real-time information about its individual characteristics and trajectories 

to the junction management infrastructure. The distances from those CVs travelling within range 

of the detection region and approaching towards the junction centre to the cross line of each lane 

can be calculated with location information. The location lists are then sorted CVs by their 

distance to the cross line from nearest one to furthest in detection range. The instantaneous 

speed and occupancy level lists are produced by recording fleet information by following the 

order of distances.   

Given positions and speeds of vehicle Ὥ in phase ὴ, the initial departure time for vehicles in queue 

and arrivals can be predicted at the start of optimization supposing that the next step for this lane 

will be constantly activated with green lights, which are expressed in Equations (4-10) and (4-11). 

The prediction method is originated from the kinematic wave theory principles adopted in 

person-based control (Christofa et al, 2016) and (Mohammadi et al, 2019), which is used for 

describing vehicle trajectories in the fleet with the influence of adjacent vehicles. In this paper, 

the acceleration and deceleration process of vehicles when they merge into queues or start-up for 

discharging are simplified to reduce the operational complexity of algorithm optimization. Four 

cases of different fleet trajectory patterns (see Figure 4.4) are considered in this method in the 

case of no less than three vehicles in arriving fleet: 

1. All vehicles are discharged with free-flow speed 

2. All vehicles are discharged from queue 

3. Following vehicles with free-flow speed arrive before the queue has been discharged 

4. Following vehicles with free-flow speed arrive after the queue has been discharged.   
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Figure 4. 4 Different cases of fleet trajectory representations assuming constantly green light given  

The different departing cases in Figure 4.4 analyse vehicle trajectories and statuses with the 

knowledge of speeds and distances to junction cross line. The horizontal axis represents different 

time steps. Red, yellow and green colours on the horizontal axis are junction signal timing plans at 

different time steps in the individual lane. The vertical axis represents the distance of a vehicle to 

the cross line. The negative values in the vertical axis mean that vehicles are in the approaching 

lane and positive values mean that vehicles have crossed the junction. Each line represents the 

trajectory of a vehicle, in other words, the relationships between time steps and positions of a 

vehicle. The blue lines represent vehicles travelling under free-flow speed with a slop of vehicle 
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free-flow travelling speed ὺ Ὥ. The brown lines represent vehicles in queues or slow-down 

processes if the slope of a vehicle ὺ Ὥ is less than the threshold value ὺ. At the initial time step 

t = 0, the position of each vehicle ὰὭ represents the distance from it to the cross line. Given 

constant green time after the initial time step, the time needed for a vehicle to cross the junction 

ὠὧὭȟί  equals to its vertical axis value when ὰὭ π. If there is no queue, the vehicle can 

cross the junction with the free-flow speed as shown in case 1 in Figure 4.4. If a queue exists, as 

illustrated in cases 2, 3 and 4 in Figure 4.4, each vehicle in queue discharges with a discharging 

speed ὺ saturated headway Ὤ and start-up time loss for first vehicle ɻ due to driver reaction and 

vehicle platoon acceleration. The rate of backward recovery shock wave starting from congestion 

occurred equals to a slope of ὺ. 

The first difference of scenarios is to judge whether there is a queue exists at the junction at the 

moment of the green light is given or not. If the speed of the first vehicle in approach fleet ὺ Ὥ 

is higher than the threshold speed parameter ὺ, it can be regarded as a free-flow status vehicle, 

whose departure time equals the distance to the junction cross line divided by instantaneous 

speed. The following vehicles also cross the junction without stop and delay, which is shown in 

case 1 in Figure 4.4. If the speed of the first vehicle in the platoon is detected as 0, it stops at the 

junction to form a queue. When the green light is awarded to this lane, the vehicle suffers a start-

up loss time ‌ due to driver reaction time and acceleration time lost, then crosses the junction 

with saturated flow speed ὺ. All queuing vehicles (see case 2 in Figure 4.4) successively 

accelerate to speed ὺ and discharge keeping a saturation time headway Ὤwith the adjacent 

front vehicle for the sake of avoiding collision. If a free travelling vehicle is detected approaching 

the end of the queue, it will either merge into the queue before the front vehicles have been 

discharged (see case 3 in Figure 4.4) or cross the junction with free-flow speed after the queue 

has been eliminated when it is far away enough (see case 4 in Figure 4.4). The challenge is to 

compare the value of free speed discharging time with the predictive departure time of previous 

vehicles plus the saturation headway. Case 3 occurs if the summation of predictive departure time 

of previous vehicles plus the saturation headway is greater than discharging time under free-flow 

speed, otherwise the vehicle will drive without the disruption of the queue in case 4.  

According to the theories explained above in Figure 4.4, the initial departure time of the first 

vehicle in the fleet is formulated separately, which is shown in Equation (4-10). This is because the 

trajectory of the first vehicle is not affected by any following vehicles and start-up loss time 

should be taken into account. The initial departure times of the following vehicles are calculated 

by Equation (4-11) sequentially.   
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ὠὧρȟί

‌ Ὤ ὫȟὭὪὺ ρ π᷈ Ὣ ‌ Ὤ

άὭὲ ‌ Ὤ Ὣȟὰ ρ ὺϳ ρ ȟὭὪπ ὺ ρ ὺ

ὰ ρ ὺϳ ρȟὭὪὺ ρ ὺ Ὣ᷉ ‌ Ὤ

Ὣ᷈ ‌ Ὤ ὴᶅɴ ὖ (4-10) 

  

           ὠὧὭȟÓ  
 6ÃὭ ρȟÓ  Ὤȟ                 ὭὪ ὺ Ὥ  ὺ 

ÍÁØὰὭȾὺ Ὥȟ 6ÃὭ ρȟÓ  Ὤ ȟ   ὭὪ ὺ Ὥ  ὺ
  ᶅὴ ɴ ὖȟὭ ς  (4-11) 

  

The travelling status of each vehicle when it leaves the approaching lane is defined by binary 

variables. This variable is judged after the initial departure time is determined for the convenience 

of updating the departure time of the vehicle in the following steps. The transition of two status 

modes is an irreversible process. Once a vehicle driving at free flow speed changes to queuing 

status, this status will stay constant until it is discharged. The statuses of the first vehicle and 

following vehicles in the lane counted from the stop line are expressed in Formulas (4-12) and (4-

13) respectively.  

Ὓὧρȟί
ρȟὭὪὺ ρ ὺ

πȟὭὪὺ ρ ὺ
ὴᶅɴ ὖ          (4-12) 

  

                                    ὛὧὭȟί  
ρȟὭὪ ὺ ρ  ὺ ὥὲὨ  ὠὧὭȟί  ὰὭȾὺ Ὥ

πȟ                                έὸὬὩὶ ὧὥίὩί
   ᶅὴ ɴ ὖȟ   Ὥ ς (4-13) 

3.4.3 Three-layered DP and forward recursion algorithm 

This sub-section introduces the proposed three-layered DP algorithm and Algorithm 1 applied at 

the upper and middle layers in PerSiCon-Junction. Figure 4.5 presents a sketch illustration of a 

three-layered DP algorithm. This multi-step DP applies a forward recursion and a backward 

recursion algorithm to solve the signal timing optimization problem on a certain planning horizon. 

The upper layer calculates sub-performance values for different possible signal strategies at every 

time step (1 s) based on the state variables and decisions using Equation (4-14) in Algorithm 1. 

The sub-optimal performance value is then recorded for the current step after figuring out all 

nodes of a certain step. The details of the DP structure in the upper layer are described in this 

Section. In order to search all branches at each node when operating the DP algorithm, a signal 

phase transition exploration algorithm (Algorithm 2) is developed to explore any potential traffic 

signal timing strategies in the middle layer (see Section 4.3.4). The vehicle trajectory and car-

following theories are also adopted to match vehicle trajectory influences caused by different 

signal plan selections and related costs/benefits on every branch are determined by Equations (4-

15) - (4-22) in Algorithm 1 (see Section 4.3.5).  In the bottom layer, the algorithm finds the 

maximum person-based performance measure benefits at the end of the planning horizon and 
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uses a backward recursion DP in Algorithm 3 (see Section 4.3.6) to search for an optimal signal 

timing plan. The rolling horizon procedure repeats to execute the optimization framework when 

the arranged signal plans are implemented. 

 

 

Figure 4. 5 Multi-steps sketch for three-layered dynamic programming algorithm constituted by Algorithm 

1, 2 and 3 

In Figure 4.5, the signal timing optimization algorithm triggers at step 0 and collects state 

information from CVs. There are several available choices (e.g. ὨȟȟὨȟȟὨȟin step 1 in Figure 4.5) 

for the junction controller to implement as different phase allocation schemes, transferring 

vehicle environments and signal phases to different states (e.g. ίȟȟίȟȟίȟin step 1 in Figure 4.5) 

with varying passenger discharging benefits. The signal optimization algorithm accumulates this 

performance measure in every step and figures out the optimal solutions at the final step based 

on the performance value function. The three-layered DP optimization algorithm assigns flexible 

signal phase sequences and durations to achieve maximum value of performance value function 

based on predictive vehicle departure time. Step represents time step in the algorithm and is 

discretized to 1 s intervals in order to enable the algorithm to identify all of the possibilities and 

relative benefits of signal plan transition in every step. The junction controller determines the 

phase allocation in every step at the final step by performing the optimization over a 

predetermined planning horizon. 
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All of the feasible states ί and junction decisions Ὠ at time step ὸ are derived from the sets of 

possible states Ὓ and control decisions Ὀ ί  in equation (4-8) and (4-9). The details of forward 

recursion are described as follows: 

Algorithm 1 Forward recursion dynamic programming algorithm in the upper and middle layer 
of PerSiCon-Junction 

Input: Speed, location, vehicle ID and occupancy data of vehicle (car or bus) Ὥ ρȟςȟȣȟὭȟᶅὴɴ

ὖ. Junction signal information ί at initial time step 0. 

Output: Optimal solution for signal timing state ίᶻ at final time step Ὕᴂ with maximum 
accumulated function value ὪὝᴂȟί ; dictionary with sub optimal solution path ὕᶻ. 

1:  predict the initial departure time ὠὧὭȟί  initial vehicle statue ὛὧὭȟί   of vehicle 

   (car or bus) Ὥ ρȟςȟȣȟὭȟᶅὴɴ ὖ at time step 0 using Equation (4-10) ς (4-13) 

2:  set ὸN ρ, Ὢπȟί ᴺπ, ὕᶻ  N empty dictionary 

3:  while ὸ Ὕᴂ do: 

4:      for each ί ᶰὛ :  

5:           get state variable set Ὓ and decision variable set Ὀ ί  at time step ὸ using Algorithm 
2 and Table 4.2          

6:      for each ίᶰὛ and ὨᶰὈ ί : 

7:           calculate sub performance measure ὧίȟὨ  using Equation (4-14)  

8:           Ὢὸ ȟί ᴺάὥὼ 

9:           record ίᶻ ᴺὕᶻὸȟί  as sub optimal solution if  ὧίȟὨ Ὢὸ ρ ȟί
Ὢὸ ȟί  

10:          while ὸ Ὕᴂ do:   

10:               for each ὴɴ ὖ: 

11:                   if ὴ == ὴ or ὴ == ὴ: 

12:                        update ὠὧὭȟί , ὛὧὭȟί  and ὥὭȟὸȟὴȟί  using Equation (4-15) ς (4-17) 

13:                   else: 

14:                        update ὠὧὭȟί , ὛὧὭȟί  and ὥὭȟὸȟὴȟί  using Equation (4-18) ς (4-22) 

15:     ὸN ὸ ρ 

16: ὪὝȟÓᶻ άὥὼ 

The forward recursion in the upper layer starts the optimization at step 1 by assigning cumulative 

value representing the person-based objective function to 0. For each step, the upper layer of DP 

calculates the performance measure of passenger discharging benefits, determining and 

recording the optimal solution ὕᶻὨ ί  combining with the cumulative value function in the last 

step for each state variable ί. At the final step, the optimization algorithm compares function 

values of different states to decide the optimal signal timing plans with the highest objective 

function value. 

A series of phase allocations for each step reaching to the optimal state are searched by a 

backward recursion in the lower layer in Section 4.3.6. The performance measure ὧίȟὨ  of 

passenger benefits from the last step to the current step is a function of state variables and 

control decisions. The performance measure is calculated in response to the person-based 

objective function by judging whether the first index vehicle after the stop line in lanes given 
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green traffic light in state ί is able to cross the stop line or not. The value ὧίȟὨ  is calculated 

in Equation (4-14): 

ὧίȟὨ  

ừ
Ử
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
Ử
ứὥρȟὸ ρȟὴȟί ὥρȟὸ ρȟὴȟί Ὕł ρ ὸ Ὕ‏ ρȟὴ Ὕ‏ ρȟὴ ȟ

ὭὪ ὴᶰρȟσȟφȟψȟὴ ᶰςȟτȟυȟχȟπ ὠὧ
 
ρȟί ρȟπ ὠὧ

 
ρȟί ρ

ὥρȟὸ ρȟὴȟί Ὕł ρ ὸ Ὕ‏ ρȟὴ  ȟ

ὭὪ ὴᶰρȟσȟφȟψ ὥὲὨ π ὠὧ
 
ρȟί ρȟὴ ᶱ ςȟτȟυȟχ έὶ ὠὧ

 
ρȟί ρ

ὥρȟὸ ρȟὴȟί Ὕł ρ ὸ Ὕ‏ ρȟὴ ȟ

ὭὪὴ ᶰςȟτȟυȟχ ὥὲὨ π ὠὧ
 
ρȟί ρȟὴᶱ ρȟσȟφȟψ έὶ ὠὧ

 
ρȟί ρ

πȟέὸὬὩὶ ὧὥίὩί

       ᶅὸ ɴ Ὕ όпπмпύ 

Cars and buses are constantly discharging from the approaching lanes and vehicle environments 

are dynamic as the proceeds of optimization. The predictive departure time, travelling status and 

occupancy level of vehicles in each lane determining the value of ὧίȟὨ  need to be updated in 

the middle layer after the calculation of performance measure in the upper layer in every step, 

and returned them to the upper layer for calculation in next step. 

4.3.4 Signal phase transition and exploration algorithm 

The four-leg isolated junction layout and phase allocations are used in this paper and the phase 

conflicting map illustrating which phases are conflicted is graphed in Figure 4.1. A dual-ring 

controller follows fixed pre-determined phase sequences, which cannot be adopted in person-

based signal control to explore the flexibility of signal timing plans (Improta and Cantarella, 1984). 

