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Despite the significant progress made by existing studies on optimizing arterial signal 

design, the impacts of multiple high-volume path flows and the mutual impedance between 

transit vehicles and general traffic on the progression effectiveness have yet to be 

addressed. A congested arterial traffic system, designed to maximize the bandwidth for 

through traffic flows, is likely to be plagued by frequent turning queue spillbacks and the 

inevitable mutual blockage between the through and turning traffic if the traffic patterns 

comprise multiple high-volume path flows.  The lack of accounting for the excessive delay 

caused by the interference between transit and general traffic flows in the existing 

progression-maximizing methods also renders their applications to arterials of heavy 

mixed traffic flows ineffective.  
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In response to the challenge of accommodating multi-path traffic patterns and 

heavy-mixed flows in arterial signal design, this study has focused on developing a real-

time adaptive multi-path signal control system that can dynamically generate the most 

effective control strategies to contend with potential turning-bay overflows, the mutual 

blockage between critical path-flows, the mutual blockage between general traffic and 

transit flows. The developed real-time control system is designed with a customized 

structure to proactively respond to time-varying traffic demand with adaptive yet 

sufficiently stable signal plans at either the intersection or the arterial level. 

The first primary model embedded in the developed real-time control system is 

designed to offer a multi-path progression signal plan for the arterial to minimize the 

impacts of any related factors that may degrade its overall progression effectiveness, 

including excessive turning queues and the mutual blockage between different major path 

flows. 

The developed real-time control system’s second primary model is proposed to 

incorporate the control objective of bus delay minimization in the design of maximizing 

progression for general traffic. The bus-friendly signal progression plans generated from 

this model can account for the unique operational characteristics of transit vehicles and 

minimize the mutual impedance between the passenger car queues and dwelling bus flows 

on each link.  

To contend with the variability of traffic volumes and changes in path-flow patterns 

over different time periods, the study has further integrated these two offline models along 

with essential supplemental modules to construct a real-time adaptive control system. With 

a customized hierarchical control structure, the developed real-time system will allow the 
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users to generate the optimal signal plans based on multiple preferred MOEs, and also offer 

the time window for adaptively changing the high-level produced signal offsets at the local 

level based on the most updated information.  

The developed systems, evaluated extensively under simulated offline and real-

time experimental scenarios, has demonstrated their effectiveness in achieving the 

purported control objectives, and can serve as a reliable tool for the design of signal 

progression plan, especially for major arterials accommodating mixed traffic, experiencing 

heavy volumes over multiple traffic paths, and constrained by insufficient turning bay 

length.   
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Chapter 1 Introduction 

1.1 Background 

  Most urban arterials, comprising major intersections of high turning volumes, often suffer 

from significant delays incurred by excessive queues and mutual blockage between through 

and turning flows, especially for those accommodating both transit and passenger-car flows. 

Excluding some impacts due to geometric constraints at key intersections, such congestion 

patterns are likely contributed by the signal control system’s failure in providing sufficient 

progression for all predominated path flows over the arterial, and also in accounting for the 

mutual impedance between transit and passenger-car flows in design of the optimal offsets and 

phase sequences. The consequences of ineffective arterial signal design include the frequent 

interruptions to the progression by the overflows from turning bays, underuse of the turning 

phase due to the blockage of long through traffic queue, and extensive lane changes to impede 

neighboring-lane flows due to a dwelling bus. 

Theoretically, one can tackle such congestion patterns first with the recent advance in 

multi-path progression signal systems (Yang et al., 2015) to provide a set of designated 

progression bands for each identified path to smooth the traffic evolution over the entire arterial. 

The inevitable mutual impedance between transit and passenger-car flows and the resulting 

delay can then be incorporated in design of the optimal set of offsets and phase sequences for 

the arterial’s signalized intersections. An arterial’s signal control system with such essential 

features should yield not only a transit-friendly environment to minimize the bus delay caused 

by passenger-car queues, but also a designated band to efficiently progress traffic flows on 

each major path over the arterial. As such, the desirable signal control state of maximizing the 

progression effectiveness for the arterial’s major path-flows with the minimal delay to their 
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transit users would be achievable,  unless with insufficient capacity at some of its intersections. 

 However, despite the promising functions offered by state-of-the-art multi-path signal 

progression systems, their effectiveness is grounded in the availability of reliable origin-

destination (OD) information and volumes for all major traffic paths. Such critical information 

can only be collected with specially designed surveillance systems (e.g., drone, license-plate 

recognition) at the costs prohibitive to most local traffic agencies. Moreover, the impacts of 

various mutual-impedance patterns between the transit and passenger-car flows over the 

arterial on either the total system delay or progression effectiveness have not been fully 

addressed yet in the literature.  

Notably, even with the most accurate path-volume information, their variations undermine 

the effectiveness of any well-designed multi-path progression plan because the offline 

computed optimized offsets and green durations may not be sufficient to accommodate the 

fluctuation of an arterial’s time-varying traffic patterns. As such, an adaptive real-time system 

would be needed to respond to fluctuating traffic demands. Note that many urban arterials of 

mixed traffic need to accommodate heavy transit flows during both peak and off-peak periods. 

Nevertheless, none of the existing studies for arterial progression control has incorporated the 

impacts of such transit flows in design of conventional or advanced multi-path signal 

progression systems. 

Hence, given the fact that much remains to be done on this subject, any further 

development along this line to better design a signal system for urban arterials of heavy mixed 

traffic and turning volumes shall have to address the following critical issues: 

 How to concurrently offer multiple progression bands for all path-flows under 

the constraints of lacking reliable path O-D and volume information? 
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 How to minimize mutual blockage between different path-flows under the 

conditions of insufficient turning bay length and/or overflows? 

 How to minimize the bus delay mainly caused by passenger car queues around 

the roadside bus stations and at intersections? 

 How to account for the impacts of dwelling buses on the effectiveness of 

passenger-car progression? 

 How to provide a transit-friendly environment but not at the cost of passenger-

car flows for the arterial with a real-time adaptive control system? 

 How to concurrently provide the multi-path traffic progression with minimized 

mutual impedance between transit and general traffic flows with real-time 

adaptive operations? 

1.2 Research Objectives 

This study has focused on addressing all the above imperative issues and developed a real-time 

adaptive multi-path signal control system for arterials of mixed traffic and heavy turning flows. 

The developed real-time system with proactive control nature has been designed with the 

following functions: 

 automatically identify the multi-path flow pattern and the corresponding set of 

progression bands with only intersection volume counts and geometric features; 

 assess and incorporate the impacts of potential mutual blockage between 

different path-flows in design of the optimal signal offsets and phase sequences 

to ensure the multi-path progression. 

 balance the performance efficiency between two different traffic modes to the 

extent possible with real-time adaptive control based on their respective 
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operational characteristics; 

 account for inevitable mutual impedance between transit and passenger-car 

flows in optimizing the signal offsets and phase sequences for progression 

maximization 

 automate the update of key system parameters from any available real-time 

traffic measurements; and 

 generate stable signal plans while responding proactively to time-varying 

traffic patterns and volumes. 

1.3 Dissertation Organization 

Based on the proposed research objectives, the remaining chapters are organized as shown in 

Figure 1.1. A brief description of each chapter’s core work is summarized below: 

 Chapter 2 presents an in-depth literature review on arterial signal control strategies, 

including offline signal optimization models for arterials, emerging path-based models 

to serve multiple critical path-volumes, transit-friendly signals, and adaptive signal 

models. The advantages and limitations of existing studies, along with ongoing 

challenges, are also presented in this chapter.   

 Chapter 3 illustrates the structure of the proposed real-time arterial adaptive signal 

control system based on all identified critical issues. The required modules, their key 

functions, inputs, outputs, and interrelations contributing to undesirable mutual 

blockage between transit and passenger-car flows are detailed in this chapter. 
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Figure 1.1 Organization for the Study 

Figure 1.1 Organization for the Study  
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 Chapter 4 presents the core logic and formulations of a multi-path model designed to 

accommodate multiple path-flows constituted by various through and traffic streams 

over the arterial links with only intersection volume counts. The objective function of 

the models includes yielding the set of progression bandwidths for all identified path-

flows, and also ensuring the minimization of their potential mutual impedance. 

 Chapter 5 details a multimodal signal optimization model, featuring its incorporation 

of bus delay minimization in design of progression maximization for passenger-car 

flows under a mixed traffic environment. A detailed discussion of various possible 

mutual-impedance scenarios and the resulting delay to each mode, along with a 

customized objective function, constitute the core of this chapter. The results of 

extensive experimental analyses to evaluate the effectiveness of the developed model 

are also included in this chapter.  

 Chapter 6 presents a real-time adaptive control system that integrates two offline 

models (in Chapters 4 and 5) in an online environment by developing methodologies 

and control logic of a control system for arterials with heavy path volumes as well as 

transit flows in order to respond to fluctuating traffic. Also reported in this chapter is 

the customized three-layer control structure and its innovative operational feature of 

offering a time window for the real-time signal system to timely revise the initially 

computed optimal signal plan, based on the most updated traffic information. The 

results of extensive analyses with both simulated real-time traffic scenarios to assess 

the developed system’s effectiveness are also discussed in this chapter.  

 Chapter 7 concludes the contributions of this study, including the essential features and 

benefits of integrating both models developed for use in a real-time adaptive control 
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environment. It also highlights all potential extensions for this study, some critical 

issues to be overcome with emerging technologies, and major challenges when 

applying such a system to areawide networks. 
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Chapter 2 Literature Review 

2.1 Introduction 

As stated previously, the focus of this research is to develop an effective signal control 

system for mixed-flow arterials of high turning traffic; the review results presented in this 

chapter will include only those in the following related areas: offline signal optimization, path-

based signal design for arterials, and transit-friendly signal design strategies, and adaptive real-

time signal controls. Primary studies included in offline signal optimization are those pre-timed 

models generating optimal cycle length, green splits, phase sequences, and offsets for arterials 

with information available from existing traffic surveillance sensors, whereas some of those 

having the volume information by major traffic-flow path over the arterial and with the signal 

control plan to facilitate major path-flows are categorized in the second area. 

The review efforts on the area of transit-friendly signal design will be devoted to those 

state-of-the-art models developed to promote transit usage and facilitate operations of bus 

flows with innovative signal plans to either minimize bus delays or offer bus-based progression 

bands.  More recent studies that take full advantage of real-time available information to 

dynamically optimize signal plans with various on-line adaptive algorithms are grouped in the 

area of adaptive real-time signal controls. 

The ensuing sections in this chapter will review key studies in each of those areas, 

centering on their core methodologies, control objective, embedded assumptions, limitations, 

and reported performance. Key review findings that may benefit this research and some 

associated critical issues but not yet addressed in the literature will be reported in the last 

section. 
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2.2 Offline Signal Optimization Models 

Isolated Intersections 

Despite some earlier research progress on intersection signal control (e.g., Matson, 1929; 

Adams, 1936; Clayton, 1941; Wardrop, 1952; Matson and McGrath, 1954) , the work by 

Webster(1958) on optimization of an isolated traffic signal is the one that first allows 

practitioners to follow a well-defined procedures with rigorous theoretical supports to proceed 

the signal design. Given volume data and parameters, the traffic engineer can then set up traffic 

signals systematically for isolated intersections based on the optimal cycle length and green 

splits computed with the Webster (1958)’s method which, with the objective of minimizing 

delay and the postulated Poisson distribution for arrivals, can yield the following  optimal cycle 

length 𝐶∗: 

𝐶∗ =
1.5𝐿 + 5

1 − ∑ 𝑦𝑖𝑖  
 

Where 𝐿 is the total lost time of all critical movements and 𝑦𝑖 is the degree of saturation of 

critical movement 𝑖 .By distributing the green ratio for each movement consistent with the ratio 

of its degree of saturation over the entire intersection, one can minimize the total delay for all 

vehicles through the intersection. 

Following the core of  Webster’s method, Akcelik (1981) proposed the use of  critical 

movements based on degree of saturation to distribute the green splits. His proposed method 

was later extended to be known as the Critical Lane Volume (CLV) analysis (Messer and 

Fambro, 1977) for estimating an intersection’s level of service under a given volume pattern.  

All models based on Webster’s design notion, however, can only be used for under-

saturated traffic conditions where all intersection queues will be dissipated in each cycle. For 
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over-saturated intersections where their queues cannot be completely cleared within a single 

cycle, Gazis (1964) indicated that the optimal signal setting for delay minimization must be 

designed to first dissolve the queue in the main approaches for multiple cycles and then switch 

to clear the minor approaches’ queue. If an extended long queue is a concern, Michalopoulos 

and Stephanopolos (1977) suggested that such a bang-bang control strategy can be done by 

replacing the queue model with shockwave models. To discretize on a cycle-to-cycle basis, a 

similar strategy but with a discretized cycle-based computation was later implemented by 

Chang and Lin (2000). 

Albeit abundant research on signal design for isolated intersection (e.g., Miller, 1963; 

Allsop, 1971; Allsop, 1972; Improta and Cantarella, 1984; Gallivan and Heydecker, 1988; 

Heydecker, 1992; Allsop 1992, Silcock, 1992; Heydecker 1996, Lam et al., 1997; Silcock, J., 

1997; Wong and Wong, 2003; Wong and Heydecker,2010), the CLV method, due to its nature 

of computational convenience and theoretical appealing, has emerged as one of the most 

popular methods in the state of the practice. 

2.3 Arterial Signal Optimization 

The arterial or network signal design mainly falls into the category of delay minimization and 

progression band maximization. The former category of studies is focused on generating a 

signal plan for each intersection in a traffic network to minimize its total network delay or 

specified “disutility” performance indices. The pioneering research in this category is the 

TRANSYT model (Robertson, 1969) which incorporates the platoon dispersion between two 

neighboring intersections in computing the signal offsets and timing plans. The constant update 

and improvement by TRL (formerly TRRL) has made TRANSYT emerged as the most 

popular signal design software family, and has evolved to the version of TRANSYT-16 up to 
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date with various new features, including Congested platoon dispersion model for spillback 

scenarios, cell transmission model (CTM) (Lo et al. , 2001; Lo, 2001), and the new computing 

algorithms such as genetic algorithms (McTrans, 2008) or shotgun hill climb (Binning, 2019).  

TRANSYT-7F (McTrans, 2008) is the U.S. version of its family members. 

A vast body of prominent models with the objective of delay minimization for network 

signal design but with different formulations and constraints can be found in the literature (e.g., 

Kashani and Saridis, 1983; Wong, 1996; Chang and Sun, 2004; Yun and Park, 2006; 

Stevanovic and Stevanovic, 2007; Liu and Chang, 2011; Keyvan-Ekbatani and Kouvelas, ; 

Papamichail and Papageorgiou, 2012; Keyvan-Ekbatani et al., 2013; Aboudolas and 

Geroliminis, 2013; Christofa et al., 2016). 

The common feature of existing studies in the latter category is to design of maximized 

progression bands that allows vehicles within the bands to progress through multiple 

intersections or even the entire arterial. The pioneering study on the two-way progression 

bandwidths maximization problem is first proposed by Morgan and Little (1964), and extended 

later by Little (1966) with mixed-integer linear programming (MILP), to transform the 

formulations into an operational optimization model, and signal design software, named 

MAXBAND (Little et al., 1981) that has included initial intersection queues and left-turn phase 

sequence in design of the maximized progression bands.   

To accommodate the impacts of different link volumes on of the design of progression 

band, an arterial, some researchers have addressed this issue with different methodologies. 

Examples of such studies can be found in the works of Multiband (Gartner et al., 1991) and 

PASSER-IV (Chaudhary and Messer, 1993), both producing variable bandwidth for arterial 

links receiving different volumes.  
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More later studies along the same line aimed to produce the optimized offsets with 

variable phase sequences, based on the volumes over different links (Messer et al., 1973; 

Wallace and Courage,1982; Chang et al., 1988; Papola, 1992; Tian and Urbanik II, 2007; Li, 

2013;  Zhang et al., 2015; Arsava et al., 2016; Arsava et al., 2018). Note that the notion for 

traffic progression has also been refined and applied in design of signal plans for 

unconventional intersections or traffic networks (Gartner and Stamatiadis, 2002; Gartner, 2004; 

Yang et al., 2014; Yang et al., 2016; Cheng et al., 2018). 

Despite the significant progress made by those studies, their focuses are mainly to improve 

the efficiency of the through movements along the arterial, and often cannot achieve the desired 

level of performance for arterials connecting major intersections and thus in need of 

accommodating heavy turning flows. All such turning flows, including outflows from and 

inflows to the arterial, may yield long queues and consequently impede the through movements 

due to the lack of designated progression bands. Chen et al. (2019) have addressed the impacts 

of such turning-bay overflow issues on the through progression bands, and proposed a model 

to free those progression bands from the impedance by the left-turn bay spillback. However, 

much remains to be investigated on the design of signal progression for arterials experiencing 

heavy turning flows at their major intersections, where the traffic patterns may comprise 

multiple primary path-flows. Failing to provide progression to all such path-flows of high 

volume may result in their inevitable mutual impedance during their spatial evolution over the 

link and queuing at intersections.  And this issue may evolve to a more complex level and 

render the conventional progression design ineffective if the arterial needs to accommodate a 

heavy mixed traffic of transit and passenger-car flows. All such issues have not been 

adequately addressed by the traffic community. 
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2.4 Path-Based Arterial Signal Optimization Models 

The emerging technology has enabled traffic researchers to collect path-flow volume 

information with less costly options, including footage from drones flying above the arterial, 

crowdsource such as mobile phone data, or probe vehicle data such as GPS records from ride-

hailing companies / taxis. As such, design of multi-path progression signal system that can 

provide each primary path-flows with a designated progression band has received the 

increasing attention in recent years by the traffic community. 

On this regard, Yang et al. (2015) proposed a multi-path progression model to 

concurrently provide signal progression for the arterial’s through movements and its turning 

paths based on the optimized signal offsets and phase sequences. In their study, all critical paths 

of heavy traffic volumes are identified from drones to rank their weightings in design of their 

bandwidths. Since it may not be likely to serve all critical paths concurrently with the given 

green duration, the multi-path progression model is expected to provide a function to select 

only some paths with progression from the perspective of maximizing the total user benefits.   

Along the same line, a model called OD-BAND has been proposed by Arsava et al.(2016) 

to serve each pre-identified origin-destination pair over an arterial. The optimal signal settings, 

including offsets and phase sequences, can be obtained by maximizing the weighted 

bandwidths of all O-Ds using the core logic of MAXBAND. The same concept has been further 

applied to grid networks in OD-NETBAND model (Arsave et al., 2018). Yan et al. (2019) also 

proposed a network-based model grounded in the assumption that volumes for all O-D pairs 

are available. Recognizing that large number of paths exist within even a small-sized network, 

they firstly create several groups based on the notion of partition of the network and connection 

of local paths as used in Multiband. In view of the fact that not all paths can have the same 
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progression speed, this model allows certain paths to progress at a lower speed and experience 

inevitable excessive delay.  

However, despite the promising performance, the existing multi-path (Yang et al., 2015) 

or OD-BAND (Arsava et al., 2016) and their extensions (Arsave et al., 2018; Yan et al., 2019) 

share the following common limitations: 

 These modes are data-demanding, requiring the path flow information or O-D 

volume data as one of the primary model inputs. These information are either 

not available or too costly for responsible traffic agencies to collect at the 

desirable level of quality. Hence, a model that can yield the same level of 

performance but without using the O-Ds is essential for such design notion to 

be used in practice. 

 Heavy turning volumes often accompanies with long queues at turning bays, 

which often result in overflows and thus block the through movements. 

Likewise, excessive through queues may also impede left-turning flows from 

entering their designated lanes and proceed through their designated green 

duration. Such mutual blockage between the through and turning flows will 

inevitably degrade the effectiveness of the signal plan, especially for traffic 

progression. 

 Theoretically, various signal plans can yield the same optimal control state with 

the same weighted progression bandwidths for critical paths. Such a weighted 

design notion, however, may not fully address the potential equity issue among 

all critical paths where a critical path with relatively less volume may assume 

some important role in connection with other major arterial or networks.  
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2.5 Transit-Friendly Signal Systems 

Since the pilot study of UTCS/BPS in the 1970s in Washington D.C. (Raus, 1975), the concept 

of providing bus-friendly signals has been developed along several different fronts, and most 

of such studies can be categorized into three types: active Transit Signal Priority (TSP); bus 

progression; and dual-band progression. 

Active TSP 

Equipped with advanced sensors, active TSP aims to operate transit preemption that will 

override the current signal plan with green extension, red truncation (early return), or phase 

insertion to accommodate buses demanding priority in real time. Focusing at the intersection 

level, Yagar and Han (1994) proposed a model to minimize the cost (delay) of all vehicles by 

evaluating the cost of switching phases. Balke et al. (2000) provides conditional TSP for 

schedule adherence without disrupting non-transit coordination with the existing controller’s 

functions (dummy phase, hold phase, force-off). Head et al. (2006) generated an efficient 

adaptive signal plan to respond to transit priority calls with mixed-integer linear programming 

(MILP), using state-of-the-art traffic controllers. Other prominent works for such a control 

function but at the  intersection level can be found from the works by Lin, (2002); Christofa 

and Skabardonis (2011); Li et al.(2011); and Ma et al.(2013).  

With the improvements of technology, TSP operations have been extended to the arterial 

or network level. For instance, Janos and Furth (2002) provides actuated signal with 

conditional TSP, offering preemption only when buses are behind the schedule over the arterial 

with mixed dedicated bus lane and mixed traffic flows. He et al., (2014) designed an adaptive 

control for bus priority with the coordination between adaptive control at the upper level and 

an enhanced actuated control at the lower “responsive level”. Other such advanced models 
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applying headway-based control to increase the reliability or minimize the delay are also 

available in the literature (e.g., Bowen et al., 1994; Mirchandani et al. 2001Estrada et al., 2009; 

Lin et al., 2013; and Chow et al., 2017).  

Notably, the TSP operations on arterials of high transit flows will cause frequent 

interruptions to the signal plan for general traffic. As such, active TSP has been limited to 

traffic conditions with low bus volume. Otherwise, one needs to seek passive TSP that 

explicitly takes heavy bus volume into account in design of a pretimed signal plan.   

Bus Band 

Another category of bus-friendly control strategies is to provide progression band for buses to 

traverse smoothly over the arterial and not experience stops at intersections. Grounded in the 

core logic MAXBAND (Little et al., 1981), the strategy by Dai et al. (2016) provides green 

bands for buses on an arterial with exclusive bus lanes. In a more general setting for arterials 

with mixed bus and passenger car traffic, Kim et al. (2018) designed a set of bus bands which 

allows bus flows to progress over intersections without stop under the given range of transit 

dwell time.  

Contrary to these preemption techniques, such passive TSP models are designed to 

incorporate  the bus band in the pre-timed arterial signal control so that it  does not incur 

frequent interruptions due to preemption operations, and also less impedance to passenger-car 

flows. Such control strategies of favoring transit flows, however, cannot be implemented 

without the support of general public and policymakers.  

Dual Band 

To minimize the concerns by non-transit users, the third category of bus-friendly signal 

systems are designed to concurrently offer progression band for both buses and passenger-car 
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flows. The control strategies proposed by Dai et al. (2015) and Ma et al.(2018) take into 

account of both modes’ operational characteristics on arterials with exclusive bus lanes. 

Recognizing the existence of some insurmountable constraints associated with the design of 

dual bands over a long arterial, Dai et al. (2015) employed the strategy of distributing excessive 

travel time at certain links or holds the bus at stations for some durations to facilitate the target 

progression flows. In the work by Ma et al.(2018), the bus band and/or passenger car band are 

decomposed so that they must stop at some locations. Cheng et al. (2019) proposed a model 

that can optimally select the mode(s) and direction(s) to receive the progression under the 

constraint such as bus bay storage capacity and dwelling buses’ impact on traveling passenger 

cars. 

Although state-of-the-art models on dual-band design (e.g., Cheng et al., 2019) have 

concurrently addressed the performance of both modes, and have shown some desirable level 

of effectiveness in laboratory experiments, the following critical issues remain to be 

investigated:  

 Conceivably, dual band methods can balance the benefits between passenger cars and 

buses. However, depending on the volume distribution pattern of both modes and the 

arterial geometric features, it may not always be feasible to provide progression for 

both modes in both directions along the entire arterial. 

