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Conventional Transit Signal Priority (TSP) controls often reach the limitation for 

arterials accommodating heavy bus flows since the priority control function can 

significantly increase the delay at minor streets. Under such conditions, a proper 

signal coordinated plan that aims to offer progression for buses is one potentially 

effective strategy. This study proposes a bus-based progression system to reduce the 

delay of buses on local arterials experiencing heavy bus volume. The proposed model 

is capable of providing bus-progression bands under various traffic conditions, which 

take into account the stochastic nature of bus dwell time and the capacity of bus stops. 

The trade-off between passenger-car and bus-based progression bands and the 

selection logic under different traffic compositions have been also investigated in this 

study. The results of extensive simulation experiments have confirmed the proposed 

model’s effectiveness in reducing the bus passenger delay and the average passenger-

car delays under various traffic conditions.  
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Chapter 1: Introduction 

1.1. Study Background 

As an effective way to mitigate urban traffic congestion, transit system serves 

as a key mode in many metropolitan areas around the world. Due to the high capacity 

of transit vehicles, the promotion of transit systems can help minimize the number of 

passenger cars in urban networks and consequently reduce the overall network 

congestion. From the green transportation perspective, transit systems can 

significantly contribute to reduction in the energy resources and vehicles’ emissions.  

However, a transit system can be effective only if it is well designed and 

effectively operated. More specifically, the most critical design issue at the operation 

level is to minimize the delays and frequent stops experienced by bus riders. Both the 

delay variance and stop frequency may consequently affect the schedule reliability of 

a transit system and commuters’ willingness to select such a transportation mode.  

Most existing studies in contending with such a vital issue is to offer transit 

vehicles with conditional or unconditional priority via either active or passive signal 

control. However, such priority controls are effective only if transit vehicles 

constitute a small percentage of the arterial traffic flows. Otherwise, the negative 

impacts of such priority controls on the cross-street traffic and on the disruption of 

arterial signal progress may increase significantly with the number of priority 

activation calls. Hence, the inevitable dilemma encountered by many transportation 

professionals is how to incentivize commuters to take the transit mode with less 
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frequent stops and reduced delays, but not at the unbearable cost of passenger car 

users on both the same arterial and the cross-street from the network perspective.  

Since signal coordination is the most commonly-used arterial control 

strategy for vehicle progression and minimization of traffic delay, one potential 

method to couple with the dilemma is to properly integrate the transit-oriented signal 

priority design and passenger-car-favored arterial progression system. Ideally, such a 

control system shall be able to account for all key operational characteristics of a bus 

system, and to provide either a bus-band or passenger-based progression system in 

different times of a day, based on the total traffic volume and bus percentage in the 

total flows.  

1.2. Primary Objective 

The objective of this study is to develop a bus-based arterial progression 

system that accounts for key bus operational features, such as dwell time at a stop, the 

dwell time variance, the capacity of a bus stop, and the balance between operational 

benefits of buses and passenger cars. Such a model shall also be capable of balancing 

the benefits between both passenger-car and transit users, and minimizing the 

potential impacts to traffic on the cross-streets. In view of the trade-off between 

maximizing the progression benefits of transit vehicles and passenger cars, this study 

has further developed a supplemental method to concurrently offer progression bands 

to both the transit and passenger-car flows.  
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1.3. Organization of the Thesis 

The rest of this thesis is organized as follows. Chapter 2 will review the 

literature related to design of Transit Signal Priority (TSP) and arterial signal 

progression. Chapter 3 analyzes the features of transit vehicles and critical issues to 

be addressed in the model development.  A detailed illustration of the modelling 

methodology and formulations will be introduced in Chapter 4. Chapter 5 summarizes 

the evaluation results of extensive numerical experiments and sensitivity analysis of 

key parameters. Conclusions and future research directions are reported in Chapter 6. 
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Chapter 2: Literature Review 

Over the past decades, both transit signal priority and signal progression have 

been extensively studied in the literature. A brief review of key models in each 

category is presented below. 

2.1. Transit Signal Priority 

To improve a transit system’s reliability, transportation researchers have 

worked on various advanced methods and technologies for several decades. Transit 

Signal Priority (TSP), recognized as a promising method to reduce bus delay in urban 

networks, was first developed in late 1960s (Smith, 1968). TSP is an operational 

strategy that facilitates the movement of buses and allows buses to pass a target 

intersection without a stop by adjusting signal timings. Based on whether or not the 

priority control is in response to the presence of buses, a TSP control system may be 

classified as an active TSP or a passive TSP. 

Active TSP 

Active TSP generally needs to detect the arrival of buses with the sensors near 

the intersection. Under a low bus demand condition, many studies have demonstrated 

the effectiveness of active TSP in reducing bus travel time over an arterial. Most 

existing Active TSP strategies can be categorized into rule-based and model-based 

methods. 
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Unconditional TSP control, as one of the earliest rule-based strategies, is to 

extend green time or truncates the red phase upon the detection of an arriving bus 

(Ludwick & John, 1974). This method has been proven with simulation experiments 

to be effective on improving the bus efficiency, but not significantly interrupting the 

traffic on side streets if the bus demand is not very high. To minimize the potential 

impact to side street traffic, some rules have been developed to limit the green time 

extension (Dion & Hesham, 2005). By adopting these rules of keeping the cycle 

length unchanged and limiting the number of priority calls in a single cycle, 

unconditional TSP strategies can be applicable to arterials in need to accommodate 

heavy bus flows, but keeps the side street from serious interruptions.  