A flexible signal phase sequence and combinations machine are proposed in PerSiCon-Junction to 

solve this problem. In the middle layer of the DP optimization algorithm, the set for all feasible 

traffic signal phase states is produced in each step depending on the signal state set in the last 

step and phase transition linkages allowing junction state transfer from the last step to the 

current step in Equation (4-9). The phase set is originated from real-time phase information 

collected by traffic light infrastructure as the phase set at the initial step. Inspired by the 

theoretical flexible traffic light state machine proposed in (Li and Wang, 2006), the phase 

transition linkage and exploration algorithm is adopted in this research. It allows the efficient 

exploration of all flexible phase transition linkage situations by obeying the rules of avoiding 

conflicting vehicle flow collisions based on the phase conflicting map (Guler et al., 2016) and 

eliminating unnecessary linkages. Figure 4.6 shows an example. In the phase conflicting map, the 

number in the first row represents the subject phase index and the number in the first column 

represents the compatible or conflicting phase. Value 1 means the two phases are compatible and 

0 means the two phases are conflicting. To elaborate on the feasible adjacent relationships, 

several criteria need to be satisfied meanwhile to ensure junction travelling safety and limited 

green time resource utilisation: 
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Figure 4. 6 An example of signal phase transition and exploration mechanism 

Á At any state in isolated junction, the junction controller assigns green traffic lights to at most 

two non-conflicting phases to ensure the vehicle flow can safely cross the junction centre area 

without collision. The non-conflicting relationships between any of two phases in the isolated 

junction have been expressed in Table 3.2. For every phase, there are two other compatible 

phases that allow them to proceed with vehicle flows at the same time. More specifically, given 

phase ὴᶰὖ, at state ί, compatible phase ὴ ᶰὉὴ . For example, if the index of the first 

phase is 1, the non-conflicting phase of it belongs to set ςȟυ. 

Á The transitions between two states need to experience complete intergreen interval duration, 

each of which incorporates two non-conflicting phases with green light and all of them are 

completely different. However, if one of the green light phases in one state is the same as one of 

those green light phases in another state, this phase should keep green lights during the 

intergreen time. This is because the green light phase exists in two different states and the red 

light is unnecessary to operate to obstruct the vehicle flows. For example, phase 1 will keep the 

green light during state transition ρȟς to ρȟυ. 

Á The traffic signal phase state with two non-conflicting phases cannot transfer to itself after an 

intergreen duration. This criterion is to ensure maximising the use of green resources. For 

instance, state ρȟς cannot transfer to ρȟς by intergreen duration. 

According to these rules, the steps of signal phase transition and exploration mechanism are 

described in Algorithm 2 as follows: 
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Algorithm 2 Signal phase transition and exploration algorithm 

Input: Signal timing state ί  at time step ὸ ρ; dictionary with sub optimal solution path ὕᶻ 
from Algorithm 1. 

Output: Signal timing state set Ὓ and decision set Ὀ ί at time step ὸ. 

1:  Ὓ N  [ ], Ὀ ί  N  [ ] 

2:  explore all possible ί ὴȟὴ  based on ί ὴ ȟὴ   and Table 4.2, insert each ί 
into list Ὓ 

3:  if ὸ Ὂ ρ: 

4:      for each ίᶰὛ:  

5:          if  ὴ ᶰρȟςȟσȟτȟυȟφȟχȟψ and ὴ ὶ: 

6:               retrieve ί  ὴ ȟὴ   from ὕᶻ 

7:                   remove ί from Ὓ if ὴ ὴ: 

8:          elif ὴ ὶ ὴ᷈ ὶ: 

9:               retrieve ί  ὴ ȟὴ   from ὕᶻ 

10:              remove ί from Ὓ if ὴ ὴ and ὴ ὴ 

11:         else: 

12:              pass 

13: for each ίᶰὛ: 

14:     Ὠᴺἂί ȟίἃ 

15:     insert Ὠ into Ὀ ί  

The middle layer of the DP optimization algorithm reproduces the flexible signal phase algorithm 

which satisfies all of the requirements above and modifies it as a form of an adjacent list in Table 

4.2. Given the form of the traffic phase state at the last step, all feasible forms of the state at this 

step are listed in Table 4.2. These possible phase states constitute the set of planned steps and 

enable the DP to calculate different performance measures by visiting all of the elements in the 

set. 

 

Table 4. 2 Set for possible traffic phase states given state in last step 

4ÈÅ ÆÏÒÍ ÏÆ ÇÉÖÅÎ ÓÔÁÔÅ ί ὴ ȟὴ  ÁÔ ÓÔÅÐ 

ὸ ρ 

4ÈÅ ÆÏÒÍ ÏÆ ÐÏÓÓÉÂÌÅ ÓÔÁÔÅÓ ί ὴȟὴ  ÁÔ 

ÓÔÅÐ ὸ  

ὴ ᶰρȟσȟφȟψ ὴ᷈ ᶰ ςȟτȟυȟχ ρὴ ὴ ȟὴ ὴ  

ςὴ ὴ ȟὴ ὶ 

σὴ ὶȟὴ ὶ 

ὴ ᶰρȟςȟσȟτȟυȟφȟχȟψ ὴ᷈ ὶȟρ Ὦ Ὂ ὴ ὴ ȟὴ ὶ  

ὴ ᶰρȟςȟσȟτȟυȟφȟχȟψ ὴ᷈ ὶ ὴ ὴ ȟὴ ᶰὉὴ ὴ᷈ ὴ  

ὴ ὶ ὴ᷈ ὶȟρ Ὦ Ὂ ὴ ὶ ȟὴ ὶ  

ὴ ὶ ὴ᷈ ὶ ὴ ᶰρȟσȟφȟψ ὴ᷈

ᶰ ςȟτȟυȟχȟὴ ὴ ȟὴ

ὴ  
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4.3.5 Vehicle departure time updating theory 

In the middle layer of PerSiCon-Junction, the initial departure time list is updated and combined 

with the decision of the junction signal controller for lane Ὥ to calculate the partial fragments of 

passenger delay reduction. The initial departure time list of the fleet for one lane is predicted in 

Section 4.3.2 assuming the green light is always given for the current phase in the following steps. 

However, this assumption in standard isolated junctions is a special situation and not suitable for 

all cases as there are only two phases that can be given with right of way at the same step at most 

to avoid vehicle collision of flows from conflicting vehicles. The different traffic phase sequences 

and combinations in varying states will result in different vehicle statuses, affecting the time spent 

arriving at the stop line. The vehicle environments are essential to be updated at every step 

corresponding to every generated state in the state set given green or red traffic light. 

If the traffic light for phase ὴ is green at time step ὸ, the recalculation of predictive departure 

time, travelling status and occupancy level for each vehicle in each lane are expressed in 

Equations (4-15) - (4-17): 

ὍὪά ρȡ 

ὠὧὭȟί  
ὠὧ Ὥȟί ρȟ             ὭὪ  ὠὧ ρȟί ρȟὭ ρȟςȟȣȟὭ

ὠὧ Ὥ ρȟί ρȟ ὭὪ π ὠὧ ρȟί ρȟὭ ρȟςȟȣȟὭ ρ
  ᶅὴ 

ᶰὖȟᶅὸ ɴ Ὕ 

(4-15) 

 

ὛὧὭȟί  
Ὓὧ Ὥȟί ȟ             ὭὪ  ὠὧ ρȟί ρȟὭ ρȟςȟȣȟὭ

Ὓὧ Ὥ ρȟί ȟ ὭὪ π ὠὧ ρȟί ρȟὭ ρȟςȟȣȟὭ ρ
    ᶅὴ 

ᶰὖȟᶅὸ ɴ Ὕ 

(4-16) 

 

ὥὭȟὸȟὴȟί  
ὥὭȟὸ ρȟὴȟί ȟ             ὭὪ  ὠὧ ρȟί ρȟὭ ρȟςȟȣȟὭ

ὥὭ ρȟὸ ρȟὴȟί ȟ ὭὪ π ὠὧ ρȟί ρȟὭ ρȟςȟȣȟὭ ρ
 ᶅὴ 

ᶰὖȟᶅὸ ɴ Ὕ 

(4-17) 

The predictive departure time of every vehicle in this lane is shortened according to Figure 4.4 

assuming constant green light in Equation (4-15). If the algorithm determines that the first vehicle 

has crossed the lane, the vehicle state list and occupancy level list are updated to remove the 

information of the vehicle being discharged in Equations (4-16) and (4-17) respectively.  

However, if the junction controller allocates a red traffic light to the planned phase in the current 

time step, the procession of vehicles discharging will be obstructed and none of the vehicles in 

this lane are able to leave. Therefore, vehicle trajectory and car-following updating theories are 
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proposed in this paper. Four different cases of fleet trajectories need to be updated to cases in 

Figure 4.7, each of which corresponds to the relative case in Figure 4.4. 

 

Figure 4. 7 Update for different cases of fleet trajectory representations assuming red light for next step 

Figure 4.7 updates the different cases of vehicle trajectories in Figure 4.4 assuming red light is 

given by the junction controller. The meanings of each parameter and general principles of cases 

have been explained in Figure 4.4. The main difference in Figure 4.7 is that the junction controller 

assigns a Ўὸ period red light after the initial time step. The blue and brown dashed lines in four 

cases represent the original vehicle position changed by time step. The blue and brown full lines 
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are updated vehicle trajectories, considering that the expected discharging vehicles during Ўὸ 

period are obstructed by red lights.  

In case 1 in Figure 4.7, the key point is to judge whether vehicle fleets with free speed trajectories 

in green light given situations switch to queuing mode or not. The initial departure time for the 

first vehicle in fleet ὠὧρȟί  minus time step spent 1 is compared with the departure time of 

queuing vehicle involving start-up time loss ‌. The maximum value is adopted as an updated 

departure time for the first vehicle because once the red light is given, it will last for at least an 

intergreen duration. The departure times and statuses of the following vehicles are successively 

decided by taking maximum value. The situation in case 2 stay unchanged as the queues have 

formed. The red light postpones the departure time of all vehicles as seen in case 2 in Figure 4.4. 

The situation of case 3 is extremely similar to case 2 in Figure 4.7, as the statuses of approaching 

vehicles to the end of the queue are judged to be queued before the front vehiclesΩ departure. In 

case 4, the departure times of those vehicles with free flow speed are compared again with their 

queuing departure time after Ўὸ time left is given a red light. 

ὍὪά πȡ 

ὠὧρȟί  
άὥὼὠὧ ρȟί ρȟ‌ Ὤ ȟὭὪ Ὓὧ ρȟί ρ

ὠὧ ρȟί ȟ             ὭὪ Ὓὧ ρȟί π
 ᶅὴɴ ὖȟᶅὸɴ Ὕ (4-18) 

  

ὠὧὭȟί  
άὥὼὠὧ Ὥȟί ρȟ ὠὧ Ὥ ρȟί  Ὤ ȟὭὪ  Ὓὧ Ὥȟί ρ

ὠὧ Ὥȟί ȟ           ὭὪ Ὓὧ Ὥȟί π
  Ὥ

ςȟᶅὴ ɴ ὖȟᶅὸ ɴ Ὕ 

(4-19) 

  

Equations (4-18) and (4-19) update of vehicle predictive departure times for the first index and 

others consider different criteria in Figure 4.7. The departure time of those vehicles recognized 

as queuing or slowing-down vehicles remains unchanged until the green traffic light is given in 

ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎǘŜǇǎΦ ¢ƘŜ ǘƘǊŜǎƘƻƭŘǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ǾŜƘƛŎƭŜǎΩ ǘǊŀǾŜƭƭƛƴƎ ǎǘŀǘǳǎŜǎ are set for vehicles in 

each lane to judge the vehicle status in this step. If vehicles are determined to be discharged 

following the saturated flow, the vehicle departure time and travelling status will be adjusted 

accordingly. Otherwise, the vehicle still travels towards the end of the vehicle queue at free 

travelling speeds. 

ὛὧὭȟί  
πȟ   ὭὪ  ὠὧὭȟί   6Ã Ὥ ρȟÓ  Ὤ

ρȟ    ὭὪ ὠὧὭȟί   6Ã Ὥ ρȟÓ  Ὤ
    Ὥ ςȟᶅὴ ɴ ὖȟᶅὸ ɴ Ὕ (4-20) 
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Ὓὧρȟί  
πȟ       ὭὪ  ὠὧρȟί  ɻ Ὤ

ρȟ        ὭὪ ὠὧρȟί  ɻ Ὤ
    ᶅὴ ɴ ὖȟᶅὸ ɴ Ὕ (4-21) 

  

ὥὭȟὸȟὴȟί  ὥὭȟὸ ρȟὴȟί        Ὥ ρȟςȟȣȟὭȟᶅὴ ɴ ὖȟᶅὸ ɴ Ὕ (4-22) 

The adjustments for vehicle travelling status are represented in Equations (4-20) and (4-21). As 

red traffic lights cause obstacles for all of the vehicles in the lane, the number of vehicles and their 

respective occupancy levels keep the same value during the planning step, which is shown in 

Equation (4-22). These traffic parameters are then updated and passed to the upper layer to 

calculate the performance measure for the next step. 

4.3.6 Backward recursion algorithm at lower layer 

The upper layer and middle layer execute the DP algorithm to the final step and find the optimal 

solution with the highest person-based objective function in PerSiCon-Junction. In the lower layer, 

a backward recursion is applied to retrieve the optimal policy for the whole planning duration 

starting from the final step and operating backwards. After all optimal decisions reacting to every 

state made in all steps are calculated, the optimal decision of each step can be retrieved by 

backward recursion described in Algorithm 3 as follows: 

 

Algorithm 3 Backward recursion algorithm in the lower layer of PerSiCon-Junction when ὸ Ὕᴂ 

Input: Signal timing state ίᶻ at final time step Ὕᴂ with maximum accumulated function value 
ὪὝᴂȟί ; dictionary with sub optimal solution path ὕᶻ from Algorithm 1. 

Output: Optimal signal timing plan list ὛὭὫᶻ reaching to signal timing state ίᶻ 

1:  optimal signal timing plan list ὛὭὫᶻ N  [ ], insert Óᶻ into ὛὭὫᶻ, ὸN Ὕᴂ 

2:  while ὸ ς do: 

3:       retrieve ίᶻ  from ὕᶻὸȟίᶻ 
4:       insert ίᶻ  as first element in ὛὭὫᶻ 

5:       ὸN ὸ ρ 

The optimal plan with a series of junction controller decision choices in every step is recorded 

after the backward algorithm. A rolling-horizon approach is applied for PerSiCon-Junction where 

the problem is solved again when one stage (barrier group) is executed to include more recent 

vehicle data from CVs. The proposed approach collects data at a certain time step, predicts traffic 

state for a certain planning duration constituted by a number of time steps, and finds optimal 

signal timing parameters with the highest objective function values, implementing it in the 

isolated junction over the prediction period. At the end of implementation, the data collection 

system and three-layered optimization algorithm will be triggered again to repeat the commands. 



Chapter 4 

126 

4.4 Detail description of signal control algorithm PerSiCon-Bus 

This subsection describes PerSiCon-Bus modified from PerSiCon-Junction which is adopted in 

vehicle states of all passenger cars. Two vehicle modes (cars and buses) are considered in this 

chapter. The buses are assumed to be travelled on the mixed lanes with cars. Notably, the 

proposed algorithm can be extended to incorporate other vehicle modes. However, this person-

based approach focuses on buses due to their unique occupancy number against passenger cars. 

To simplify the proposed algorithm, the bus stops and vehicle lane-changing behaviours are not 

considered in this research. 

As the optimization process of PerSiCon-Junction introduced in Section 4.3 estimates and updates 

each vehicle departure time for every time step, the framework of PerSiCon-Bus can also be 

achieved by using Figure 4.3 and Algorithms 1-3. Buses are considered a kind of special vehicle 

mode over passenger vehicles, with unique mechanics for determining occupancy, saturated flow, 

queuing discharging speed and headway. The development of PerSiCon-Bus is proper and 

important because there are minor changes to the optimization algorithm and the statuses and 

departure times of buses can be estimated under different signal plans for person delay 

reduction, resulting in the enhancement of proposed person-based control adaptability in variety 

mixture vehicle situations. In this way, the algorithm and framework of PerSiCon-Bus are almost 

the same as PerSiCon-Junction described in Section 4.3. However, the parameters of buses are 

different from passenger cars, which needs to be treated differently in some equations. In this 

section, parts of the equations are clarified more specifically to update the theoretical method 

and other equations which are not mentioned keep unchanged. The rest sets, variables and 

parameters for PerSiCon-Bus are also supplied in Table 4.1. 