 The inevitable mutual blockage between the bus and passenger-car flows during either 

their spatial evolution over a link or queue formation/dissipation process at intersection 

or bus stops will certainly affect the effectiveness of traffic progression and need to be 

accounted in the design of signal plans for such arterials accommodating heavy mixed 

traffic.   
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2.6 Adaptive Signal Control 

To take advantage of new detection technologies and to provide timely response to traffic surge 

or significant fluctuation, a large body of adaptive signal control models and systems have 

emerged over the past two decades. Among those that have been deployed for daily field 

operations and demonstrated promising performance are SCATS and SCOOT. Developed in 

Australia, SCATS (Sydney Coordinated Adaptive Traffic System, or SCAT system) has been 

adopted by 187 cities (NSW, 2021). Its core logic is to decompose a large network into 

subnetworks consisting of intersections operated with a common cycle length. Within the 

subnetwork, the cycle, offsets, and target splits are determined by degree of saturation and 

voting by “strategic approaches” while actual splits are further determined by “tactic” decisions 

allowing flexible implementations including phase skip and early green phase termination 

(McCann, 2014). Between subnetworks, it is determined with the mechanism of 

“married/divorced” with one- or two-way progression based on the directional traffic volume 

(Luk and Sims, 1982). Such a marrying and divorcing mechanism is based on the weighted 

local progression bandwidths which allow vehicles to travel over at least two intersections with 

no stops when traversing across the boundaries of two subnetworks. It has embedded a bus 

priority function in the system by using preemption when acknowledging the bus arrival. 

Overall, SCATS with its decomposition features allows the system to be scalable so that adding 

intersections will not degrade the system’s performances. 

However, it has not fully addressed the critical issues that often plague those arterials 

accommodating heavy mixed traffic and turning, such as how to circumvent mutual blockage 

between paths in design of signal? How to provide passive TSP to accommodate heavy bus 

flow without disrupting general traffic? How mutual blockage between buses and passenger 
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cars can be mitigated in design of signal? 

SCOOT 

SCOOT (Split Cycle Offset Optimization Technique), working as an online version of 

TRANSYT, is an adaptive traffic signal system developed by British Transportation and Road 

Research Laboratory (TRRL, currently TRL), SCOOT has been field-deployed since 1979 in 

Glasgow, Scotland  (Hunt et al, 1982) and now has been adopted in 350 cities (TRL, 2021). 

By using the platoon dispersion model to predict the arrival times and to estimate the time-

dependent “queue cyclic profile”, SCOOT can adjust splits, offsets, and cycle length gradually 

to achieve delay minimization (Hunt et al, 1982), based on its detectors placed at the upstream 

end of a link. 

Despite its popularity and prominent performance in most cities, its bus priority function 

is restricted to bus dedicated lanes, but not for mixed traffic flow conditions. Also, its 

performance depends heavy on the algorithm for predicting the arrival flow patterns with the 

link’s upstream detectors. Ensuring the accuracy of such a prediction algorithm in real-time 

day-to-day operations is quite a challenging task, especially for a mixed flow arterial.  

Other Adaptive Control Models 

Other field-deployed adaptive systems, including RHODES, PRODYN, ACS-Lite, OPAC are 

particularly worth noting. With a hierarchical framework, RHODES (Mirchandani and Head, 

2001) predicts the platoon progression and reduces conflicting demands at the network level 

with REALBAND module (Dell and Mirchandani, 1995) while controlling acyclic signal 

phases at the intersection level by minimizing the delay detailed to individual vehicles (Sen 

and Head, 1997).  

By predicted traffic arrivals within look-ahead horizons, OPAC (Gartner, 1983), mainly 
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for isolated intersections, generates optimal signal with dynamic programming. PRODYN 

(Henry et al., 1983) applies the dynamic programming to solve the delay minimization problem 

as well, but with an additional upper-level supervisor to provide signal coordination between 

intersections. ACS-Lite (Luyanda et al., 2003) aims to minimize the upgrade costs by designing 

a framework with a regional “field master” functioning to implement the logic of simplified 

ACS that is compatible with existing signal controllers. It updates the traffic demand data at the 

long-term time-of-day level and the mid-term fluctuation deviating from the usual pattern.  

A vast amount of recent works on adaptive control but mostly at the theoretical exploration 

level can also be found from the traffic literature  (Cai et al., 2009;  Xie et al., 2012; Zheng and 

Recker, 2013;  Varaiya, P. 2013; Haijema and Hendrix, 2014, Yang and Jayakrishnan, 2015; 

Ghasempour and Heydecker, 2019).   Among those, SURTRAC (Smith et al., 2013) stands out 

with it extensive field-deployments in downtown Pittsburg. To be scalable in a network and to 

reduce the long communication time, SURTRAC applies a decentralized structure under which 

each intersection solely communicates with neighboring intersections and computes the 

acyclic optimal signal by a novel “schedule-driven” model regarding a platoon of cars as a job, 

labeled with arrival time and platoon size, to clear as soon as possible (Xie et al., 2012). 

Note that all adaptive control models in the literature mainly focus on through movement 

and passenger cars. How to accommodate mixed traffic flows so as to provide fare benefits 

between passenger-car and transit flows in real-time control environments remains a 

challenging task. 

2.7 Discussion 

In brief, a comprehensive literature review has been conducted in this chapter. Although the 

state-of-the-art path-based arterial signal optimization, dual-band progression for buses and 
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passenger cars, and the adaptive traffic signals have demonstrated their effectiveness under 

some target traffic conditions, they haven’t fully accounted for the following issues: 

 Developing multi-path models with the data available from state-of-the-practice 

surveillance systems. 

 incorporating the impacts of mutual blockage between the turning and through traffic 

flows in design of the traffic progression bands. Addressing the inevitable mutual 

impedance between bus and passenger-car flows during their spatial evolution over a 

link and queue formation at the intersection and bus stops in design of the mixed flow 

signal progression system. 

 Advance the multi-path progression system to the real-time control environment so that 

it can better tackle the complex interactions between bus and passenger-car flows, and 

adjust the control strategies in a timely manner to ensure the control system’s overall 

efficiency. 

To contend with these vital issues, this dissertation will develop a real-time multi-path signal 

progression system for arterials of mixed flows and heavy turning traffic.  
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Chapter 3 System structure and key components 

3.1 Introduction  

To achieve the proposed research objectives under the constraints discussed in the previous 

chapter, this research intends to develop a multipath traffic signal progression system for 

arterials of mixed transit and passenger-car flows.  With the unique multi-purpose design 

feature, the proposed system will allow users to compute the progression offsets and phase 

sequences for arterials experiencing heavy mixed traffic and turning flows under either time-

of-day control or real-time response operations. It can also serve to provide the multipath 

progression plan for arterials accommodating multiple paths of passenger-car flows. 

This chapter will first identify critical issues to be addressed in designing an effective 

arterial signal control system for mixed traffic flows, and then discuss their technical challenges 

in detail in the next section. The functional requirements for such a system to contend with all 

identified critical issues are proposed in section 3.2, followed by a description of the proposed 

system's overall structures and key models with all required functions for use in practice. A 

concise presentation of each key model’s functions, including the required data, operational 

logic, and its produced control measures, constitutes the core of section 3.3. Primary tasks to 

be conducted in developing the proposed system will be highlighted in the last section. 

 

3.2 Challenges for optimal control of heavy mixed-flow arterials  

For arterial experiencing heavy mixed traffic of passenger cars and transit traffic, the first 

primary challenge to the responsible traffic agency would be whether to tackle the mixed flows 

with the plan identical to the single-mode traffic, and then to apply existing control strategies 

to minimize the congestion with the objective of either delay minimization or progression band 
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maximization.  Despite the convenience, the resulting performance from such applications will 

undoubtedly be far from the desired level of effectiveness because the complex interactions 

and the likely mutual impedance between different modes of the traffic flows have not been 

addressed in any existing studies software for signal design.  

Conversely, if one fully recognizes the discrepancies in operational properties between 

passenger-car and bus flows and intends to design a system to facilitate both traffic modes, 

then there are some major challenges to overcome.  For example, if with the control objective 

of maximizing traffic progression adopted in this study, then the design of an effective signal 

control for such arterials will have to address these following critical issues at both the system 

design and operational levels. 

Main critical issues at the system design level include: (1) should the selected control 

objective of maximizing the progression be designed only for the primary path-flows (i.e., 

mostly through traffic), or also to other path-flows of significant volume; and (2) how to take 

care of transit flows if the system is designed mainly to progress either the through movements 

or multipath passenger-car flows, knowing that the operational nature of transit vehicles 

prevent them from taking advantage of such designated progression bands. 

 There are many more critical issues to be tackled at the operations and model 

development level because only very limited studies in the literature have addressed the 

complex interactions between transit and passenger-car flows over congested arterials, 

especially for those comprising major intersections of high-turning volumes. Examples of such 

critical issues include: 

 How to concurrently minimize the delay of bus flows when offering the progression 

for passenger-car flows? 
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 How to account for the inevitable mutual impedance between transit and passenger-

car flows during their spatial evolution over roadway links in design of an effective 

signal progression for arterials with heavy mixed flows? 

 How to minimize the impacts of dwelling buses at the stations on the progression 

effectiveness of passenger-car flows? 

 How to circumvent the impedance of turning-bay overflows in design of the 

progression band for either through or multipath traffic flows? 

 How to design an effective signal system for arterials of mixed flows and high turning 

traffic with only state-of-the-practice traffic detection sensors? 

 What are the essential functions for such a system to provide at either the time-of-day 

or real-time adaptive control levels so that it can maximize the total benefits of the 

entire system, but not at the cost of either mode’s users? 

 To address the above critical issues, this study had proposed a real-time adaptive 

multipath progression signal system for arterials of heavy mixed traffic and turning volumes. 

Figure 3.1 shows the operating structure of such a system and its key models, where Model-I 

is for the design of multipath progression with only the data of turning counts at intersections, 

and Model-II attempts to incorporate bus delay minimization in the design of signal 

progression for passenger-car flows. By integrating these two models with available real-time 

information and feedback mechanism, Model-III functions to provide an adaptive signal 

progression system for arterials of heavy mixed flows and turning flows with the optimized set 

of phase sequences and offsets, cycle length, and green splits. Note that both Model-I and 

Model-II can be operated independently at either the pre-timed or time-of-day mode 

independently under their own primary control objectives. 
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Figure 3.1 The proposed system’s overall structure 

Figure 3.1 The proposed system’s overall structure  
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3.3 Key functions and control methodology  

Model-I: Multi-Path Traffic Progression Using Only Turning Volume Counts 

As shown in Fig. 3.1, the control objective of Model-I is to maximize the weighted progression 

bandwidth of all selected paths and concurrently minimize the potentially blocked duration of 

any path’s designated band. Hence, it is designed with the following functions: 

 Relying only on readily available data to identify multipath flows. Such a function 

can also identify the set of critical paths to receive progression among all candidates, 

given the limited green phase duration.  

 Designing a mechanism to estimate the duration of potential mutual blockage 

between different path-flows.  This function serves to estimate the formation and 

dissolving times of potential mutual blockage under the given traffic patterns between 

through and turning flows and allows such impacts to be included in the design of 

offsets and phase sequences for overall progression maximization. 

 Maximizing the effective portion of the progression bands that are not suffering 

from mutual blockage: This is to ensure that the signal progression plan produced by 

the proposed system can achieve the objective of maximizing not only the total but also 

the effective (i.e., unimpeded) progression bandwidth which is an essential feature for 

a multipath progression system.   For the proposed system to be used in practice, its 

input will rely on those readily available data, including: (1) intersection turning-

volume counts but not the volume by traffic flow path; (2) geometric features of 

intersections and roadway links, such as the number of lanes, link length, turning bay 

length and bus location; (3) key local-specific traffic characteristic parameters, 

including jam density, saturation flowrate, the cruise speed of each mode, and bus 
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dwell times; and (4) common cycle length for progression design and signal splits at 

each intersection.  

The primary output of this model includes the offset and phase sequence for each 

intersection included in the progression design. With all required functions, Model-I can be the 

tool for the design of a pre-timed multipath progression system for arterials comprising major 

intersections and heavy turning flows. It can also function as a key module for real-time 

operations Model-III in a dynamic and adaptive control environment.   

3.3.2 Model-II: Minimizing Bus Delay in Design of Signal Progression for 

Heavy Mixed  Traffic 

As shown in Figure 3.1, the control objective of this model is to optimize the bus performance 

while preserving the progression band maximization for passenger-car flows. As such, it is 

designed with the following functions: 

 Estimating various types of delays likely to experience by bus flows from their 

spatiotemporal relations with passenger-car flows and other associated variables:  

For instance, bus delay shall be estimated based upon its link entry time, station 

location, and temporal as well as spatial evolution of passenger-car queues under the 

given signal plan. 

 Identifying the starting and ending times for the passenger car queue to block the 

transit station. Such critical information, essential for computing the bus delay over a 

link, can be obtained from the time-dependent queues of passenger-car flows 

developed between two neighboring intersections.  

 Estimating the impact of temporary lane blockage caused by dwelling buses on 

the progression effectiveness. Such impacts, essential for refinement of signal offsets, 
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can be estimated from the relations between bus arrival time and the temporal relation 

between the passenger progression band and the bus stations. 

To yield the optimized and balanced performances between bus and passenger-car flows, the 

objective function of this model is set as minimizing the bus delay and the impact duration of 

TLB caused by dwelling buses and concurrently maximizing the conventional two-way 

passenger car progression. 

As with Model-I, the inputs of Model-II are kept to those readily-available data in most 

traffic agencies. Bus frequency and bus stop locations are two additional parameters needed in 

addition to volume data, geometric features, traffic flow parameters, and signal parameters 

applied in Model-I. 

Primary Model outputs include the set of offsets and phase sequences for control 

operations, and some for performance evaluation such as bus delay, duration of TLB, required 

speed adjustment for link progression.  

Same as Model-I, Model-II can be a standalone offline model for the design for 

multipath signal progression plan for arterial experiencing heavy turning flows. It can also be 

integrated with Model-I to constitute the main computing components for real-time operations 

of Model-III designed to operate an adaptive multipath signal progression system for arterial of 

heavy mixed traffic. 

3.3.3 Model-III: Adaptive Arterial Signal Control for Arterials with Heavy 

Transit and Turning Volumes 

The control objective of Model-III is to concurrently minimize bus delay, maximize multipath 

progression for passenger-car flow under real-time control operations.  
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 Using the core modules, constituted by Model-I and Model-II, to provide the base 

control plan for multipath progression and bus delay minimization, Model-III also comprises 

the following modules to execute its real-time adaptive operations as shown in Figure 3.2. 

 Volume Smoother- to implement the proactive control based on the filtered demand to 

better respond to time-varying traffic conditions. 

 Online Key Parameter Estimator- to constantly update key model parameters such as 

the bus dwell time and buses’ link travel time from available real-time information to 

ensure the deployed system’s performance. 

 Queue Estimator- to predict and compute the evolution pattern of the time-dependent 

passenger car queues, the key information for estimating the starting and dissolving 

times of various traffic blockages in the traffic flows, including turning-bay spillback 

and mutual blockage between different path flows, and impedance by a dwelling bus. 

 Optimal Signal Plan Searcher- to select the best traffic signal plan in real-time with 

the information generated by volume predictor, key parameters, and queue estimator.  

This module is designed to exercise the following functions: (1) generating the 

projected cycle length and splits based on the predicted volume to proactively 

determine offsets and phase sequences; (2) providing the upper and lower bounds for 

offset computation; (3) integrating the information from all embedded modules to 

produce the optimal control plan. Since Model-I and Model-II may generate different 

optimal signal settings based on their respective objective functions, this module is 

designed to produce the best plan in real-time based on two sets of candidate control 

strategies generated from its embedded models. 
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Figure 3.2 Flowchart of the proposed adaptive control for arterial with heavy transit and 

turning traffic 

Figure 3.2 Flowchart of the proposed adaptive control for arterial with heavy transit and turning traffic  
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The inputs of the proposed adaptive signal control system can be from the real-time 

sensors, automatic vehicle location (AVL) on buses, and crowdsourcing data. To minimize 

upgrade costs from existing actuated control, volume data from existing sensors, which has 

already been deployed for the state-of-the-practice actuated control systems, will be collected, 

as shown in Figure 3.2. Note that due to the high penetration rate of mobile phones, the properly 

refined information associated with user locations from navigation or telecommunication 

companies can be alternative inputs of the proposed adaptive signal control system.  

The outputs will be all essential information for executing the following control 

functions in real-time: (1) generating transition plans for traffic to smoothly evolve from the 

current to the proactive control strategies; and (2) allowing the local controller at each 

intersection to conduct the final “tactical-level control,” based on the control plan and associated 

data produced from the system-level optimization results. 

3.4 Closure 

In brief, this study aims to develop a multi-purpose signal control system for urban arterials 

with competing modes and potential mutual blockage between through and turning flows. This 

chapter has identified key research issues, required functions, inputs, and outputs for such a 

system to function at the desirable level of effectiveness and efficiency in both pre-timed and 

real-time control modes. A modeling framework to address these requirements is proposed 

along with three core models and their constraints as well as interrelations. Based on such a 

system structure, the principal tasks to be done are summarized below: 

 Task 1: Formulate the relations for traffic progression, intermodal mutual blockage, 

the mutual blockage between paths, bus delay under various traffic queue patterns. 

 Task 2: Design case studies to evaluate the performances of the proposed models under 
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various scenarios with different major paths and mode volumes. 

 Task 3: Design the computing procedures for all real-time modules, including volume 

prediction and parameter estimation, as well as a signal optimizer for executing 

adaptive controls. 

 Task 4: Assessing the benefits of the adaptive real-time control with extensive 

laboratory experiments. 
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Chapter 4 Multi-path progression model 

4.1 Introduction 

Development of multi-path progression model for effective use in practice remains a very 

challenging task, because the information of volume distribution between different paths and 

potential interference between their designated progression bands is not available yet with 

existing arterial surveillance technologies. For example, as shown in point A in Figure 4.1, 

overflows from a left-turn bay may reduce the available bandwidth designated for use by 

through progression flows. By the same token, the formation of excessive queues from through 

vehicles may also block the entry of flows to the left-turn lane, as shown at point B in Figure 

4.1. Such critical information that may impact the effectiveness of a multi-path arterial 

progression system is not available from field measurement. Likewise, the essential 

information of an arterial’s traffic O-D and volume distribution for the path-based progression 

design cannot be directly measured with existing traffic monitoring sensors.  Although deriving 

such information from the available intersection’s turning volume counts is a viable alternative,  

producing such essential information at the level of accuracy and precision for signal control 

due to its highly under-determined nature remains a challenging on-going research task for the 

traffic community (Yang and Chang, 2017).  
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Figure 4.1   Mutual blockage of left-turn and through vehicles 

 

For the proposed signal progression model to be used effectively in practice for arterials 

accommodating multi-path traffic flows, it is desirable to have the following key features (1) 

relying only on readily available and reliable data (e.g., intersection turning volumes); (2) 

offering a progression band for each observable path of traffic flows having significant volume; 

and (3) preventing potential mutual blockages (see Figure 4.1)  between turning and through 

traffic queues to ensure the full utilization of each designated bandwidth.  With such required 

features in mind and also to circumvent the difficulty of estimating an O-D volume table for 

the arterial, this study has addressed this vital subject from a different perspective, that is, to 

offer a link-based progression band, named local progression band (see Figure 4.2), for each 

traffic stream from entering to exiting a link via either the through or turning phase, and then 

connecting all such local bands between consecutive links to constitute the arterial’s multi-path 

progression system. 
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(a) 

 

(b) 

 

Figure 4.2    Multiple-movement progression (a) by multi-path progression (Yang et al., 2015); (b) 

by local path progression 

 

More specifically, with the proposed modeling notion, one will first design the progression 

band for traffic flows along each local path, constituted by vehicles entering each link from its 

upstream intersection and moving out its downstream intersection during either the turning or 
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through phase. Figure 4.2 (b) shows an example of such local progression bands for local path 

flows. By optimizing the connection between two neighboring links' local bands for through 

movement, one can then extend the local bands for various local traffic movements to establish 

the progression bands for multi-path flows over multiple links of the arterial without their O-

D or path volume information. For example, the progression bands for path 5 (moving into the 

northbound link during the upstream left-turn phase and exiting the link via the downstream 

left-turn phase) in Figure 4.2 (a) can be constructed by connecting the local Path-c and Path-

g in Figure 4.2 (b). Since each local path extends to only two neighboring intersections, one 

can apply readily available tuning volume counts to design the signal coordination for such 

local paths. 

The proposed model with the control objective of maximizing the total weighted 

bandwidths for all identified path flows offers a viable alternative for the design of signal 

progression for arterials accommodating such multi-path flow patterns with traffic data 

available from state-of-the-practice traffic sensors.  The produced progression bands under the 

optimized offsets and phases sequence can ensure that: 

 Every major path flow over the arterial will be offered a progression band regardless of its 

travel distance; 

 Each link, by accommodating the turning flows with the local progression band, can 

minimize the likelihood of experiencing turning bay overflows and the resulting mutual 

impedance between through and turn flows; 

 The available green duration at each intersection is optimally allocated to the set of 

progression bands for optimally selected path flows based on their volumes; 

 The through traffic flows over multiple links can take advantage of optimally connected 
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local bands without suffering from the constraint of a negative correlation between the 

available progression bandwidth and its progression distance; and 

 The entire arterial with the proposed control model can achieve the state of maximizing the 

total weighted progression band but not at the cost of any major path flow. 

4.2 Modeling Formulations 

The proposed model employs MILP to formulate the following three sets of formulations for 

all local path flows between each pair of adjacent intersections so as to ensure their progression 

over the arterial: 

 Constraints for Local Paths and Connections between Progression Bands: to 

compute the local progression bands for all movements on each link and maximize the 

connection bands between two neighboring links, based on the optimized offsets and 

phase sequences. 

 Constraints of Effective Progression: to estimate the portion of each local 

progression band and the connection band, respectively, that are not blocked by the 

queue spillback from other traffic movements. 

 Spatial and Temporal Evolution of the Turning and Through Queues: to 

formulate the impacts of the turning and through queues formation/dissipation on the 

progression bands for all local paths so as to estimate the effective bandwidth for each 

local path. 

A detailed discussion of all the above formulations for the outbound flows will be presented in 

the ensuing sections. One can follow the same logic and notations to derive the same set of 

formulations for the inbound flows. 
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4.2.1 Local Progression Bands for Both Through and Turning Movements 

As shown in Figure 4.3, a link with its upstream and downstream intersections constitutes the 

core building block:  

ℓ = (𝑖, 𝑗) 

The combination of upstream arriving and downstream departing traffic streams can 

generate up to nine local paths for one link. These local paths 𝑃 are defined from  𝑝1 to 𝑝9 as 

shown in Figure 4.3. More specifically, the traffic stream, entering and exiting the link via the 

movements of 𝑚 and 𝑛 is defined below as to take a local path 𝑝 for link ℓ: 

𝑝 = (ℓ,𝑚, 𝑛) = (ℓ, 𝑃)  (4-1) 

Note that among the set of nine possible local paths 𝑝 on a single link, the actual 

number of local paths within a link may vary with an intersection’s geometric features and 

signal phasing plan. For example, if no left-turn movement at the downstream intersection is 

allowed, then 𝑛 ∈{TH, RT}, and p2, p5, and p8 shall be removed from the list of available local 

paths. Also note that although each local path in Figure 4.3 involves two intersections, such 

information in this study can be derived with only turning volume counts at each intersection, 

based on the assumption that all entry flows to a link will follow the field-measured average 

turning ratio to distribute the volumes at the downstream intersection. The key notations are 

listed in Table 4.1. 
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Table 4.1 

List of key notations 

Indices, Sets, and Operators 

𝑚 
Turning movement. 𝑚 ∈ {LT, TH, RT} 

𝑛 
Turning movement. 𝑛 ∈ {LT, TH, RT}. Dummy variable 𝑛̅ will be used when other movements 

coexist in the same equation. 

𝑃 = (𝑚, 𝑛) 
Local paths, arriving as movement 𝑚 and departing as movement 𝑛, on a link between two 

intersections. 𝑃 ∈ {𝑝1, 𝑝2, … 𝑝9} 

𝑝 = (ℓ,𝑚, 𝑛) Local path 𝑝 defined as movement 𝑚 arriving link ℓ and departs as movement 𝑛. 