Conditional priority is another kind of rule-based methods, which takes into 

account the actual bus presence and readiness in order to minimize the impact on 

other type of vehicles. (Ma & Yu, 2007; He et al., 2011; Kulash, 1971; Ling & 

Shalaby, 2004; Altun & Furth, 2009; Yan et al., 2009) Basically, it only grants 

priorities to buses behind the schedule, thus may ignore some requests from some 

early-arriving buses. Similarly, some rules have been developed for conditional TSP 

to constrain the frequency of activating priority control, based on the ridership of the 

buses or the priority decisions in previous cycles. (Evans & Skiles, 1970; Tarnoff, 

1975; MacGowan & Fullerton, 1979; Allsop, 1977; Cottinet et al., 1980; Zhou & Gan, 

2009; Gallivan et al., 1980; El-Reedy & Ashworth, 1978; Cooper et al., 1980; Bowen 

et al., 1994) These rule-based methods offer the requested priority controls, based on 

empirical results, rather than rigorous computation. Such models are easy to 
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implement in practice, but may not yield the optimal level of performance. (Smith, et 

al., 2005; Balke et al., 2000; Janos & Furth, 2002; Satiennam et al., 2005) 

Model-based methods, generally more complex than rule-based methods, 

intend to grant the priority decisions, based on some performance measures computed 

from the detected bus locations, bus operation conditions, and nearby traffic 

conditions. (Ma et al., 2010; Lin et al., 2013a; Lin et al., 2013b; Lin et al., 2013c) 

Such methods try to optimize the performance of buses or all kinds of vehicles by 

quantitatively evaluating the potential effect resulting from a priority decision. The 

objectives can be to minimize the total bus delay and the total person delay (Lin et al., 

2013). In addition, most model-based methods are more flexible for extension to 

traffic networks experiencing various levels of congestion. 

Passive TSP 

However, on those arterials experiencing heavy bus volumes, the TSP control 

strategy may reach its limitation since: 1) most TSP controls are operated at the 

isolated intersection level, which is not sufficient to facilitate the progression of buses 

over consecutive intersections, and 2) the TSP system will yield significant negative 

impacts to non-priority intersection approaches due to the frequently calls by the 

signal priority control. Though various existing methods reported in the literature 

intend to reduce the impacts to the non-priority approaches by adding operational 

rules or balancing the benefits to all types of vehicles, the conventional TSP strategies 

remains ineffective in minimizing the negative impacts on side-street-traffic flows if 

the bus volume in the primary arterial incurs frequent activation of priority control. 

This is why most TSP strategies are simulated or tested under the scenarios of 
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relatively low bus volume. Hence, a passive control strategy may serve as a better 

way to deal with arterials accommodating heavy bus flows.  

Contrast to active TSP control, passive control strategies do not explicitly 

recognize the presence of buses, but predetermine the signal timings by taking into 

account the percentage of bus volume in the total traffic flows. (Machemehl, 1996; 

Zhang et al., 2004; Ji et al., 2005; Feng et al., 2007; Mirchandani et al., 2001) These 

strategies do not change the signal timings upon the arrival of a bus or penalize 

vehicles on the cross streets by extending the green time, but programming the signal 

in a way that may be favorable to bus movements. As such, the passive control 

strategies do not interrupt traffic in the non-priority approaches. Moreover, since it 

needs not to detect the arrival of buses, the deployment of passive control strategies 

does not incur the cost of installing and operating bus surveillance systems. .  

As one of the pioneering researchers on this subject, Urbanik (1977) 

developed four possible ways to change the signal plan for one or a group of 

intersections to favor the bus flows. Their proposed strategies include adjustment of 

cycle length, splitting of phases, area-wide timing plans, and metering of vehicles. 

Such methods generally require only changes at the control and operational levels, 

but nearly demand no capital investment. Garrow and Machemehl (1997) utilized 

TRAF-NETSIM as a simulation tool to test the effectiveness of shortening the cycle 

length and splitting phase at both isolated intersections and local arterials. Their 

underlying logic is that a long cycle length is generally designed to maximize vehicle 

throughput along arterials since it decreases the intersection’s lost time and can 

generally widen the progression bands for through movements, but at the cost of 
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increasing the stop delay. Hence, a short cycle length may serve as a passive transit 

priority strategy to decrease the stop delay of transit vehicles at intersections. The 

concept of splitting phase is to separate the green phase in a cycle for the transit 

movement into two separate sub phases so that a bus encountering a red phase will 

only wait for a shorter period before receiving its green indication. By doing so, it is 

expected that the intersection capacity will be reduced due to the additional lost time. 

The relationship between the departure frequency of transit vehicles and cycle lengths 

of signalized intersections are discussed by Ma and Yang (2007). They concluded 

that providing priority to buses is much easier if the departure headway is a multiple 

of half cycle length. They further used simulation to argue that both active and 

passive strategies can be applied to BRT (Bus Rapid Transit) systems to decrease the 

delay and headway deviation. 