The objective of PerSiCon-Bus is to minimise the total passenger delay of cars and buses which 

can be detected by CV technology around the junction. The passenger delay is calculated by the 

product of vehicle delay and the number of people in cars and buses separately. The occupancy 

level factor is incorporated into the objective function to assign fairly priorities to different 

occupancy vehicles. The person-based objective function is formulated in Equation (4-23). More 

specifically, the occupancy level of cars and buses are expressed respectively in Equation (4-24). 

Therefore, Equation (4-2) in PerSiCon-Junction is modified to Equations (4-23) and (4-24) in 

PerSiCon-Bus. 

άὥὼ ὃὭȟὴ Ὕ ρ ὝὧὭȟὴ Ὕ‏ Ὥȟὴ  όпπноύ 

ὃὭȟὴ
ὃ ὭȟὴȟὭὪ ὺὩὬὭὧὰὩ Ὥɴ ὴὬὥίὩ ὴ Ὥί ὥ ὧὥὶ

ὃ ὭȟὴȟὭὪ ὺὩὬὭὧὰὩ Ὥɴ ὴὬὥίὩ ὴ Ὥί ὥ ὦόί
Ὥ ρȟςȟȣȟὭȟᶅὴɴ ὖ όпπнпύ 
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Constraints (4-25) and (4-26) replace the original Constraint (4-3) in PerSiCon-Junction to limit the 

value range of occupancy level parameter in each car or bus because passenger cars and buses 

have different occupancy capacities ὃ  and ὃ . 

π ὃ Ὥȟὴ ὃ Ὥ ρȟςȟȣȟὭȟᶅὴɴ ὖ όпπнрύ 

π ὃ Ὥȟὴ ὃ Ὥ ρȟςȟȣȟὭȟᶅὴɴ ὖ όпπнсύ 

 

In PerSiCon-Junction, the initial departure time estimation of vehicles in a lane in Equations (3-10) 

and (3-11) relies on saturated flow headway Ὤ between two vehicles, which is a constant when 

both vehicles are passenger vehicles. However, the saturated flow headway of buses is different 

because buses have different acceleration rates, vehicle lengths and saturated flow speeds than 

passenger cars. Therefore, Equations (4-27) and (4-27) are inserted behind Equations (4-10) and 

(4-11) in PerSiCon-Bus to consider the different cases of saturated flows headway Ὤ and speed of 

vehicles discharging from queue ὺ. 

 

Ὤ
σφππὛϳ ȟὭὪὺὩὬὭὧὰὩὭρὭ ς ὺ᷉ὩὬὭὧὰὩρὭίὥὧὥὶ

σφππὛϳ ȟὭὪὺὩὬὭὧὰὩὭρὭ ς ὺ᷉ὩὬὭὧὰὩρὭίὥὦόί
ὴᶅɴ ὖ όпπнтύ 

  

ὺ
ὺ ȟὭὪὺὩὬὭὧὰὩὭὭίὥὧὥὶ
ὺ ȟὭὪὺὩὬὭὧὰὩὭὭίὥὦόί

Ὥ ρȟςȟȣȟὭȟᶅὴᶰὖ όпπнуύ 

 

Equation (4-27) represents that buses and cars have different saturated flows and the headways 

between two vehicles are decided by the saturation flow of the front vehicle. This simplification is 

justified by the calculation of headway only relying on the front vehicle, so does not significantly 

degrade the results (Yang et al, 2018). Equation (4-28) indicates that the speeds of cars and buses 

discharging from the queue, which are used for judging vehicle status, are also different. 

 

In PerSiCon-Bus, the performance measure ὧίȟὨ  of passenger benefits from the last step to 

the current step is also a function of state variables and control decisions. Therefore, the value 

ὧίȟὨ  is calculated by Equations (4-14) and (4-29) with different car and bus occupancy levels. 

Equation (4-29) is inserted behind (4-14) as follows: 

ὥὭȟὸȟὴȟί  
ὥ Ὥȟὸȟὴȟίȟ     ὭὪ  ὺὩὬὭὧὰὩ Ὥ Ὥί ὥ ὧὥὶ 
ὥ Ὥȟὸȟὴȟίȟ    ὭὪ  ὺὩὬὭὧὰὩ Ὥ Ὥί ὥ ὦόί

  Ὥ ρȟςȟȣȟὭȟᶅὴ ɴ ὖ (4-29) 
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4.5 Detail description of signal control algorithm PerSiCon-Network 

4.5.1 The coordinated control in traditional and state-of-the-art urban signal controls 

The person-based signal control designed for multiple junctions is more meaningful than isolated 

junctions as vehicle travel is defined as movement from origin to a destination within a certain 

range over one junction. The vehicle leaving information from one junction can inform another 

junction in advance through connected vehicle technology to achieve junction coordination. 

Signal control coordination can provide efficient movements for vehicle platoons passing through 

proximal junctions. Vehicles leaving out of the current junction will appear in approaching lanes of 

one of its neighbours, all of whose trajectories and passenger delays are possible to be planned by 

coordinated signal controls. However, it is noted that not all of the signal controls are worthy of 

coordination. The distance between two proximal junctions should be close enough and traffic 

flow demands coming from upstream are not random and substantial. The Federal Highway 

Administration reported that junction coordination could be considered when the distance 

between two proximal junctions is less than 0.75 miles (Henry, 2005).  

The existing coordinated urban signal controls and state-of-the-art CV adaptive vehicle-based 

signal control reviewed in Chapter 2, which has shown that a lot of researches have been done to 

develop coordinated signal control in urban road networks. The relevant coordinated signal 

control systems are classified into three categories based on their objective optimization 

architectures and optimal solution levels: central, hierarchal, and decentralized signal control 

approaches. 

4.5.1.1 Central coordinated signal control approach 

The majority of signal timing approaches applied in multiple junctions adopt central junction 

coordination. The vehicle state and optimization objective in central approaches are formulated 

into a global-level mathematical program. All of the signal timing parameters, such as cycle 

length, phase duration and offset are determined through central optimization algorithms. SCOOT 

is an example of central coordination approach operated in a few proximal junctions. The central 

computer program in SCOOT calculated the optimal solutions for fixed cycle, offsets and green 

durations in order to reduce the total vehicle delays and stops on the basis of value prediction by 

implementing different signal timing parameters. However, notably that signal control 

coordination is a Non-deterministic Polynomial (NP) problem (Hajbabaie, 2012) and it is 

challenging to find globally optimal solutions for junction control objectives when the scales of 

road networks expand. Those central approaches are not scalable to be implemented in multiple 

junctions if network scales increase. 
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4.5.1.2 Hierarchal coordinated signal control approach 

Hierarchal approaches decompose the signal control optimization problem in multiple junctions 

into several levels and try to solve the different objectives in separate levels. The core principle of 

most hierarchal approaches is to make slow-varying and wide-area-level decisions in the upper 

network layer and execute the junction area and real-time optimization in the lower level. The 

sub-optimal problems at the junction level are interconnected through a central control unit. 

SCATS (Lowrie, 1990) is such a hierarchal approach adopting two-level signal control composition. 

The strategic control is carried out by a regional computer to determine the signal timing 

parameters and offsets according to average prevailing traffic conditions. The local controllers at 

the tactical level can adjust the green time of one junction, making it flexible to correspond to the 

fluctuating real-time flow demand. Other cases of hierarchal approaches, such as OPAC, UTOPIA, 

and RHODES, have been detailed in Chapter 2. The hierarchal approaches are able to find the 

optimal solution more efficient than central approaches in the amount of time. However, the 

connections among central control units and sub-optimal computers in hierarchal approaches 

require a considerable cost on infrastructures. Moreover, the central objective controls in the 

upper level are slow-varying processes, difficult to be accomplished in real-time and compete with 

distinct objectives in the junction control level. 

4.5.1.3 Decentralized signal control approach 

The decentralized approaches decompose the planning network into varying regions, involving a 

single junction in each of them. The connected controller infrastructures gather vehicular 

information surrounding the local target junction and optimize vehicle objectives to calculate sub-

optimal solutions. This sort of approach can be extended on large network scales and operate in a 

real-time environment. More recently, adaptive vehicle-based CV adaptive signal controls have 

developed in multiple junctions. An adaptive signal control algorithm aiming at minimising total 

queue length at each junction was proposed by Priemer and Friedrich (2009), separating road 

network areas with a number of junctions into individual junctions. While there is no coordinated 

information exchange among the junctions thus the signal control is not coordinated. Similarly, 

the predictive microscopic simulation algorithm (PMSA) proposed by Goodall et al. (2013) also 

lacks considering coordination among adjacent junctions. A cumulative Travel-Time Responsive 

(CTR) junction control algorithm was proposed by Lee et al. (2013) to ensure the smooth 

trajectory of vehicle platoons on major streets with the introduction of weighting factors. 

However, not test the performance of the approach. More recently, a novel DC technical signal 

timing optimization is presented to decide the green time termination or continuation at junction 

level, also make them be coordinated by informing information from adjacent junctions to make 
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them towards global optimality. Compared to the above two sorts of approaches, the 

decentralized approaches are more convenient to be applied in larger network case studies as 

they consider less about the coordination among proximal junctions. The challenge of 

decentralized approaches is that their signal timing policies are more inclined to explore local 

solutions and sub-optimal solutions rather than global objectives. 

4.5.1.4 Coordination paradigm consideration for this research 

The central approaches and hierarchal approaches are not scalable as the extension of road 

network scales and are difficult to be real-time. In terms of the proposed person-based signal 

control approach, it adopts flexible stage sequences and phase combinations to explore a better 

way of optimizing person-based measures. The central approaches and hierarchal approaches are 

not suitable in this case as greater computational complexity caused by flexible signal timing 

options makes it challenging to calculate global optimal solutions. The decentralized approaches 

will be considered to be more appropriate to implement person-based adaptive CV signal control 

in urban large scales with a varying number of junctions. However, the developed DC signal timing 

optimization inspires that the approaching vehicle number and flow information from 

neighbouring junctions may be useful for individual junctions, to make them coordinated towards 

global optimality.  

This project will develop decentralized coordinated person-based CV adaptive signal controls, 

making use of arrival and leaving vehicle information from proximally connected junctions. The 

inadequately connected vehicle detection region of isolated junction controllers can be 

complemented by infrastructures of neighbouring junctions. The vehicles leaving out of current 

junctions will also be captured by a signal controller to predict the travel time it will approach the 

departure lane of the proximal junction and inform through wireless communication. In this way, 

the proximal junctions will be coordinated to reduce person delay and improve passenger 

travelling experience. The holding back problem (Doan and Ukkusuri, 2012) probably occurs in 

multiple junctions where overhanging queues accumulated in departure lanes obstruct 

subsequent vehicles from joining into the end of the queues. To avoid this phenomenon, the 

maximum number of queuing vehicles one lane can have will be modelled in the following 

constraints. Once the vehicles have reached the limit value, the green duration for this phase will 

be provided regardless of the person's delays in other lanes. 

A Coordinated Person-based signal Control algorithm (PerSiCon-Network) to extend PerSiCon-

Junction from isolated junction to multiple junctions. With the implementation of the proposed 

algorithm, every junction controller updates the vehicle occupancy list and departure predictive 

list by making use of information received from adjacent junctions. To evaluate its influence, the 
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coordinated signal control algorithm will be tested under varieties of scenarios with different CV 

penetration rates, traffic flow demands and prediction horizons. The indicator results will be 

compared to those in benchmarking models including fixed-time coordinated control and vehicle-

based control in multiple junctions to analyse the performance of the proposed algorithm. 

4.5.2 Approach proposed for PerSiCon-Network 

PerSiCon-Network assumes that the local controller at every junction operates PerSiCon-Junction 

described in Chapter 3 based on CVs data within its wireless communication range to optimize 

person-based signal plans. The proposed algorithm figures out signal timing plans for a given 

horizon period and will be triggered to carry out for the next period when the scheme has been 

completely executed. The general procedure of it can be summarized in five steps below: 

Step 1: Collecting information from every CV near junction ὃ and arranging them according to 

their approaching lanes, the location list  Ὓὃ ὛȟὛȟȣȟὛ , instantaneous speed list ὠὃ

ὠȟὠȟȣȟὠ  and occupancy level lists ὕὃ ὕȟὕȟȣȟὕ  at every lane are generated 

assuming there are ὲ vehicles detected. The elements in those lists are sorted by their distances 

to the cross line from nearest one to furthest within detection range. 

Step 2: Given the position list and speed list of each lane, the initial departure time list for vehicles 

Ὕὃ ὝȟὝȟȣȟὝ   can be predicted at the start of optimization supposing that the next step 

for this lane will be constantly activated with green lights. 

Step 3: The upper layer of the three-layer DP optimization algorithm captures a sub-optimal 

function value for a special traffic situation by the proposed DP framework and removes any 

other strategies to avoid recalculation from the initial step. 

Step 4: In order to calculate performance measures, the middle layer of three-layer DP 

optimization algorithm updates the vehicle departure time list in every step, which also explores 

all kinds of possible signal plans based on a flexible traffic light state machine. 

Step 5: At the lower layer, the algorithm finds the optimal person-based performance measure at 

the end of the planning horizon and uses a backward recursion DP to search for a signal timing 

plan resulting in this value function. 

According to Section 4.5.1, the central architecture and hierarchical structure make junction 

controllers more complex or less flexible to implement real-time signal control under CV 

environments. Therefore, the decentralized structure is chosen as a general coordination 

framework in this paper to enable local controllers to operate their adaptive signal control 
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algorithms. Compared to signal controls in multiple junctions without coordination, it receives 

more comprehensive real-time vehicular data to realize surrounding environments. Meanwhile, 

as shown in Step 1 and 2 in Section 4.3, the objective benefits of PerSiCon-Junction in the 

previous study is calculated based on vehicle arrival prediction and explicit occupancy level as 

data inputs. To make less interruption to local algorithm operation and provide more CV data to 

adjacent junctions to promote decision, PerSiCon-Network is adopted by combing decentralized 

structure and vehicle trajectories estimation approach from upstream. The occupancy level and 

trajectory information of undetected vehicles will be processed as inputs of the trajectories 

estimation approach to predict their arrival time for local controllers. Another reason for 

proposing PerSiCon-Network is that it can predict queue lengths of connected lanes at any 

optimizing time steps to prevent the holding-back phenomenon of a high-demand vehicle 

platoon. The model formulation and operating algorithms of PerSiCon-Network are described in 

Section 4.5.3 and Section 4.5.4 respectively. 

4.5.3 PerSiCon-Network model formulation 

The distributions of local controllers and surrounding vehicles in multiple junctions are illustrated 

in Figure 4.8. It can be seen that the communication range Ὑ of junction ὃ cannot completely 

cover the link road between junction ὃ and ". However, those undetected vehicles on the link 

road, especially for vehicle platoon with high occupancy levels, have chances to cross junction ὃ if 

the adequate green time is given under person-based delay reduction strategy to save travel time 

for more passengers. While junction " is capable of learning data of these vehicles and delivering 

them to junction ὃ with the assumption of no transmission packet loss and communication delay. 