ℓ = (𝑖, 𝑗) 
Link ℓ defined as a segment of arterial serving traffic from intersection 𝑖 to intersection 𝑗 

𝒜(𝑛) The set of downstream movements that can have some impact on movement n 

𝒪(ℓ) The link that is in the oppose direction of link ℓ approaching the same intersection 

D(ℓ) The link that is downstream of link ℓ 

Parameters 

𝑐 Common cycle length (sec) 

𝜙̂ℓ,𝑚(𝜙ℓ,𝑛) The phase duration for movement 𝑚(𝑛)  arriving(departing) link ℓ (sec) 

𝑏0 Minimum bandwidth of value 𝑏0 (e.g., 5 seconds in this study) (sec) 

𝑠ℓ,𝑛 The saturation flowrate of movement 𝑛 (veh/sec) 

𝑆̂𝑝 The dispersed flowrate for local path 𝑝 (veh/sec) 
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𝐹ℓ,𝑚,𝑛̅ 
The flow rate of 𝑛̅-movement’s vehicles coming from the upstream movement 𝑚 during green 

phase (veh/sec) 

𝑞ℓ,𝑛̅ The per-cycle outflow rate of movement 𝑛̅ from link ℓ (veh/cycle) 

𝐿ℓ,LT The left-turn bay length on link ℓ (ft) 

𝜌𝐽 Jam density (veh/ft) 

𝑁ℓ,𝑛 Number of lanes on link ℓ serving movement 𝑛 (-) 

𝑇𝑝 Cruise travel time to complete the local path 𝑝 (sec) 

𝑇ℓ,𝑛̅→𝑛
𝐵  

Travel time of through vehicles to traverse through the entire bay length of movement 𝑛̅ or 𝑛 on 

link ℓ (sec) 

𝐼 Inter-green duration (sec) 

𝑀 A large number for model computation needs in MILP 

Variables 

𝛩𝑗  Offset at the downstream intersection 𝑗 of link ℓ  (sec) 

𝜒ℓ(𝜒̅ℓ) 
Binary variable indicating the phase sequence, which equals 1 if the green phase of the outbound 

through (left-turn) is before that of the inbound left-turn (through) (-) 

𝜃ℓ,𝑛(𝜃̂ℓ,𝑚) The starting time of the green phase for the departure (inflow) movement 𝑛 from (into) link ℓ (sec) 

𝑦𝑝 Binary variable which has value one if path 𝑝 receives the progression and zero otherwise (-) 

𝛼𝑝 Binary variable, indicating the existence of an effective local band (-) 

𝑏𝑝 Bandwidth of path 𝑝 (sec) 

𝑣𝑝(𝑤𝑝) 
The starting time of the effective local band at the upstream (downstream) intersection of link ℓ, 

calculated from the start time of a green phase (sec) 

𝛾𝑝 
The connection bandwidth from path 𝑝 to the downstream path 𝐷(𝑝), via the through movement at 

the common intersection of those links (sec) 

𝐵𝑝 Effective local bandwidth for a local path 𝑝 (sec) 

𝑉𝑝(𝑊𝑝) 
The starting time of the effective local band at the upstream (downstream) intersection of link ℓ, 

calculated from the start time of a green phase (sec) 

𝜏ℓ,𝑛 Initial queue discharging time for outgoing movement 𝑛 from link ℓ (sec) 

𝛤𝑝 Effective bandwidth for the connection bands (sec) 

𝜔𝑝 The arrival time at the downstream intersection of the first vehicle following the path 𝑝 (sec) 

𝑄𝑛̅→𝑝 
The queue length of movement 𝑛̅ when the path 𝑝 first vehicle arrives at the downstream 

intersection (veh). 𝑝 = (ℓ,𝑚, 𝑛), 𝑛 ≠ 𝑛 

𝑡𝑛̅→𝑝
𝑂  

The time when the queues from movement𝑛̅ exceed the bay length and start to show some impacts 

on the progression band for a local path 𝑝 (sec).  𝑝 = (ℓ,𝑚, 𝑛), 𝑛 ≠ 𝑛 

𝑡𝑛̅→𝑝
𝑅  

The time for the queues from movement 𝑛̅ to end its impacts on vehicles traveling along path 𝑝 

(sec). 𝑝 = (ℓ,𝑚, 𝑛), 𝑛 ≠ 𝑛 

𝜋ℓ,𝑃 The path (ℓ, 𝑃) volume per cycle that can experience local progression (sec) 

𝜋ℓ,𝑛 The volume per cycle that can experience local progression for movement 𝑛 on link ℓ  (sec) 

𝑌ℓ,𝑛 Maximum queue of movement 𝑛 on link ℓ (veh) 

𝐾𝑝 
Integer variable of path 𝑝 such that the green phases of its upstream and downstream intersections 

are matched to the same cycle (-) 
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Figure 4.4(a) shows an example of three local progression bands along local paths 𝑝1, 

𝑝2 , and 𝑝4 , between two neighboring intersections. Figure 4.4(b) further illustrates the 

interrelationships between local progression bands and the signal phasing plans as well as 

durations at both the upstream and downstream intersections. Taking 𝑝2  for example, its 

progression depends on the relations between the upstream through and the downstream left-

turn green phases. 

  To ensure the progression for each local path on a link between two adjacent 

intersections, as shown in Figure 4.4(b), one can formulate the following constraints for local 

paths with the same notion as for MAXBAND (Little et al., 1981): 

𝑣𝑝 + 𝑏𝑝 ≤ 𝜙̂ℓ,𝑚  ∀ 𝑝 = (ℓ,𝑚, 𝑛)   (4-2) 

𝑤𝑝 + 𝑏𝑝 ≤ 𝜙ℓ,𝑛  ∀ 𝑝 = (ℓ,𝑚, 𝑛)  (4-3) 

𝑤𝑝 ≥ 𝜏ℓ,𝑛                     ∀ 𝑝 = (ℓ,𝑚, 𝑛)  (4-4) 

where,  𝜙̂ℓ,𝑚 (𝜙ℓ,𝑛 ) is the phase duration for movement 𝑚(𝑛)  arriving(departing) link ℓ, 

𝑣𝑝(𝑤𝑝) refers to the time difference between the start of a progression band for each local path 

and the corresponding green phase at the upstream (downstream) intersection of link ℓ; 𝑏𝑝 is 

the local progression bandwidth; and 𝜏ℓ,𝑛, is a variable, indicating the initial queue discharging 

time for outgoing movement 𝑛  from link ℓ . Eqs. (4-2)-(4-4) serve as the interference 

constraints for the local progression.  
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Figure 4.4 Progression and connection of local paths (a) Three sample local bands between two 

intersections; (b) Progression for local path 𝑝; (c) Connection between local progression bands 

between two adjacent links; (d) Four possible patterns of the connected progression bands.  

 

To ensure that signals are synchronized between two intersections so that the vehicles would 

not be stopped within their designated local bands due to a red phase, one shall specify the 

following progression constraints for each local path 𝑝: 

𝜃ℓ,𝑚 + 𝑣𝑝 + 𝑇𝑝 = 𝜃ℓ,𝑛 +𝑤𝑝 + 𝐾𝑝 × 𝑐    ∀ 𝑝,  𝑝 = (ℓ,𝑚, 𝑛)    (4-5) 
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where, 𝜃ℓ,𝑚 (𝜃ℓ,𝑛) is the starting time of the green phase for the inflow (departure) movement 

m (𝑛) into link ℓ, respectively; 𝑇𝑝 represents the travel time to complete the local path; 𝐾𝑝 is 

an integer variable, and c refers to the signal cycle length.  

For maximizing the total benefits of the entire arterial flows, it is conceivably not 

necessary for some path flows to receive local progression bands. Hence, only those path flows 

selected for progression should follow Eq.(4-5), and the binary variable, 𝑦𝑝, specified below is 

used for the model to execute such a selection: 

𝜃ℓ,𝑚 + 𝑣𝑝 + 𝑇𝑝 ≥ 𝜃ℓ,𝑛 +𝑤𝑝 +𝐾𝑝 × 𝑐 −𝑀(1 − 𝑦𝑝)     ∀ 𝑝 = (ℓ,𝑚, 𝑛)    (4-6) 

𝜃ℓ,𝑚 + 𝑣𝑝 + 𝑇𝑝 ≤ 𝜃ℓ,𝑛 +𝑤𝑝 +𝐾𝑝 × 𝑐 +𝑀(1 − 𝑦𝑝)     ∀ 𝑝 = (ℓ,𝑚, 𝑛)   (4-7) 

where 𝑀 is a large number for model computation needs. When 𝑦𝑝 = 0, Eqs. (4-6)-(4-7) are 

relaxed, indicating that the local band does not exist for local path 𝑝. Otherwise, the existence 

of the local band can be ensured with 𝑦𝑝 = 1, for enforcing the integer loop constraints. The 

local paths selected for having progression bands can be identified as follows: 

𝑏𝑝 ≤ 𝑀𝑦𝑝  ∀ 𝑝    (4-8) 

𝑏𝑝 ≥ 𝑏0 −𝑀(1 − 𝑦𝑝)       ∀ 𝑝  (4-9) 

where, Eq. (4-8)-(4-9) is to ensure the bandwidth for local path 𝑝 either equals 0 when the band 

does not exist (𝑦𝑝  =0) or is no less than a preset minimum bandwidth of value 𝑏0 (e.g., 5 

seconds in this study) when path 𝑝 receives a local band (𝑦𝑝 = 1). 

4.2.2 Connection between Progression Bands 

Notably, the definition of local progression in this study is similar to the “partial 

progression opportunities” defined in Wallace and Courage (1982) for traveling between two 

intersections, but they can be connected for progression over a longer distance if designed 

properly. Since an intersection’s departing flows via a local through band will naturally be the 
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arrivals to its downstream link, as shown in Figure 4.4 (c), the design of local progression 

bands needs to include the optimal connection between two consecutive local bands for 

through movements.  

To calculate the connection bandwidth, defined as the overlapped duration of the two 

local bands, one should adopt the following equation: 

𝛾𝑝 = min{𝑤𝑝 + 𝑏𝑝 , 𝑣𝑝′ + 𝑏p′} − max{𝑤𝑝, 𝑣p′}   ∀ 𝑝 = (ℓ,𝑚, 𝑛 = TH),     
∀𝑝′ ∈ 𝐷(𝑝) 

(4-10) 

where, 𝛾𝑝 denotes the connection bandwidth from path 𝑝 to the downstream path 𝐷(𝑝), via 

the through movement at the common intersection of those links. Note that in Eq. (4-10), n can 

only be a through movement, but m and departing movements of 𝑝′ can still be through or any 

turning movement. The overlapped duration, shown in Figure 4.4 (c), can be calculated with 

its starting and terminating times. The former can be selected from the upstream or downstream 

bands that have a later starting time. The same selection logic can be extended for the latter by 

referencing to the earlier ending time between the two progression bands. Figure 4.4 (d) shows 

the possible combinations of connected bandwidths, indicating that a vehicle can travel through 

at least three intersections (linking two pairs of intersections) over the connected progression 

bandwidth in the shaded regions in each of the four illustration panels. 

4.2.3 The Effective Local Bands Not Interrupted by the Queue Spillbacks 

For a through movement along the arterial (𝑝1), its local band is likely to be impeded by the 

left-turn movement from the arterial to the crossing street (𝑝2). As shown in Figure 4.5(a), the 

effective local band, 𝐵𝑝, shown with solid lines, is a portion of local band 𝑏𝑝, shown with 

dashed lines, but not blocked by the excessive queues. Such mutual relations can be expressed 

with the following constraints: 



 

48 

 

𝑉𝑝 ≥ 𝑣𝑝                  ∀ 𝑝 (4-11) 

𝑊𝑝 ≥ 𝑤𝑝                ∀ 𝑝 (4-12) 

𝑉𝑝 + 𝐵𝑝 ≤ 𝑣𝑝 + 𝑏𝑝          ∀ 𝑝 (4-13) 

𝑊𝑝 + 𝐵𝑝 ≤ 𝑤𝑝 + 𝑏𝑝        ∀ 𝑝 (4-14) 

where, 𝐵𝑝 refers to the effective local bandwidth for a local path 𝑝 and 𝑉𝑝(𝑊𝑝) is the starting 

time of the effective local band at the upstream (downstream) intersection of link ℓ (calculated 

from the start time of a green phase). Eqs. (4-11)-(4-14) ensure that the effective local band is 

less than its own local progression band. For example, Eq. (4-11) indicates that the effective 

band should start after the onset of local progression band, while Eq. (4-13) ensures the 

effective band to end before the end of the local band.  
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Figure 4.5 Effective bandwidth not impacted by spillback/blockage;  (b) effective band 

connection (c) Queue formation of left-turn and its impact on the through local path (𝑝1); (d) Queue 

formation of movement  𝑛̅ and its impact on the local paths 𝑝; (e) relations between the onset of queue 

formation, fully discharging times, effective band, and conventionally-defined progression band;  

 

4.2.4 Effective Band Connection for Through Progression 

Following the same notion of Eq. (4-10), Eq. (4-15) shows the effective bandwidth for the 

connection bands, the overlapped portion that allows vehicles to progress over consecutive 

links is shown with Eq. (4-15). 

𝛤𝑝 = min{𝑊𝑝 +𝐵𝑝, 𝑉𝑝′ + 𝐵𝑝′} − 

max{𝑊𝑝, 𝑉𝑝′}   

∀ 𝑝 = (ℓ,𝑚, 𝑛 = TH), ∀𝑝′ ∈ 𝐷(𝑝) (4-15) 

where, 𝛤𝑝 denotes the effective bandwidth for the connection bands, defined as the overlapped 

duration of two neighboring effective local bands, as illustrated in Figure 4.5(b). 

4.2.5 Formulations for Estimating the Impacts by the Turning Bay Spillback 
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It should be noted the starting time and duration of the effective bands introduced in Eqs. 

(4-11)-(4-14) vary with the formation and dissipation of vehicle queues. For example, the 

impact of a left-turn (LT) queue spillback on a local through band along the arterial (𝑝1) on the 

same link should be estimated with the following two time points: 

 𝑡LT→(ℓ,𝑝1)
𝑂  : the time when the queues from the left-turn movement exceed the bay length and start 

to show some impacts on the progression band for a local path 𝑝1 traverse the arterial;  

 𝑡LT→(ℓ,𝑝1)
𝑅  : the time for the queues from a left-turn movement to end its impacts on vehicles 

traveling along path 𝑝1on the arterial. 

The formulations in the next section are derived from this example (see Figure 4.5(c)). The 

impacts of left-turn or through queues to other local bands can be formulated with the same 

logic and similar constraints.                     

4.2.6 The Onset Time to Incur Turning Bay Spillback or Blockage 

Note that the queue spillback from a left-turn bay will impact the band for the local through 

path along the arterial, as shown in Figure 4.5(c). Such impacts can be estimated with the 

following steps: 

Step 1: calculate the time point when the through path’s first vehicle arrives at the downstream 

intersection, denoted by 𝜔𝑝1. The trajectory of the first vehicle following the through path is 

shown by the dotted lines in (c), and its arrival time at the downstream intersection, 𝜔ℓ,𝑝1, 

should be calculated with the offsets between two intersections and the travel time on the link, 

as expressed below (see Figure 4.5(c)),  

𝜔ℓ,𝑝1 = 𝜃ℓ,TH + 𝑇ℓ,𝑝1 − 𝜃ℓ,TH − 𝐾ℓ,𝑝1 × 𝑐   (4-16) 

Step 2: calculate the existing left-turn queue length when the through path’s first vehicle 

arrives at the downstream intersection. Such left-turn queues are formed by vehicles from other 

local paths but arriving not within their local progression bands. As shown in Figure 4.5(c), 
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vehicles from both directions of the crossing street but not moving within their local bands 

contribute to such queues. Hence, the existing left-turn queues that may impact the through 

local path along the arterial can be expressed as follows: 

  𝑄LT→(ℓ,𝑝1)=(𝑞ℓ,𝑝5 − 𝜋ℓ,𝑝5)+( 𝑞ℓ,𝑝8 − 𝜋ℓ,𝑝8)  (4-17) 

where, 𝑄LT→𝑝1 denotes the existing left-turn queue length when the through path’s first vehicle 

arrives at the downstream intersection;  𝑞ℓ,𝑃 is the volume per cycle of local path P on link ℓ; 

and 𝜋ℓ,𝑃 is path volume per cycle that can experience local progression.  

A general format of Eq. (4-17) is to sum up all the upstream flows contributing to the left-

turn queue before any vehicle taking the through path arrives at the downstream intersection, 

and then exclude those experiencing local progression. 

  𝑄LT→(ℓ,𝑝1) = ∑ 𝑞ℓ,𝑚̃,LT𝑚̃∈ℳ̃ − ∑ 𝜋ℓ,𝑚̃,LT𝑚̃∈ℳ̃         (4-18) 

where, 𝒎̃ ∈ ℳ̃ denotes those upstream movements contributing to the left-turn queue before 

the first vehicle in the through path arrives at the downstream intersection, i.e.,  𝒎̃ ∈ {LT, RT} 

in this case.  

Step 3: Calculate the remaining available space with the left-turn bay storage space and the 

existing left-turn queue, as follows: 

  𝜌𝐽𝑁ℓ,LT𝐿ℓ,LT − 𝑄LT→(ℓ,𝑝1)    (4-19) 

where, 𝜌𝐽 represents the jam density; 𝑁ℓ,LT is the number of left-turn lanes on link ℓ; 𝐿ℓ,LT is 

the left-turn bay length on link ℓ;  

Step 4: calculate the time for the left-turn queues to reach the bay length. During the period for 

vehicles on the through path to move along the link, these using the same upstream through 

green phase but turning left at the downstream intersection, would join the left-turn queue, as 

shown in time period A in Figure 4.5(c). The accumulation rate of left-turn queue equals the 
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flow rate of those taking the path, comprising a through movement from the upstream 

intersection and a left-turn at the link’s downstream intersection. Therefore, one can show the 

starting time for the left-turn queues to reach the end of the bay and to impede the flows on 

local through path as follows: 

  
𝜌𝐽𝑁ℓ,LT𝐿ℓ,LT−𝑄LT→(ℓ,𝑝1)  

𝐹ℓ,𝑇𝐻,𝐿𝑇
   

 (4-20) 

where 𝐹ℓ,𝑇𝐻,𝐿𝑇 is the flow rate of left-turn vehicles coming from the upstream through green 

phase.  

Step 5: calculate the time for the left-turn queues to show their impacts on the through local 

band. The time point when the queues for the left-turn movement exceed the bay length and 

start to partially block the progression band for the local through path 𝑝1 can be formulated 

with the following constraint: 

  𝑡LT→(ℓ,𝑝1)
𝑂 = 

𝜌𝐽𝑁ℓ,LT𝐿ℓ,LT−𝑄LT→(ℓ,𝑝1)

𝐹ℓ,𝑇𝐻,𝐿𝑇
 +𝜔ℓ,𝑝1 + 𝑇ℓ,LT→TH

𝐵   
 (4-21) 

where, 𝑇ℓ,LT→TH
𝐵 is the time period between onset of the spillback and the starting time of the 

impact to the local band, which equals the travel time of through vehicles to traverse through 

the entire bay length. The last term in Eq. (4-21), 𝑇ℓ,LT→TH
𝐵 , accounts the fact that after the left-

turn queue spillback occurs, the progression can sustain until the last unimpeded vehicle arrives 

at the stop bar, as shown in the duration between time points B and C in Figure 4.5(c). 

Note that the critical timing of incurring spillback, 𝑡LT→(ℓ,𝑝1)
𝑂  , maybe negative, indicating 

the worst case that spillback already happened before the arrival of these vehicles within their 

progression bands. On the contrary, it may also be a number larger than the cycle length, 

indicating that the spillbacks are rather unlikely to occur. 

Grounded in the same notion, one can also derive the above formulations for all other local 
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paths likely impacted by the queues from other paths. To do so, this study adopts the 

compressed notations with 𝑛 denoting the set of movements suffering from the queue blockage, 

and 𝑛̅ denoting the set of movements generating queues (See Figure 4.5(d)). Specifically, all 

potential conflicts between the queues and a local band include:  

 when 𝑛 = TH, 𝑛̅ ∈ {LT, RT}, indicating that through stream may be impacted by left- 

or right-turn queue spillbacks; 

 when 𝑛 ∈ {LT, RT}, 𝑛̅ ∈ {TH}: indicating that right- and left- turn stream may be 

impacted by through queue spillbacks. 

With the above notations, one can formulate the time when spillback of queue 𝑛̅  starts 

impacting the band of local path 𝑝 with the following general expressions: 

𝜔𝑝=𝜃𝑖,𝑚+𝑇𝑝-𝜃ℓ,𝑛-𝐾𝑝 × 𝑐           ∀ 𝑝 = (ℓ,𝑚, 𝑛)    (4-22) 

𝑄𝑛̅→𝑝 = ∑ 𝑞𝑝 − 𝜋𝑝𝑝=(ℓ,𝑚̃,𝑛̅)   ∀ 𝑝 = (ℓ,𝑚, 𝑛), ∀𝑛̅ ∈ 𝒜(𝑛) 

 

(4-23) 

𝑡𝑛̅→𝑝
𝑂 =

𝜌𝐽𝑁ℓ,𝑛̅𝐿ℓ,𝑛̅−𝑄𝑛̅→𝑝

𝐹ℓ,𝑚,𝑛̅
+𝜔𝑝 + 𝑇ℓ,𝑛̅→𝑛

𝐵   
∀ 𝑝 = (ℓ,𝑚, 𝑛), ∀𝑛̅ ∈ 𝒜(𝑛)       (4-24) 

where 𝒜(𝑛)  refers to the set of downstream movements that can have some impact on 

movement n. 

4.2.7 Estimating the Number of Vehicles within the Progression Bands 

One key issue in Eq. (4-23) is how to compute those vehicles in the progression band so as to 

better estimate the resulting queues. Note that vehicles can progress over all lanes if moving 

within their effective local band; otherwise, they can only use those lanes not blocked by 

excessive queues, if within the remaining portion of the band. Hence, the number of vehicles 

within and out of the effective local bands should be computed. The former is the product of 

bandwidth and the discharge rate, and the latter must be modified by a term, reflecting the 
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impact of excessive queues on one lane in a local path. Therefore, such vehicles can be 

calculated with Eq. (4-25) as follows: 

𝜋𝑝 = 𝐵𝑝𝑆̂𝑝 +  (𝑏𝑝 −𝐵𝑝) ×
𝑁ℓ,𝑛−1

𝑁ℓ,𝑛
× 𝑆̂𝑝     ∀ 𝑝 = (ℓ,𝑚, 𝑛) (4-25) 

where 𝑆̂𝑝 is the dispersed flowrate for local path 𝑝. When estimating the potential discharge 

rate, one should notice that a vehicle platoon discharged at the saturation flow rate from an 

upstream stop line may not necessarily sustain such a high flow rate at the downstream 

intersection. Therefore, this study takes Robertson’s platoon dispersion effect (Robertson, 

1969) into consideration, by adopting the dispersed flowrate 𝑆̂𝑝  for the potential discharge rate 

at the downstream intersection. 

4.2.8 The Fully Discharging Time for Vehicles in the Queue Spillbacks State 

The local progression band can be recovered once the queues causing spillback are fully 

discharged. With the same definition for set 𝑛̅ as in the last section, the time for a local band 

for movement 𝑛 to be free from the impacts of entire queues of 𝑛̅, as shown in Figure 4.5(a), 

can be expressed as follows: 

𝑡𝑛̅→𝑝
𝑅 = 𝜃ℓ,𝑛̅ − 𝜃ℓ,𝑛 + 𝜏ℓ,𝑛̅         ∀ 𝑝 = (ℓ,𝑚, 𝑛), ∀𝑛̅ ∈ 𝒜(𝑛)             (4-26) 

where 𝜏ℓ,𝑛̅ is the discharging time of the initial queue defined in (4-4), and can be computed 

from the maximum queue: 

𝜏ℓ,𝑛̅ =
𝑌ℓ,𝑛̅

𝑠ℓ,𝑛̅×𝑁ℓ,𝑛̅
   ∀ 𝑝̅ = (ℓ,𝑚, 𝑛̅)  (4-27) 

where, 𝑠ℓ,𝑛̅  is saturation flowrate of movement 𝑛̅ ; and 𝑌ℓ,𝑛̅  is a variable indicating the 

maximum queue (in number of vehicles) of movement 𝑛̅ , which can be estimated from those 

volumes not enjoying the progression band for movement 𝑛̅: 

𝑌ℓ,𝑛̅ = 𝑞ℓ,𝑛̅ − 𝜋ℓ,𝑛̅  ∀ℓ  ∀ 𝑛̅ ∈ 𝒜(𝑛)           (4-28) 
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where, 𝑞ℓ,𝑛̅ is the per-cycle outflow rate of movement 𝑛̅ from link ℓ, and 𝜋ℓ,𝑛̅ is the per-cycle 

outflow rate receiving progression of movement 𝑛̅from link ℓ. Following the logic in (4-23), 

vehicles that can experience progression are also excluded from the calculation of the queue 

length, as shown with the last two terms. It should be noted that some vehicles not in the 

progression band designed with conventional models (Little et al., 1981; Gartner et al., 1991; 

Yang et al., 2015; and Arsava et al., 2016) may not be necessarily stopped on each red phase, 

but the vehicles not in their designated local paths’ progression band will inevitably be stopped 

at the immediate downstream intersection. 

4.2.9 Spatial and Temporal Relations between the Queue Spillbacks and Local 

Progression Bands 

Given the starting and ending time points for the queue spillback to impact the local bands, one 

can formulate their spatial-temporal relations with a set of constraints. The effective bands, 

excluding the duration when progression band is blocked by spillback queues, can be expressed 

with the following equations: 

𝑊𝑝+𝑀(1-𝛼𝑝) ≥ 𝑡𝑛̅→𝑝
𝑅    ∀ 𝑝 = (ℓ,𝑚, 𝑛) ∀ 𝑛̅ ∈ 𝒜(𝒏)    (4-29) 

where 𝛼𝑝 is a binary variable, indicating the existence of an effective local band;  

By the same token, the effective band that can sustain until the next overflow occurs can 

be expressed with Eq. (4-30) 

𝑊𝑝 + 𝐵𝑝 ≤ 𝑡𝑛̅→𝑝
𝑂 +𝑀(1 − 𝛼𝑝)       ∀ 𝑝 = (ℓ,𝑚, 𝑛)  ∀𝑛̅ ∈ 𝒜(𝒏)       (4-30) 

Eqs. (4-29)-(4-30) would be relaxed when 𝛼𝑝 = 0, indicating that the effective local band 

does not exist, and such conditions can be identified by the following relation: 

𝑀𝛼𝑝 ≥ 𝐵𝑝              ∀ 𝑝  (4-31) 
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On the other hand, the possible cases of nonzero effective bandwidth (𝛼𝑝 = 1, 𝐵𝑝 > 0), as a 

portion of conventionally-defined progression band, depending on the onset and fully 

discharge time of the queue blockage are summarized in figure7(e) based on Eqs. 