2.2. Signal Progression 

As is well recognized, signal progression strategies are designed to allow 

some vehicles to pass some consecutive intersections without encountering red 

phases. (Chang E. C. P et al., 1988; Hisai M., 1987; Leuthartdt H. R., 1975; Little J. 

D. C, 1966; Liu C.C., 1988; Tsay H.S. & Lin L.T., 1988; Wallace C.E and Courage 

K.G., 1982;) The band in the time-space diagram, shown in Figure 1, is called a green 

band, where bandwidth is defined as the portion of a green phase during which 

vehicles travelling at the designed progression speed can smoothly traverse over all 

intersections within the control boundaries. (Morgan and Little, 1964). A well-

designed signal progression system may reduce accidents since the vehicles arriving 
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at each signal are mostly in platoons and thus less likely to incur rear-end collisions 

during the red phase. (Gartner et al., 1990). 

Since the bandwidths may determine the number of vehicles benefiting from 

the signal control, researchers have focused on design of various strategies for 

maximizing the progression bandwidths for several decades. The core logic of such 

studies is to optimize the signal offsets over an arterial with a common cycle length, 

based on the estimated travel time between each pair of adjacent intersections. The 

pioneering work that sets the foundation for arterial signal progression was first 

presented by Morgan and Little (1964).  
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Figure 1.  Signal progression between two adjacent intersections 
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Little et al. (1981) further developed a more efficient way to find the 

maximum green band with mixed-integer linear programming. A program, called 

MAXBAND (Chang E.C.P. et al., 1988; Cohen S.L., 1983), was also designed to 

handle this problem based on their methodology. This method intends to maximize 

the sum of outbound and inbound bandwidths with a series of constraints. The core of 

their loop integer constraints is that (See Figure 1) the links Sh to Si and Si to Sh form a 

loop and that the sum of times around the loop is an integer number of cycles. This 

can be described with the following equation: 

( , ) ( , ) ( , )h ih i h i m h i      

where m(h,i) is called the loop integer representing an integer number of signal 

cycles. Also, some constraints are developed to make sure that the bands use only the 

green time. Their more advanced model also permits the optimization process to 

account for when the left turn phase will occur with respect to the through green 

phase within a cycle. This may allow any combination of leading and lagging phases 

through all intersections along the arterials. In addition, one may favor one direction 

for progression since the volumes may be not balanced between the two directions. 

This can be specified with the following objective function and constraint: 

max  b kb  

(1 ) (1 )k b k kb    

where k is defined as the target ratio of inbound to outbound bandwidths,  which are 

defined by the user. When k equals 1, it captures the equality between the outbound 

and inbound bandwidths. Such models can be solved with linear programming. 
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Gartner et al. (1990) further developed a multi-band approach to optimize arterial 

traffic signals under various traffic conditions. In the MULTIBAND formulations, 

each band is continuous, but varies in the width at different links. The bandwidth is 

defined between each pair of adjacent signals in each direction, and the constraints 

are set to make sure that the center lines of bands are continuous. With different 

weighting factors for the bandwidths on different links, MULTIBAND can generates 

better signal plans and yield lower delays for arterials experiencing the volume 

difference between neighboring links.  

2.3. Bus Progression 

Despite the large body of literature in TSP and signal progression over the 

past decades, very few researchers have explored the potential of offering signal 

progression for buses. Among those, Lin et al. (2013) has taken some bus operational 

features into account, and developed a passive transit signal priority control strategy 

for urban arterials. They added the estimated dwell time to the computed travel time 

between two intersections, if a bus stop is located on that link. Also the queue 

clearance time for transit vehicles, which may vary with the presence of a bus 

exclusive lane, has also been considered in their models. They also analyzed the 

impact of bus stops on the green bands by balancing the passenger car bandwidth 

with the bus bandwidth. Although they considered the potential impact of the bus 

dwell time, only an estimated dwell time was substituted into the mixed-integer 

formulations. However, as the bus dwell time may vary from one stop to the next, 

providing reliable estimates for this critical variable is the key to the effectiveness of 

such bus progression methods. 
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2.4. Signal Progression with Uncertainty 

To account for the variance in traffic conditions, Li (2013) developed a two-

phase approach to find an optimal signal plan for urban arterials. In the first phase, He 

employed the MAXBAND models with perturbation by a parameter are solved to 

produce a series of suboptimal plans. The second phase applies the Monte Carlo 

method to simulate the random progression time, and then rank the generated plans 

with reliability. The core logic of this method is grounded on the property of 

MAXBAND that allows a slight shift of the red phase’s center in each cycle, but not 

influences the progression band. 