In order to provide a comprehensive vehicular environment for the person-based algorithm and 

reduce interference to local signal decisions, the coordinated model formulation will make 

changes to Steps 1 and 2 of PerSiCon-Junction to update vehicle location, speed, occupancy level 

and initial prediction time list. 
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Figure 4. 8 Diagram illustrating coordinated control and vehicle distributions at multiple junctions 

As is seen in Figure 4.8, junction ὃ can detect ὲ vehicles and additionally ά vehicles have the 

potentials to cross the junction during planning horizon. Ὀὃȟὄ  represents the distance between 

two junctions and ὗ  is the distance from the cross line of junction ὄ to ὲ Ὥth undetected 

vehicle. For distance from the cross line of junction ὃ to ὲ Ὥth undetected vehicle Ὓ  on link 

road, there is: 

Ὓὲ Ὥ  Ὀὃȟὄ ὗὲ Ὥ ȟ       ρ Ὥ ά όпπолύ 

  

Otherwise if undetected vehicle Ὓ  is not on link road, it should satisfies: 

 

Ὓὲ Ὥ  Ὀὃȟὄ ὗὲ Ὥ ȟ       ρ Ὥ ά όпπомύ 

The distance between two junctions Ὀὃȟὄ  is a constant value. Figure 4.9 illustrates four cases 

of relationships between junction distance and communication range, which are: 

a. The distance of junction Ὀὃȟὄ  is no higher than the communication range Ὑ. 

b. The distance of junction Ὀὃȟὄ  is higher than the communication range Ὑ but no higher 

than ςὙ.  

c. The distance of junction Ὀὃȟὄ  is higher than the double communication range ςὙ but 

no higher than the coordination distance recommendation value 0.75 miles. 

d. The distance of junction Ὀὃȟὄ  is higher than 0.75 miles.  
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Figure 4. 9 Four cases of relationships of distance between two junctions Ὀὃȟὄ  and communication 

range Ὑ 

In different cases, the distance from the cross line of junction ὄ to ὲ Ὥth undetected vehicle 

ὗ  is determined in different ways. When implementing PerSiCon-Network in a new location, 

the distance between two junctions Ὀὃȟὄ  needs to be measured first and the flowchart in 

Figure 4.10 is used to judge how to acquire the value ὗ  to calculate Ὓ  using Equations (4-30) 

and (4-31). 
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Figure 4. 10 Flowchart of determining ὗ  in different relationships of Ὀὃȟὄ  and Ὑ 

The vehicle location can be directly determined by junction ὃ if Ὀὃȟὄ  satisfies the criteria in 

case a, or calculated by junction ὄ in case b. If Ὀὃȟὄ  satisfies the criteria in case c, junction ὄ 

need to detect the vehicle travelling from ὄ to ὃ with several time steps before the optimization. 

The value of the time step from detection to optimization equals to gap distance Ὀὃȟὄ ςὙ 

divided by free-flow travelling speed ὠ. Then those vehicles in the gap between two 

communication ranges can be estimated by the distances between them at the detection time 

step. If Ὀὃȟὄ  exceeds than coordination recommendation distance value, there would be no 

coordination for the link.  In such a way, vehicle location, speed, and occupancy level list can be 

updated as Ὓὃ ὛȟὛȟȣȟὛȟὛ ȟȣ Ὓ , ὠὃ ὠȟὠȟȣȟὠȟὠ ȟȣ ὠ , ὕὃ

ὕȟὕȟȣȟὕὕ ȟȣ ὕ  separately.  

If vehicle queue forms at the approaching lane in junction ὄ (such as situation (a) in Figure 4.11) 

due to red light, the undetected vehicle will first try to discharge from junction ὄ with time Ὕὰ 

on the green. It then experiences an acceleration process, from the initial discharging velocity at 

saturated flow ὠ to free-flow travelling velocity ὠ, with constant acceleration Á. The time 

needed for the acceleration process ὸ satisfies: 

ὸ  
ὠ ὠ

ὥ
 όпπонύ 
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The distance vehicle travelled throughout the acceleration process Ὀ can be calculated as 

follows: 

Ὀ  
ὠ ὠ

ςὥ
 όпπооύ 

The vehicle will then approach with constant speed ὠ to cross junction ! on the green, or stop at 

the end of queue formed on the link road to wait for discharge. Therefore, the initial predictive 

time of ὲ Ὥth vehicle Ὕ  takes the maximum value of two cases, which is calculated as: 

 

Ὕ ÍÁØ Ὕ ὬȟὝὰ Ὀ
Ὀὃȟὄ Ὀ

ὠ
ȟ       ρ Ὥ ά  όпπопύ 

Where Ὕ  is the predictive discharging time of the previous vehicle and Ὤ is saturated 

headway of discharging queue. In case (b) of Figure 4.11, the ὲ Ὥth vehicle crosses junction ὄ 

with free-flow travelling velocity ὠ. It will also keep this status to cross junction ὃ unless existing 

vehicle queue on link road blocks its trajectory. To judge this, the predictive time of the vehicle 

Ὕ  can be calculated as follows: 

 

Ὕ ÍÁØ Ὕ Ὤȟ
 Ὓ

ὠ
ȟ       ρ Ὥ ά  όпπорύ 

To ensure that the ὲ Ὥth vehicle of both two cases in Figure 4.11 are possible to be discharged 

within planning horizon Ὕ, the time predictions under free-flow travelling status are constrained 

as: 

π
 Ὓ

ὠ
Ὕὰ Ὀ

Ὀὃȟὄ Ὀ

ὠ
Ὕȟ       ρ Ὥ ά  όпπосύ 
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Figure 4. 11 Vehicle situations on link road between junction ὃ and " in case (a) red light and case (b) green 

light at junction " 

To avoid the potential flow holding back problems (Doan and Ukkusuri 2012) in coordinated 

junctions, the maximum queue length is defined as ὗ  on the link road that at any time step ὸ 

in the planning horizon Ὕ, queue length ὗὸ cannot exceed the maximum queue length ὗ . 

The constraint is presented as follows:  

 

ὗὸ ὗ ȟ       π ὸ Ὕ  όпπотύ 

The queue length ὗὸ at time step ὸ is determined by: 
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ὗὸ
ὗπȟ ὸ π

ὗὸ ρ Ὢὸ Ὣὸȟπ ὸ Ὕ   
  όпπоуύ 

Where ὗ  is the initial queue length at time step π by counting the number of vehicles with 

stopped status on link road. Ὢὸ and Ὣὸ refer to vehicle arrival rate and the discharging rate at 

time step ὸ. Suppose that queue length equals to Ὥ ρ, and the arrival rate is judged by whether 

Ὥth vehicle will be stopped at the end of the queue or not, which is presented as: 

 

Ὢὸ
ρȟ   ὝὭ ὝὭρ Ὤ
πȟ ὝὭ ὝὭρ Ὤ   

  όпπофύ 

As for discharging rate Ὣὸ at time step ὸ, its value determines on the basis of the predictive time 

of the first vehicle Ὕ and signal plans ὛὭὫὸ at junction ὃ. The criterion is presented as follows:  

 

Ὣὸ
ρȟ ὭὪ π Ὕ ρ ÁÎÄ ὛὭὫὸ ÇÒÅÅÎ

πȟ      έὸὬὩὶ ὧὥίὩί   
  όпπплύ 

  

4.5.4 Description of coordinated control algorithm 

By incorporating the formulated model above at a coordinated level, PerSiCon-Junction aims to 

have enhanced performance in multiple junctions. As part of the coordinated person-based 

control algorithm, Algorithm 4, the coordinated data supplement algorithm, was developed to 

supply extra data sources to the local controller with received information from the adjacent 

junction. The essential location list, velocity list, occupancy level list and time prediction list are 

firstly created by following steps 1 and 2 in PerSiCon-Junction. The locations of those undetected 

vehicles are calculated and appended to the location list, combined with information from 

junction B and Equations (4-30) and (4-31). After updating the velocity list and occupancy level 

list, the initial prediction times of undetected vehicles are calculated using Equations (4-32) ς (4-

36) and appended to the prediction time list. The new lists will replace the original ones as data 

inputs for the local controller to implement the person-based optimization algorithm (Algorithm 

5). 
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Algorithm 4 Coordinated data supplement algorithm 

1:    Data collection and processing procedure (ID, location, speed, occupancy, lane ID of CVs): 

2:         For each approaching lane Ὥ of junction ὃ: 

3:              Generate location list ὛὭȟὃ based on lane ID 

4:              Generate velocity list ὠὭȟὃ, occupancy level list ὕὭȟὃ according to sequence of 
/±Ωǎ L5 ƛƴ ƭƻŎŀǘƛƻƴ ƭƛǎǘ 

5:              Generate initial time prediction list ὝὭȟὃ based on ὛὭȟὃ and ὠὭȟὃ 

6:              If lane Ὥ is road link between junction ὃ and ὄ: 

7:                  Generate location list ὝὭȟὄȟ velocity list ὠὭȟὄ , occupancy level list ὕὭȟὄ  

8:                  Update ὛὭȟὃ, ὠὭȟὃ, ὕὭȟὃ based on Equation (4-30) 

9:                  For each approaching lane of junction ὄ except link road: 

10:                    Update ὛὭȟὃ, ὠὭȟὃ, ὕὭȟὃ based on Equation (4-31) 

11:                Update ὝὭȟὃ based on ὛὭȟὃ, ὠὭȟὃ and Equation (4-32) - (4-35) 

12:                Remove the following elements in ὝὭȟὃ if their values exceed planning horizon Ὕ 
based on equation (4-36) 

13:                Remove relative elements in ὛὭȟὃ, ὠὭȟὃ, ὕὭȟὃ 

14:            Else: 

15:                Pass 

16:   End procedure 

 

Algorithm 5 operates the three-layer DP optimization algorithm developed in PerSiCon-Junction 

by incorporating dynamic queue length check and flow holding back prevention procedure. The 

algorithm keeps calculating queue length on the link road at any time step after assigning the 

signal plan for the current step. If queue length exceeds the maximum value, the weight of 

discharging vehicles on this lane dramatically increases and the signal controller will intend to 

switch the traffic light to green. Once the time step reaches to planning horizon, Algorithm 5 will 

search out a strategy achieving minimum objective value and retrieve it ready for 

implementation. The pseudocode of Algorithm 5 is presented below. 

Algorithm 5 Coordinated control optimization algorithm 

1:    Coordinated person-based control optimization procedure: 
2:        Generate ὛὭȟὃ, ὠὭȟὃ, ὕὭȟὃ, ὝὭȟὃ  for approaching lane Ὥ of junction ὃ based on 
algorithm 1, get current phase ὖ at time step π 

3:        For time step ὸ from ρ to 4: 

4:            Create possible signal plan set in next step based on signal adjacent list and ὖ  

5:            For each in signal plan set: 
6:                Calculate queue length based on Equation (4-38), (4-39) and (4-40) 

7:                If queue length reaches to maximum constraint based on Equation (4-37)  

8:                    Switch green light to light  

9:                Else: 

10:                  Pass 
11:              Calculate sub-optimal performance value to minimum person delay based on 
ὝὭȟὃ from PerSiCon-Junction 

12:              Update time predictive list ὝὭȟὃ and ὕὭȟὃ 
13:              Record signal plan path to sub-optimal value 

14:       Find out optimal performance value from all possible strategies at time 4 

15:       Retrieve signal plans reaching to optimal performance value 
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16:   End procedure 

4.6 Summary  

This chapter clarifies the detailed methodology for developing a person-based signal control 

approach PerSiCon-Junction in an urban isolated junction transferring from the vehicle-based 

approach. In order to solve those challenges and implement the person-based approach in CV 

environments, PerSiCon-Junction with a three-level signal optimization algorithm is introduced 

with the realization of its conceptual framework. The details of PerSiCon-Junction are also 

explained to understand how the proposed algorithm figures out the optimal signal timing plan to 

achieve person-based objectives with completely flexible signal plans and an update of vehicle 

departure time prediction.  PerSiCon-Bus and PerSiCon-Network are then developed to 

incorporate person-based control with bus mode and extend to network scales. 
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Chapter 5 9ȄǇŜǊƛƳŜƴǘǎ ŀƴŘ ŜǾŀƭǳŀǘƛƻƴǎ ƻŦ ǇŜǊǎƻƴπōŀǎŜŘ 

ŎƻƴǘǊƻƭǎ ƛƴ ƛǎƻƭŀǘŜŘ ƧǳƴŎǘƛƻƴ ŀƴŘ ǊƻŀŘ ƴŜǘǿƻǊƪǎ 

Chapter 4 provides the details of proposed algorithms to explore the new paradigm of adaptive 

signal control for person-based controls using CV data. To initially validate the performance of 

person-based controls, real-world case studies including isolated junction and road networks 

need to be constructed in microscopic simulation to test whether the person-based controls offer 

improved measures compared to benchmarking models. A case study located in Birmingham, UK 

is selected where the isolated junction and road networks can be reproduced in microsimulation 

and traffic flow demand data for this place can be acquired to imitate the traffic operation 

conditions for different periods. As bus routes exist in both isolated junction and road networks 

case study, PerSiCon-Bus and PerSiCon-Network are correspondingly evaluated in isolated 

junction and road networks in vehicular environments mixture by passenger cars and buses. This 

chapter describes the junction layouts, flow demands, signal phase settings and vehicle 

parameters of two case studies to implement the control algorithm in evaluation experiments. 

The results from simulation experiments in various scenarios are also presented to analyse the 

performance of PerSiCon-Bus and PerSiCon-Network in different cases compared to fixed-time 

control, actuated control and vehicle-based control in CV environments.  

5.1 Assumptions and limitations 

Chapter 3 discusses that the simulation tool is the most appropriate selection to evaluate the 

performance of urban signal controls. This research builds simulation environments with 

observed traffic flow demands and operates all of the signal controls in simulation to imitate their 

practical performance in the real-world case study. However, the simulation experiments cannot 

completely simulate and replace real-world operations. Some assumptions are made in this 

section to acknowledge the limitations of the evaluation framework as follows: 

The number of passengers in passenger cars and buses is assumed to follow the Poisson 

distribution. The assumptions of passenger number distributions have been justified in Chapter 2 

given the mean value of vehicle occupancy. The Poisson distribution probabilities are used in 

simulation to decide the number of passengers in each car and bus. The actual state may not be 

the same as this assumption, resulting in different vehicle occupancy rates and affecting the 

performance of person-based controls. 
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Vehicle generation distribution departed from the entrance of the simulation road network is 

assumed to be uniform. The O-D matrix determines the number of vehicles that enter the 

simulation road network in a certain period. From the perspective of simulation traffic flow 

generation, in each simulation time step, there is at most one vehicle entering the road network 

from one lane. Poisson distribution is not suitable to be adopted in this case as it is more used to 

estimate the number of vehicles in a certain time interval and two or more vehicles are possible 

to be generated in one second, which is conflicted with the traffic flow generation mechanism. 

Therefore, uniformed distribution is assumed to imitate the vehicle generation distribution and 

decide whether there is a departing vehicle in every time step. 