(4-12),(4-14),(4-29)-(4-31). Note that in Figure 4.5(e), the gray areas indicate the duration 

when the movement  𝑛̅ has exhibited excessive long queue, but only within the dark gray areas 

would path 𝑝 be impacted by the movement 𝑛̅. 

4.2.10 Temporal Relations between a Green Phase’s Starting Time and the 

Intersection’s Offset 

Recognizing the availability of a great number of well-established models (Webster, 1958; 

Ackleik, 1981; MSHA, undated) for optimizing cycle length and green splits at intersections, 

this study will focus on the optimization of offsets and phase sequences to achieve the proposed 

control objectives. Note that the starting time of the green phase for each movement should be 

computed concurrently with optimization of the intersection’s offsets and the phase sequence. 

The constraints for doing so for each movement as used in MAXBAND (Little et al., 1981) 

and Multiband (Gartner et al., 1991) can be specified as follows: 

     𝜃ℓ,TH  =  𝛩𝑗+ (1-𝜒ℓ )∙(𝜙𝒪(ℓ),LT+𝐼)   ∀ ℓ=(𝑖, 𝑗)     (4-32) 

     𝜃ℓ,LT  =  𝛩𝑗+ (1-𝜒̅ℓ)∙(𝜙𝒪(ℓ),TH+𝐼)  ∀ ℓ=(𝑖, 𝑗)  (4-33) 

where, 𝛩𝑗 is the offset at the downstream intersection 𝑗 of link ℓ; 𝒪(ℓ) refers to the inbound 

link (with opposed direction to link ℓ)at the upstream of intersection j;  𝜒ℓ(𝜒̅ℓ) is a binary 

variable indicating the phase sequence, which equals 1 if the green phase of the outbound 

through (left-turn) is before that of the inbound left-turn (through); and 𝐼 is inter-green time. 

Figure 4.6 shows how the possible phase sequences can be arranged from binary 

variables in Eqs.(4-32) and (4-33). The side street signal phases can also be formulated by the 
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same token.Notably, despite the large number of variables in Table 1, most variables can be 

computed with the signal offsets and phase sequences via those formulated equations. 

4.2.11 Upper bound for Effective Bandwidth 

Considering that the bandwidth wider than needed should be distributed to other movements 

if possible, one should set the following upper bound for each effective local band: 

𝐵𝑝𝑆̂𝑝 ≤ 𝑞𝑝                         ∀ 𝑝 = (ℓ,𝑚, 𝑛), ℓ=(𝑖, 𝑗)    (4-34) 

Eq. (4-34) ensures that the effective local bandwidth would not be wider than the discharge 

time for all vehicles in local path 𝑝. 
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Figure 4.6 Graphical illustration of possible signal phase sequences 
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4.2.12 Objective Function 

The objective of the proposed model is to maximize the sum of all bandwidths for the selected 

local paths weighted by their respective volumes. These weights are used to reflect the number 

of vehicles that can benefit from their designated bands. For example, the portion of the local 

band interrupted by turning bay spillback or blockage can only benefit these vehicles in the 

non-impeded lanes. Therefore, the objective function can be expressed as follows: 

Max ∑
𝑝
𝜇𝑝
1 ∙ 𝐵𝑝  + 𝜇𝑝

2 ∙ 𝛤𝑝 + 𝜇𝑝
3 ∙ (𝑏𝑝 − 𝐵𝑝) + 𝜇𝑝

4 ∙ (𝛾𝑝 − 𝛤𝑝) ∀ 𝑝    (4-35) 

Where, 𝜇𝑝
𝑧 are the weighting factors based on traffic volumes on local path 𝑝. 

Note that although Eq. (4-35) has taken into account all nine local paths, they may not 

exist concurrently under the optimized weighted bandwidths.  As such, the traffic queues on 

those paths not receiving progression bands have been accounted for in the proposed model’s 

formulations and constraints to minimize their impacts on the arterial system’s overall 

effectiveness. 

𝜇𝑝
1  = 𝑞𝑝 × 𝑆̂𝑝 ∀ 𝑝    (4-36) 

𝜇𝑝
2  = 𝑞𝑝,𝑝′ × 𝑆̂𝑝 ∀ 𝑝 , 𝑝′ ∈ 𝐷(p) (4-37) 

𝜇𝑝
3 = 𝑞𝑝 ×

𝑁ℓ,𝑛−1

𝑁ℓ,𝑛
𝑆̂𝑝 ∀ 𝑝 = (ℓ,𝑚, 𝑛)  (4-38) 

𝜇𝑝
4 = 𝑞𝑝,𝑝′ ×

𝑁ℓ,𝑛−1

𝑁ℓ,𝑛
𝑆̂𝑝 ∀ 𝑝 = (ℓ,𝑚, 𝑛)   (4-39) 

Note that the volume on each local path used in the proposed methodology for producing 

the multi-path progression bands, as shown in Eqs. (4-40) and (4-41), can be derived directly 

from each intersection’s turning counts without the O-D flow information: 

 𝑞𝑝  =  𝑞ℓ,𝑚 ∙ 𝑞ℓ,𝑛/∑ 𝑞ℓ,𝑛̅𝑛̅  ∀ 𝑝 = (ℓ,𝑚, 𝑛)   (4-40) 

𝑞𝑝,𝑝′ = 𝑞𝑝 ∙ 𝑞ℓ′,𝑛/∑ 𝑞ℓ′,𝑛̅𝑛̅  ∀𝑝=(ℓ,𝑚, TH), ∀𝑝′=(ℓ′, TH, 𝑛)∈
𝐷(𝑝)   

(4-41) 
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Note that Eqs. (4-40) and (4-41) are developed under the assumption that a link’s entry 

flows regardless of from which traffic stream, will distribute at the link’s downstream 

intersection based on the average turning ratios computed from field traffic counts. 

In summary, the proposed models with all above formulations can concurrently provide 

maximized progression for all selected paths along an arterial under the given geometric 

constraints and offer the best connection for all path flows between adjacent links using only 

the readily available information of intersection turning counts, rather than the O-D volume 

distribution.   
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Chapter 5 Minimizing Bus Delay in Design of Signal Progression 

for Heavy Mixed Traffic 

5.1 Introduction 

The design notion of offering the bus-based progression band, conceivably, is best suited for 

mixed traffic scenarios where transit users constitute the major portion of the total arterial users. 

Those theoretically most appealing dual-mode progression models, due to the competing 

nature of their two bands, may not always produce a continuous band for each mode over the 

entire arterial under some mixed distributions of passenger-car and transit volumes. Hence, by 

taking advantage of mixed flow properties analyzed in those existing models, this study aims 

to propose another alternative for improving the signal control efficiency for arterials under the 

mixed traffic conditions by incorporating the minimization of bus delays into the design of 

progression band maximization for passenger-car flows. By doing so, the proposed model will 

offer the best flexibility for design the signal progress for arterial experiencing various 

distributions of a mixed bus and passenger-car volumes and also minimize the potential 

concerns that may be raised by the users of either mode. More specifically, the proposed new 

alternative for design of a bus-friendly but passenger-based signal progression system offers 

the following unique features for contending with the complexity associated with the design of 

an effective progression system for mixed-traffic arterials: 

 Incorporating the bus delay minimization in design of the optimal signal progression 

for passenger-car flows; 

 Accounting for the complex interrelations between the bus entry time, bus stop 

location, and the temporal as well as spatial evolution of passenger queues in the 

estimation of total bus delay;  
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 Including the impacts from dwelling buses on passenger-car flows in computation and 

optimization of the progression signal offsets; and 

 Offering the function of adjusting some links’ progression speeds with the offsets 

extended from their  initial design to facilitate passenger cars  blocked by dwelling 

buses to rejoin the progression with minimal interference to other lane flows 

 

5.2 Formulation Framework 

In response to the aforementioned critical issues, this study has proposed a MILP model (see 

Figure 5.1) to produce the optimized offsets and phase sequences to maximize the total 

progression band for passenger cars and to concurrently minimize the total bus-flow delays. 

To do so, the proposed model with its embedded three main modules is designed to perform 

the following tasks: (1) computing the maximum progression bands for passenger cars under 

the mixed traffic flows; (2) estimating the impacts of passenger-car queues on the buses 

arriving at and departing from the roadside bus stop; and (3) incorporating the delays of 

passenger cars in the impeded by dwelling buses at the roadside stop. Figure 5.1 shows the 

proposed model’s key modules and the development process for addressing these three tasks 

The notations for key model variables and parameters in Table 5.1. 

Following the logic flows in Figure 5.1, the model illustration will first present the 

formulations and constraints for design of an arterial signal progression system, followed by a 

detailed analysis and mathematical expressions of various types of delays that a bus may 

experience in each link under such a design for passenger-car flows. Since the total delay for 

an entry bus over the entire link varies with the bus stop location and the temporal as well as 

spatial distributions of PCQ, the constraints and formulations to capture their interrelations are 
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derived in detail for their estimation in design of the optimized signal offsets and signal phase 

sequences.  Finally, the formulations for reflecting the impact of dwelling buses on passenger 

car progression and consequently the design of the offsets are discussed in the ensuing section. 
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Figure 5.1 Graphical illustration of the proposed model's key modules and their 

interrelations 
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Table 5.1  

List of key notations 

Parameters 

𝜙𝑖  Green duration of through movement at intersection 𝑖 (sec) 

𝜙𝐿
𝑖
 Green duration of left-turn movement at intersection 𝑖 (sec) 

c Common cycle length (sec) 

𝐼 Inter-green duration (sec) 

𝑇𝑖
0 Passenger car cruise travel time on link 𝑖 (sec) 

𝜆i Link length (from intersection 𝑖 − 1 to 𝑖) (ft) 

𝐿𝑖  Location of the bus stop at link 𝑖 (measured from the upstream intersection) (ft) 

𝑟𝑖 Red duration of through movement of intersection 𝑖 (sec) 

𝑧 Backward propagation speed of Discharge shockwave (ft/sec) 

𝑤𝑖
1, 𝑤𝑖

2, 𝑤𝑖
3

 
Backward propagation speed of queue formation shockwave when wave 1, 2, 3, respectively, 

prevails(ft/sec) 

𝑣  
𝑏,𝑣  

𝑐 Bus and passenger car cruise speed, respectively (ft/sec) 

𝑠𝑖 Per-lane saturation flowrate at intersection 𝑖(veh/sec-lane) 

𝑠′𝑖
 
 Per-lane discharging throughput at the bus stop (veh/sec-lane) 

𝑓𝑖
  Per-lane flow rate during the green phase at intersection 𝑖 (veh/sec-lane) 

𝑞1 Demand flow rate from network boundary(veh/sec) 

𝐹 Hourly bus frequency per direction (buses/hr) 

𝑊𝑖 Number of buses that can dwell simultaneously at the bus stop on link 𝑖 (# buses) 

𝑁𝑖 Number of lanes of link 𝑖 (# lane) 

Variables 

Signal plan and passenger car progression 

𝛩𝑖 Offset of intersection 𝑖 (sec) 

𝜒𝑖  
Binary variable indicating the phase sequence of intersection 𝑖. Equals one if with leading left-turn 

phase. 

𝑏 Passenger car progression bandwidth (sec) 

𝜃𝑖  Offset of through movement of intersection 𝑖 (sec) 

𝛺𝑖  Starting time of the progression band at intersection 𝑖 (sec) 

𝑡𝐿𝑖
  
 Link travel time of designed passenger car progression (sec) 

PCQ Evolution 

𝑦𝑖
1 

The time when the last through vehicle from upstream intersection joins PCQ in link 𝑖 (time separating 

queue formation shockwaves 1 and 2) (sec) 

𝑦𝑖
2 

The time when the last vehicle from upstream side street joins PCQ in link 𝑖 (time separating queue 

formation shockwaves 2 and 3) (sec) 

𝜎𝑖 PCQ dissipation time (sec) 

𝑄𝑖
1

 PCQ length when the last through vehicle from upstream intersection joins PCQ in link 𝑖 (ft) 

𝑄𝑖
2

 PCQ length when the last vehicle from upstream side street joins PCQ in link 𝑖 (ft) 

𝑄𝑖
𝑀

 Maximum PCQ length (ft) 

PCQ blocking station 

𝑡𝑖
𝑊

 Starting time of PCQ blockage to the bus stop (sec) 

𝑡𝑖
𝐺

 Ending time of PCQ blockage to the bus stop (sec) 

Estimating delay of transit vehicles 

𝑑𝑖
   Bus delay on link 𝑖 (sec) 
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𝑑𝑖
𝐼,𝑑𝑖

𝐼𝐼,𝑑𝑖
𝐼𝐼𝐼 Bus delay of Type I, II, and III on link 𝑖 (sec) 

𝜅𝑖  
Link entry time for bus arriving link 𝑖 (sec) 

𝛤𝑖 Bus arrival time at the bus stop on link 𝑖 (sec) 

𝛾𝑖̂ 
  

Projected bus arrival time, if there were no delay between the upstream intersection and the bus stop on 

link 𝑖 (sec) 

𝛥𝑖  Bus dwell duration at the bus stop on link 𝑖 (sec) 

𝜂𝑖  Bus departure time from the bus stop on link 𝑖 (sec)  

𝜏𝑖
  
 Bus leaving time from link 𝑖 (sec) 

𝜏𝑖̂ 
  

Projected bus leaving time from link, if there were no delay between the bus stop and the downstream 

intersection on link 𝑖 (sec) 

𝑡𝑖
𝐼
 Starting time of bus being trapped in PCQ when type-I delay exists on link 𝑖 (sec) 

𝑡𝑖
𝐷

 Ending time of bus being trapped in PCQwhen type-I delay exists on link 𝑖 (sec) 

𝑡𝑖
𝐼𝐼  Starting time of bus being trapped in PCQ when type-II delay exists on link 𝑖 (sec) 

𝑡𝑖
𝐼𝐼𝐼 Starting time of bus being trapped in PCQ when type-III delay exists on link 𝑖 (sec) 

𝑡𝑖
𝑍 Ending time of bus being trapped when type-III delay exists on link 𝑖 (sec) 

𝑡𝑖
𝐻

 
Threshold projected arrival time indicating that the bus arriving at the bus stop beyond this time will not 

be blocked by PCQ upstream of the bus stop (sec) 

𝑙𝑖
𝐼, 𝑙𝑖

𝐼𝐼𝐼
 Bus trapped location when type-I (type-III, respectively) delay exists on link 𝑖 (sec) 

𝑛𝑖
𝐼, 𝑛𝑖

𝐼𝐼𝐼 Integer variables aiding computation of bus travel distance (-) 

Dwelling bus blocking passenger car progression 

𝜋𝑖  Duration of dwelling bus blockage to passenger car progression (sec) 

𝛾𝑖
𝐷, 𝜀𝑖

𝐷 
 

Starting and ending time of dwelling bus blockage to passenger car progression (measured from the 

starting time of passenger car progression band) (sec) 

𝜈𝑖
𝐴 

Number of passenger cars that arrived at the bus stop within passenger car progression, counting from 

the starting time of dwelling bus blockage until the progression ends on link i (veh) 

𝜈𝑖
𝐷(𝑡) Number of passenger cars discharged from a bus stop on link 𝑖 since bus dwelling until time 𝑡(veh) 

𝑌𝑖 
The time needed to clear passenger cars arrived at the bus stop during dwelling bus blockage, counting 

from the beginning of dwelling bus blockage until the end of progression band on link 𝑖 (sec) 

𝑥𝑖 Extra time needed for progression band to clear passenger cars blocked by dwelling buses (sec) 

𝜉𝑖 Extra progression time needed due to the presence of dwelling buses on link 𝑖  (sec) 

5.3 Model Formulations 

5.3.1  Design of Passenger Car Progression 

To formulate the progression band for passenger-car flows, one can directly apply the 

following interference constraints in MAXBAND (Little et al., 1981) to ensure that the 

bandwidth shall only occupy the green duration: 

𝛺𝑖 + 𝑏 ≤ 𝜙𝑖 (5-1)  
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Where 𝜙𝑖 is the green duration for the through movement at signal 𝑖; 𝑏 is the bandwidth for 

inbound direction; and 𝛺𝑖  is the starting time lag between the green phase for the through 

movement and the progression band at intersection 𝑖.  

Grounded in the core logic of MAXBAND (Little et al., 1981), one can specify the 

following loop integer constraints, as shown in Figure 5.2(a), for the progression band: 

𝜃𝑖 + 𝛺𝑖 + 𝑡
𝐿
𝑖+1
  

+ 𝑛𝑖 ∙ 𝑐 = 𝜃𝑖+1 + 𝛺𝑖+1 (5-2)  

Where 𝜃𝑖 is the start time of a green phase at signal 𝑖; 𝑡𝐿𝑖+1
  

 is the travel time between signal 

𝑖 − 1 and 𝑖; c is cycle length; and 𝑛𝑖 is an integer for ensuring that both sides of the equation 

refer to the same signal cycle. In design of a progression band for passenger cars under the 

mixed flow condition, it should be noted that the link travel time, 𝑡𝐿𝑖+1
  

 , can be longer than 

that under the passenger-car-only traffic condition when the rightmost lane is blocked by a 

dwelling bus. 
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Figure 5.2 Key variables associated with the passenger car progression band: (a) relations 

between progression band and signal plan; and (b) phase sequences 

 

Since phase sequences along with offsets are the two primary control measures for  design 

of an arterial's progression plan, the formulations for the left-turn phase patterns (shown in 

Figure 5.2(b)) are presented below to facilitate further model presentation. 

𝜃𝑖 = Θ𝑖 + 𝜒𝑂(𝑖) ∙ (𝜙
𝐿
𝑂(𝑖)

+ 𝐼)  (5-3)  

𝜃𝑖
𝐿 = Θ𝑖 + (1 − 𝜒𝑖) ∙ ( 𝜙𝑂(𝑖) + 𝐼) (5-4)  

Where 𝜒𝑖 is a binary variable indicating the leading inbound left-turn signal on signal 𝑖; 𝛩𝑖 is 

the intersection offset; 𝜃𝑖
𝐿(𝜙𝑖

𝐿) is the start time (duration) of the left-turn green phase; 𝑂(𝑖) is 

the outbound signal in the opposite direction at intersection 𝑖; and 𝐼 is the inter-green duration. 

5.3.2 Spatial Evolution of Passenger Car Queue (PCQ)  

Conceivably, a bus cannot enter or depart from a roadside stop if it has been blocked by the 

PCQ. Such excessive bus delay by PCQ blockage varies mainly with the evolution pattern of 

the PCQ, the bus stop location in a link, and the bus entry time to the link. Hence, concisely 
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yet precisely formulating the temporal and spatial evolution of the PCQ is an essential task for 

computing the bus delay over a link under various PCQ patterns.  

In review of the literature, it is noticeable that for buses in a link’s designated progression 

bands to free from the PCQ blockage, Kim et al. (2018) provides six types of signal 

coordination plans to estimate the dissolving time of PCQ with the point-queue estimation 

method. Such a class of queue estimation methods (e.g., Wu and Hounsell, 1998; Guler and 

Menendez, 2014a, 2014b; HCM, 2016; Kim et al., 2018; Cheng et al., 2019), however, often 

cannot yield sufficient information if the time-varying length of PCQ is needed for 

computation or projection. Hence, this study has adopted the shockwave theory (Lighthill and 

Whitham, 1955; Richards, 1956) at signalized intersections (e.g., Michalopoulos et al., 1980; 

Michalopoulos et al., 1981; Wu and Liu, 2011; Cho et al., 2014; Ramezani and Geroliminis, 

2015; Liang et al., 2018) from the literature to better characterize the temporal and spatial 

pattern of the PCQ.   

Figure 5.3 (a) illustrates a queue evolution process under discharging shockwave and 

three typical queue formation shockwaves. Wave 1 and wave 3, respectively, denote the queue 

waves by vehicles discharged prior to and after the upstream intersection’s red phase for 

through movement but arriving at the subject intersection during the red phase. Wave 2 refers 

to those queues contributed by vehicles from the upstream intersection's side street (i.e., during 

the red phase for through vehicles).  

By denoting  𝑤𝑖
1, 𝑤𝑖

2, and 𝑤𝑖
3 , respectively, as the speeds of waves 1, 2, and 3, shown in 

bold lines in Figure 5.3(a), one can represent their time-varying queues as follows (see Figure 

5.3 (b)). 
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𝑄𝑖(𝑡) ={ 

𝑤𝑖
1𝑡

𝑄𝑖
1 + 𝑤𝑖

2𝑡

𝑄𝑖
2 + 𝑤𝑖

3𝑡

0 ≤ 𝑡 ≤ 𝑦𝑖
1

𝑦𝑖
1 ≤ 𝑡 ≤ 𝑦𝑖

2

𝑦𝑖
2 ≤ 𝑡 ≤ 𝜎𝑖

  

(5-5)  
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(b) 

Figure 5.3 Evolution of the traffic queues and shockwaves between two intersections: (a) 

the tail of PCQ with waves 1-3; and (b) illustration of key variables.  
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Where 𝑄𝑖(𝑡) is the time-varying location of the PCQ’s tail (in feet) at intersection 𝑖;  𝑦𝑖
1 is the 

time point when the last vehicle from the upstream through phase encounters the PCQ at the 

location 𝑄𝑖
1; 𝑦𝑖

2 is the time point when the last vehicle from the upstream side streets joins PCQ 

at the location 𝑄𝑖
2; and 𝜎𝑖 is the queue dissipation time. Note that all those time-dependent 

variables associated with the evolution of PCQ, bus arrival and departure discussed hereafter 

are referenced from the onset of the red phase. 

Depending on an arterial’s signal coordination design, each link may not experience all 

three types of queue waves.  Similar to the point queue analysis by Kim et al. (2018), Figure 

5.4 shows the following three primary arrival patterns contributing to the PCQ formation:  

Pattern A- PCQ consists of solely the upstream through vehicles;  

Pattern B- Dissipation shockwave catches up accumulating PCQ with wave 2; and  

Pattern C- Dissipation shockwave catches up accumulating PCQ with wave 3  

Eq.(5-6) , a refined version of Eq.(5-5) , is then specified  to account for various queue lengths 

under those three shockwaves: 

𝑄𝑖(𝑡) ={ 

𝑤𝑖
1𝑡

min (𝑄𝑖
1 + 𝑤𝑖

2𝑡, 𝑄𝑖
𝑀)

min  (𝑄𝑖
2 + 𝑤𝑖

3𝑡, 𝑄𝑖
𝑀) 

  

0 ≤ 𝑡 ≤ min (𝑦𝑖
1, 𝜎𝑖)

min (𝑦𝑖
1, 𝜎𝑖) ≤ 𝑡 ≤ min (𝑦𝑖

2, 𝜎𝑖)

min(𝑦𝑖
2, 𝜎𝑖) ≤ 𝑡 ≤ 𝜎𝑖

  

(5-6)  

Where 𝑄𝑀 is the maximum queue length limited by link length, as shown in Eq. (5-7) , and 

can be computed with Eq. (5-8) . 

𝑄𝑖
𝑀 ≤ 𝜆i (5-7)  

𝑄𝑖
𝑀  = (𝜎𝑖 − 𝑟𝑖)𝑧 (5-8)  

where, 𝑟𝑖 is the red phase duration, and 𝑧 is the backward speed of the discharging shockwave.  

With respect to the evolution of the discharging wave, its time-varying location, shown in the 

bold line Figure 5.3 (a), can be estimated with the following expression: 
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Figure 5.4 Possible arrival patterns and queue evolutions based on signal offsets between 
neighboring intersections. Pattern A: PCQ consists of solely upstream through vehicles; Pattern 
B: PCQ dissipates when wave 2 prevails; and Pattern C: PCQ dissipates when wave 3 prevails. 

 

𝑆𝑖(𝑡) =  {
0 0 ≤ 𝑡 ≤ 𝑟𝑖
𝑧𝑡 𝑟𝑖 ≤ 𝑡 ≤ 𝜎𝑖

   
(5-9)  

Where 𝑆𝑖(𝑡) denotes the time-dependent location of the discharging shockwave.  