2.5. Summary 

This chapter has reviewed the existing studies on transit signal priority, 

signal progression, bus progression, and uncertainties caused by critical associated 

factors. Overall, one may conclude that active TSP strategies are more effective in 

response to the fluctuation of bus volumes since they only grant extra green time to 

the buses upon their arrivals. However, such strategies may not be effective for traffic 

flows comprising high bus volume due to the negative impacts to non-priority streets 

and interference to the signal progression design. Therefore, a passive control strategy 

that can facilitate the bus progression but without significant negative impacts to the 

side-street traffic, could be one of the promising strategies. However, an effective 

passive model for bus progression shall account for the following key issues: (1) bus 

dwell time and its uncertainty at each arterial’s bus stops, (2) capacity constraints at 

each bus stop, and (3) the potential negative effect to passenger-car flows on arterials. 
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Development of effective signal progress models that can address the aforementioned 

critical issues thus constitutes the core of this study.  
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Chapter 3: Problem Nature and Modeling Framework 

3.1. Bus Dwell Time  

As stated in the previous chapter, one of the core methods to design signal 

progression is maximizing the green bandwidth for traffic flows so as to facilitate 

vehicles to pass the target arterial segment without signal delays. Examples of 

existing algorithms for signal progression include MAXBAND (Little et al., 1981) 

and MULTIBAND (Gartner et al. 1990). However, since these algorithms mainly 

focus on passenger cars, their provided bands cannot accommodate transit vehicles 

due to the impact of bus dwell time as shown in Figure 2. Notably, the band indicates 

with dashed lines are designed for passenger cars, but the buses may miss the band 

after dwelling at the bus stop. When the bus arrives at the departing intersection, it 

may encounter a red phase. Therefore, an algorithm that accounts for the impact of 

bus dwell time should be applied when designing a bus progression system. 
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Figure 2. Graphical illustration of Bus dwell times in the progression band 

designed for passenger cars 

3.2. Dwell time variance 

As discussed in the last chapter, existing algorithms for bus progression 

generally assume a deterministic dwell time. However, in practice, bus dwell time is 

affected by the passenger demands at bus stops as shown in Figure 3 which shows a 

dwell time data sample from Jinan, China. In this example, the dwell time ranges 

from 1 second to 72 seconds at stop 3, and from 1 second to 52 seconds at stop 4. 

Hence, the stochastic nature of bus dwell times may cause the bus to miss a 

band designed with a deterministic dwell time. Figure 4 shows the trajectory of two 

buses with dashed lines, and a bus band designed with a deterministic dwell time by 

solid lines. The estimated dwell time for bus-1 is longer than the actual one, but is 

shorter for bus-2. As illustrated in the figure, bus-1 receives the green phase at the 

downstream intersection while bus-2 encounters the red phase.  



 16 

 

Due to the dwell time variance, it may not be possible to ensure that all 

buses from the arriving band will stay within the departing band after departing from 

the stops. In view of the impact of bus dwell times on the progression band, it is 

essential that the stochastic nature of bus dwell time be incorporated in the design of a 

bus-based progression system. 
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(A) Bus dwell times at stop-3 of Jiefang Rd, Jinan, China 
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(B) Bus dwell times at stop-4 of Jiefang Rd, Jinan, China 

Figure 3. Distribution of Bus Dwell Times Collected from 11/01/2012 to 

11/07/2012 
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Figure 4. Graphical illustration of the stochastic nature of bus dwell time 

To overcome this issue, this study introduces a variable-band progression 

model which allows the bandwidth to vary between stations. As shown in Figure 5, 

by specifying different arriving and departing bandwidths for a bus stop, one can 

design a robust bus progression plan that accounts for the stochastic nature of bus 

dwell time. Different from the MULTIBAND model which takes each intersection as 

a control point, the proposed model takes bus stops between two intersections as 

control points.  

Conceivably, there exists some interrelations between two adjacent bands 

(i.e., arriving and departing bands from a bus stop) that may influence the overall 

performance of the system’s progression. For example, a wider departing green band 

can increase its probability of receiving buses departing from the stops, while a larger 

arriving band will allow more buses to experience the designed signal progression.  
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Figure 5. Variable green bands using bus stops as control points 

3.3. Capacity of the bus stops   

For both operational and safety concerns, another critical issue to be 

addressed in design of a bus progression system is the limited storage capacity at bus 

stops. Figure 6 presents an arterial segment with one far-side bus stop. When the 

number of arriving buses within a short time period exceeds the storage capacity of a 

bus stop, the queuing buses may spill back to the nearby intersection and thus block 

the traffic flows to the target intersection.  More specifically, the spillover may result 

in the following operational and safety issues: 1) causing potential safety hazard at 

the intersection near the bus stop, 2) increasing the delay for those buses blocked by 

the spillback flows, 3) contributing to the bus dwell time uncertainty; and 4) further 

delaying vehicles for other movements. Hence, the excessive bus queue at a bus stop 

should be prevented.  In design of a bus-based progression system, one shall preset an 
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upper bound for the bus bandwidth so that the number of buses arriving at a bus stop 

in a short period shall be limited and be calculated based on the bus arrival rate. 

Bus stop

 

Figure 6. Bus Queue Spillover at the Near-Side Bus Stops 

3.4. Competition between bus progression and passenger car progression bands 

Note that to improve the progression efficiency on local arterials, the design 

of a bus-based band is necessary to concurrently account for the operational benefits 

of passenger car flows. If the progression is only designed for transit vehicles, the 

passenger cars may not be benefited from such a design. Figure 7 illustrates an 

example of signal design at two adjacent intersections. Though buses may be 

benefited from this design, passenger cars will experience frequent stops when 

traversing over those two intersections. In general, there exists a tradeoff between 

providing progression bands for transit vehicles and passenger cars. Therefore, a 

model that is able to deal with such a tradeoff shall have a better potential for use in 

practice than those solely focusing on one type of vehicles. 