Krauß car-following model adopted in experiments is assumed to represent the actual behaviours 

of vehicles on road. The actual states of vehicles may be different from the behaviours simulated 

in the car-following model. This results in inaccurate vehicle arrival prediction to degrade the 

performance of person-based control. The performance generated by simulation may also not 

reflect real-world conditions. 

The rates of the bus in vehicle types are assumed to be the same at different times of day, which 

is equal to the statistics of bus rates in different vehicle types. In the real world, the rate of the 

bus would be higher during peak periods. This is because the bus operation frequency increases 

with higher traffic demand during peak periods. The different rates of the bus at different times of 

day may affect the performance of person-based control. 

The vehicle flows and their routes from originations and destinations in the case study area are 

assumed to be consistent with the real states. Besides the planning networks, there are also some 

branches distributed around the main road and share a part of traffic demands. However, the 

traffic flow across these branches cannot be collected. The road network in simulation 

experiments is simplified and O-D matrixes are constructed to ensure that the traffic flows 

travelling through the detectors are consistent with the recorded data. In real states, the vehicle 

routes are more complicated than those in simulation experiments and traffic flows have various 

originations and destinations, which cannot reflect the real traffic dynamics. This is a limitation of 

the evaluation framework. 

0.01m/s speed threshold is assumed to judge whether a vehicle is stopped or not. The 

reorganization of a stopped vehicle is an important component in person-based control 

algorithms and the number of stop measurements. A strict speed threshold value contributes to 

accurately detecting a vehicle stop event. In SUMO simulation the speed of all stopped vehicles is 

observed to be lower than 0.01m/s. Therefore, 0.01m/s is taken as a threshold. In practice, the 

speed of a vehicle can be measured by a speed odometer and data measurement errors need to 
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be considered to take the speed threshold. The data measurement error may cause the speed of 

a stopped vehicle is illustrated to be higher than the strict threshold and detection fail. The speed 

threshold taken should relatively higher in practice to satisfy that the speed measurements of 

most of the stopped vehicles (e.g. 95% or 99% of the vehicles in experiments) are below this 

value. 

5.2 Location of case study and junction layout 

To validate the performance of the proposed person-based algorithm and other traffic signal 

controls, realistic real-world case study models need to be constructed. As discussed in Chapter 3, 

microsimulation is the most suitable way to model the signal control experiments in the current 

stage. To reproduce the traffic behaviours on road networks and urban junctions, both junction 

and road network geometry layouts and traffic flow recorded data surrounding the junctions are 

required. At the time stage of this research, Birmingham City Council provides great quantities of 

recorded traffic data in the areas of Birmingham and West Midlands, covering a large number of 

inductive loop stations and urban junctions (Birmingham City Council, 2019). The dataset can be 

accessed online to generate the traffic demands for the urban area to model the road networks. 

After comparison, a road network consisting of 5 signalized junctions in the Newtown area of 

Birmingham is selected as a realistic case study to validate the proposed method, which is shown 

in Figure 5.1. 

 

Figure 5. 1 Map of the case study location in the Newtown area of Birmingham. The locations of inductive 

loops are marked with yellow probes. The lane approaches are represented by red lines 



Chapter 5 

144 

The case study is considered as the most appropriate place to evaluate the proposed PerSiCon-

Network for the following reasons: 

1.  The area covers a long route corridor (around 2km) with 5 successive urban junctions and 36 

inductive loops. The ratio of the number of loops and junctions is highest in this area. The high 

coverage of inductive loops ensures traffic flows in this area can be reproduced in simulation with 

adequate accuracy.  

2.  The distance between two junctions is suitable to adopt coordinated person-based control, 

neither too long nor too narrow.   

3. The area contains large residential areas, and key educational and sports points such as 

Nishkam high school, JD Gyms Birmingham and the University of Law, Birmingham to produce and 

attract trips so that a great number of traffic flows can be observed.  

4. The geometry layout of crossroad junctions is standard to implement signals, rather than 

providing roundabouts and dedicated left turn lane for vehicles before the approach to the 

junction area, with sufficient phases to make person-based control to be feasible to implement.  

As different versions of person-based controls are proposed in Chapter 4, the selected case study 

area is used to construct isolated junction and road networks to evaluate the person-based 

controls. As buses exist in both isolated junction and road networks, PerSiCon-Bus and PerSiCon-

Network are operated to test their performance in two cases respectively. The junction layouts of 

the two case studies are introduced below. 

5.2.1 Isolated junction case study 

The isolated junction case study is adopted to test the isolated junction version of person-based 

control PerSiCon-Bus. It is one of the junctions in the selected case study area. An isolated 

junction located at New John Street West & A34 junction in the Newtown area of Birmingham is 

modelled in the open-source microscopic simulation package SUMO. Figure 5.2 (a) illustrates the 

junction layouts and 8-options signal phase diagram. Figure 5.2 (b) presents the planned origin 

and destination zones of traffic flows travelling through this junction. The junction is selected for 

the isolated junction case study as the highest traffic volumes travel across this junction and the 

8-options signal phase diagram is flexible to apply person-based control.  

 

 



Chapter 5 

145 

 

Figure 5. 2 (a) Geometry and signal phase diagram; (b) origin and destination zones of isolated junction at 

New John Street West & A34 junction 

5.2.1 Road network case study 

The modelled urban corridor consisting of 5 successive junctions is illustrated in Figure 5.3 with 

red lines where the surrounding inductive loops are distributed to collect traffic flow data. The 

interlocking part of roads B4100 and A4540 at the top left corner of the map is an overpass 

without a turning lane rather than a signalized junction. The geometry road map data for this area 

from Open Street Map (OSM) are used to reproduce the road network with 5 signalized junctions 

(represented by traffic light icons in Figure 5.3) in SUMO (OSM, 2019). Figure 5.3 illustrates the 

simulated road network. 
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Figure 5. 3 Simulated road network in SUMO. The signalized junctions are marked with traffic light icons 

5.3 Traffic flow data for case study 

To generate the traffic flow demands for the modelling road network, two types of datasets are 

collected from the case study: manual traffic survey and recorded flow data from inductive loops. 

The manual traffic data are used to ensure that the dataset from the online database matches the 

data in the real site. The traffic demands from the online dataset are collected and processed to 

generate the traffic flows crossing the case study area. The procedures are described in this 

section. 

5.3.1 Manual traffic survey 

A manual traffic survey of the selected case study has been carried out over two days in October 

2020. A manual traffic survey aims to observe the traffic data from real site locations of the case 

study to ensure that the traffic dataset used online is consistent with the actual state of vehicular 

situations. The contents of the manual traffic survey include: 

1. 15 minutes of traffic flow counts for each approach at 5 junctions in the selected case study 

area; 

2. Signal stage patterns and sequence at each signalized junction; 

3. The proportions of different vehicle types. 

The detailed collected results of the manual traffic survey are placed in Appendix B-D. The traffic 

flow counts are observed to compare with the traffic data from the online dataset. The signal 

stage observations are used to determine the stage patterns and sequences for benchmarking 

models in simulation. The vehicle type constitution is to make sure that the vehicle type ratio 

statistics from DfT are reliable to be used to estimate the bus numbers in Chapter 7. 

5.3.2 Traffic dataset from Birmingham City Council 

Birmingham City Council provides the Birmingham and West Midlands with real-time traffic data 

which can be accessible for public use (Birmingham City Council). The datasets include traffic 

counts, vehicle speed, ID and geometry locations of inductive loops over the past 10 years until 

2018. In this project, the traffic flow counts from inductive loops illustrated in Figure 5.1 between 

2017 and 2018 are used to generate the traffic flow volumes for the case study area. The traffic 

flow counts from each inductive loop are recorded at a frequency of 5-minutes intervals. The data 
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files for these inductive loops are downloaded and aggregated from 5-minute interval traffic 

counts to 1-hour interval traffic counts over 24 hours each day as the daily flow patterns can be 

formed and observed to decide which part of the data is used to reproduce the traffic flows.  

Three types of traffic flow counts are considered to be adopted as data for traffic volume 

generation: average flow for weekdays excluding public holidays, average flow for public holidays 

and weekends, and average flow for all dates. An example of traffic flow daily patterns of three 

types in an inductive loop coded with N51131R is shown in Figure 5.4. 

 

Figure 5. 4 An example of the daily flow patterns in weekdays, weekends and total average flow for 

inductive loop detector N51131R 

Figure 5.4 illustrates that the average daily flow profile on weekdays has two peak hour periods, 

the inter-peak period from 7 a.m. to 7 p.m. and the off-peak period from 8 p.m. to 6 a.m. the next 

day. This allows the signal control to be evaluated at different traffic flow levels including peak 

periods and off-peak periods. However, there is no obvious traffic flow characteristic from the 

weekend daily flow profile like peak hour periods. The mean flow profile combined weekdays and 

weekends also has no such characteristic. The traffic counts from weekdays are selected to use as 

they conduct various traffic flow levels to make traffic signal control evaluations challenging and 

meaningful to understand how the proposed method works in different traffic states. As a result, 

the traffic flow data for weekends and public holidays are removed from the dataset for 2017 to 

2018 to generate the average traffic volumes crossing through these inductive loops during 

weekdays. 
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In order to test the performance variances of PerSiCon-Bus and PerSiCon-Network to the changes 

in traffic flow demands, different traffic flow level scenarios are arranged in simulation 

experiments according to the daily flow profile of average flow. The grey lines in Figure 5.5 

present separate daily flow patterns of an example inductive loops on weekdays. Figure 5.5 

illustrates that the range surrounded by low and high (±25% of average flow) daily flow patterns 

covers the majority of daily flows experienced by inductive loop N51131R on the weekdays of the 

whole year. +25% of the average flow is also an empirical limit value to prevent heavy traffic 

congestion to occur in TRANSYT fixed-time controls. Therefore, ±25% of the average flow is 

defined to be high and low traffic levels in simulation experiment scenarios. 

 

Figure 5. 5 An example of the daily flow patterns on weekdays and average flow profile in low, average and 

high levels. The grey lines represent separate daily flow patterns on weekdays. The yellow, red and green 

lines represent the daily flow profile in low (-25% average), average and high (+25% average) levels 

respectively 

5.4 Convert flow data from inductive loops to O-D matrix 

In this project, hourly traffic volumes are generated to imitate traffic flows crossing case study 

area over 24 hours as a comprehensive consideration of balancing daily flow pattern formation 

(compared to examples like 2-hours traffic flows) and massive statistical work like traffic counts in 

5/15-minutes intervals. Hourly flow volumes experienced by inductive loops need to be processed 

to form O-D matrix, which is a critical data input to product traffic volumes for the case study 

(examples illustrated in Table 4.1 and 5.1). The most widely used approach to model traffic 

demand is Four-Step Model (FSM) (De Dios Ortúzar and Willumsen, 2011) with inputs of user 
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activity data and geometry layouts of road networks. The steps of FSM include trip generation, 

trip distribution, mode choice and route choice, which are briefly described in following sub 

sections combing real states of case study. 

5.4.1 Trip generation 

The traditional trip generation method estimates traffic volumes produced and attracted by each 

zone by a wide range of surveys involving trip categories, number of households, number of 

dwelling units, etc. In this research, as traffic volumes counted by inductive loops are given, the 

locations of zones are defined at the far side of inductive loop sites so that all of the traffic 

travelling from and to the dedicated zone can be detected by corresponding inductive loops. The 

origin and destination zones with numbers A to D for the isolated junction are allocated in Figure 

5.2(b). The locations of zones with numbers A to K for producing and attracting traffic flows in the 

road network area are allocated in Figure 5.6. 

 

Figure 5. 6 The locations of zones with numbers A to K in the sketch of case study junctions 

The traffic volume values detected by inductive loops located at upcoming approaching lanes 

from zones to junctions are equal to the trip generation summation of related zones. The traffic 

values from inductive loops at discharging lanes from junctions to zones represent the trip 

attraction summation. The hourly summation of trips generated and attracted by zones A to K can 

be realized from the corresponding inductive loops over 24 hours on weekdays. 
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5.4.2 Trip distribution 

Trip distribution aims to sort the summation of trip production/attraction from each zone to other 

origin/destination zones to form an O-D matrix. As no prior travel survey information and vehicle 

turning counts data can be available, an initial trip assignment needs to be carried out to 

proportional assign the trips based on the weighted factor before the calibration with values from 

trip generation (De Dios Ortúzar and Willumsen, 2011). The weighted factor used for assigning 

summation production/attraction trips in this research is defined as a product of the number of 

lanes and speed limit of lanes from each approach, which is regarded as an index of road capacity.  

The initial trip assignment estimates the values of the O-D matrix. However, as both origin and 

destination trip summation are known in this research, double proportional assignments would 

result in the trips being over or under-assigned and not consistent with one of the 

origin/destination values. The O-D matrix needs to be calibrated after assignments. The Furness 

model (Furness, 1965) is considered to be the most suitable method in this study to calibrate the 

O-D matrix values. The Furness model is a double-constrained growth factor method so that it can 

execute trip distribution calibration without other information requirements (such as expansion 

ratio in the growth factor model) and the summation of trips can be adjusted to fit both origin 

and destination values (compared to single-constrained model). In this way, the traffic flow 

counts from inductive loops are converted to hourly O-D matrix over 24 hours on weekdays. For 

the isolated junction, 4 zones located in 4 different directions in Figure 5.2(b) are assumed to 

generate and attract traffic volumes to consist of vehicles arriving and discharging from different 

routes. An example of an hourly O-D matrix of 4 zones for the isolated junction is presented in 

Table 5.1. Table 5.2 provides an example of road network O-D matrix results after iterations of 

calibration. 

Table 5. 1 An example of O-D matrix assignment during morning peak period for isolated junction 

Hourly flow demand (pcu) Destination zone 

A B C D 

 

Origin zone 

A - 135 137 244 

B 130 - 205 364 

C 133 207 - 374 

D 222 365 393 - 
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Table 5. 2 An example of O-D matrix assignment during morning peak period for road network after Furness 

model calibration 

Hourly flow demand (pcu) Destination zone 

A B C D E F G H I J K 

 

 

 

 

 

 

Origin zone 

A - 135 137 20 33 20 26 27 16 28 73 

B 130 - 205 30 49 31 39 40 24 42 109 

C 133 207 - 30 50 31 40 41 25 43 112 

D 21 33 34 - 8 5 7 7 4 7 18 

E 30 47 48 7 - 7 9 9 6 9 25 

F 15 25 26 4 6 - 5 5 3 5 14 

G 21 34 35 5 9 5 - 7 4 7 18 

H 30 48 50 7 11 7 9 - 6 9 26 

I 26 40 43 6 11 6 8 8 - 8 22 

J 30 47 47 7 11 7 9 9 6 - 26 

K 57 90 93 13 22 14 18 18 11 19 - 

5.4.3 Mode choice 

The mode choice is to determine the vehicle volumes from the O-D matrix in different vehicle 

types. The UK Department for Transport provides statistics about the ratios of different vehicle 

types in the VEH0104 dataset in 2018 (UK Govt. Dept. Transport, 2018b). The vehicle type 

distributions were also counted from the manual survey to ensure that the statistics are 

consistent with the real vehicular situations in the case study area, which can be found in 

Appendix C. The vehicle types from datasets include passenger cars, buses, LGV, Heavy Goods 

Vehicle (HGV) and Motorcycle (MC). In this section, the evaluation experiments put more 

emphasis on understanding the benefits of person-related indicators from the proposed method 

under passenger car circumstances with different occupancies. The simulation scenarios assume 

that all vehicles on road are passenger vehicles. In the next chapter, bus mode is incorporated 

into the vehicle fleets. Other vehicle types can also be considered with different vehicle models 

and priority levels in future research. 
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5.4.4 Route choice 

In the traditional FSM model, if few alternative routes allow vehicles to travel from origin to 

destination point, the vehicle volume needs to be assigned on these routes following the rules 

such as the shortest path principle. Although there is not only one route that can be found from 

defined origin zones to destination zones in Figure 5.1, the traffic volumes from those branches 

cannot be detected as no inductive loop site locates. In this research, the sketch of isolated 

junction in Figure 5.2 and multiple junctions in Figure 5.6 is adapted to provide the optional 

routes from origin to destination as these approaches are distributed with inductive loops. As a 

result, there are limited ways can be chosen from each origin-destination pair. The traffic volumes 

allocated in each route may not reflect the real states of traffic situations in this area but they are 

the best way to make the traffic flows generated by simulation to be consistent with recorded 

traffic count information from inductive loops. 