5.3.3 Starting and Ending Times of a PCQ blockage to the Bus Stop  

To obtain the starting and ending times of the PCQ blockage to buses, one shall investigate the 

spatiotemporal relations of PCQ concerning the bus stop with the following variables, as 

shown in Figure 5.5: 

 𝑡𝑖
𝑊: the starting time of PCQ blockage to the bus stop 

 𝑡𝑖
𝐺 : the ending time of PCQ blockage to the bus stop 
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Eq. (5-10)  shows the starting time for PCQ to reach the bus stop, equivalent to the travel time 

of the backward-moving shockwave from the downstream intersection to reach the bus stop 

location. 

𝑡𝑖
𝑊 =   

{
 
 

 
 (𝜆𝑖 − 𝐿𝑖)/𝑤𝑖

1

𝑦𝑖
1 + (𝜆𝑖 − 𝑄𝑖

1)/𝑤𝑖
2

𝑦𝑖
2 + (𝜆𝑖 − 𝑄𝑖

2)/𝑤𝑖
3

𝑀

 if (𝜆𝑖 − 𝐿𝑖) ≤ 𝑄𝑖
1             

if 𝑄𝑖
1 ≤ (𝜆𝑖 − 𝐿𝑖) ≤ 𝑄𝑖

2 

if 𝑄𝑖
2 ≤ (𝜆𝑖 − 𝐿𝑖) ≤ 𝑄𝑖

𝑀

if            𝑄𝑖
𝑀 ≤ (𝜆𝑖 − 𝐿𝑖)

 

(5-10)  

Where, 𝑀 is a large number to reflect that the blockage does not occur. The first three 

terms in Eq. (5-10)  are specified to show the starting time of blockage to the bus stop under 

different queue formation patterns. 
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Figure 5.5 Critical time points of PCQ blockage to the bus stop and the trajectory of an arriving 

bus 

 

For example, the second term shows the starting time of the bus stop blockage if the bus 

stop, (𝜆𝑖 − 𝐿𝑖), locates between 𝑄𝑖
1 (the last vehicles in the through queues) and 𝑄𝑖

2(the last 

vehicles in the queues from the side street to join the queues by through vehicles). Under such 
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a condition, wave 2 by the side-street queues will start at time instant  𝑦𝑖
1 to travel to the bus 

station from the location 𝑄𝑖
1 at the speed of 𝑤𝑖

2, until it reaches the bus stop at 𝑡𝑖
𝑊. The last row 

of Eq. (10) indicates that PCQ never reaches the bus stop, i.e., the maximum queue length is 

smaller than the distance between the station and the intersection stop line. 

As for the ending time for PCQ blockage at the bus stop, it can be estimated directly with 

the arrival time of the dissipation shockwave to the bus stop, as shown with Eq. (5-11) . 

𝑡𝑖
𝐺 = (𝜆𝑖 − 𝐿𝑖)/𝑧  (5-11)  

5.3.4  Bus Delay under different PCQ patterns 

The link travel time for a bus typically consists of its cruise time, dwell time, and delay. Its 

delay should be measured from when a bus first encounters the PCQ (e.g., M in Figure 5.5) 

to the dissipation time of its preceding queuing vehicle (e.g., N in Figure 5.5). Depending on 

where and when the bus joins the PCQ, one can further classify its resulting delays into the 

following three types:  

 Type I: the bus is blocked before entering the bus stop because the PCQ has extended 

over the location of the bus stop, as shown in Figure Figure 5.6(a); 

 Type II: the ready-to-depart bus is blocked by PCQ, shown in Figure 5.6(b); and 

 Type III: the bus is blocked between the station and the downstream intersection as 

PCQ has not reached the bus stop, as shown in Figure 5.6(c). 
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Figure 5.6 Three types of delays likely experienced by a bus over one arterial link 
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Note that a bus may suffer from more than one type of such delay over one link, depending 

on its entry time to the link, station location on the link, and the bus stop’s blockage duration 

by PCQ. The formulations hereafter are derived to compute the three types of delays for the 

inbound buses, assuming only one bus station (probably shared by multiple bus routes) on each 

arterial link, as shown in Figure 5.7. The same formulations can be transformed directly for 

the outbound buses. 

Figure 5.7 illustrates the flowchart for events experienced by a bus and for computing the 

bus delay. For a bus arriving at the bus stop after experiencing the type-I delay, its actual arrival 

time to the station shall be its cruise time to the bus stop plus the resulting delay. Likewise, the 

time for a bus to depart from a station needs to include not only the dwell duration but also the 

likely type-II delay incurred by PCQ. As such, the actual time for a bus to leave the link’s 

downstream intersection is a function of its total type-I and type-II delays and the potential 

type-III delay incurred from waiting during and discharging after the red phase. 
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Figure 5.7 Flowcharts for computing the bus delay due to the passenger car queues 

Hence, the total trip time for a bus from entering to exiting a link can be defined with the 

following variables: 

 Link entry time 𝜅𝑖, followed by the potential type-I delay with the duration of 𝑑𝑖
𝐼; 

 Arrival time at the bus stop, denoted as  𝛤𝑖; 

 Dwell duration, 𝛥𝑖, followed by the potential type-II delay with the duration of 𝑑𝑖
𝐼𝐼; 

 Departure time from the bus stop, 𝜂𝑖, followed by the potential type-III delay with the 

duration of 𝑑𝑖
𝐼𝐼𝐼; and 



 

77 

 

 Existing time from the link, 𝜏𝑖
  . 

As shown in the flowchart in Figure 5.7, the arrival time at the bus stop (see Eq. (5-12)) is 

determined by the link entry time, cruise time to reach the bus stop, and the delay incurred. 

𝛤𝑖 = (𝜅𝑖 +
𝐿𝑖

𝑣  
𝑏 + 𝑑𝑖

𝐼 )   𝑚𝑜𝑑   (𝑐) (5-12) 

Where, (∙)𝑚𝑜𝑑(𝑐) is an operator taking modulo relative to cycle length, so that variables are 

corresponding to the same cycle. Such analytical formulations can be converted to MILP with 

the same notion of using integer variables in Eq. (5-2) . 

Eq. (5-13)  shows a bus’s actual departure time from the station, including its arrival time 

at the bus stop, dwell time, and the possible Type-II delay by PCQ. 

  𝜂𝑖 = (𝛤𝑖 + 𝛥𝑖 + 𝑑𝑖
𝐼𝐼)𝑚𝑜𝑑   (𝑐) (5-13)  

Eq. (5-14) formulates the bus exiting time estimated from link trip time that includes the 

departure time from the bus stop, cruise time from the bus stop to the downstream intersection, 

and the likely Type-III delay as shown in Figure 5.7. 

𝜏𝑖
  = (𝜂𝑖 +

(𝜆𝑖 − 𝐿𝑖)

𝑣𝑏
 + 𝑑𝑖

𝐼𝐼𝐼)𝑚𝑜𝑑   (𝑐) 
(5-14) 

5.3.5 Estimation of Type-I Delay 

As stated previously, whether a bus will experience the Type-I delay or not depends on when 

it may encounter the PCQ and whether its scheduled arrival time to the bus stop lies between 

𝑡𝑖
𝑊 and 𝑡𝑖

𝐻 , as shown in W and H, respectively, in Figure 5.6(a), where the former is the 

starting time of bus stop blockage and the latter is the projected latest arrival time for the bus 

to avoid being blocked. Such type of delay can be expressed as follows:  

𝑑𝑖
𝐼(𝜅𝑖) = {

𝑡𝑖
𝐷(𝜅𝑖) − 𝑡𝑖

𝐼(𝜅𝑖) > 0 if   𝑡𝑖
𝑊 ≤ 𝛾𝑖̂ 

 ≤ 𝑡𝑖
𝐻

0 𝑜.𝑤.
  

(5-15) 



 

78 

 

Where 𝑑𝑖
𝐼(𝜅𝑖) is the duration of type-I delay (in second) at the link  𝜅𝑖;  𝛾𝑖 

  is the projected bus 

arrival time to the station;  and 𝑡𝑖
𝐼  (𝑡𝑖

𝐷), is the starting (ending) time of the type-I delay. Eq. (15) 

indicates that a bus scheduled to arrive at the station between 𝑡𝑖
𝐻 and 𝑡𝑖

𝑊will first encounter the 

PCQ and suffer the Type-I delay. The projected arrival time can be estimated directly from the 

link entry time and the cruise time from the link’s upstream intersection to the bus station, as 

follows:  

𝛾𝑖̂ 
 = (𝜅𝑖 +

𝐿𝑖
𝑣𝑏
)𝑚𝑜𝑑 (𝑐) 

(5-16)  

Notably, Eq. (5-12) can be used to calculate the actual arrival time at the bus stop, whereas 

Eq. (5-16)  is specified to project the arrival time under the condition of no delay.  

If PCQ has extended beyond the bus stop, the earliest time in a cycle for a bus to marginally 

avoid Type-I delay is when PCQ has reached its maximum queue (𝑄𝑖
𝑀) and begins to dissipate 

(𝜎𝑖). That bus will then arrive at the station after traveling at its normal speed from the location 

of  𝑄𝑖
𝑀 to the station (located at 𝜆𝑖 − 𝐿𝑖). Its arrival time to the bus station that can marginally 

avoid PCQ is shown as point H in Figure 5.6(a), and can be expressed as follows, 

𝑡𝑖
𝐻 = 𝜎𝑖 + (𝑄𝑖

𝑀 − 𝜆𝑖 + 𝐿𝑖)/𝑣
𝑏         if (𝜆𝑖 − 𝐿𝑖) ≤ 𝑄𝑖

𝑀 (5-17)  

Where 𝑣  
𝑏 is the bus cruise speed. 

Note that Eq. (5-17)  expresses the fact that if a bus experiences Type-I delay, it must be 

trapped by PCQ from time 𝑡𝑖
𝐼(𝜅) and until  𝑡𝑖

𝐷(𝜅). Those traffic queues plaguing the bus with 

Type-I delay may come from one of the three possible queue formation waves (see Figure 

5.3), depending on the bus’s link entry time and the scheduled arrival time to the bus stop. Eq. 

(5-18)  shows the starting time of Type-I delay contributed by different shock waves. 
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𝑡𝑖
𝐼(𝜅𝑖) =

{
 
 
 

 
 
 

 

 𝜆𝑖 + (𝜅𝑖 − 𝑛𝑖
𝐼 ∙ 𝑐) ∙ 𝑣𝑏  

 𝑣𝑏 + 𝑤1

𝜆𝑖 + (𝜅𝑖 − 𝑛𝑖
𝐼 ∙ 𝑐) ∙ 𝑣𝑏 + 𝑦𝑖

1𝑤2 − 𝑄𝑖
1

𝑣𝑏 + 𝑤2

 𝜆𝑖 + (𝜅𝑖 − 𝑛𝑖
𝐼 ∙ 𝑐)𝑣𝑏 + 𝑦𝑖

2𝑤3 − 𝑄𝑖
2

𝑣𝑏 + 𝑤3
 

    

if 𝑡𝑖
𝑊 ≤ 𝛾𝑖̂ 

 ≤ (𝑦𝑖
1 +

𝑄𝑖
1 − 𝜆𝑖 + 𝐿𝑖

𝑣𝑏
)

 if (𝑦𝑖
1 +

𝑄𝑖
1 − 𝜆𝑖 + 𝐿𝑖

𝑣𝑏
)  ≤ 𝛾𝑖̂  

 ≤ (𝑦𝑖
2 +

𝑄𝑖
2 − 𝜆𝑖 + 𝐿𝑖

𝑣𝑏
)

if (𝑦𝑖
2 +

𝑄𝑖
1 − 𝜆𝑖 + 𝐿𝑖

𝑣𝑏
)  ≤ 𝛾𝑖̂  

 ≤ 𝑡𝑖
𝐻

  

  

(5-18)  

Where 𝑛𝐼  is an integer variable to ensure that the bus-shockwave meeting time will be 

evaluated within the same cycle with other variables, e.g., 𝑡𝑖
𝑊 and 𝑡𝑖

𝐻 in Eq.(5-15). Note that 

the projected bus arrival has been divided into three intervals, as shown in equation (5-18) , 

based on its relations with all associated variables, including key timing (𝑦𝑖
1, 𝑦𝑖

2) and location 

separating shockwaves ( 𝑄𝑖
1 , 𝑄𝑖

2 ). For example, the condition of the second term,  

(𝑦𝑖
1 +

𝑄𝑖
1−𝜆𝑖+𝐿𝑖

𝑣𝑏
)  ≤ 𝛾𝑖̂ 

 ≤ (𝑦𝑖
2 +

𝑄𝑖
2−𝜆𝑖+𝐿𝑖

𝑣𝑏
), indicates that if the bus’s a projected arrival time, 

𝛾𝑖̂ 
 
  , lies within this time interval, it will encounter the queues from wave 2, which comes after 

wave 1. As such, the time for the bus to meet PCQ, denoted as  𝑡𝑖
𝐼(𝜅𝑖), is estimated as 

(
𝜆𝑖+(𝜅𝑖−𝑛𝑖

𝐼∙𝑐)∙𝑣𝑏+𝑦𝑖
1𝑤2−𝑄𝑖

1

𝑣𝑏+𝑤2
), which is obtained by rearranging Eq.(5-19) . 

𝜆𝑖 = (𝑡𝑖
𝐼 − 𝜅𝑖 + 𝑛𝑖

𝐼 ∙ 𝑐) ∙ 𝑣𝑏 + (𝑡𝑖
𝐼 − 𝑦𝑖

1) ∙ 𝑤𝑖
2 + 𝑄𝑖

1 (5-19)  

Where the link length equals the sum of the bus’s traveled distance from its entry to the location 

of meeting the shockwave (i.e., the first term), and the travel distance of by two shockwaves 

where wave 1 has ended at location 𝑄𝑖
1 , but followed by wave 2 at the speed of𝑤𝑖

2 over the 

time period from  𝑦𝑖
1 until 𝑡𝑖

𝐼.  

The last time instant for a bus stops to remain in blockage, 𝑡𝑖
𝐷(𝜅), is when all preceding 

queues have been discharged. It can be calculated with the dissipation shockwave’s arrival time 

at the bus’s queue location, as shown in Figure 5.6(a), and can be expressed as follows: 

𝑡𝑖
𝐷(𝜅𝑖) = 𝑟𝑖 + (𝜆𝑖 − 𝑙𝑖

𝐼(𝜅𝑖)) /𝑧 
(5-20) 
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Where the first term on the right-hand-side (RHS) reflects that discharging begins from the 

green phase, and the second term indicates that the discharging shockwave travels at the speed 

𝑧 from the stop line to the bus’s blockage location 𝑙𝑖
𝐼, which can be calculated with Eq.(5-21) 

. 

             𝑙𝑖
𝐼(𝜅𝑖) = (𝑡𝑖

𝐼(𝜅𝑖) − 𝜅𝑖 + 𝑛𝑖
𝐼 ∙ 𝑐) ∙ 𝑣𝑏                (5-21)  

Where RHS is the traveled distance of the bus before meeting the bus, as already shown in 

Eq.(5-19) .  

5.3.6 Estimation of Type-II Delay 

As shown in Figure 5.6(b), Type-II delay can be calculated with the time difference between 

actual departure time and the time when the bus is ready to depart but blocked by the PCQ 

blockage at the station with Eq. (5-22) . 

𝑑𝑖
𝐼𝐼(𝛤𝑖) = {

𝑡𝑖
𝐺(𝛤𝑖) − 𝑡𝑖

𝐼𝐼(𝛤𝑖) > 0 if   𝑡𝑖
𝑊 ≤ 𝑡𝑖

𝐼𝐼 ≤ 𝑡𝑖
𝐺

0 𝑜.𝑤.
  

(5-22)  

The first row on the right-hand side of Eq. (22) indicates the condition for having the Type-

II delay, i.e., upon the ending time of bus dwelling (𝑡𝑖
𝐼𝐼, labeled II in Figure 5.6(b)), the PCQ 

has already extended beyond the bus stop(at 𝑡𝑖
𝑊, labeled W in Figure 5.6 (b)) and has not yet 

dissipated (𝑡𝑖
𝐺 , labeled G in Figure 5.6(b)) up to the bus stop. Under such a condition, the 

resulting delay begins from the bus dwelling ending time (see Eq. (23)) until the dissipation 

shockwave’s arrival time to the bus stop shown in Eq. (5-11) . 

The ready-to-depart time can be obtained by summing the dwell duration (𝛥𝑖) and the bus 

arrival time at the bus stop (𝛤𝑖), as expressed below. 

  𝑡𝑖
𝐼𝐼(𝛤𝑖) = (𝛤𝑖 + 𝛥𝑖) 𝑚𝑜𝑑   (𝑐) (5-23)  
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5.3.7 Estimation of Type-III Delay 

Depending on the projected arrival time to the link downstream intersection’s stop line, the bus 

departing from the roadside stop may be blocked again by PCQ if encountering either of the 

following two conditions, as shown in Eq. (5-24) : 

 the bus’s projected arrival time to stop line is within the red phase; or 

 the bus departed from the bus stop encounters the queue formation wave, which has 

not been caught by the dissipating wave yet. 

𝑑𝑖
𝐼𝐼𝐼(𝜂𝑖) =

{𝑡𝑖
𝑍(𝜂𝑖) − 𝑡𝑖

𝐼𝐼𝐼(𝜂𝑖) > 0  if  { 0 ≤ 𝜏̂𝑖
  
≤ 𝑟𝑖} or {{𝑄𝑖

𝑀
≤ (𝜆𝑖 − 𝐿𝑖)}and {𝜏̂𝑖

  
−

𝑄
𝑖

𝑀

𝑣𝑏
≤ 𝜎𝑖}}

 

0 𝑜. 𝑤.

   

(5-24)  

Where 𝑡𝑖
𝐼𝐼𝐼 and 𝑡𝑖

𝑍 are the bus’s starting and ending time the bus is between the bus stop and 

the downstream intersection, which depend on the bus departure time from the station 𝜂𝑖;  𝜏̂𝑖
   

is the projected arrival time at the link's downstream intersection if not experiencing any delay. 

To compute the first condition for a nonzero delay (0 ≤ 𝜏̂𝑖
  ≤ 𝑟𝑖), one employs Eq.(5-25)  

to calculate the projected arrival time at the link's downstream intersection, based on the travel 

time from the bus stop to the intersection. 

𝜏̂𝑖
  = (𝜂𝑖 +

(𝜆𝑖 − 𝐿𝑖)

𝑣𝑏
 )𝑚𝑜𝑑(𝑐)  

(5-25)  

Notably, Eq. (5-25)  calculates the projected time to leave the link under the no-delay 

condition, different from the actual time to leave the link shown in Eq.(5-14).  

The second condition in Eq. (24) will be satisfied when PCQ never reaches the bus stop 

(𝑄𝑖𝑀 ≤ (𝜆𝑖 − 𝐿𝑖)), and the bus arrives at the location of maximum queues prior to their complete 

dissipation(𝜏̂𝑖
  −

𝑄𝑖
𝑀

𝑣𝑏
≤ 𝜎𝑖). 
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Note that, as with Eq.(5-18) , the variable denoting the starting time of bus experiencing 

Type-III delay in Eq.(5-24) , 𝑡𝑖
𝐼𝐼𝐼(𝜂𝑖), can be calculated with Eq. (5-26) , based on the actual 

departure time from the bus stop, the projected arrival time to the downstream intersection, and 

the type of the queue formation shockwave it encounters. 

𝑡𝑖
𝐼𝐼𝐼(𝜂𝑖) =

{
 
 
 

 
 
 

 

 𝜆𝑖 − 𝐿𝑖 + (𝜂𝑖 − 𝑛i
𝐼𝐼𝐼 ∙ 𝑐) ∙ 𝑣𝑏 

 𝑣𝑏 + 𝑤1

𝜆𝑖 − 𝐿𝑖 + (𝜂𝑖 − 𝑛i
𝐼𝐼𝐼 ∙ 𝑐) ∙ 𝑣𝑏 + 𝑦

𝑖
1𝑤2 − 𝑄𝑖

1

𝑣𝑏 + 𝑤2

 𝜆𝑖 − 𝐿𝑖 + (𝜂𝑖 − 𝑛i
𝐼𝐼𝐼 ∙ 𝑐) ∙ 𝑣𝑏 + 𝑦

𝑖
2𝑤

3
− 𝑄

𝑖
2

𝑣𝑏 + 𝑤3
 

   

if  0 ≤ 𝜏𝑖̂  
 
≤ (𝑦

𝑖
1 +

𝑄𝑖
1

𝑣𝑏
)

if(𝑦
𝑖
1 +

𝑄𝑖
1

𝑣𝑏
) ≤ 𝜏𝑖̂  

 
≤ (𝑦

𝑖
2 +

𝑄𝑖
2

𝑣𝑏
)

if (𝑦𝑖
2 +

𝑄
𝑖
2

𝑣𝑏
)  ≤ 𝜏𝑖̂  

 
≤ (𝜎𝑖 +

𝑄
𝑖
𝑀

𝑣𝑏
)

  

 (5-26)  

Where 𝑛𝐼𝐼𝐼 is an integer variable used for computation convenience to ensure that the bus-

shockwave meeting time will be evaluated within the same cycle with other equations, e.g., 

Eq(5-24) . With the same notion of Eq.(5-18) , the first, second, and third rows of Eq.(5-26)   

correspond to the scenarios where waves 1, 2, or 3, respectively, prevails when the bus 

encounters the PCQ. The time for a bus to first experience Type-III delay is expressed in Eq. 

(5-26) , indicating the time for the backward shockwave to meet the bus. For example, 

following the logic of Eq. (5-19) , the second row of Eq. (5-26)  can also be rearranged in the 

following form: 

𝜆𝑖 − 𝐿𝑖 = (𝑡𝑖
𝐼𝐼𝐼 − 𝜂𝑖 + 𝑛i

𝐼𝐼𝐼 ∙ 𝑐) ∙ 𝑣𝑏 + (𝑡𝑖
𝐼𝐼𝐼 − 𝑦𝑖

1) ∙ 𝑤2 + 𝑄𝑖
1 (5-27)  

Where the left-hand side is the total distance from the station to the downstream stop line, the 

first term on RHS is the distance traveled by bus since departed, and the second and third terms 

on RHS are the travel distances of the wave 2 and 3, respectively. 

As for the time for the bus to discharge from PCQ (𝑡𝑖
𝑍), it can be calculated with the 

discharging wave’s travel time to the bus’s queuing location, and be expressed with Eqs. (5-28) 

-(5-29). 
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𝑡𝑖
𝑍 = (𝜆𝑖 − 𝑙𝑖

𝐼𝐼𝐼)/𝑧 (5-28)  

         𝑙𝑖
𝐼𝐼𝐼=(𝑡𝑖

𝐼𝐼𝐼 − 𝜂𝑖 + 𝑛i
𝐼𝐼𝐼 ∙ 𝑐) ∙ 𝑣𝑏                  (5-29) 

Where 𝑛𝑖
𝐼𝐼𝐼 is an integer variable to such that variables are estimated within the same cycle. 

With the information estimated from all the above formulations, one can further express the 

arrival time of the subject bus to the downstream link as follows (see Figure 5.7):  

  𝜅𝑖+1 = (𝜏𝑖 + 𝜃𝑖
𝑟 − 𝜃𝑖+1

𝑟 )𝑚𝑜𝑑(𝑐) (5-30) 

Where 𝜃𝑖
𝑟 is the beginning of the red phase at intersection 𝑖. 

Then, the total bus delay over an arterial link should be equal to the summation of all three 

types and can be expressed as follows:  

𝑑𝑖
  = 𝑑𝑖

𝐼 + 𝑑𝑖
𝐼𝐼 + 𝑑𝑖

𝐼𝐼𝐼 (5-31) 

5.3.8 Model Application without the Actual Bus Entry Time information 

Note that a bus may enter the system at any time during the green phase of the arterial’s first 

intersection, as shown in Figure 5.8. Conceivably, each bus with a different entry time, as 

expressed in Eqs. (30), will experience different queue patterns, and thus corresponds 

theoretically to a different set of offsets and phase sequences to minimize its total delay over 

the system. As such, for use in practice without the bus entry time information, one needs to 

identify the most likely bus entry time for the proposed model to yield the most robust set of 

intersection offsets and phase sequences.  
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Figure 5.8 Probability density of bus passage time at the first intersection 

To do so, let the bus passage time at the first intersection be denoted as 𝜏1, and be assumed 

to follow  a uniform distribution as shown in the gray link in Figure 5.8.  The probability 

density function of bus passage time t at the first intersection can be expressed with Eq.(5-32) ,  

𝑔(𝑡) = {

0 0 ≤ 𝑡 ≤ 𝑟1
𝑠/𝑞𝑐 𝑟1 ≤ 𝑡 ≤ 𝑟1 + 𝑞 ∙ 𝑟1/(𝑠 − 𝑞)
1/𝑐 𝑟1 + 𝑞 ∙ 𝑟1/(𝑠 − 𝑞) < 𝑡 ≤ 𝑐

   
(5-32)  

Where 𝑔(𝑡) is the probability density of bus exiting the first intersection at time 𝑡; q denotes 

the passenger cr arrival rate at the first intersection (veh/h), s is the saturation flow rate (veh/h); 

and c is the cycle length. The first condition in Eq.(5-32)  states that no buses will pass the 

intersection at the red phase.  The second condition, corresponding to period B in Figure 5.8, 

shows that the bus is stopped by PCQ due to the red phase and will pass the intersection when 

the queue fully discharges at time point  𝑟1 + 𝑞 ∙ 𝑟/(𝑠 − 𝑞) measured from the onset of the red 

phase.  The last condition corresponds to the condition during period C, where the bus is not 

delayed if its projected arrival time is after the dissipation of PCQ.  
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Note that the probability density of period C is derived on the assumption that the 

probability distribution of t follows a uniform distribution of arrival times at the entry link. The 

probability density of t during period B can be estimated by setting the integral of the 

probability density to equal to 1 (∫ 𝑔 (𝑡)
  

𝐀
+ ∫ 𝑔(𝑡)

  

𝐁
+ ∫ (1/𝑐)

  

𝐂
= 1). 