 20 

 

Distance

Time

Bus dwell timeBus 

Stop

Passenger car 

band

Bus band

 

Figure 7. Competition between the bus band and the passenger car band 

3.5. Modelling tasks 

In summary, there are four critical issues that need to be addressed in design 

of a bus progression system are stated below: 

1) How to incorporate the bus dwell time at bus stops when formulating the 

signal progression models; 

2) How to account for the variance of bus dwell time when estimating the 

progression speed between adjacent intersections; 

3) How to consider the capacity of a bus stop in the optimization process so as to 

prevent the occurrence of queue spillover and to minimize the potential 

impact to the nearby intersections; and 
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4) How to deal with the competition between the bus band and the passenger car 

band in design of signal progression. 

In response to the aforementioned issues, the proposed system for bus 

progression should have the following functions: 

1) Shifting the band at bus stops to accommodate the bus dwell time; 

2) Allowing the bandwidths to vary between intersections; 

3) Ensuring a relatively high probability that a bus will keep in the band after it 

dwells at a stop; 

4) Limiting the bandwidths for buses, and controlling the number of buses 

arriving within one cycle; and 

5) Balancing the passenger car bandwidth with the bus bandwidth so as to 

minimize the overall passenger delay in the network 

To contend with above issues, the remaining study presented in the next 

chapter will focus on formulating the following models: 

 A deterministic model. Only bus progression is considered in this model, not 

for passenger cars. Following the core concept of MAXBAND, a Mixed-

Integer Linear Programming model will be developed to account for the 

impact of bus dwell times and the constraint of bus stop capacity in design of 

the progression band. It is capable of dealing with the first two and the fourth 

functions listed above. Nevertheless, this model cannot fully optimize the 
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signal plan and yield the bus progression since MILP cannot reflect the 

stochastic nature of some critical factors.  

 An evaluation module. By adjusting a parameter in the deterministic model, 

one can obtain multiple sub-optimal solutions by running multiple MILPs. 

The solutions of these sub-optimal strategies may not fully respond to the 

need of actual traffic conditions. Hence, taking both the stochastic nature of 

bus dwell time and the well-defined deterministic relations between 

intersections shall constitute one promising alternative for design of an 

effective bus-progression system. 

 An integrated model. To address the inevitable conflicts between a bus-

progression and passenger-car bands, this study has further proposed an 

integrated model that can concurrently account for the benefits of both 

passenger cars and transit vehicles. 

The deterministic model and the evaluation module work together as a 

complete method to design signal progression for buses. To consider the benefit of 

passenger cars in the progression design, the deterministic model and the evaluation 

module will be enhanced. The enhanced modelling framework is shown in Figure 8. 
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Figure 8. Modelling framework 
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Chapter 4: Methodology 

For convenience of discussion, some key parameters and variables used 

hereafter are listed in Table 1. Some notations for model formulations are also shown 

in Figure 5. 

Table 1. Model Notations  

Variables Descriptions  

I The set of intersections; 

n Total number of intersections; 

' 'I I（ ） The set of intersections which are at the arriving (departing) of an 

outbound (inbound) bus stop; 

K The set of bus stops; 

i i
g g（ ） The outbound (inbound) green ratio at intersection i; 

ri The time difference from the start of the outbound green to the end of 

the inbound green at intersection i 

iit t（ ） Average outbound (inbound) travel time for buses from intersection i 

(i+1) to intersection i+1 (i); 

iiw w（ ） The time period between the start (end) of a green phase to the center of 

the bus band at intersection i for the outbound(inbound) direction; 

iib b（ ） bus outbound (inbound) bandwidth at intersection i 

( )
cc
iit t  Outbound (inbound) travel time from intersection i (i+1) to intersection 

i+1 (i) for passenger cars; 
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( )
cc
iiw w  The time period between the start (end) of a green to the center of the 

bus band at intersection i in the  outbound(inbound) direction; 

( )
ccb b  bus outbound (inbound) bandwidth 

i  the signal offset at intersection i 

( )ii   average dwell time of buses at the outbound (inbound) bus stop after 

intersection i(i+1) 

ii （ ） standard deviation of dwell times for the outbound (inbound) buses at 

the stop ahead of intersection i(i+1) 

C one cycle, and equals 1 in the model 

ii （ ） weighting factor for the outbound (inbound) bandwidth at intersection i 

α, β, p control parameters 

 ee
iib b  

effective outbound (inbound) bandwidth at intersection i for buses 

4.1. Deterministic bus progression model 

To accomplish the research objectives, this study has first developed a 

deterministic bus progression model that takes the preset cycle length, green splits, 

bus stop capacity, travel time between intersections, and bus dwell times as its major 

inputs. The proposed model is formulated with Mixed-Integer Linear Programming 

which optimizes the signal offsets to yield the maximal bus bandwidths. Though this 

model takes the variance of bus dwell times into account, it is deterministic in nature. 
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Objective function 

The control objective of conventional signal progression models is to 

maximize the sum of outbound and inbound bandwidths. Since the bus bandwidths 

for entering and departing from a bus stop need not to be identical, this study will 

maximize the weighted sum of bandwidths at each intersection. Based on this 

concept, on can formulate the objective function as follows: 

  i i i i

i i

Max b b    (1) 

The weighting factor should be based on the bus volume at each intersection 

using the synchronized phase. Let ( )iim m  denote the expected number of outbound 

(inbound) buses passing intersection i during the synchronized phase in one hour. 