5.5 Model calibration and validation 

Traffic modelling guidelines version 4.0 published by DfT (DfT, 2021) suggest GEH values are used 

to calibrate and validate the traffic flows within the model simulation to match traffic counts to an 

acceptable level of accuracy. The GEH statistic is calculated as follows:  

ὋὉὌ
ςὊ

ίὭά
Ὂέὦὺ

ς

ὊίὭάὊέὦὺ
  όсπмύ 

Where Ὂ  is the traffic volumes generated in simulation from the FSM approach and Ὂ  is the 

traffic volumes observed by inductive loops. The model flow counts should satisfy the criteria that 

GEH statistics of more than 85% of the cases should be less than 5%.  

The flow counts in the average level were used to be calibrated in this research. High and low flow 

levels can be adjusted accordingly. The GEH statistics were calculated using hourly flow counts 

obtained from inductive loops and hourly flow generated by the FSM approach over 24 hours. If 

the GEH values fail to satisfy the requirements, the hourly traffic volumes produced by FSM are 

sent back to be recalibrated. This procedure will be repeated until GEH values meet the criteria. 

The results of GEH values are indicated in Figure 5.7. From Figure 5.7 all of the GEH values over 24 

hours are below the 5% criteria baseline, which means that the traffic flows used in the simulation 

are well calibrated to represent the real state traffic flows. 
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Figure 5. 7 GEH values for different hour time periods over 24 hours 

5.6 Junction settings and vehicle parameters 

5.6.1 Stage patterns 

The fixed-time control, actuated control and vehicle-based control using CV data apply a fixed 

stage sequence. The green phases operated in one stage need to follow the phase non-conflicting 

rules. In isolated junction, the stage sequence and phase combinations are observed from the 

survey of the case study. Left-turning, straight movements and dedicated right-turning 

movements in the same direction are combined to form one stage. The stage sequence applied in 

three benchmarking models is graphed in Figure 5.8. For road networks, a traffic manual survey 

gathers the stage sequences of 5 junctions and applies them in simulation experiments, the 

detailed information has been placed in Appendix B. 

 

Figure 5. 8 Stage sequence for isolated junction case study 
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5.6.2 Intergreen time, minimum green time and maximum green time configuration 

The intergreen time is the duration of phase transition to ensure the safety of vehicle movements 

at the junction. The intergreen time duration is derived from the UK government guidelines 

presented in Table 5.3, which is related to the distance from the crossline to probable collision 

points. 

Table 5. 3 Determining intergreen time duration by DfT (DfT, 2006) 

Distance(m) <10 10 ς 18 19 - 27 28 ς 37 38-46 47-55 56-64 >65 

Intergreen (s) 5 6 7 8 9 10 11 12 

Minimum green time and maximum green time are important parameters in actuated control to 

constraint the green duration for each stage to satisfy queue clearance requirement. The vehicle-

based control using CV data also adopt the configuration settings of minimum and maximum 

green time as it follows fixed stage sequence. The recommended minimum and maximum green 

duration are given by Traffic Signal Timing Manual in Table 5.4. The minimum and maximum 

green time in this research are set to 2 and 10 times intergreen duration.  

Table 5. 4 Typical minimum and maximum green interval durations 

Phase Facility Type Maximum Green (s) Minimum Green (s) 

Through 

Major Arterial (speed limit exceeds 40 mph) 50 to 70 10 to 15  

Major Arterial (speed limit is 40 mph or less) 40 to 60 7 to 15  

Minor Arterial 30 to 50 4 to 10  

Collector, Local, Driveway 20 to 40 2 to 10  

Left Turn Any 15 to 30 2 to 5  

5.6.3 Signal timing parameters  

5.6.3.1 Signal timing parameters for TRANSYT fixed-time control 

Hourly O-D matrix of zones in Table 5.1 and Table 5.2 are adopted as traffic volume data inputs of 

TRANSYT and TRANSYT-Network fixed time optimization. Cycle length is another input parameter 

to decide the green operation duration for each stage. The DfT recommends that the cycle time of 

the fixed time plan should not exceed 120 seconds regularly to prevent drivers from being 

frustrated to wait too long at red lights (DfT, 2006). TRANSYT 16 provides a Cycle Time Optimizer 

function as optional support to the difficult task of selecting cycle time. Cycle Time Optimizer 
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provides information for a wide range of cycle length selections and figures out the relative 

results of the Performance Index involving practical reserve capacity or total delay. The cycle 

length optimization results for the isolated junction are graphed as an example in Figure 4.4. 

 

Figure 5. 9 Cycle time optimization result for isolated junction with cycle length from 60s to 180s with a 

step of 10s 

 

Figure 5.9 indicates that the Performance Index decreases as the cycle length increases and there 

is no obvious decline when the cycle length is longer than 120 seconds. The cycle length of 120 

seconds is selected for TRANSYT signal plans. The optimized signal timing plans are produced in 

Table 5.5. 

 

Table 5. 5 TRANSYT signal timing plans for isolated junction (Stage ID are shown in Figure 5.8) 

Stage ID Stage start (s) Stage end (s) Duration (s) 

4 0 15 15 

1 21 44 23 

2 50 83 33 

3 89 114 25 

 

5.6.3.2 Signal timing parameters for actuated signal control ILACA 

Some parameters for control strategies responsive to traffic flow should be decided based on 

junction layouts to operate the algorithms. For instance, the start time loss at the start of green 
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time and saturated flow for each lane in the isolated junction is observed to be 1.8s and 1400 

veh/h separately in this junction. The 1400 veh/h saturated flow equals to flow of 0.38 veh/s, 

therefore the time needed to clear 1 vehicle in the queue is estimated to be 2.6s. For the 

inductive loop actuated control algorithm (ILACA), each approach lane installs inductive loops at 

6m and 18m from their stop lines (Highways Agency, 2002) so that the vehicle flows can be 

detected. At the actuated control decision point (see figure 6.2), if vehicle flow is greater than 

80% of the saturated flow (0.8¦1400veh/h = 1120veh/h = 0.31veh/s ŕŪ3s/veh), the vehicle can 

be detected less than 3s from the last detection time between detectors. Thus the unit extension 

time will be extended for this lane corresponding to high vehicle demand. The typical value of 

extension time is suggested to be a range from 0.1s to 2s in (Koonce et al., 2008), so 1s extension 

time will be accepted here to related to the time step. 

5.6.4 Vehicular parameters for cars and buses 

As claimed in Chapter 3, Krauß car-following model is the most appropriate model to reproduce 

the vehicle behaviours in this project. The Krauß car-following model parameters for passenger 

cars and buses are described in Table 5.6. 

Table 5. 6 The Krauß car-following model parameters for passenger cars and buses (DLR, 2018) 

5ŜǎŎǊƛǇǘƛƻƴ ¦ƴƛǘ ±ŀƭǳŜ 

±ŜƘƛŎƭŜ ǘȅǇŜ π tŀǎǎŜƴƎŜǊ ŎŀǊ .ǳǎ 

aŀȄƛƳǳƳ ŀŎŎŜƭŜǊŀǘƛƻƴ Ƴκǎн нΦс мΦл 

aŀȄƛƳǳƳ ŘŜŎŜƭŜǊŀǘƛƻƴ Ƴκǎн пΦр оΦр 

±ŜƘƛŎƭŜ ƭŜƴƎǘƘ Ƴ рΦл мнΦл 

±ŜƘƛŎƭŜ Ƴƛƴ ƎŀǇ Ƴ нΦр нΦр 

5ǊƛǾŜǊ ƛƳǇŜǊŦŜŎǘ ǾŀƭǳŜ π лΦр лΦр 

5ǊƛǾŜǊ ǊŜŀŎǘƛƻƴ ǘƛƳŜ ǎ мΦл мΦл 

aŀȄƛƳǳƳ {ǇŜŜŘ  Ƴκǎ рл ноΦс 

 

5.7 Passenger occupancy estimation 

Although there are no specific distribution proportions of different car occupancies released from 

UK DfT or detailed survey information from the case study area, the number of passengers in a car 

(excluding drivers so that the value can start from 0) can be assumed to follow Poisson 

distribution when the number of independent trials is large and the probability of occurrence in 
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one experiment is very small. The mean values of vehicle occupancy at different times of day on 

weekdays are provided in Table 2.3. In different hour periods, the corresponding mean vehicle 

occupancy value is considered as the mean occupancy of passenger vehicles in the case study 

area. Given the mean value, Table 5.7 provides an example of probability estimation for 

passenger cars with different occupancy levels from 1 to 4 assuming they follow the Poisson 

distribution. For each new generated vehicle, the probabilities of the number of people inside it 

can be decided in Table 5.7. 

Table 5. 7 Different probabilities of cars occupancies from 1 to 4 in a vehicle assumed Poisson distribution 

with a mean of 1.6 

Car occupancy 0 1 2 3 

Probability  54% 33% 10% 3% 

 

Similarly, the bus occupancies can be assumed to follow the Poisson distribution. The distribution 

of different vehicle types in the VEH0104 dataset provided by DfT can be used to determine the 

model choice in the traditional FSM method (UK Govt. Dept. Transport, 2018b). The statistics 

from the dataset are compared with the results collected from the manual survey in the case 

study location to make sure that the statistics are consistent with the real state, which can be 

seen in Appendix C. In this research, two vehicle modes, passenger cars and buses are considered. 

As there is no statistic for vehicle type distribution under different hour periods, the traffic 

volumes of buses are calculated by total traffic volume multiples the summation percentage of 

bus distribution to determine the bus flows in different periods. 

  
From average vehicle occupancies sorted by vehicle types provided by DfT in Table 2.3, the 

average bus occupancy (with driver) is 13.2 in 2000 and the average growth rate until 2036 is 0 

(UK Govt. Dept. Transport, 2021b). In this research, it is assumed that the average bus occupancy 

(with driver) in the case study area is 13.2 and the distribution of passengers follows the Poisson 

distribution. The bus capacity is determined by the local bus operator National Express West 

Midlands in the case study area. The buses consist of 30% single-decker buses with 45 passenger 

capacity (Alexander Dennis, 2019a) and 70% double-decker buses with 86 passenger capacity 

(Alexander Dennis, 2019b). The estimations of different occupancy excluding drivers are listed in 

Table 5.8 as follows. 
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Table 5. 8 Different probabilities of buses with occupancy from 1 to capacity assumed Poisson distribution 

with a mean of 13.2 

Bus occupancy 1 - 5 6 - 10 11 - 15 16 - 20 21 - Capacity 

Ratio 1% 22% 53% 22% 2% 

 

As bus occupancy values are varied, the distribution ratios of different passenger numbers are 

calculated in groups with a step of 5 passengers. The bus occupancy number in each group is 

assigned uniformly to form the ratio of the corresponding group to estimate bus occupancy. 

5.8 Evaluation experiments 

To validate the performance of PerSiCon-Network, the road networks and generated traffic flows 

of the case study in the Newtown area of Birmingham were implemented in SUMO. Table 3.4 

provides an evaluation outline. To evaluate the performance in different flow demand levels, the 

proposed algorithm was simulated in three kinds of flow levels: low, average and high. The low 

and high flow levels are defined as ±25% of average hourly flow levels. The car occupancy 

distributions and car-following model parameters are described in the above sections. Three 

benchmarking models: TRANSYT, ILACA and VehSiCon and their coordination versions were 

programmed and operated in simulation.  

The penetration rate, which is the rate of CVs to non-CV cars, is set to vary between 10% and 

100% with a step of 10% in simulation to test the performance of the proposed algorithm to 

change to CV penetration rate. The communication range is set to be 250m and situations of data 

measurement and transmission processes are assumed to be perfect (no packet loss, data 

measurement error and data transmission delay). Meanwhile, different planning duration values 

will be adopted in the PerSiCon-Bus and PerSiCon-Network evaluation. The planning duration is 

incremented from 10s to 60s with a step of 10s to test the influences of the planning horizon 

towards PerSiCon-Bus and PerSiCon-Network. Besides the various scenarios to different traffic 

flows, prediction horizons and CV penetration rates, a range of bus occupancy levels are tested in 

simulation, with a step of 10 from 10 to 50 and with a step of 2 below 10, to analyse the 

sensitivity of the proposed algorithm to bus occupancy. The different values of weighted factor ‏ 

from 0 to 1 in Equation (3-2) are adopted in PerSiCon-Junction to observe the changes in 

performance. The performance of buses and passenger cars are also expressed respectively to 

understand how the proposed algorithm works in the mixture of vehicular environments. 

Each experimental scenario was operated 30 times with different random seeds to avoid the 

influences of randomness on generated traffic demands and occupancy sequences. The 
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experiments were carried out on a laptop with Windows 10 system and Intel Core i7 CPU (2.9 

GHz) and computational cost is recorded for each simulation. The average computation time for 

each time step (1s decision step and 29s execution step for every 30s) and each decision point is 

0.174s and 0.378s for isolated junction experiments, 0.204s and 0.531s respectively for road 

network experiments, both of which are less than 1s. 

In order to identify whether there are significant differences in PerSiCon-Network and 

benchmarking models, the hypothesis tests are carried out between mean person-related values 

of them. As all of the evaluation results collected from the proposed method and benchmarking 

models are samples and they may not reflect the actual mean values of signal controls, two 

sample T-test hypothesis tests are adopted for this research in the case that the actual mean 

values are unknown and cannot be captured. 

5.9 Results and discussions for isolated junction case study 

The proposed person-based controls PerSiCon-Bus and PerSiCon-Network are operated in isolated 

junction and road networks respectively to validate the person-based control effectiveness in 

different traffic environments. This section presents and analyses the results of PerSiCon-Bus 

which is evaluated in the isolated junction case study, including general results of PerSiCon-Bus in 

100% CV penetration rates and performance to different sensitivity factors. 