The value of 𝜏1 can then be obtained by minimizing the expected temporal deviation of t 

and all other possible bus passage times at the first intersection, as shown in Eq. (33) 

𝜏1 = argmin
t

𝑉(𝑡)  (5-33)  

Where 𝑉(𝑡) is the expected temporal deviation between t and all other possible bus passage 

times at the first intersection, as expressed below: 

𝑉(𝑡) = ∫ 𝑔(𝜏)|𝑡 − 𝜏|𝑑𝜏
𝑡

𝑡−𝑐
 (5-34)  

By the same token, one can follow the above process to compute the value of 𝜏1 if the bus 

entry time to the first intersection follows any other known distribution. 

5.3.9 Incorporating the Impacts from Dwelling Buses on Passenger Car 

Flows in Design of the Progression Plan 

Conceivably, the rightmost lane is unavailable during the bus dwelling period. As such, the 

number of available lanes for progression of passenger-car flows will be reduced during some 

time intervals, and consequently causes the progression plan, designed for arterials with mainly 

passenger car flows, ineffective. 

Hence, in design of the progression system for the mixed traffic flows with the objective 

function of maximizing the progression band for the passenger-car flows, and concurrently 

minimize the bus-flow delay, one must account for the impacts of a dwelling bus on the 

progression flows. This section hereafter presents the key steps proposed in this study to 
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estimate the excessive delays to vehicles in the progression band due to a dwelling bus so that 

the estimated results can be included in the proposed model’s objective function of progression 

design. 

 Step 1- Estimate the duration of the progression band (designed for passenger-car 

flows only) impeded by dwelling buses in each arterial link. 

 Step 2- Estimate the additional travel time needed to allow all blocked passenger cars 

to rejoin the progression flows. 

 Step 3- Estimate the maximal allowable reduction in the progression speed and thus 

resulting increase in the link progression time based on the tradeoff between the delay 

for those vehicles blocked by the dwelling bus to rejoin the progression flows and the 

increased travel time to other vehicles at a reduced progression speed. 

 Step 4- Apply the adjusted progression speed in design of the arterial progression 

signal plan (i.e., offsets, phase sequence) for the mixed traffic flows.  

 Step 5- Incorporate the minimization of dwelling-bus impacts on the progression of 

passenger-car flows in the objective function.  

Step 1: Estimating the Duration of the Progression Band impeded by Dwelling Buses   

The duration of the progression band impeded by dwelling buses can be estimated from the 

overlapped period between the progression band and the bus dwelling time and be expressed 

as follows: 

𝜋𝑖 = min( 𝑏 , 𝜀𝑖
𝐷) – max ( 0 , 𝛾𝑖

𝐷) (5-35)  

Where 𝜋𝑖 is the duration of the progression band partially blocked by dwelling buses ; 𝛾𝑖
𝐷 (𝜀𝑖

𝐷) 

is the beginning (ending)  of the bus dwelling duration, measured from the progression band's 

starting time. Based on the beginning time of bus dwelling calculated with Eq.(5-12),  the 
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temporal relations between dwelling buses and the passenger car progression band can be 

identified to calculate 𝛾𝑖
𝐷 (See Figure 5.9), as expressed below, 

𝛾𝑖
𝐷= 𝛤𝑖 + ( 𝜃𝑖 + 𝜙𝑖) − (𝜃𝑖−1 + Ω𝑖−1 +

𝐿𝑖

𝑣𝑐
)+ 𝑛𝜀 ∙ 𝑐 (5-36)  

−𝑐 + 𝑏 ≤ 𝛾𝑖
𝐷 ≤ 𝑏 (5-37)  

Where 𝑣𝑐 is the passenger car progression speed and 𝑛𝜀 is an integer variable by the same 

token of 𝑛𝑖
𝐾. Eq.(5-36)  converts the starting time of the dwelling bus measured from the onset 

of the red phase (𝜃𝑖 +𝜙𝑖) into the variable with the same meaning but measured from the start 

of the progression band (𝜃𝑖−1 + Ω𝑖−1 +
𝐿𝑖

𝑣𝑐
). The integer variable 𝑛𝜀in Eq.(5-36)  along with 

constraint in Eq. (5-37) , will guarantee that the starting time of blockage will be well defined 

as in the same cycle of the progression band. 

Eq. (5-38)  is then presented to further reflect the excessive blockage duration for the 

rightmost lane under the scenario of high transit flows in which their arriving frequency per 

cycle is larger than the bus stop's capacity (e.g., 2): 

𝜀𝑖
𝐷= 𝛾𝑖

𝐷 +
𝐹

𝑊𝑖∙3600/𝑐
∙ 𝛥𝑖 (5-38)  

Where 𝐹 is the hourly bus frequency per direction and 𝑊𝑖 is the number of buses that can dwell 

simultaneously at a bus stop. 
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Figure 5.9 Starting time of dwelling bus blocking passenger car progression 

Step 2: Computing the Extra Travel Time for Blocked Passenger Cars to Rejoin the 

Progression flows 

Figure 5.10(a) illustrates that, if with extra travel time Δ𝑡 in design progression, some of 

the blocked vehicles can rejoin progression, but at the expense of increased travel time of 

unblocked vehicles. To trade off the reduced progression speed of unimpeded vehicles in the 

progression with the time gaps for those blocked by the dwelling bus to get back the 

progression band, one needs to first estimate the number of vehicles in the progression band 

during the bus dwelling period. Eq.(5-39)  is for estimating the accumulated number of 

passenger cars within the progression band  counted from the onset of the bus dwelling at the 

roadside stop (denoted as 𝜈𝐴) shown in the shaded area in Figure 5.10(b) : 

𝜈𝐴 = 𝑓𝑖−1 ∙ 𝑁𝑖 ∙ [𝑏 − max(𝛾𝑖
𝐷 , 0)] (5-39)  

Where, 𝑓𝑖−1
   is the per-lane flow rate of the through movement from upstream intersection 𝑖 −

1 during the green phase, and 𝑁𝑖 is the number of lanes. The term, 𝑏 − max(𝛾𝑖
𝐷, 0), indicates 
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the period during which the arriving passenger cars in the progression band are impeded by the 

roadside bus. 

Conceivably, the rightmost lane's capacity is not utilized until the dwelling bus departs, 

and the remaining lanes can still serve the progression vehicles. Hence, the time-varying 

throughput for the link (shown in the lower panel of Figure 5.10(b)) from the onset of bus 

dwelling can be shown with Eq.(5-40) . 

𝜈𝐷(𝑡) = 𝑠𝑖
′ ∙ (𝑁𝑖 − 1) ∙ max(0, 𝑡 − 𝛾𝑖

𝐷) + 𝑠𝑖
′ ∙ 1 ∙ max(0, 𝑡 − 𝜀𝑖

𝐷) (5-40)  

Where 𝜈𝐷(𝑡) is the number of vehicles discharged from the bus stop until 𝑡 seconds later since 

the beginning of dwelling, measured from the starting time of band, and 𝑠𝑖
′ is the per-lane 

discharge rate.  
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Figure 5.10 Extra travel time for passenger cars to rejoin the progression flows during the bus 

dwelling period (a) in time-space diagram (b) estimated from accumulated vehicles. 

 

The first term on RHS of Eq. (5-40)  constitutes the vehicles discharged from the open 

lanes, which is the product of the flow rate and the time elapsed until time t. The second term 

indicates the number of vehicles discharged from the rightmost lane. 

Let the time for all bus-impeded vehicles in the progression band get back to the 

progression flows be denoted as 𝑌𝑖,  which can be computed from the duration needed for the 

numbers of arrival and departure passenger cars to evolve back to the same level, that is,  to  

let Eq. (5-39)  equal Eq. (5-40)  and  𝑡  be equal to 𝑌𝑖, as shown in Eq. (5-41) . 

𝑓𝑖−1 ∙ 𝑁𝑖 ∙ [𝑏 − max(𝛾𝑖
𝐷 , 0)]=𝑠𝑖

′ ∙ (𝑁𝑖-1) ∙ max(0, 𝑌𝑖 − 𝛾𝑖
𝐷) +𝑠𝑖

′ ∙ 1 ∙max(0, 𝑌𝑖-𝜀𝑖
𝐷) (5-41)  

 

By rearranging Eq.(5-41)  as Eq.(5-42) , one can obtain the time duration needed for the 
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initial progression band to adjust its progress speed so as to accommodate those bus-impeded 

vehicles to get back to the progression, as shown in Figure 5.10(a). However, such additional 

travel time is not needed when the required vehicle discharging time does not exceed the 

progression band, as shown in Figure 5.10(b), and can be expressed by Eq. (5-42) . 

𝑥𝑖 =  max (0  , 𝑌i − 𝑏) (5-42)  

Where 𝑥𝑖 is the duration for those bus-impeded passenger cars to rejoin the progression band. 

Step 3: Delay to Unblocked Vehicles at the Adjusted Progression Speed 

The adjustment of the progression speed to accommodate bus-impeded vehicles will inevitably 

incur excessive delays to those unimpeded flows.  Eq.(5-43)  shows the total delay that may 

incur to those bus-impeded vehicles if without changing the progression speed: 

𝑅(𝜉𝑖) = 𝜉𝑖 ∙ 𝑓𝑖−1 ∙ 1 ∙ 𝑟𝑖 (5-43)  

Where R(∙) is the delay reduction for blocked vehicles if the link progression travel time is 

increased with the duration 𝜉𝑖 due to the speed adjustment. The first three product terms (𝜉𝑖 ∙

𝑓𝑖−1 ∙ 1 ) constitute the number of blocked vehicles on the rightmost lane while the last 

parameter, the red phase duration, is the waiting time saved.   

On the other hand, the additional delay on unblocked passenger cars can be estimated by 

the number of vehicles that should have discharged in duration 𝜉𝑖 but delayed: 

𝐴(𝜉𝑖) = 𝜉𝑖 ∙ 𝑠𝑖 ∙ 𝑁𝑖 ∙ 𝜉𝑖 (5-44)  

The product of the first three terms is the number of unblocked vehicles that should have 

discharged with saturation flowrate 𝑠𝑖 on all lanes 𝑁𝑖 at the beginning of the green phase if the 

travel time adjustment were not applied. Each of those vehicles suffers a delay of 𝜉𝑖 due to the 

added progression travel time. 
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To make sure that the increased delay of unblocked vehicles shall not be undesirably 

higher than the benefits of those blocked vehicles, one can set the following constraint to do so 

based on Eqs.(5-43)  and (5-44) : 

𝜉𝑖 ≤
   𝑓𝑖−1 ∙ 1 ∙ 𝑟𝑖

𝑠 ∙ 𝑁𝑖
 

(5-45)  

Step 4: Computing Adjusted Progression Time for Those Links Encountering the Roadside 

Bus Dwelling 

To account for the inevitable interference between the dwelling buses and the progression 

flows, one can express the resulting link progression time for the design with Eq. (5-46) . 

𝑡𝑖
𝐿 = 𝑇𝑖

0 + 𝜉𝑖 (5-46)  

where, 𝑇𝑖
0 is the initial link progression time for passenger cars  from intersections 𝑖 − 1 to  𝑖 

; and 𝜉𝑖 (shown in Eq.(5-47) ) is the additional travel time computed to accommodate those 

blocked vehicles while not causing excessive delays to unblocked vehicles for Eq. (5-2) . 

𝜉𝑖  =  min(𝑥𝑖,    𝑓𝑖−1 ∙ 1 ∙ 𝑟𝑖/(𝑠 ∙ 𝑁𝑖)) (5-47)  

Step 5: Minimizing the Blockage Duration 

To also minimize the direct impact of buses on the passenger cars, the dwelling buses’ blockage 

duration estimated in Eq. (5-35)  is also included in the control objective function.  

5.3.10 The Objective Function  

To concurrently maximize progression bandwidth for passenger cars and minimize the mutual 

blockage between both modes in design of arterial traffic progression plan, the objective 

function,  , for the proposed MILP model is specified as follows: 

 Max   𝐽 = 𝛹𝐶  ∙ 𝑏 + 𝛹̅𝑐 ∙ 𝑏̅ − 𝛹𝐷 ∑ 𝑑𝑖𝑖 − 𝛹̅𝐷 ∑ 𝑑𝑖̅𝑖 −𝛹𝜋 ∑ (𝜋𝑖 + 𝜋𝑖̅)𝑖   (5-48)  
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subject to 

 Constraints for passenger car progression Eqs.(5-1) -(5-4) . 

 Constraints for computing impact from passenger cars on buses: 

- PCQ evolution: Eqs. (5-6) -(5-9)  and appendix; 

- Bus stop blockage time: Eqs. (5-10) -(5-17) ; and 

- Bus delay estimation: Eqs.(5-15)-(5-18) ,(5-20)-(5-26) , and (5-28) 

-(5-31) 

 Constraints for computing dwelling bus's impact on passenger car 

progression: Eqs. (5-35) -(5-38) , (5-41) , (5-42) , (5-46) , and (5-47)  

Where the first two terms are the weighted two-way passenger car progression bandwidths 

with inbound (outbound) weight 𝛹𝐶(𝛹̅𝑐); the third term is the delay experienced by inbound 

(outbound) buses with weighting 𝛹𝐷 (𝛹̅𝐷) proportional to bus frequency and bus occupancy; 

the fourth term denotes the impact of dwelling buses to the passenger cars with weighting 𝛹𝜋, 

and 𝑑𝑖̅ is the outbound bus delay. 

5.4 Case Study 

The results of the case study presented in this section are intended for use to first evaluate if 

the proposed bus-friendly arterial signal model can indeed generate the set of optimal 

progression control plans for various levels of mixed traffic scenarios, and then to shed light 

on its unique strengths with respect to optimizing the total MOEs for both modes of traffic 

flows when offering concurrent two-way progression for both modes is not feasible under the 

constraints of geometric features and volume distributions (e.g., Cheng et al., 2019).  In 

addition, the benefit of adjusting the progression speed in each link so as to minimize the 

impacts from dwelling buses and thus maximize the total benefits of the arterial’s total users 

will also be verified from the results of this case study.  
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To ensure the proposed model’s applicability in practice, this study has adopted New 

Hampshire Ave (MD 650), a six-intersection arterial segment, in Silver Spring, Maryland, as 

the site for the case study since it has multiple bus stops along its signalized links. The 

geometric features and baseline volumes associated with the test site are shown in Figure 5.11. 

Four experimental scenarios designed to evaluate the model’s performance are listed as 

below: 

 Scenario 1- baseline scenario: the volume counts, and bus frequency (20 buses/hour- 

per direction) based on the field data are shown in Figure 5.11(b);  

 Scenario 2- high bus frequency: increase the bus frequency from the baseline 

scenario to 30, 40, and 50 buses/hour per direction in scenarios 2a, 2b, and 2c, 

respectively; 

 Scenario 3- low volume: decrease the through volumes by 800 (vph) at each 

intersection for both directions on the arterial from the baseline scenario; 

 Scenario 4- low volume with high bus frequency: reduce the through volumes by 

800 (vph) at each intersection for both directions on the arterial from the baseline 

scenario while increasing the bus frequency to 50 buses/hour per direction. 

The optimization results from the proposed model are summarized in   
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Table 5.2, as along with the estimated mutual interruptions between the two modes. The time-

space diagram generated under the baseline scenario is shown in Figure 5.12(a). The resulting 

findings for the experimental analyses are summarized below. 
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Figure 5.11 Key information associated with the study site (a) geometric features; (b) 

passenger car volumes; and (c) signal plans. 

 

 

 

The proposed model can generate the bus-friendly signal plans to ensure that the resulting bus 

delay will vary only within a small range under different traffic volumes and the ratios between 

bus and passenger flows. For instance, Table 5.2 shows that the average bus delay reduces 

slightly from 77.4 to 60.4 (s), respectively, when the mixed flow conditions vary from Scenario 

1 of high traffic volume and low bus frequency to Scenario 4 of low volume but high bus 

frequency. 
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 The proposed model generates two different strategies under different passenger car 

demand. When the demand volume is low, narrower progression is adequate (e.g., 

148.6(s) in scenario 3), and the signal design is more focused on reducing bus stopped 

by red phase directly since PCQ is unlikely to block bus stops. When under heavy 

demand of passenger cars, the proposed model generates a total bandwidth of 161.5 

(s), which is close to the maximum attainable total bandwidth of 169 (s) (calculated by 

summing up the shortest green phase duration of each direction) not only due to the 

higher weights on passenger car volume but also results from the fact that buses might 

be otherwise severely blocked by fast-growing PCQ if those passenger cars do not 

receive enough bandwidths for progression.  

 Although the signal plan the proposed model is to maximize the progression bandwidth 

for car flows and minimize the total bus delay, a considerable number of buses can still, 

in practice, enjoy progression along the arterial. For instance, although the proposed 

model shows an estimated delay of 77.4(s) for northbound buses (Table 5.2) one can 

observe that some of those buses can actually progress over the arterial during the same 

progression bandwidth generated for the passenger-car flows if arriving at intersection 

6 at the beginning of its green phase (it can be displayed visually if one projects the bus 

band in Figure5.12 (b) onto Figure 5.12 (a)). 
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 Tradeoffs exist between the blockage to buses from PCQ and impedance to passenger-

car progression from dwelling buses. As shown in Table 5.2, the average bus delay 

caused by passenger car queues reduces from 77.4 (sec/bus) to 75.1 (sec/bus), when 

the bus frequency increases from 20 to 50(bus/h-dir). It is obviously is at the expense 

of the increased average blocked duration for the progression bandwidth, i.e., 10.6 to 

11.3 (sec/cycle), if one compares scenario 2c with Scenario 1. 

 In design of the progression band, the proposed model can offer the flexibility to 

minimize the dwelling buses’ blockage to the progression of passenger cars. A high 

frequency of dwelling buses will inevitably cause significant interference to the 

progression of passenger-car flows and consequently reduce their effective bandwidth. 

For instance, the average blockage time per intersection increased to 9.7(s) in scenario 

4 from 8.4(s) in scenario 3. 

 Recognizing such fact, the proposed model offers the function to optimally increase 

the travel time over some links for the progression traffic to minimize such impacts 

from stationary buses to the extent possible. For example, under scenario 1, the 

designed travel time for vehicles in the progression bands has been increased by 21.1(s) 

along six intersections from the unblocked travel time, to prevent platoon dropout by 

buses dwelling on one travel lane. Under scenario 2c of higher bus frequency, the 

increased travel time due to the progression design to circumvent the impedance from 

dwelling buses, as expected, is longer than under Scenario 1 of low bus frequency, i.e., 

24.2(s) vs. 21.1 (s). 

 

 

  



 

100 

 

Table 5.2  

Numerical results of the proposed model under various volume scenarios 
  Scenario 

   
1 

2 
3 4 

  2a 2b 2c 

 Traffic volume 

 

High High High High Low Low 

 Bus freq 

(bus/hr per direction) 

20 30 40 50 20 50 

        

 
Total two-way bandwidth (sec) 

161.5 161.7 161.7 161.7 148.6 148.6 

 SB bandwidth (sec) 94.9 95.0 95.0 95.0 95.0 95.0 

 NB bandwidth (sec) 66.6 66.7 66.7 66.7 53.6 53.6 

        

Impact to passenger-car progression band from dwelling buses   

 Average blocked bandwidth per 

intersection (sec/cycle) 
10.6 10.2 10.2 12.3 8.4 9.7 

 Additional travel time along the 

arteriala (sec/veh) 
21.2 21.3 21.3 24.2 14.9 14.9 

        

Buses blocked by passenger cars along the arterial    

 Arterial bus delay (sec/bus) 77.4 76.2 76.2 75.1 60.4 60.4 

 SB bus delay (sec/bus) 64.6 65.3 65.3 63.2 36.5 36.5 

 NB bus delay (sec/bus) 90.1 87.1 87.1 87.1 84.3 84.3 

Note: 
aAdditional travel time needed for designing the progression system to prevent vehicles from impeded 

by dwelling buses and thus miss the progression band.  
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Figure 5.12 solutions of the models under baseline: (a) proposed model; (b) Dual-band model (Cheng et al., 

2019). 
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5.4.1 Performance Evaluation with various MOEs 

This section intends to assess the performance of the proposed transit-friendly arterial signal 

progression model under various commonly-used MOEs. This is to ensure that the arterial’s 

signal plan from its control objectives of maximizing the progression bandwidth for passenger-

car flows and concurrently minimizing the total bus-flow delay will not be at the cost of other 

MOEs. The following two models are used as the benchmarks for the proposed model’s 

performance evaluation with VISSIM under the abovementioned scenarios 1, 2b, 3, and 4: 

 Multiband model (Gartner et al. 1991): a state-of-the-art progression model for 

passenger -car only traffic flows. 

 Dual-band model (Cheng et al., 2019): a state-of-the-art dual-modal model for mixed 

traffic flows of passenger cars and buses. 

Figure 5.13 shows the average vehicle delays and the number of stops under those four 

scenarios. Some insightful findings are summarized below. 

 The proposed model, as expected, provides the lowest average per-person delay among 

three models under scenarios 1, 2b, and 3 for both buses and passenger cars since it 

explicitly circumvents the mutual blockage between two modes. For example, the 

passenger-car delay is 61.5(s) under scenario 1 with the proposed model, much less 

than the 91.7 and 86.2(s), respectively, under Multiband and Dual-band models. The 

bus delay of 73.7(s) under the same scenario 1 is significantly lower than 150.0 and 

132.6(s), respectively, with Multiband and Dual-band models. 

 Although the proposed model may not produce a bus progression band, it has yielded 

the minimum total bus delays along the arterial as expected. For instance, the proposed 
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model yields 103.6(s) of the bus delay under scenario 3, the lowest among the three 

models. 

 Under the scenarios of low traffic volume (e.g., scenarios 3 and 4), it is noticeable that 

the Dual-band model and the proposed model have a comparable level of performance 

concerning the average delay. For instance, Dual-band and the proposed models in 

scenario 3, yield, respectively, 76.9 and 75.5(s) of per-person delay, much less than the 

delay of 87.4(s) if with Multiband. This seems to suggest that one may choose the 

Dual-band model for the design of an arterial’s signal progression plan if the mutual 

impedance between bus and car flows is not so significant as to cause a substantial 

reduction in their progression bandwidths. Otherwise, the proposed model will be a 

better tool for the target application, especially under high-volume conditions such as 

under scenarios 1 and 2b. 
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Figure 5.13 Average delays and the numbers of stops under (a) scenario 1; (b) scenario 2b; 

(c) scenario 3; and (d) scenario 4. 