Then, the weighting factor can be calculated as follows: 

         i
i

j

j

m
i

m

n

  


 (2) 

         i
i

j

j

m
i

m

n

  


 (3) 

Interference constraints 

To facilitate the operations model, one shall firstly introduce the following 

interference constraints: 
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0.5 0    0.5    i i i i iw b w b g i      (4) 

0.5 0    0.5    i i i i iw b w b g i      (5) 

Eqs. (4)-(5) can ensure that the green bandwidths don’t exceed the available 

green time. 

Progression constraints 

This set of constraints are specified to ensure that the signals will not stop the 

bus flows during the green bands. Each constraint functions to limit the difference 

between centers of the inbound or outbound bands for each pair of neighboring 

intersections. Also note that only the average bus dwell times are accounted here.  

Taking any pair of neighboring intersections, shown in Figure 5, the 

progression constraints for the links having bus stops can be expressed as follows: 

1 1 1         'i i i i i i i iw t n C w n C i I               (6) 

1 1 1 1         'i i i i i i i i i ir w t n C r w n C i I                    (7) 

The progression constraints for the links without bus stops can be shown 

with similar expressions: 

 1 1 1        'i i i i i i iw t n C w n C i I I n               (8) 
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 1 1 1 1           'i i i i i i i i ir w t n C r w n C i I I n                    (9) 

Bus stop capacity constraints 

Note that on arterials having far-side bus stops, the number of buses 

dwelling at a stop may exceed the stop capacity and the queue may spill back to the 

nearby intersections if a serial of buses arrive sequentially over a short interval. 

Hence, to prevent such queue spillover, one shall set an upper bound to limit the bus 

bandwidths. Assuming that the bus arriving frequency to each stop follows a Poisson 

distribution, the probability of k buses to be in the outbound green band i can be 

expressed as follows: 

 
 

!

i
k b

ib e
f k

k

 


  (10) 

where,  denotes the bus arrival rate. Then, the upper bound of a bus bandwidth can 

be computed as follows: 

 max

0

max
is

i

k bC
i

i
b

k

b e
b arc p

k

 



  
  

  

  (11) 

where, Cs denotes the capacity of the bus stop and p is a parameter to indicate the 

reliability (e.g., 0.9). Eq. (11) is to ensure a low probability of incurring a spillover. 

However, due to the inequality of interference constraints shown in Eqs. (4)-

(5), directly adding an upper bound 
maxmax ( )iib b  for ( )iib b  may force the solution 
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algorithm to simply reduce the value of ( )iib b  without searching the optimal value for 

the control variables (i.e., offsets). In that case, the bandwidths obtained from the 

solution may be different from the actual bandwidths. 

Therefore, to ensure that the upper bound constraint for the green bandwidth 

can function effectively, one shall set additional constraints in the outbound direction 

with a set of new binary variables 1( )iix x  :  

max0.5         'i i iw b M x i I       (12) 

max0.5 (1 )           'i i i iw b g M x i I         (13) 

where, M is a large positive number that dominates all decision variables and 

parameters. Hence, only one of Eqs. (12)-(13) can be effective in the bus progression 

model. If xi equals “1”, Eq. (12) is ineffective and Eq. (13) becomes: 

max0.5           'i i iw b g i I      (14) 

Then, Eq. (14) and Eq. (4) will function together to ensure that the length, 

from the center of bus band to the end of a green phase, is not more than a half of the 

bandwidth’s upper bound. More specifically, a half of the bus bandwidth will not be 

larger than a half of its upper bound. 

Similarly, if xk equals “0”, Eq. (13) is ineffective and Eq. (12) becomes: 
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max0.5         'i iw b i I     (15) 

Eq. (15) ensures that the length, from the start of a green phase to the center 

of a bus band, is not more than the half of its upper bound, which can also force the 

bus bandwidth to be less than its upper bound. 

Similarly, for the bus band in the inbound direction, one can derive the following 

constraints: 

max

1 10.5             'i i iw b M x i I        (16) 

max

1 1 10.5 (1 )          'i i i iw b g M x i I           (17) 

where, max

kb  denotes the upper bound of bandwidth of 
kb , which is calculated with an 

equation similar to Eq. (11). 

Bus dwell time uncertainty 

One remaining issue is to account for the impact of bus dwell uncertainties 

at bus stops on the progression design. As discussed previously, taking bus stops as 

the control points, the bandwidth for buses to enter the stops may differ from the one 

for departure. Hence, some constraints are needed to ensure that the band at the 

downstream of a bus stop can accommodate the number of buses coming from the 

arriving band. As shown in Figure 9, to keep vehicles (within band αbi) entering from 

the arriving green band to stay within the departing green band bi+1 if the dwell time 

uncertainty is within ε, the following constraints shall be satisfied: 
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  1

1 1

2 2
i ib b       

 (18) 

  1

1 1

2 2
i ib b       

 (19) 

  1

1 1

2 2
i i ib b b         

 (20) 

  1

1 1

2 2
i i ib b b         

 (21) 

where, μ denotes the mean bus dwell time and ε denotes its uncertainty; α is a 

conservative parameter which represents the portion of effective bandwidth for the 

arriving bus band. Also, Eq. (18-19) and (20-21) are specified to ensure that the first 

and last buses within the arriving band (αbi) can catch the departing band after 

dwelling at the bus stop. 
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 ,N  

 

Figure 9. Impact of bus dwell time uncertainties 

By integrating these four constraints, one can reach the following relations:  

1 2i ib b   
  (22) 
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In Eq. (22), |2ε| represents the tolerance of the dwell time uncertainty. It 

should be a function of the standard deviation of the dwell time. By defining ρσ=|2ε|, 

one can get the following constraints: 

1 +       'i i ib b i I         (23) 

where, β is a control parameter which indicates the preferred confidence level. 