5.9.1 General results 

The results in Table 5.9 show the average person delays and average vehicle delays sorted by 

occupancy levels from PerSiCon-Bus and comparisons of three benchmarking models. Table 5.10 

presents the average person number of stops and average vehicle number of stops of PerSiCon-

Bus and three reference models. The average vehicle-related values: average vehicle delay and 

average vehicle number of stops, divided by the total number of people and number of vehicles 

are also summarized in two tables. To illustrate the priority policies and actual effects of the 

proposed approach PerSiCon-Bus to different occupancy level vehicles, the performance of 

evaluated vehicles in different signal control simulations are recorded separately by different 

occupancy levels. The numbers in the last two columns in Tables 5.9 and 5.10 represent the 

collected output data of average person/vehicle delay and average person/vehicle number of 

stops values per person. Meanwhile, the data in the first four columns present person/vehicle 

delay and stop values per person categorized by occupancies. All values are collected under 100% 

CV penetration rate. 
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Tables 5.11 and 5.12 illustrate the p-values results of two sample T-test carried out between 

outputs collected from PerSiCon-Bus and benchmarking models in different demand levels in a 

95% confidence degree. In each experiment, if the p-value is less than 0.05, one group of data is 

identified to have a significant difference compared to another group of data. The hypothesis test 

results are contributed to verify whether PerSiCon-Bus achieves significant improvements or not 

against another reference signal control method. 

The general results are discussed in further detail in the following part of Section 5.9.1. 

Table 5. 9 Comparison of average passenger delay (s/per) and average vehicle delay (s/veh) of the proposed 

algorithm and benchmarking algorithms under three flow scenarios in 100% CVs penetration rate with a 

mixture of cars and buses 

&ÌÏ× 
ÌÅÖÅÌ 

#ÏÎÔÒÏÌ 
ÍÅÔÈÏÄÓ 

#ÁÒÓ 
×ÉÔÈ τ 
ÏÃÃÕÐÓ 

#ÁÒÓ 
×ÉÔÈ σ 
ÏÃÃÕÐÓ 

#ÁÒÓ 
×ÉÔÈ ς 
ÏÃÃÕÐÓ 

#ÁÒÓ 
×ÉÔÈ ρ 
ÏÃÃÕÐ 

"ÕÓÅÓ 
×ÉÔÈ σπ 
ÏÃÃÕÐÓ 

!ÖÅÒÁÇÅ 
ÐÅÒÓÏÎ 
ÄÅÌÁÙ 

!ÖÅÒÁÇÅ 
ÖÅÈÉÃÌÅ 
ÄÅÌÁÙ 

,Ï× 42!.394 ρπτȢσω ρπσȢφχ ρπςȢως ρπσȢρυ ρπσȢψρ ρπσȢςω ρπσȢφς 
 ),!#! ψπȢρσ ψρȢρς ψρȢχσ ψπȢχς ψςȢτρ ψρȢπψ ψρȢσψ 
 6ÅÈ3É#ÏÎ υυȢςυ υφȢπς υτȢςρ υφȢςτ υτȢσρ υυȢςσ υυȢσψ 
 0ÅÒ3É#ÏÎȤ

"ÕÓ 
συȢσρ σψȢτχ τσȢφσ χςȢπυ ςπȢςρ τωȢψρ υψȢψχ 

!ÖÅÒÁÇÅ 42!.394 ρρπȢπυ ρρςȢσχ ρρρȢψτ ρρρȢρφ ρρρȢπτ ρρρȢυφ ρρρȢτχ 
 ),!#! ψχȢςυ ψψȢψς ψψȢυφ ψψȢπσ ψχȢως ψψȢσρ ψψȢςψ 
 6ÅÈ3É#ÏÎ φχȢπτ φχȢψς φφȢχσ φψȢσς φχȢσφ φφȢωψ φχȢτσ 
 0ÅÒ3É#ÏÎȤ

"ÕÓ 
τυȢφς υρȢωσ υφȢσχ ψφȢπτ ςςȢτφ φςȢσχ χρȢτψ 

(ÉÇÈ 42!.394 ρσπȢωσ ρςψȢψσ ρσρȢψυ ρςωȢτψ ρσπȢτς ρσπȢττ ρσπȢστ 
 ),!#! ρπχȢρυ ρπχȢψτ ρπψȢωτ ρπψȢφτ ρπψȢχς ρπψȢυς ρπψȢσω 
 6ÅÈ3É#ÏÎ ψσȢςρ ψτȢπς ψτȢχς ψςȢστ ψσȢπρ ψσȢφφ ψσȢυφ 
 0ÅÒ3É#ÏÎȤ

"ÕÓ 
φςȢςτ φχȢρσ χςȢτυ ρπρȢφχ σςȢυχ χχȢωτ ψχȢτψ 

 

Table 5. 10 Comparison of average passenger stop (num/per) and average vehicle stop (num/veh) of the 

proposed algorithm and benchmarking algorithms under three flow scenarios in 100% CVs penetration rate 

with a mixture of cars and buses 

&ÌÏ× 
ÌÅÖÅÌ 

#ÏÎÔÒÏÌ 
ÍÅÔÈÏÄÓ 

#ÁÒÓ 
×ÉÔÈ τ 
ÏÃÃÕÐÓ 

#ÁÒÓ 
×ÉÔÈ σ 
ÏÃÃÕÐÓ 

#ÁÒÓ 
×ÉÔÈ ς 
ÏÃÃÕÐÓ 

#ÁÒÓ 
×ÉÔÈ ρ 
ÏÃÃÕÐ 

"ÕÓÅÓ 
×ÉÔÈ σπ 
ÏÃÃÕÐÓ 

!ÖÅÒÁÇÅ 
ÐÁÓÓÅÎÇÅÒ 
ÄÅÌÁÙ 

!ÖÅÒÁÇÅ 
ÖÅÈÉÃÌÅ 
ÄÅÌÁÙ 

,Ï× 42!.394 ρȢςρ ρȢςυ ρȢςτ ρȢςσ ρȢςτ ρȢςτ ρȢςσ 
 ),!#! πȢως πȢωχ πȢωυ πȢωψ πȢωτ πȢωφ πȢωφ 
 6ÅÈ3É#ÏÎ πȢυψ πȢυυ πȢυφ πȢυφ πȢυχ πȢυφ πȢυφ 
 0ÅÒ3É#ÏÎȤ

"ÕÓ 
πȢσυ πȢτς πȢτψ πȢχσ πȢρω πȢυπ πȢυω 

!ÖÅÒÁÇÅ 42!.394 ρȢτσ ρȢτπ ρȢτπ ρȢττ ρȢτυ ρȢτπ ρȢτρ 
 ),!#! ρȢρρ ρȢρφ ρȢρς ρȢρχ ρȢρσ ρȢρυ ρȢρτ 
 6ÅÈ3É#ÏÎ πȢφφ πȢφτ πȢφφ πȢφχ πȢφυ πȢφφ πȢφφ 
 0ÅÒ3É#ÏÎȤ

"ÕÓ 
πȢτυ πȢτψ πȢυχ πȢψτ πȢςω πȢφρ πȢχπ 

(ÉÇÈ 42!.394 ρȢφσ ρȢφπ ρȢφπ ρȢφτ ρȢφυ ρȢφπ ρȢφρ 
 ),!#! ρȢσω ρȢστ ρȢσφ ρȢσψ ρȢσφ ρȢσφ ρȢσχ 
 6ÅÈ3É#ÏÎ πȢωσ πȢωυ πȢωρ πȢωπ πȢωρ πȢωρ πȢως 
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 0ÅÒ3É#ÏÎȤ
"ÕÓ 

πȢφπ πȢφυ πȢφω ρȢςω πȢσυ πȢψφ πȢωφ 

Table 5. 11 P-values in average person delay and average vehicle delay comparisons for PerSiCon-Bus and 

three benchmarking models in different traffic flow demands with a mixture of cars and buses in 100% CV 

penetration rate and 30s prediction horizon 

Average person  

delay comparison 

P-values Average vehicle  

delay comparison 

P-values 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

Low 0.000 0.000 0.004 Low 0.000 0.000 0.043 

Average 0.000 0.000 0.010 Average 0.000 0.000 0.018 

High 0.000 0.000 0.003 High 0.000 0.000 0.024 

 

Table 5. 12 P-values in average person stop and average vehicle stop comparisons for PerSiCon-Bus and 

three benchmarking models in different traffic flow demands with a mixture of cars and buses in 100% CV 

penetration rate and 30s prediction horizon 

Average person  

stop comparison 

P-values Average vehicle  

stop comparison 

P-values 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

Low 0.000 0.000 0.013 Low 0.000 0.000 0.027 

Average 0.000 0.000 0.025 Average 0.000 0.000 0.047 

High 0.000 0.000 0.017 High 0.000 0.000 0.032 

 

It can be found from Table 5.9 that the proposed PerSiCon-Bus reduces 40.2% - 51.8%, 28.2% - 

38.6% and 6.8% - 9.8% of average passenger delay of all vehicles compared to the TRANSYT, ILACA 

and VehSiCon benchmark algorithms in the vehicular environments under three flow scenarios. 

Table 5.10 demonstrates similar reductions of average passenger stop for the proposed 

algorithms against the benchmark algorithms, which are 46.3% - 59.7%, 36.8% - 47.9% and 5.5% - 

10.7% respectively. Meanwhile, the average vehicle delay and average vehicle stop of the 

proposed algorithm also is not heavily degraded in each scenario even if VehSiCon is selected as a 

baseline. Although Table 5.11 and Table 5.12 show significant differences in average vehicle delay 

and average vehicle stop of PerSiCon-Bus compared to VehSiCon, the average vehicle delay and 

stop of the proposed algorithm are only 4.7% - 6.3% and 4.3% - 6.1% higher than those of 

VehSiCon. The signal control methods using CV data achieve fewer average person delays and 

average vehicle stops, as CV data inputs can provide a more accurate estimation of vehicle 
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crossing time than infrastructure sensors such as inductive loops or pre-determined off-line signal 

optimization. The higher average delay and stop in ILACA can be attributed to an imprecise 

estimation of road conditions, queue length discharging time, stage switching and green 

extension by inductive loop sensors. The detectors in ILACA can partially react to flow demand 

and adjustments for signal plans are not as accurate as VehSiCon and PerSiCon-Bus in the absence 

of vehicle instantaneous trajectories from CVs, resulting in a higher frequency of mode switching 

between queuing and discharging statuses to cause more average stops. 

The results indicate that the application of connected vehicle technology is more beneficial to 

road network signal control than inductive loops under 100% penetration rate situation. The 

proposed PerSiCon-Bus achieves obvious average person delay reductions even compared to 

VehSiCon, which reflects the effects of the proposed person-based control algorithm in this 

project. The P-values results from hypothesis tests in Table 5.11 and Table 5.12 also identify the 

improvements of the proposed PerSiCon-Bus on average person delay and average person stop. 

Table 5.11 and Table 5.12 illustrate that the PerSiCon-Bus has significant differences in average 

person delay and average person stop in high, average and low traffic demand scenarios against 

TRANSYT, VehSiCon, where the P-values results are all below 0.05 at 95% confidence level. 

Among three different traffic demand levels, PerSiCon-Bus achieves the highest average person 

delay and average person stop reductions against three benchmarking models when the traffic 

demand level is low. On the contrary, PerSiCon-Bus reduce the average person's delay and stop at 

minimal degrees when the traffic demand level is high. This is because more vehicles arrive at the 

junction with dynamic occupancy level combinations when traffic demand is higher and PerSiCon-

Bus have to first give priority to some low occupancy level vehicles before the vehicles with high 

occupancy levels. For instance, in high-level traffic demands, 1-occupancy vehicles are more likely 

to be stopped before 4-occupancy vehicles, so 4-occupancy vehicles can only be discharged after 

the green light is given for 1-occupancy vehicles. Therefore, high flow level influences the 

performance of PerSiCon-Bus to a certain extent. 

More specifically, it can be observed from Table 5.9 and Table 5.10 that the average delay and 

stop of high-occupancy cars (cars with 2, 3 or 4 occupants) and buses are significantly reduced 

compared to the summations of average passenger delay. In terms of cars with 4 occupants and 

buses, the average delays of them are 25.2% - 36.1% and 60.8% - 66.7% less than those in the 

vehicle-based approach VehSiCon using CVs data to minimise vehicle delay in all cases. The 

average person stops of them are also significantly less than those in VehSiCon. However, the 

average delay and stop of 1-occupancy vehicles are 23.5% - 28.1% and 25.4% - 43.3% larger than 

those in VehSiCon. As expected, the reason is that the proposed algorithm reduces delays of high-



Chapter 5 

163 

occupancy vehicles and scarifies the travel time of 1-occupancy vehicles through more flexible 

signal timing plans in 8-phases junction to reduce the average delay of all drivers and passengers. 

5.9.2 Sensitivity analysis to CV penetration rate 

In order to understand how the proposed PerSiCon-Network performs under a variety of mixture 

vehicle environments of conventional vehicles and CVs, the sensitivity analysis experiments are 

tested for different approaches. Figure 5.10 illustrates sensitivity test results of average delays 

(Figure 5.10 (a), (c) and (e) for average person delays and Figure 5.11 (b), (d) and (f) for average 

vehicle delays) respectively of different controls from 10% to 100% CV penetration rate with a 

step of 10%. Figure 5.11 illustrates how the proposed algorithm and benchmarking models 

change with CV penetration rates (Figure 5.11 (a), (c) and (e) for average person stop and Figure 

5.11 (b), (d) and (f) for average vehicle stop) assuming situations of all passenger cars. Table 5.13 - 

Table 5.16 are hypothesis test results for average person/vehicle delays and stops in different CV 

penetration rate scenarios respectively. 