 

 

To further investigate the effectiveness of the proposed model’s function for minimizing 

the mutual impedance existing in the mixed traffic flows, this study has examined those mutual 

blockages in each direction under the baseline scenario. The progression bands and the optimal 

signal settings with these three models are shown in Table 5.3, and the resulting MOEs 

regarding mutual blockages are shown in Table 5.4. The time-space diagrams generated from 

the proposed and Dual-band models are shown in Figure 5.12(a) and (b), respectively. The 

maximum queues incurred at selected bus stops are shown in Figure 5.14 to illustrate the 

impact to passenger cars from dwelling buses. 
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Table 5.3   

The Optimal signal plan for the baseline traffic scenario 

  Multiband  
(Gartner et al., 

1991)  

Dual-band 
(Cheng et al., 2019) 

Proposed 

  

Passenger Car Progression Bandwidths (s) 

 Two-way bandwidth 169a,b 158 162 

 Average bandwidth of SB link  85a 95 95 

 Average bandwidth of NB 

Link  
 84b 63 67 

 

Bus Progression Bandwidths (s) 
   

 Two-way bandwidth N/A 10 N/A 

 Average bandwidth of SB 

links  
N/A 0 N/A 

 Average bandwidth of NB 

links  
N/A 10 N/A 

 

Optimal Signal Setting 
   

 Offset(s) (Phase Sequence)    

 

Intersection 

1 0 (N/A) 0 (N/A) 0(N/A) 

 2 169 (Lag-Lead) 172 (Lead-Lag) 175 (Lead-Lag) 

 3 163 (Lag) 7 (Lag) 13 (Lag) 

 4 58 (Lag) 68 (Lag) 76 (Lag) 

 5 86 (Lead) 79 (Lead) 103 (Lag) 

 6 91 (Lead) 83 (Lead) 76 (Lead) 

Notes: Lead = leading left-turn phase(s); Lag = lagging left-turn phase(s); Lead-Lag: leading southbound and 

lagging northbound left-run phases; Lag-Lead: lagging southbound and leading northbound left-turn phases 
a Averaged from all bandwidths for each southbound link produced by Multiband: (95,74,74,91,92) 
b Averaged from all bandwidths for each northbound link produced by Multiband: (100,69,69,69,115) 
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Table 5.4  

MOEs obtained from the simulation under the baseline traffic scenario 
    Multiband  

(Gartner et al., 

1991)  

Dual-band 
(Cheng et al., 

2019) 

Proposed 

 Bus flows impeded by passenger cars    

  Bus stopped delay due to the 

passenger car queue (sec/bus) a 

   

   Average of two directions 66.6 54.5 

(-18.2%)b 

5.9 

(-92.1%) b 

   SB 68.9 57.0 9.0 

   NB 64.3 52.0 3.0 

  Number of bus stops due to 

passenger car queue (-/bus) 

   

   Average of two directions 2.24 1.78 

(-21.0%) b 

0.82 

(-65.3%) b 

   SB  2.45 1.84 1.12 

   NB 2.05 1.73 0.52 

       

 Car flows blocked by dwelling buses    

  Queue length (ft) c      

   NB Intersection 2d 164.7 142.3 8.2 
   NB Intersection 3d 398.2 401.7 0.7 
   SB Intersection 4d 21.8 10.9 6.4 

   SB Intersection 5d 317.5 87.1 29.1 

       

Note: 
a Durations when a bus stops in PCQ completely, or stopped delay.  
b Comparison with Multiband. 
c Queue length is averaged from maximum queue of each cycle, and per-cycle maximum queue is calculated from 

averaging the maximum queues of 5 simulation replications. 
d Data from four selected mid-block or far-side bus stops are collected to compute the queues behind the buses and 

to exclude those due to the red phase.  
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(a) 

 

(b) 

 

 

(c) 
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(d) 

Figure 5.14 Maximum queue lengths behind dwelling buses: (a) northbound direction at 

intersection 2; (b) northbound direction at intersection 3; (d) southbound direction at intersection 4; 

and (d) southbound direction at intersection 5. 

The followings are the key findings from the analysis of mutual blockages in the mixed traffic 

flows: 

 Bus delay due to PCQ: the proposed model outperforms the other two models with 

respect to the average duration for a bus trapped in PCQ. As shown in Table 5.4, such 

queue duration (in terms of stopped delay) is about 5.9(sec/bus) with the proposed 

model, compared to 66.4 and 54.5(s) with Multiband and Dual-band models, 

respectively. Such a significant reduction in the bus delay evidences the effectiveness 

of the model’s embedded function designed to minimize bus delay in both directions 

while providing the maximum progression for passenger-car flows.  

 Passenger cars queueing behind dwelling buses: the traffic queues immediate 

upstream of the selected bus stops are shown in Table 5.4. To reliably quantify such 

impact, these selected bus stops are of either mid-block or far-side types so as to ensure 

that the queue lengths are solely contributed by the dwelling bus. The maximum queues 

per cycle are shown in Figure 5.14. Since both the Dual-band and the proposed models 
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can account for such impacts to different levels, they show significant improvements 

over the results by Multiband. For example, at intersection 5, the southbound queue 

immediate upstream of the bus stop reduces from 317.5 with Multiband to 87.1 and 

29.1(ft), respectively, under the Dual-band and the proposed model. 

 Note that the proposed model has produced even shorter queue lengths than with the 

Dual-band model due to the facts that it accounts for such dwelling bus blockage to the 

passenger cars in the direction(s) without a bus band and it has estimated the blockage 

duration based on the bus trajectory that is most probable. 

In short, by using two state-of-the-art models in the literature as the benchmarks, the proposed 

model evaluated with extensive experimental scenarios of mixed traffic flows has 

demonstrated its effectiveness in concurrently maximizing the progression bandwidth for 

passenger-car flows and minimizing the total bus delay. Its specially-designed function, as 

reflected in the comparative analyses can indeed minimize the likelihood of incurring mutual 

blockages over the arterial accommodating mixed traffic flows.  One of the proposed model’s 

unique features that can produce slightly different progression speeds for different links to 

circumvent the dwelling buses’ blockage to the designated progression bands is innovative and 

effective for use in practice.  Hence, one can conclude that the proposed model offers an 

effective alternative for the design of signal progression for arterial of mixed traffic flows if 

providing dual progression bands for both bus and passenger flows are not feasible under the 

given constraints, or not yield the maximum benefits to the total arterial users.  





 

113 

 

Chapter 6 Design of a Real-Time Adaptive Signal Control System 

 

Based on the functions provided by two off-line optimization models, this research has further 

investigated their integrated operations in a real-time adaptive control environment. Such an 

adaptive integrated system is expected to generate timely proactive arterial-wide control 

strategies, based on the projected traffic conditions, and execute real-time adjustments at the 

intersection level as needed to ensure that the entire system is functioning at its optimal state.   

 To reliably and effectively operate in a real-time adaptive control environment, the 

proposed integrated system will need to comprise the following essential modules: Cycle 

Length Generator, Cycle Length Monitor, Multi-path Progression Module, Bus Delay 

Estimator, Plan Selector, Flexible Progression Bandwidth Module, and Tactical Decision 

Module. Figure 6.1illustrates the control flows between all online support modules and two 

core signal optimization models. 
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Figure 6.1   Control flows for the proposed online arterial adaptive signal system 
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In response to the challenges discussed in Chapter 3, the entire development for such a 

real-time adaptive arterial control system has been divided into the following tasks: 

Task A: Design the algorithms for all real-time modules, including volume prediction and 

parameter estimation, as well as a signal optimizer for executing adaptive controls.  

The purpose of this task is to upgrade off-line Model-I and Model-II for real-time operations that 

can perform the adaptive controls with predicted traffic conditions and timely updated parameters. 

Notably, moving from off-line to real-time operations, the system’s key parameters and volumes 

are time-varying and need to update with the latest feedback data. Principal activities to be done in 

this task include: 

 Develop methods to detect the evolution pattern of volumes, including networkwide, 

specific turning movements, and certain path-flows to facilitate the exercise of 

proactive controls;   

 Identify the set of parameters most critical to the system’s overall performance and 

update them with the available real-time information;  

 Develop a signal optimizer to generate the set of optimal signal plans within the preset 

time window to support the proactive real-time adaptive controls. 

 Develop a set of decision guidelines for the signal optimizer to operate the embedded 

off-line models with different objectives, the preset control bounds, and the time 

window for essential computations for real-time operations.  

Task B: Assessing the benefits of the adaptive real-time control via extensive laboratory 

experiments.  

The purpose of this task is to justify the benefits for real-time operations, based on the proposed 

system’s effectiveness under time-varying traffic conditions. To do so, the following main activities 

will be conducted in this task: 
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 Design experimental scenarios to evaluate the proposed real-time system’s 

performance under time-dependent traffic demands, especially for their fluctuations on 

certain path-flows; 

 Compare the proposed system’s key real-time performance measurements (i.e., 

network delays, travel time of key paths, bus performance) with that from a benchmark 

model. 

 Design a set of experimental scenarios to justify the benefits of integrating two off-line 

optimization models in the real-time adaptive system. 

 Identify and address critical issues from the results of extensive simulation experiments 

to ensure the proposed system’s effective real-time operations. 

In view of all aforementioned tasks and functional requirements, this study has developed 

a three-level structure for the proposed integrated system, including the upper, core-

optimization, and tactic levels to tackle all critical issues associated with real-time adaptive 

control operations, as shown in Fig 6-1. 

 The Upper Level: to manage essential real-time adjustments across multiple cycles and 

respond proactively to detected traffic volume variations. 

 Core Optimization Level: to update key control variables that need to be adjusted 

dynamically or re-optimized every cycle for the arterial’s signal coordination. 

 Tactic Level: to dynamically react to the most recently detected changes in traffic 

conditions. It will perform some minor local adjustments at the intersection level at the 

interval of every 0.5 sec if the detected conditions do not justify the execution of 

adaptive algorithms at the “Core Optimization Level.” 
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With the proposed three-level structure, the proposed system has the following operational 

features:  

 generates multiple candidate signal plans, including the second to fifth highest 

weighted progression bandwidths in addition to the optimal plan; 

 integrate two off-line models for evaluating the performance of the bus flows by firstly 

generating a pool of candidate control plans from Multipath Progression Module 

(with M-I) and then evaluating each candidate plan with the bus delay information 

from the off-line M-II to assess the progression effectiveness; 

 Evaluate the delay of bus flows under each candidate control plan from their multiple 

possible trajectories to yield a more robust estimate. 

 Select the final signal plan to execute based on multiple adopted MOEs, including 

weighted progression bandwidths, bus delay, and stability of the control plans; 

 offer the online multipath progression with flexible bandwidths that can be adjusted 

tactically based on the most up-to-date traffic information. 

6.1 Upper level 

6.1.1 Cycle Length Generator 

The Cycle Length Generator is designed to generate the set of  “minimum acceptable cycle 

lengths” (Roess et al., 2004) from the most updated volume counts with the well-established 

methods for “optimal cycle lengths” under the control objective of minimizing the total 

intersection delay (Webster, 1958) as shown in Equations (6-1) and (6-2), respectively. 

𝐶𝑜 =
1.6 𝐿 + 6

1 − Υ∗
 

  (6-1) 
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𝐶𝑎 = 
𝐿

1−Υ∗
   (6-2) 

Where Υ∗ is the “flow ratio” (Akceilik, 1981) of critical intersections determined by the largest 

among all intersections: 

Υ∗ = max
𝑗
Υ𝑗   (6-3) 

Notably, instead of using the lane utilization factor (LUF) as in those existing methods 

to account for imbalanced lane usage, the proposed system is designed to take advantage of the 

real-time lane-by-lane volume to accurately compute the “flow ratio.” 

Also, note that with the real-time demand fluctuation, the assumption of stable volume 

does not hold; therefore, Cycle Length Monitor for the proposed real-time system needs to 

generate a stable yet sufficiently adaptive cycle length to the changing demand. 

6.1.2 Cycle Length Monitor 

Aiming to provide a set of stable yet proactive cycle lengths, the Cycle Length Monitor will 

generate the target cycle length for real-time operations and provide a procedure to perform a 

dynamical adjustment if the current cycle length deviates from the target one. The following 

rules will be enforced in the dynamic control environment: 

 Rule 1: The cycle length shall be within the pre-specified range [ Cmin, Cmax ] 

 Rule 2: The cycle length shall ensure that all intersections under the same control 

operations will not be oversaturated. This can be achieved by ensuring the current cycle 

length to be larger than the “minimum acceptable cycle length,” 𝐶𝑎, computed with 

Cycle Length Generator. 

 Rule 3: Cycle length shall remain unchanged unless under one of the following 

conditions: 
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o A) The current cycle length is smaller than 𝐶𝑎 : traffic conditions at critical 

intersections may deteriorate rapidly over a short period, and trigger the 

proactive call for an immediate increase in cycle length. 

o B) The cycle length is constantly smaller than 𝐶𝑜 over multiple cycles. Under 

this condition, the cycle shall be reset to a new value according to the updated 

traffic information; hence, a new target cycle is needed to reassure that the 

cycle length is near-optimum. 

o C) The cycle length deviate from optimal cycle above a threshold (e.g., 20sec). 

Under this condition, the cycle to execute should be reset to optimal cycle. 

 Rule 4: If new traffic conditions warrant a change in cycle length, then gradually adjust 

the current cycle length to the new target cycle length.  

The following steps are developed to enforce the above rules in execution of the Cycle Length 

Monitor: 
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Cycle Length Monitor 

 

Input: 𝐶𝑜, 𝐶𝑎 (obtained from Cycle Length Generator), target cycle length 𝐶𝑻, and 

current cycle length 𝑐 

Output: new target cycle length 𝐶𝑻, new current cycle length 𝑐  

 

𝑪𝒐  = max(Cmin, max(𝐶𝑜   , Cmax)) // Rule 1 

𝑪𝒂  = max(Cmin, max(𝐶𝑎   , Cmax)) // Rules 1 and 2 

IF 𝑐 ≤ 𝐶𝑎:  // Rule 2 

THEN 𝑪𝑻 = 𝑪𝒐 

Flag “immediate increase” // Rule 3A 

𝑰𝑫 = 0 

ELSE IF  𝑪𝒂 ≤ 𝑪𝑻 ≤ 𝑪𝒐: 

THEN no need to update 𝑪𝑻  

 𝑰𝑫 = 0 

 

ELSE IF  𝐶𝑜 ≤ 𝐶𝑻 ≤ 𝐶𝑜 + 20: 

             𝐼𝐷 =  𝐼𝐷 + 1 

 IF 𝐼𝐷 < 3: 

             THEN no need to update 𝐶𝑇  

ELSE 𝑪𝑻 = 𝑪𝒐 // Rule 3B 

           𝑰𝑫 = 0 

ELSE IF 𝑪𝑇 ≤ 𝐶𝑜 − 20:  // Rule 3C 

            𝐶𝑇 = 𝐶𝑜 

            𝑰𝑫 = 0 

 

IF c>𝐶𝑻:  // Rule 4  

THEN c = min( c + 5, 𝐶𝑻) // Rule 4 

ELSE IF c<=𝐶𝑻: 
             IF with flag “immediate increase”: 

             THEN c =  𝐶𝑻 // Rule 3A 

             ELSE c = max( c - 5, 𝐶𝑻) // Rule 4 

Deactivate flag 
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6.2 Core-Optimization Level 

At this level, the target green splits are computed from existing methods based on the objective 

of balancing the saturation level among all intersection approaches; their coordinated offsets 

will be generated from the two off-line models, i.e., Multipath Progression Module with M-I 

and Bus Delay Estimator module with M-II. Note that since these two off-line models have 

different objective functions, the system cannot concurrently adopt their results. As such, the 

proposed system will first apply sequential procedures to generate the set of candidate signal 

plans with the largest weighted multipath progression bandwidths and then evaluate their 

MOEs for bus flows. 

Note that the green splits determined at this stage are the “target splits” for the core-

optimization level to further compute the offsets for coordination. However, such green splits 

for each intersection at the tactic level may actually vary dynamically based on the short-term 

projected volumes. 

6.2.1 Multipath Progression Module 

This module aims to generate coordinated offsets along the arterial, given real-time detected 

traffic conditions, cycle length and phase splits generated from the upper level. Notably, offsets 

(denoted 𝛾𝑗 , either measured at the end of the green period of the main phases) should be 

sufficiently stable across the cycles. Eq. (6-4) is specified to ensure that the change in offsets 

per cycle is limited within the allowable range(e.g., 20(s) for each intersection) Δ𝛾. 

(𝛾𝑗
𝜓−1

− Δ𝛾𝑗) ≤  𝛾𝑗
′ ≤ ( 𝛾𝑗

𝜓−1
+ Δ𝛾)   (6-4) 

𝛾𝑗
′ = 𝛾𝑗

 + 𝐼𝑗 ∙ 𝑐
𝑇  (6-5) 
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Where 𝛾𝑗
  is the signal offset of intersection 𝑗 whose offsets at the previous cycle is   𝛾𝑗

𝜓−1
; and 

𝐼 is an integer variable, 𝐼𝑗 ∈ {−1,0,1}, to provide a supplementary equation (6-4) such that 

variables in Eq.(6-5) match to the same cycle. Also note that phase sequences are fixed for the 

proposed system to stabilize the progression operations. 

By embedding Eqs. (6-4) and (6-5) in the dynamic control environment, the 

optimization control to maximize the weighted multipath progression bandwidths (𝐽) can be 

summarized as follows: 

Max 𝐽 

Subject to 

 Equations constructing “local progression bands” based on real-time volume data 

 Equations constructing multipath progression bands based on “local progression bands” 

 Equations regarding mitigating mutual blockage between path flows 

 Equations limiting Range of offset changes across cycles (Eqs. (6-4) and (6-5)) 

One key feature of the proposed model is to take advantage of the commercial solver’s 

capability in generating other sub-optimal plans concurrently. In other words, the second to 

fifth-best signal plan with respect to the weighted multipath bandwidths are also produced, as 

shown in Eq.(6-6). 

𝐽[𝜛] = max
…𝛾𝑗

[𝜛]
… ,…𝑧𝑝

[𝜛]
…
    {  𝐽    | [ 

⋮

𝑧𝑝
[𝜛]

⋮

]  ≠ [ 

⋮

𝑧𝑝
[𝜛′]

⋮

] , ∀𝜛′ < 𝜛} 

 (6-6) 

Where 𝜛  is the 𝜛 -th best signal plan (in terms of weighted multipath bandwidths), i.e., 

ordinary optimization with maximum weighted multipath bandwidths is the 1st best signal plan 

under this notation: 𝐽[𝜛=1] = 𝐽∗ ;  𝛾𝑗
[𝜛]

 is the intersection 𝑗’s offset of 𝜛-th best signal plan; 
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and 𝑧𝑝
[𝜛]

 is binary indicators indicating whether local path 𝑝 receive progression (𝑧𝑝
[𝜛]

equals 

one if path 𝑝 receives progression under signal plan 𝜛 and equals zero otherwise).  

 Figure 6.2 illustrates an example of outputs with multiple candidate plans. Plan 1  

(𝜛 = 1) and Plan 2 (𝜛 = 2) differ in whether or not to provide progression for those paths-

flows either traveling southbound and making a left-turn at intersection IV, or turning-in from 

intersection V and then moving northbound. Note that: 

 Plan 1 will be selected from the optimal set of signal plans with the largest objective 

value with the off-line M-I (in Chapter 4); however, since Plans 1, 2, and 3 have close 

objective values, ranging from 640.2 to 650.2 (sec-intersection/cycle), they will be 

reevaluated with different MOEs in the subsequent steps by different modules. 

 Plan 4 has the lowest weighted multiband bandwidths, i.e., 335.4 (sec-

intersection/cycle), among the best four plans since it will not offer progression for 

through movements at three intersections.  Unless other MOEs measured in the 

subsequent evaluations will reverse the ranking, Plan 4 has the least likelihood of being 

executed. 

 Plan 5 is not feasible because no signal plans can yield the progression for multiple 

paths if intersection offsets are constrained within upper and lower bounds. 
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Objective value: 650.2

 

Local paths with progression
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Geometric conditions
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 Intersection signal offsets
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Notes:

-I, II,...VI are intersection numbers.  

-In this case, Candidate Plan 5 does not exist due to no other path combinations feasible

 Intersection signal offsets
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Figure 6.2   Multiple candidate signal plans generated from multipath progression module 

 

6.2.2 Bus Delay Estimator 

This module aims to compute the bus delays to support the subsequent selection of the optimal 

control strategy, given the arterial’s five candidate plans from Multipath Progression Module. 

Bus performances are computed by averaging multiple types of bus delays to produce a robust 

estimate. Figure 6.3 illustrates three possible types of delays (defined in Chapter 5) under an 

arterial’s signal plan, varying with if the bus arrives at the first intersection at the start, middle, 

or the end of the green phase. 

𝐷[𝜛 ] = (∑ 𝐷𝑡𝑟
𝐵,𝜛

𝑡𝑟 + ∑ 𝐷̅𝑡𝑟
𝐵,𝜛

𝑡𝑟 )/𝑁𝑡𝑟   
  (6-7) 
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Where 𝐷[𝜛 ] is the average bus delay over the arterial,  𝐷𝑡𝑟
𝐵,𝜛

 (𝐷̅𝑡𝑟
𝐵,𝜛

) is the inbound (outbound) 

bus delay for trajectory 𝑡𝑟, and 𝑁𝑡𝑟  is the number of bus arriving patterns (e.g., 𝑁𝑡𝑟=3 in 

Figure 6.3) 
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Figure 6.3   Multiple potential bus trajectories are considered in computing bus delay 
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6.2.3 Plan Selector 

This module aims to select the signal plan with the best overall performance based on three 

adopted MOEs: multipath bandwidth, bus delay, and plan stability. The inputs of this module 

are the five candidate plans (generated from Multipath Progression Module), and its output is 

the optimal one for execution. Since bandwidths, delay, and stability are measured with 

different units, this study has standardized the MOEs to be between zero and one to facilitate 

the comparison, where zero and one, respectively, correspond to the worst and best MOEs 

among all plans, as shown in Figure 6.4.  

Normalization

Summation
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Figure 6.4   Plan selection taking account of multipath progression, bus delay, and signal 

plan stability. 

 

Weighted multipath bandwidths 

With Eq.(6-8), plan 𝜛 with the weighted multipath bandwidths 𝐽 can be normalized to 𝜇[𝜛]
𝐵 , 

which shall equal one if a plan has the maximal total weighted multipath bandwidths (𝐽[𝜛] =

max
𝜛′′   

 𝐽[𝜛
′′ ]) , and zero for the least effective one.  

𝜇[𝜛]
𝐵 =

𝐽[𝜛] −min
𝜛′ 
 𝐽[𝜛

′]

max
𝜛′′   

 𝐽[𝜛
′′ ] −min

𝜛′  
 𝐽[𝜛

′]
 

  (6-8) 

Bus Delay 

By the same token, plan 𝜛 with bus delay 𝐷[𝜛] can be normalized to 𝜇[𝜛]
𝐵 , as expressed with 

Eq.(6-9). Note that since the objective is to minimize the total bus delay, it is designed to be a higher 

value if the candidate plan yields a lower delay. 

𝜇[𝜛]
𝐷 =

max
p′′   

 𝐷[𝜛 ] − 𝐷[𝜛]

max
𝜛′′   

 𝐷[𝜛
′′ ] −min

𝜛′  
 𝐷[𝜛

′]
 

  (6-9) 

Where 𝐷[𝜛] is estimated from the bus delay estimator module. 

Plan Stability 

Stability is measured by variation between offsets over subsequent cycles. The indicator for 

variability level, 𝜈[ 𝜛]  , associated with the plan can be computed from the required offset 

changes over the entire arterial from the previous cycle if such a plan is adopted, as shown in 

Figure 6.5(a): 

𝜈[ 𝜛] =  Σ𝑗min{ 𝛾𝑗
[𝜛] − 𝛾

𝑗
𝜓−1 , 𝛾

𝑗
𝜓−1 − 𝛾

𝑗
[𝜛]}    (6-10) 
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Note that care should be taken in computing signal offset changes since they should be 

viewed as having a similar pattern if one is near the end and the other is at the start of the cycle. 

As shown in Figure 6.5(b), the variations between cycles 𝜓 − 1 and 𝜓 + 1 is considered as 

14(sec) instead of -136(sec), which is captured with Eq. (6-11) by taking modulus over the 

cycle length, a revision of Eq. (6-10) should be revised to as Eq. (6-11). 

𝜈[ 𝜛] = Σ𝑗min{ (𝛾𝑗
[𝜛] − 𝛾

𝑗
𝜓−1

)𝑚𝑜𝑑 𝐶𝑇 , (𝛾
𝑗
𝜓−1 − 𝛾

𝑗
[𝜛])𝑚𝑜𝑑 𝐶𝑇}     (6-11) 
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Figure 6.5   Variation measure (a) example with 15(s) difference (b) Example with 14(s) 

difference when one of the plan’s end of the green duration is near the end of a cycle whereas 

the others’ is near the start of a cycle  
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With equation (6-12), plan 𝜛 with variation 𝜈[𝜛] can be normalized to 𝜇[𝜛]
𝑆  to measure 

the resulting stability associated with the signal plan 𝜛 within [0,1]: 

𝜇[𝜛]
𝑆 =

max
p′′   

 𝜈[𝜛
′′ ] − 𝜈[𝜛]

max
𝜛′′   

 𝜈[𝜛
′′ ] −min

𝜛′  
 𝜈[𝜛

′]
 

 (6-12) 

With the above standardized MOEs, the proposed system can then select the plan yielding the 

maximal overall performance for implementation. 

 

6.3 Tactic Level 

The proposed system can not only coordinate arterial signals adaptively, but also act tactically 

by taking advantage of the available up-to-date traffic information from the sensors. 

Specifically, the system’s target green splits and progression bandwidths for the arterial are 

generated at the core optimization level based on the resulting performance from the previous 

cycles. It, however, can further fine-tune the results to a higher precision level (e.g., 0.1 or 0.5 

sec) based on the most updated information  

6.3.1 Flexible Progression bandwidths Module 

In using the off-line M-I to generate the optimal signal plans (Figure 6.6(a)), it is conceivable 

that the real-time demand may vary cycle-by-cycle, and the traffic platoons may differ from 

that predicted. As such, the off-line produced progression bandwidths may not be effective for 

use in real-time operations.  
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Figure 6.6   Flexible Progression bandwidths can be provided by an allowable window 

covering part of the path progression. 