Similarly, for the inbound direction, the constraints should be: 

1+       'i i ib b i I        (24) 

For other pairs of intersections, the bandwidths should be identical since the 

travel time on this link is assumed to be deterministic. 

1         'i ib b i I I     (25) 

1         'i ib b i I I     (26) 

In brief, the optimization model could be summarized as follows: 

 i i i i

i i

Max b b   . 

s.t. 

0.5 0    0.5    i i i i iw b w b g i      

0.5 0    0.5    i i i i iw b w b g i      

1 1 1         'i i i i i i i iw t n C w n C i I               
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1 1 1 1         'i i i i i i i i i ir w t n C r w n C i I                    

 1 1 1        'i i i i i i iw t n C w n C i I I n               

 1 1 1 1           'i i i i i i i i ir w t n C r w n C i I I n                    

max0.5         'i i iw b M x i I       

max0.5 (1 )           'i i i iw b g M x i I         

max

1 10.5             'i i iw b M x i I        

max

1 1 10.5 (1 )          'i i i iw b g M x i I           

1 +       'i i ib b i I         

1+       'i i ib b i I        

1         'i ib b i I I     

1         'i ib b i I I     

, , , 0

,  are integer variables

,  are binary variables

i ii i

ii

ii

b w b w

n n

x x



 

Note that the proposed model is formulated with the mixed-integer-linear-

programming, which can be solved with existing algorithms due to its limited number 

of decision variables. 

4.2. Evaluation module 

Notably, different parameters in Eq. (23) and (24) may yield different 

optimal solutions and objective values. Due to the stochastic nature of bus dwell time, 
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the operational performance of one solution is determined not only by the absolute 

objective value, but also by the relations between each pair of neighboring 

bandwidths. This can be observed from the example shown in Figure 10, where, the 

large arriving band would receive more buses, but only a small proportion of these 

buses can be expected to stay in the band toward the downstream intersection. In 

contrast, a smaller arriving band, as shown in Figure 10(b), may receive fewer buses, 

but can allow a larger percentage of those buses to depart from the bus stop within its 

departing band. Although these two plans may yield the same objective values, the 

actual performance can be quite different. The effectiveness of a signal progression 

plan depends highly on the relation and width between the arriving and departing 

bands at a bus stop. 

Therefore, these solutions are called sub-optimal solutions and the optimal 

solution cannot be identified based solely on their objective values. 
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i+1
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(a) A large arriving band and a small departing band 
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(b) A small arriving band and a large departing band 

Figure 10. Graphical illustration of relation between progression bands at two 

neighboring intersections 

To identify the optimal results among all sub-optimal solutions, this study 

has proposed a stochastic method to evaluate the solutions with different parameters 

in Eq. (23) and (24). For each sub-optimal solution, a ranking index, which is the total 

effective bandwidth, will be calculated to evaluate its performance in practice. 

However, the formula to calculate the ranking index is not linear due to the stochastic 

nature of bus dwell time. Hence, this process cannot be integrated into the linear 

programming model. A supplemental module of the deterministic model to account 

for the bus dwell time uncertainty is presented below. 

Enhancement to the deterministic model  

When applying Eq. (23) and (24), it is noticeable that the computational 

complexity increases exponentially with the number of parameters, because one 
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needs to solve the linear programming formulations for each pair of parameter values. 

Therefore, Eq. (23) and (24) have been revised as follows: 

1 '       'i ib b i I        (27) 

1'       'i ib b i I        (28) 

Such an enhancement does not sacrifice these two constraints, because 1) 

they can still ensure a relatively large departing bandwidth based on its arriving 

bandwidth; and 2) although the dwell time variance is no longer considered in these 

constraints, the analysis to sub-optimal solutions applies a more rigorous method to 

assess the impact of dwell time on the progression band. 

Notably, different values for parameter, a’, may yield different solutions. A 

larger α’ will ensure a higher percentage of buses to stay within the band after 

dwelling at the stop. In contrast, a smaller α’ allows a larger arriving bandwidth, 

which will grant more buses for progression. 

The range and intervals for parameter α’ 

To find the upper bound and lower bound for α’, one needs to determine a 

minimal and a maximal bandwidths. The minimal bandwidth, bmin, is set to the value 

that any smaller band will be meaningless operationally. The maximum bandwidth, 

bmax, is set to the level that any larger band would not result in a feasible solution.  
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Let bmax,i denote the maximal bandwidth at intersection i., and the upper 

bound of parameter α can be expressed as follows: 

max, max,
1

min min

' min ,
k ku

k n k
k

b b

b b
  

 
  

 
 

   (29) 

Any α’ larger than α’u will result in an excessive bandwidth at the most 

distant downstream intersection, even if the most distant arriving bandwidth equals 

bmin. More specifically, the lower bound can be expressed as: 

min

max,

' minl

k
k

b

b


 
   

 
   (30) 

Any α’ smaller than α’l allows a departing band smaller than bmin, even if the 

arriving bandwidth equals to the maximal bandwidth.  