The plots in Figure 5.10 show similar variation trends of average person/vehicle delays among 

signal controls using CV data under three traffic flow levels. The average person/vehicle delays of 

signal controls using CV data (VehSiCon and PerSiCon-Bus) increase as the CV penetration rate 

decreases regardless of their objectives or signal plan flexibilities. The average person/vehicle 

delays of the connected control methods perform worse than ILACA when the CV penetration 

rate is less than 50%, and perform worse than TRANSYT when the CV penetration rate is less than 

30%. Compared to VehSiCon, the advantage of reducing passenger delay in the proposed 

algorithm is gradually reduced by reducing the CV penetration rate. This can be proved by the 

hypothesis test results in Tables 5.13 and 5.14. The average person/vehicle delays of PerSiCon-Bus 

are not significantly different to those of VehSiCon when the CV penetration rate decrease to 60% 

- 80%. Figure 5.11, Table 5.15 and 5.16 illustrate that there are similar influences on trends of 

average passenger/vehicle stops in Figure 5.10, Table 5.13 and 5.14 of all operational algorithms 

under three flow levels. The reason is that the gradual absence of CVs reduces the data sources of 

signal optimization algorithms using CV data, making them cannot realize the entire vehicle 

situation at multiple junctions. As the CV penetration rate decreases, VehSiCon/PerSiCon-Bus can 

only acquire part of vehicular information. The optimization outputs of their algorithms cannot 

reach the perfect objective function targets of minimising person/vehicle delay. The values of 

TRANSYT and ILACA remain the same as they do not rely on the information sent from CVs.  
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Figure 5. 10 Comparison of average passenger delay (s/per) and average vehicle delay (s/veh) of proposed 

algorithm PerSiCon-Bus and benchmarking algorithms in isolated junction under variety CV penetration 

rates and three flow levels 

Table 5. 13 P-values in average person delay comparison for PerSiCon-Bus and three benchmarking models 

in isolated junction in different traffic flow demands and different CV penetration rates 

 P-values for average person delay 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

100% 0.000 0.000 0.004 0.000 0.000 0.010 0.000 0.000 0.003 

90% 0.000 0.000 0.009 0.000 0.000 0.022 0.000 0.000 0.009 

80% 0.000 0.000 0.016 0.000 0.000 0.024 0.000 0.000 0.008 

70% 0.000 0.000 0.027 0.000 0.000 0.037 0.000 0.000 0.025 

60% 0.000 0.000 0.069 0.000 0.418 0.072 0.000 0.046 0.044 

50% 0.000 0.143 0.082 0.000 0.000 0.115 0.000 0.000 0.735 
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40% 0.000 0.000 0.175 0.291 0.000 0.893 0.375 0.000 0.254 

30% 0.083 0.000 0.225 0.000 0.000 0.346 0.000 0.000 0.437 

20% 0.000 0.000 0.417 0.000 0.000 0.842 0.000 0.000 0.577 

10% 0.000 0.000 0.258 0.000 0.000 0.618 0.000 0.000 0.782 

 

Table 5. 14 P-values in average vehicle delay comparison for PerSiCon-Bus and three benchmarking models 

in isolated junction in different traffic flow demands and different CV penetration rates 

 P-values for average vehicle delay 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

100% 0.000 0.000 0.043 0.000 0.000 0.018 0.000 0.000 0.024 

90% 0.000 0.000 0.031 0.000 0.000 0.029 0.000 0.000 0.029 

80% 0.000 0.000 0.045 0.000 0.000 0.007 0.000 0.000 0.037 

70% 0.000 0.000 0.058 0.000 0.048 0.034 0.000 0.041 0.054 

60% 0.000 0.046 0.074 0.000 0.210 0.096 0.000 0.067 0.133 

50% 0.000 0.008 0.094 0.000 0.000 0.085 0.000 0.000 0.094 

40% 0.000 0.000 0.146 0.006 0.000 0.269 0.005 0.000 0.865 

30% 0.001 0.000 0.325 0.000 0.000 0.168 0.000 0.000 0.644 

20% 0.000 0.000 0.490 0.000 0.000 0.641 0.000 0.000 0.429 

10% 0.000 0.000 0.272 0.000 0.000 0.658 0.000 0.000 0.718 

From Table 5.13, PerSiCon-Bus has significant differences in average person delay against 

VehSiCon when the CV penetration rate is higher than or equal to 70% in low/average traffic flow 

scenarios and 60% in high traffic flow scenarios at a 95% confidence level. Table 5.14 illustrates 

that the average vehicle delays of PerSiCon-Bus and VehSiCon only have significant differences 

when the CV penetration rate is higher than or equal to 80% in low traffic demand levels and 70% 

in average/high demand levels. Tables 5.15 and Table 5.16 provide similar dynamics about the 

average person/vehicle stop performance of these two controls. The P-values results for average 

person delay indicate high-level requirements of CV penetration rate for PerSiCon-Bus to achieve 

the obvious advantages of reducing average person delay, 60% - 80% against vehicle-based 

control using CV data. This is because fewer CV penetration rate makes signal controllers have 
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less vehicle environment realization and execute signal timing plans less precise to the objective 

functions. The signal timing plans are not optimal in PerSiCon-Bus/VehSiCon so they are less likely 

to achieve significant improvements in reducing average person/vehicle delays and stops. 

In most cases, the performance of PerSiCon-Bus in Table 5.13 ς Table 5.16 are significantly 

different to those of TRANSYT and ILACA. However, there are still a few special situations where 

p-values are higher than 0.05, for instance, 30% CV penetration rate compared to TRANSYT and 

50% CV penetration rate compared to ILACA in low demand level in Table 5.13. The reason is that 

KPIs of PerSiCon-Bus increase as the CV penetration rate decreases and the rising values are very 

close to the unchanged values in TRANSYT or ILACA at a CV penetration rate. In this case, the 

mean difference is a minor value, which leads to a large p-value as it is a critical component to 

calculate p-values. 

 

Figure 5. 11 Comparison of average passenger stop (num/per) and average vehicle stop (num/veh) of 

proposed algorithm PerSiCon-Bus and benchmarking algorithms in isolated junction under variety CV 

penetration rates and three flow levels 
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Table 5. 15 P-values in average person stop comparison for PerSiCon-Bus and three benchmarking models 

in isolated junction in different traffic flow demands and different CV penetration rates 

 P-values for average person stop 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

100% 0.000 0.000 0.013 0.000 0.000 0.025 0.000 0.000 0.017 

90% 0.000 0.000 0.016 0.000 0.000 0.031 0.000 0.000 0.030 

80% 0.000 0.000 0.024 0.000 0.000 0.027 0.000 0.000 0.028 

70% 0.000 0.000 0.037 0.000 0.000 0.038 0.000 0.000 0.044 

60% 0.000 0.015 0.048 0.000 0.000 0.071 0.000 0.040 0.537 

50% 0.000 0.000 0.082 0.000 0.000 0.211 0.000 0.000 0.199 

40% 0.000 0.000 0.249 0.000 0.000 0.376 0.000 0.000 0.582 

30% 0.000 0.000 0.913 0.000 0.000 0.240 0.000 0.000 0.625 

20% 0.000 0.000 0.190 0.000 0.000 0.558 0.000 0.000 0.817 

10% 0.000 0.000 0.572 0.000 0.000 0.362 0.000 0.000 0.762 

 

Table 5. 16 P-values in average vehicle stop comparison for PerSiCon-Bus and three benchmarking models 

in isolated junction in different traffic flow demands and different CV penetration rates 

 P-values for average vehicle stop 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

100% 0.000 0.000 0.027 0.000 0.000 0.047 0.000 0.000 0.032 

90% 0.000 0.000 0.042 0.000 0.000 0.035 0.000 0.000 0.005 

80% 0.000 0.000 0.039 0.000 0.000 0.041 0.000 0.000 0.012 

70% 0.000 0.000 0.119 0.000 0.000 0.076 0.000 0.036 0.038 

60% 0.000 0.871 0.378 0.000 0.000 0.213 0.000 0.000 0.083 

50% 0.000 0.000 0.192 0.000 0.000 0.156 0.361 0.000 0.237 

40% 0.000 0.000 0.485 0.000 0.003 0.712 0.000 0.000 0.411 
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30% 0.000 0.000 0.283 0.000 0.000 0.368 0.000 0.000 0.394 

20% 0.000 0.000 0.423 0.000 0.000 0.871 0.000 0.000 0.347 

10% 0.000 0.000 0.694 0.000 0.000 0.536 0.000 0.000 0.514 

 

5.9.3 Changes to prediction horizons 

As explained above, the suitable planning horizon for the proposed PerSiCon-Bus is uncertain. 

Therefore, it is essential to make a sensitivity analysis of the performance of the developed 

approach under a group of different predictive horizons. Figure 5.12 and Table 5.13 are sensitivity 

test results of average person/vehicle delay and stop values in different DP prediction horizons 

(10s, 20s, 30s, 40s, 50s, 60s) in different signal control methods. Table 5.17 ς Table 5.20 are 

hypothesis test results. 

 

Figure 5. 12 Line charts of average person delay (s/per)  and average vehicle delay (s/veh) of proposed 

algorithm and benchmarking algorithms in isolated junction under variety predictive horizons (s) and three 

flow levels. CV penetration rate is assumed to be 100% 
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Table 5. 17 P-values in average person delay comparison for PerSiCon-Bus and three benchmarking 

algorithms in isolated junction in different traffic flow demands and different prediction horizons (100% CV 

penetration rate) 

 P-values for average person delay 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

10s 0.000 0.000 0.386 0.000 0.000 0.911 0.000 0.000 0.176 

20s 0.000 0.015 0.013 0.000 0.000 0.004 0.000 0.000 0.006 

30s 0.000 0.000 0.004 0.000 0.000 0.010 0.000 0.000 0.003 

40s 0.000 0.000 0.018 0.000 0.000 0.019 0.000 0.000 0.008 

50s 0.000 0.000 0.010 0.000 0.000 0.008 0.000 0.000 0.011 

60s 0.000 0.000 0.014 0.000 0.000 0.017 0.000 0.000 0.021 

Table 5. 18 P-values in average vehicle delay comparison for PerSiCon-Bus and three benchmarking 

algorithms in isolated junction in different traffic flow demands and different prediction horizons (100% CV 

penetration rate) 

 P-values for average vehicle delay 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

10s 0.000 0.000 0.259 0.000 0.000 0.397 0.000 0.000 0.271 

20s 0.000 0.000 0.032 0.007 0.000 0.034 0.000 0.000 0.027 

30s 0.000 0.000 0.043 0.000 0.000 0.018 0.000 0.000 0.024 

40s 0.000 0.000 0.037 0.000 0.000 0.026 0.000 0.000 0.035 

50s 0.000 0.000 0.029 0.000 0.967 0.015 0.000 0.643 0.018 

60s 0.000 0.421 0.040 0.000 0.000 0.022 0.814 0.000 0.014 
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Figure 5. 13 Line charts of average person stop (num/per)  and average vehicle stop (num/veh) of proposed 

algorithm and benchmarking algorithms in isolated junction under variety predictive horizons (s) and three 

flow levels. CV penetration rate is assumed to be 100% 

Table 5. 19 P-values in average person stop comparison for PerSiCon-Bus and three benchmarking 

algorithms in isolated junction in different traffic flow demands and different prediction horizons (100% CV 

penetration rate) 

 P-values for average person stop 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

10s 0.000 0.000 0.095 0.000 0.000 0.087 0.000 0.000 0.213 

20s 0.000 0.000 0.002 0.027 0.000 0.021 0.000 0.000 0.005 

30s 0.000 0.000 0.013 0.000 0.000 0.025 0.000 0.000 0.017 

40s 0.000 0.000 0.022 0.000 0.000 0.016 0.000 0.000 0.026 

50s 0.000 0.000 0.016 0.000 0.000 0.028 0.000 0.045 0.013 



Chapter 5 

171 

60s 0.000 0.000 0.009 0.000 0.007 0.031 0.036 0.000 0.008 

Table 5. 20 P-values in average vehicle stop comparison for PerSiCon-Bus and three benchmarking 

algorithms in isolated junction in different traffic flow demands and different prediction horizons (100% CV 

penetration rate) 

 P-values for average vehicle stop 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

10s 0.000 0.000 0.096 0.000 0.000 0.468 0.000 0.000 0.104 

20s 0.000 0.000 0.021 0.000 0.000 0.031 0.000 0.000 0.019 

30s 0.000 0.000 0.027 0.000 0.000 0.047 0.000 0.000 0.032 

40s 0.000 0.000 0.026 0.000 0.000 0.037 0.000 0.000 0.026 

50s 0.000 0.000 0.012 0.000 0.000 0.020 0.000 0.025 0.017 

60s 0.000 0.288 0.009 0.419 0.000 0.017 0.001 0.000 0.012 

From Figures 5.12 and 5.13, the performance of person/vehicle delay and stop in PerSiCon-

Bus/VehSiCon present a similar tendency. As seen in Figures 5.12 and 5.13, there is a visible 

trough located at the planning duration 30s for the rolling horizon approach in the proposed 

PerSiCon-Bus/VehSiCon. The performance of TRANSYT and ILACA keep unchanged in different 

prediction horizon scenarios as the rolling horizon approach is only adopted in PerSiCon-

Bus/VehSiCon. The average person/vehicle delays and stops of PerSiCon-Bus/VehSiCon rapidly 

decrease from 10s, 20s to 30s horizon, and slightly increase from 30s to 60s duration at a step of 

10s. The results indicate that setting the planning horizon too short significantly degrades the 

performance of NPerSiCon-Network/ PerSiCon-Network in terms of people's number of stops due 

to limited signal plan choices and biased function values. The blanking periods of intergreen 

interval and start-up loss time occupying a considerable part of too short a planning horizon leads 

to no benefits to people discharging. The results are heavily biased when determining the traffic 

signal executions as signal schemes are generated based on the highest value function with rarely 

vehicles can be discharged, regardless of effects on signal phase switching for following saturated 

flows. The effects on cumulative deviation in long-time vehicle discharging prediction (40s, 50s, 

60s) are comparable to less negative influences on the performance of ILACA. 30s are suggested 

to be selected as planning horizon and signal scheme operation cycles combing objective 

understanding of value function and accurate vehicle travel prediction in the group of six planning 

horizon choices. 
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Table 5.17 ς Table 5.20 indicate the similar tendency of p-values of average person/vehicle delay 

and stop in different planning horizon plans in PerSiCon-Bus compared to reference models. 

PerSiCon-Bus presents significant improvements against VehSiCon when the prediction horizon is 

higher than or equal to 20s in all cases. However, when the prediction horizon is 10s, all of the p-

values are above 0.05. The reason has been claimed above that 10s are not sufficient for 

implementing optimal solutions of PerSiCon-Bus/VehSiCon, resulting in a heavily degraded of 

their performance. Similar to the abnormal p-values in Section 5.9.3, there are also a few special 

cases where the p-values are higher than 0.05s with comparisons of TRANSYT or ILACA. For 

instance, 60s prediction horizon in low demand levels in Table 5.18 when compare to ILACA. The 

reason is also that the increasing mean values of average delay and stop are very close to the 

values in TRANSYT and ILACA in some special cases and the minor mean differences result in high 

p-values. 

5.9.4 Changes to accumulation time weighted factors 

Figures 5.14 and 5.15 illustrate the performance of average person/vehicle delay and stop of 

PerSiCon-Bus under different numbers of accumulation time weighted factor ‏ from 0 to 1 in 

Equation (3-2). Table 5.21 ς Table 5.24 are hypothesis test results of PerSiCon-Bus and reference 

models in different accumulation time weighted factors.  From Figures 5.14 and 5.15 the 

performance of PerSiCon-Bus present a similar tendency. The average person/vehicle delay and 

stop of PerSiCon-Bus/VehSiCon increase as the weighted factor ‏ rises. Figures 5.14 and 5.15 (a), 

(c) and (e) illustrate that the change ranges of average person delay and stop of PerSiCon-Bus are 

higher than those of VehSiCon.  

On the contrary, the change ranges of average vehicle delay and stop of PerSiCon-Bus are lower 

than those of VehSiCon according to Figures 5.14 and 5.15 (b), (d) and (f). This is because the 

PerSiCon-Bus algorithm provides more right of ways to those low occupancy vehicles with high 

accumulation time and scarifies the crossing chances of high occupancy vehicles when the 

accumulation time weighted factor is high. The changes in accumulation time weighted factor also 

make negative influences the decision-making process of VehSiCon. However, the negative 

influences on VehSiCon are less than those on PerSiCon-Bus as all of the vehicles have the same 

priority levels.  
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Figure 5. 14 Line charts of average person delay (s/per)  and average vehicle delay (s/veh) of proposed 

algorithm and benchmarking algorithms in isolated junction under variety accumulation time weighted 

factors and three flow levels. CV penetration rate is assumed to be 100% 

Table 5. 21 P-values in average person delay comparison for PerSiCon-Bus and three benchmarking 

algorithms in isolated junction in different traffic flow demands and different accumulation time weighted 

factors (100% CV penetration rate) 

 P-values for average person delay 

Flow level Low Average High 

Signal 

controls 

TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon TRANSYT ILACA VehSiCon 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.1 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 

0.2 0.000 0.000 0.002 0.000 0.000 0.003 0.000 0.000 0.002 

0.3 0.000 0.000 0.007 0.000 0.000 0.012 0.000 0.000 0.005 


















































































































