 

To be responsive to demand fluctuation at the desirable effectiveness, the proposed 

system with the real-time traffic information is designed to produce flexible progression 

operations with the expected bandwidths and allowable windows to adaptively adjust the green 

splits for turning paths at the tactic level. By taking advantage of real-time detector 

information, the green phases for turning paths can be determined tactically within the 
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allowable window for progression. Firstly, these paths are identified from the core-

optimization level via binary variable 𝒛𝒑. Note that binary variable 𝒛𝒑 will be one if local path 

𝑝 is selected to receive progression and zero otherwise. Then, the system can guarantee the 

presence of progression bands and extend the bandwidths based on up-to-date information. 

Hence, the range in green splits can be estimated from the windows shown in Eq.(6-13).  

 𝜙𝑚 ≥  𝜃𝑚 + 𝑣𝑚 + 𝑏𝑝/2 

 𝜙𝑚 ≤ 𝜙̅𝑚 + Δ𝜙  

If 𝑧𝑝 = 1, 𝑝 = (𝑖,𝑚, 𝑛) 𝑚 ≠ TH (6-13) 

𝜙𝑛 ≥  𝜃𝑛 +𝑤𝑛 + 𝑏𝑝/2 

 𝜙𝑛 ≤ 𝜙̅𝑛 + Δ𝜙 

If 𝑧𝑝 = 1, 𝑝 = (𝑖,𝑚, 𝑛) 𝑛 ≠ TH  

It can be observed that the fixed bandwidth 𝑏𝑝 generated from the off-line model (see 

Figure 6.6(a)), for a path 𝑝 = (𝑖,𝑚, 𝑛) serve as the “expected” bandwidth and is subject to 

adjustments at the tactical level, as shown in Figure 6.6(b). With such a design, one traffic 

movement’s green period can be distributed to other movements if the demand is less than 

expected in this cycle. It can also provide extra progression duration when the actual path-

volumes is higher than expected. 

 Note that Eq.(6-13) provides the ranges of the green phase, where the design for its 

actual implementation is discussed in the next section. 

6.3.2 Tactic Decision Module 

At the tactic level, all decisions for each time instant of 0.5 seconds should be made locally at 

the intersection controller without involving communications with others; hence, the system’s 

design should conform to the specifications for the NEMA controller. In this regard, the 

proposed system will only change the parameters for actuated control to generate the available 
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windows for the flexibility of adjusting the bandwidth and splits based on the expected 

bandwidth and target splits.  

Major through traffic streams 

Coordinated offsets in the proposed system are implemented by terminating the green phase at 

the “yield-point,” i.e., at the end of green based on the calculated offsets (𝛾𝑗)  

FOR EACH new cycle: 
 Reset to YP_Timer to zero 
FOR EACH time step: 
 YP_Timer = YP_Timer  + step_size 
 IF YP_Timer  equals 𝛾𝑗 and (gElapsed>gmin): 
  THEN transition from green to yellow 

 

Minor traffic streams 

 The system will employ the actuated control algorithm and the following rules for minor traffic 

streams, not identified as key paths to receive progression (𝑧𝑝=0) in the Core Optimization 

Level: 

Rule 1: a minimum green shall be guaranteed 

Rule 2: the dynamic signal splits are allowed to be smaller than the preset target split.  

Rule 3: the green termination shall follow the conventional gap-out logic. 

To be compatible with the NEMA controller’s logic, the system will use the standard 

countdown timers at the tactic level as follows: 

• Minimum green countdown timer 𝑡𝑚𝑔: to guarantee that the dynamic green splits are 

larger or equal to the minimum green; 

• Gap-out countdown timer 𝑡𝐺𝑂 : to detect time gaps between vehicles, this timer 

indicates a possible gap-out if this timer counts down to zero but resets to the “unit 

extension” (e.g., 2.5sec) activated by a detected vehicle; and 
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• Split countdown timer: to detect whether the split has reached the maximum green. 
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Figure 6.7   Actuated logic at tactic level 
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The actuated logic can be coded with the logic that all timers count down by step size Δ𝑡 from 

the beginning of the green followed by examining the termination conditions. Timers are resets 

each cycle. With the above rules for countdown timers, the proposed system will implement 

the following procedure during the green phase for each turning traffic stream, as illustrated in 

Figure 6.7: 

Rest timers at the beginning of green: 
 𝑡𝑚𝑔 =  𝑔𝑚 //Rule 1 
 𝑡𝐺𝑂=   U //Rule 3 
 𝑡𝐹𝑂  =  𝜙̅  //Rule 2, 3 

IF Green phase: 
 FOR EACH time step: 

o //Update countdown timers 
o 𝑡𝑚𝑔 = 𝑡𝑚𝑔- Δ𝑡 //Rule 1 
o 𝑡𝐹𝑂 = 𝑡𝐹𝑂- Δ𝑡 //Rule 2 
o 𝑡𝐺𝑂 = 𝑡𝐺𝑂- Δ𝑡  //Rule 3 

 
o //Check if green is extended based on actuation 
o IF a vehicle is detected: 
o THEN𝑡𝐺𝑂 = U // Vehicle actuation, Rule 3 

 
o //Check if any termination condition holds:  
o IF 𝑡𝑚𝑔 < 0 AND 𝑡𝐺𝑂 < 0: // Rule 1, 3; Block B of Figure 6.7 
o THEN flag to terminate green (gap-out) 
o IF 𝑡𝑚𝑔 < 0 AND 𝑡𝐹𝑂 < 0: // Rule 1, 2; Block A of Figure 6.7 
o THEN flag to terminate green (force-off) 

 
o IF terminating green: //Rules 1, 2, 3 

 Proceed to the yellow phase  

Where, 𝑔𝑚  is the minimum green, U is “Vehicle Extension” (or “passage-time”) the (i.e., 

2.5(s) in Maryland). 

Major turning traffic streams 

Major turning streams on the key paths (𝑧𝑝=1) receiving progression are identified in the “Core 

Optimization Level. These traffic flows, controlled with the gap-outs or max-outs operations, 

are guaranteed to have their green splits within the allowable window. 

 Rule 2: the dynamic signal splits are allowed to differ significantly from the target split. 

The window for the execution of the changeable split should be framed as reflected 
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with Eq.(6-13). 

 Rule 3: the green shall be terminated with the logic of gap-out if no traffic is detected 

after the guaranteed partial bandwidth for progression (e.g., half of the bandwidth) 

specified in Eq.(6-13). 

 The flexible bandwidths guaranteed for turning movements on those paths receiving 

progression can be implemented by modifying the initial values before the green phases. More 

specifically, the guaranteed progression can be implemented via resetting timers as follows: 

 Rest timers at the beginning of green: 
 𝑡𝑚𝑔 =  𝑣𝑚 + 𝑏𝑝/2  
 𝑡𝐺𝑂=  𝑈  
 𝑡𝐹𝑂  =   𝜙̅ + 𝛥 𝜙  

 

Such logic for dynamically providing flexible green bandwidths is illustrated in blocks D, E, 

and F in Figure 6.7. When platoon size is larger than expected, the green phase can be extended 

up to 𝜙̅ +  𝜙, which is larger than 𝜙̅, as shown in block C. On contrast, if the platoon size is 

smaller than expected, the green phase will terminate earlier to distribute the available green 

period to other phases, shown in block F. Notably, the proposed system will hold the green 

until the platoon arrives (𝑣𝑚 seconds after green), as shown in block E, instead of terminating 

prematurely (at minimum green  𝑔𝑚 ), if not enforcing the proposed flexible progression 

bandwidths with a duration of 𝑣𝑚 + 𝑏𝑝/2.  

6.4 Case Study 

To illustrate the proposed system’s real-time operations in real-world settings and also to 

evaluate its effectiveness, this study has selected an arterial segment of six intersections in 

Silver Spring, Maryland, as shown in Figure 6.8 (a), for simulation analyses. The arterial for 
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simulation experiments are designed with three levels of traffic conditions, characterized by 

the different variance-to-mean ratios in each path volume.  

 Level-1: Low fluctuation in the flow rates, and the total demands are constant for all 

path flows during the peak hours. 

 Level-2: moderate fluctuation in the flow rates.   

 Level-3: high fluctuation in the flow rates. 

Notably, all experimental scenarios are specified with the same hourly volumes so that the 

impact on the traffic conditions due to the time-varying flow fluctuations can be captured 

reliably in the comparative analyses Also note that the volumes of major paths, shown in 

Figure 6.8(b), are designed with the same levels of fluctuations as well. 
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To assess the effectiveness of the proposed system, this research selects the following models 

for performance comparison: 

 Benchmark model: the enhanced multiband (Gartner et al., 1991) model with 

coordinated major traffic stream and actuated-controlled minor movements. 

 System R1: the proposed real-time system but without accounting for the bus delay. 

 System R2: the entire proposed system with all embedded modules. 

System R1 is included to assess the benefits of embedding the Bus Delay Estimator in 

providing a transit-friendly signal control, based on the performance differences between 

systems R1 and R2. 

 

Results 

The results of the performance evaluation are presented in Table 6-1, and the findings can be 

summarized below. 

 The proposed R1 has shown improvements in the networkwide delay, ranging from 

4.7% to 5.7%, compared to the enhanced Multiband. Such improvements are 

contributed mainly by the proposed system’s functions to mitigate the impact from 

high volume fluctuation with effectively coordinated progression for multipath flows. 

Although transit vehicles are not explicitly considered in the proposed system R1, bus 

flows have benefited from the adaptive signal design for general traffic. For example, 

the average bus delay reduces to 200.6(sec/bus) with R1, compared to 214.0(sec/bus) 

when with the enhanced Multiband under the scenario of extreme volume fluctuations.  

 As expected, the proposed R2 has outperformed the other two models under high and 

moderate volume fluctuating scenarios. The improvements in delay vary between 6.2% 
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to 11.4%, benefited mainly from the proposed system’s capabilities to adaptively 

generate updated signal plans during a short-term volume surge and its unique function 

to minimize the bus delay as well as their impacts on general traffic. The latter is 

evident from the significant reduction in bus delays, ranging from 6.6% to 15.0%.  

 Embedding the “Bus Delay Estimator” in the generation of real-time adaptive signal 

design can yield bus-friendly signal plans to improve the efficiency for both the bus 

and general traffic flows. For example, the bus flows and general traffic with R2 

experience a reduction in delay by 13.2% and 9.8%, respectively, under the scenario 

of moderate volume fluctuation, compared to the benchmark model. The benefits of 

incorporating the bus performance into the adaptive signal design are evident from the 

evaluation results that the proposed System R2 outperforms System R1 under all levels 

of fluctuation, and the MOEs for both bus flows and general traffic have improved 

from such a control strategy. 
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Table 6-1 MOEs of simulation evaluations 

  Enhanced 

Multiband 

(Gartner et al., 

1991) 

Proposed 

R1 
 

Proposed 

R2 

        Value Change  Value Change 

Network Average Delaya 

(sec/veh) 

       

 Low 171.4 

(15.5) 

 

 161.8 

(14.9) 

-5.6%  151.8 

(16.6) 

 

-11.4% 

 Moderate 217.4 

(4.4) 

 

 207.1 

(7.1) 

 

-4.7%  196.0 

(13.4) 

-9.8% 

 Extreme 228.5 

(4.34) 

 

 215.5 

(11.4) 

 

-5.7%  214.4 

(9.5) 

-6.2% 

Bus Delay (sec/bus)        

 Low 166.4 

(16.8) 

 152.1 

(10.8) 

-8.6%   141.4 
(6.3) 

 

-15.0% 

 Moderate 211.1 

(17.1) 

 189.2 

(18.3) 

 

-10.4%  183.3 -13.2% 

 Extreme 214.0 

(7.5) 

 200.6 

(17.4) 

 

-6.3%  199.9 

(20.4) 

-6.6% 

Path Travel Time (sec)        

Path 1 Low 375.8  354.1 -5.8%  276.3 -8.4% 

 Moderate 459.8  422.5 -8.1%  396.4 -13.8% 

 Extreme 472.5  430.7 -8.9%  413.1 -12.6% 

         

Path 2 Low 229.7  265.3 +15.5%  261.6 +13.9% 

 Moderate 252.4  301.2 +19.3%  281.6 +11.6% 

 Extreme 251.7 

 

 288.2 

 

+14.5%  281.8 

 

+12.0% 

         

Path 3 Low 191.9  203.4 +6.0%  200.3 +4.4% 

 Moderate 181.1  196.8 +8.7%  185.3 +2.3% 

 Extreme 179.5 

 

 189.0 

 

+5.3%  187.2 +2.3% 

         

Path 4 Low 226.5  213.5 -5.7%  238.2 +5.2% 

 Moderate 237.8  235.4 -1.0%  248.0 +4.3% 

 Extreme 281.4 

 

 263.9 

 

-6.2%  234.2 

 

-16.8% 

Path 5 Low 178.1  191.9 +7.7%  168.0 -5.7% 

 Moderate 177.4  187.1 +5.5%  170.6 -3.8% 

 Extreme 177.6  176.6 -0.6%  164.3 -7.5% 

         

Path 6 Low 270.5  272.1 +0.6%  269.2 -0.5% 

 High 274.6  284.8 +3.7%  290.8 +5.9% 

 Extreme 291.0  287.4 -1.2%  287.7 -1.1% 
a Numbers in the parenthesis stand for standard deviations. 
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To further investigate how the proposed model can improve the travel times for path-flows and 

bus flows, the associated findings from the experimental scenario of high volume fluctuations 

has been extracted and summarized below. 

 The proposed systems, in general, do not necessarily generate the path-flow travel 

times better than with the benchmark model. More specifically, those optimized offsets 

with optimal redistribution of available green time for major critical paths can only 

yield the benefits under the selected periods with high-volume scenarios. For instance, 

as shown in Figure 6.9, Path 4 and Path 6 experience volume surges at periods of 900-

2100(sec) and 600-2100(sec), respectively. With the proposed R1 and R2, the travel 

times over these two paths under such a high volume traffic condition are lower than 

that with the benchmark model, as shown in the gray regions of Figure 6.10(b) and 

(c). As shown in the callout of Figure 6.9, the generated offsets from System R1 offer 

progression for Path 4 (two dashed pointers) and Path 6 (turning-in at intersection V 

and continue northbound along the arterial) at cycle 9. In contrast, after 2100(sec), 

when the volumes over these two paths are relatively low to other paths, the offsets and 

available green durations are allocated to improve the progression effectiveness for 

other paths, e.g. Path 1 in Figure 6.10(a). For instance, the generated multipath 

progression at cycle 21 mainly serves two-way major paths 1 and 2, as shown in the 

callout in Figure 6.9. Such results seem to demonstrate the proposed systems’ 

effectiveness in dynamically adapting the signal variables to accommodate those paths 

with high volume fluctuation. 
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Demand surge of 

Path 4 

Demand surge of Path 1 

 

Figure 6.9   Time-dependent path volumes and System R1’s offsets and multipath 

bandwidths at selected cycles.  
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Figure 6.10   Time-dependent path travel time under three control strategies 
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 As evidenced in Figure 6.11, the proposed R2 outperforms the benchmark model in 

most of the time periods of experiments for buses in both directions. On the other hand, 

the proposed R1 shows a high variation in the bus-flow’s performance since its 

embedded logic does not consider bus delay minimization. As such, whether or not the 

bus flows can benefit from system R1 depends mainly on if the bus routes are along 

the paths receiving the progression. 

 The proposed R2 can improve the overall bus performances by favoring the bus flows 

in the direction of experiencing longer passenger car queues due to higher volume, and 

strategically sacrificing the bus performance in the opposite direction.  For example, 

the proposed R2 yields a reduction of 167.1(sec) in the two-way bus travel time within 

the period of 3900-4200(sec). Such a reduction is attributable to the signal plan that is 

designed to favor the southbound bus flows with a travel time of 598.9(sec), compared 

to the benchmark model’s 846.0(sec). This travel time reduction is at the expense of 

the increased northbound bus travel time of 432.5(sec), compared to the benchmark 

model’s 352.4(sec). Noticeably, favoring southbound bus flows yields a reduction of 

247.1(sec) in travel time,  outweighing the undesirable 80.0(sec) increase in the 

northbound bus travel time travel, as shown in Figure 6.11. 
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80.0

247.1

(a)

(b)  

Figure 6.11   Time-dependent bus travel time 

  

  



 

146 

 

 Although the proposed R2 has focused on favoring the bus performance in design of 

the signal plan, the generated multipath bandwidths remain at the desirable level of 

performance. To make a fair comparison, the weighted multipath bandwidths are 

normalized with cycle length, and their time-dependent performance records with the 

two systems’ are plotted in Figure 6.12. Noticeably, the bus delay exhibits a reduction 

of 5.3%, from R1’s 186.5(sec) to R2’s 176.6(sec). Such bus-friendly signal design is 

at the cost of only a 1.1% reduction in the progression bandwidths, i.e., the average 

weighted bandwidth efficiency with R2 is 0.725, compared to R1’s 0.733, as shown in 

Figure 6.12. 

 The Plan selection with the proposed R2 can be observed from Figure 6.13, which 

illustrates the estimated process for bus performance from the final plan and the 

normalized MOEs given the five candidate plans. Conceivably, R2 does not always 

select the plan with the minimal total bus delay, such as for cycle numbers 6, 10, and 

19, as shown in Figure 6.13(a) because these selections such as in cycles 6, 10 are 

dominated by the MOEs of optimal stability and multipath bandwidths.  Likewise, as 

shown in Figure 6.13(b), the selection of the optimal plan for cycle 19 is based on both 

stability and bandwidths. Nonetheless, by concurrently using these three MOEs for 

evaluation, the proposed system can yield the desirable average normalized MOEs of 
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0.84, 0.74, and 0.76 respectively for bus performance, multipath bandwidths, and 

stability.  

Figure 6.12   Time-dependent weighted bandwidth efficiency  
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Figure 6.13   Plan Selection of R2 

 

Summary 

In response to the need to mitigate the impact from the fluctuating traffic, this research has 

advanced the developed off-line models to an adaptive control system to generate dynamic 

signal plans in a real-time control environment. To tackle the critical real-time traffic issues in 

a timely manner, the proposed systems are designed with three levels of control to address 

across-cycle, in-cycle, and tactical conditions. To integrate two off-line models, M-I and M-II, 

in real-time operations, the system is designed to have a plan selector that can choose the plans 
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based on overall MOEs, including multipath progression bandwidths, bus delay, as well as 

plan stability. The entire system has been customized with the following features: 

 Integrating two optimization models sequentially by generating multiple signal plans 

in Multipath Progression Model and then evaluating the plans with the resulting bus 

delay;  

 Evaluating the resulting bus delay from multiple possible mutual relations between bus 

and general traffic flows; 

 Evaluating the effectiveness of  the real-time signal plans with multiple MOEs, 

including multipath bandwidths, bus delay, and plan stability;  

 Offering the multipath progression with flexible bandwidths that can be adjusted 

dynamically based on the most up-to-date traffic information. 

This study has further tested the models’ capability via extensive simulation experiments and 

confirmed the proposed system’s under scenarios with various levels of traffic fluctuations. 

The proposed R2, as expected, outperforms R1, indicating that Bus Delay Estimator for 

assessing the mutual impedance between modes is a necessary module for the proposed 

adaptive system. 
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Chapter 7 Conclusions   

7.1 Research Summary 

To mitigate the excess delay over major arterial traffic paths incurred by the high-volume 

transit and passenger-car flows, this study has focused on how to mitigate the mutual blockage 

between different paths and between two vehicle modes in the design of effective arterial signal 

control systems.  The entire study has produced two offline arterial signal control models for 

addressing the inevitable impacts from turning traffic spillback on the progression efficiency 

and the excessive delay due to the mutual impedance between bus and passenger-car flows.  

To contend with the high variability of traffic patterns during congested periods and to ensure 

the signal plan’s effectiveness with timely adjustment, this research has furthered designed a 

real-time adaptive control system, based on the two offline control models and all essential 

supplemental modules. Some critical issues and tasks associated with the development of these 

two systems are summarized below: 

-  Devise control methods to tackle operational issues arising from the major arterial paths of 

heavy volume, including long queues contributed by critical paths or mutual blockage between 

their path flows, which are often either not addressed in the existing studies for two-way 

progression or with the assumption of having extensive O-D data for identifying critical paths. 

- Incorporate the discrepancies of operational characteristics between the transit and passenger-

car flows and their frequent mutual impedance in design of arterial signal progression. 

- Construct a real-time adaptive system that can dynamically respond to the fluctuating and 

traffic conditions and concurrently address various delay-related issues resulting from the 

interactions between path-flows of heavy volumes and frictions in the dual-modal flows.  
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The final products of this study include two offline models for arterials with high 

multipath volumes (M-I) and heavy dual-modal flows (M-II), and an online system that offers 

a real-time control environment for integrated operations of these two models. The proposed 

M-I has proved its effectiveness in reducing the delays on an arterial via identifying potential 

critical paths, and minimizing the turning flow spillbacks or mutual blockages between major 

path flows. With only the information of readily available turning volume counts but not the 

prior full O-Ds, such model also has achieved the performance comparable to the state-of-the-

art multipath progression model (Yang et a., 2015). In addition, the proposed M-II has offered 

the alternative for optimizing arterial traffic signal progression with an embedded objective of 

minimizing the total bus delays and the likelihood of incurring mutual impedance between bus 

and general traffic flows  

To account for the time-varying path-volumes with high variance in a congested and 

dynamic traffic environment, this study has further developed a real-time adaptive system that 

can proactively respond to projected volume fluctuation with dynamically adaptive signal 

plans for maximizing the effectiveness of the time-varying multipath progression. The 

developed real-time control system offers the function for the design of the target arterial’s 

signal plan with different control objectives, i.e., maximizing the total bandwidth for multipath 

progression or incorporating bus delay minimization into the design of arterial signal 

progression. Depending on the operational needs and the predicted traffic conditions, the 

developed real-time system can produce the optimal time-varying signal plan to maximize 

different MOEs such as progression effectiveness, bus performance, and system stability. 

In summary, this study has accomplished the abovementioned tasks with the following 

contributions: 
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 Develop an offline multipath progression model with only turning volume counts that 

can circumvent the need to collect costly origin-destination volume data. Such a model 

can serve as an effective tool for traffic agencies to use in design of arterial signals. 

 Construct formulations of estimating the duration and pattern of mutual blockages 

between critical path flows, and generated responsive control strategies to mitigate 

their resulting impacts. Such a function allows the signal plan to yield reliable “effective 

bandwidths” with the least interference by neighboring paths sharing the same link. 

 Propose a method to compute buses’ arterial delay based on the spatiotemporal 

relations of bus trajectories, PCQs, buses’ arrival time from upstream links, and the 

locations of the transit stations. The developed computing method for such purposes 

can either serve as part of the MILP optimal control model (in Chapter 5) or as a semi-

analytical tool for evaluating bus delays under the dynamic control environment (in 

Chapter 6). All experimental analyses for offline or online applications have 

consistently shown that embedding bus delay in the progression-based signal control 

can also yield a bus-friendly signal plan without altering the main signal 

synchronization design for the general traffic. 

 Develop an online adaptive control system that can concurrently evaluate multiple 

candidate signal plans generated by its two embedded offline models, and then 

implement the optimal one based on the adopted multiple MOEs such as total 

progression bandwidths, bus delay, and signal plan stability. 

 Develop an efficient multi-layer control structure for generating flexible progression 

bandwidths in real-time operations. Under such a structure, the system will first ensure 

that the produced plans are stable across multiple cycles in the Upper Level, then flag 
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those paths in need of progression in the Core-optimization Level, and lastly adjust the 

bandwidths by offering a window to vary the executed bandwidths slightly based on 

the most up-to-date sensor data. 

7.2 Future Research 

Despite the progress made in this study to contend with various types of excess delays 

incurred by the mutual impedance between  an arterial’s high-volume path flows and also 

between its transit vehicles or general  traffic  under both pretimed and  real-time control, some 

critical issues remain to be investigated in the future extensions: 

Using advanced technologies as control input 

Emerging technologies such as vehicle-to-infrastructure (V2X) have the potential to 

improve both the reliability and accuracy of signal control. Examples of imperative 

information potentially available from such technologies include providing origin-destination 

or vehicle’s projected routes before reaching the subject intersection for the proactive control 

or real-time estimate. Notably, crowdsourcing from mobile phones may also be informative 

data for real-time queue estimation that can support the computation of the likelihood of 

turning-bay overflows, link spillback, or blockage at transit stations by passenger cars. 

Applying the proposed methodology to network signal control 

This study has been primarily focused on control strategies for arterials, yet such 

strategies have the potential to apply to networks of multiple arterials. It is expected that such 

an extension would encounter the following issues that need to be addressed at the network 

level (i) which arterials should be given the higher priority in view of the competing nature 

from the crossing arterials; (ii) how to address those paths traveling along multiple arterials; 
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and (iii) evaluate the high-demand bus route to identify critical links that constitute bottlenecks 

for bus flows. 

Customizing Solution Algorithms for Real-Time Operations 

The real-time operations to re-optimize signal plans in Multipath Progression Module 

via a MILP model are solved by the commercial solver. To effectively apply in practice without 

relying on third-party, it is essential that customized software with all needed solution 

algorithms for solving MILP be developed independently from those commercial programs. 
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