To avoid redundant sub-optimal solutions, the interval of α between two 

adjacent values applied to the model is expressed by: 

min

max,

1
'' max

 k
kb cycle length


 

    
   (31) 

This is based on an assumption that the resolution of the bandwidth is one 

second. An interval smaller than α’min may result in very similar sub-optimal 

solutions, which produce similar offsets for each intersection. Therefore, the number 

of different values for α to be applied in the model is  
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min''

u l 




   (32) 

Effective bandwidth 

The effectiveness of a signal plan highly depends on the relation between each 

pair of bands arriving to and departing from a bus stop. To evaluate the sub-optimal 

solutions, the evaluation module is used to compute the estimated fraction of the 

arriving bandwidth which can be effectively utilized. The expectation of this 

estimated fraction is called effective bandwidth. It is a critical index for use to 

evaluate each sub-optimal solution. The effective bandwidth indicates the number of 

buses which may stay in the band between these two intersections. Therefore, if no 

bus stop is located between intersection i and i+1, the effective outbound bandwidth 

for intersection i(i+1) is defined as follows. 

        'e

i ib b i I I       (33) 

1 1        'e

i ib b i I I         (34) 

If a bus stop is located between intersection i and i+1, the effective outbound 

bandwidth for intersection i is calculated as follows. To evaluate these signal plans 

from a stochastic perspective, one needs to first calculate the probability that an 

arriving bus can stay within the departing band after leaving the bus stop. Figure 11 

shows an example of bus bands at two adjacent intersections, where the dash line 

indicates that the center of green bands and the solid line represents the trajectory of 

one bus moving in the outbound direction; xi denotes the time when a bus passes 
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intersection k, measured by its difference from the center of the band. Then, the 

expected arrival time of the bus at intersection i+1 is denoted by xi+1, which equals xi, 

because the travel time plus the expected dwell time is just the horizontal difference 

between the centers of these bands.  

For simplicity but without loss of generality, this study assumes that the 

dwell time follows a normal distribution with a standard deviation of
i , then the 

actual arrival time to the downstream intersection follows a distribution with a mean 

of xi and a standard deviation of
i . The probability that the arriving bus can stay in 

the departing band is the probability that the actual arrival time to the downstream 

intersection is within the departing band. The actual arrival time can also be measured 

with its difference from the center of the band, as shown in Figure 11. Therefore, the 

probability can be expressed as follows: 

     

1 1 1 1
1 1 1

1 1

0.5 0.5
( 0.5 0.5 ) ( ) ( )

0.5 0.5
                                           ( ) ( )
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Figure 11. Stochastic Analysis for Two Adjacent Intersections 

Note that the value of xi shall lie between -0.5bi and 0.5 bi. By integrating the 

probability with xi to get the effective bandwidth at intersection i, one can have the 

following expression: 
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    (36) 

where, e

kb  denotes the effective bandwidth at intersection k. By the same token, the 

calculation for an inbound effective bandwidth can be expressed as: 
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    (37) 

In summary, for those links without bus stops, the effective bandwidth can 

be directly obtained with Eqs. (33)-(34). In contrast, for the other links with bus stops, 
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one shall account for the impact caused by bus dwell time uncertainty and implement 

Eqs. (36)-(37) to estimate the effective bandwidth.  

Based on the definitions given above, it should be noted that a larger 

effective bandwidth can guarantee a higher proportion of transit vehicles to receive 

the progression. Hence, the total effective bandwidths can serve as an indicator to 

evaluate the effectiveness of the bus progression system. 

In brief, a step-by-step description of the process that integrates the 

stochastic analysis with the deterministic model to yield the optimal bus progression 

band is presented in Figure 12. The deterministic model and the evaluation module 

work together to constitute a complete model for bus progression design. 
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Figure 12. Flowchart for using the deterministic model with stochastic analysis to 

identify the optimal bus-progression solution 

By using the stochastic analysis method, one can find an optimal phase plan 

that allows buses to progress smoothly over the target arterial. However, this 

proposed method considers only buses, and may not grant the same level of 

progression to passenger cars. 
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4.3. Integrated model 

Note that the bus bands obtained from the above model may not benefit the 

passenger cars, and often cause potential interruption to passenger cars. Thus, a 

model to concurrently optimize the bus band and passenger car band is desirable. To 

achieve this objective, this study has further enhanced the deterministic model and the 

evaluation module by integrating the operational characteristics of passenger cars.  

Enhancement to the deterministic model 

Since the objective of the integrated model is set to minimize the total 

personal delay from those in transit vehicles and passenger cars, some new variables 

and constraints specified below need to be introduced to the deterministic model : 

0.5 0    0.5    c c c c

i i iw b w b g i I       (38) 

0.5 0    0.5    c c c c

i i iw b w b g i I       (39) 

 1 1 1        c c c c c
i i i i i i iw t n C w n C i I n              (40) 

 1 1 1 1           c c c c c
i i i i i i i i ir w t n C r w n C i I n                   (41) 

where, ( )c cb b  denotes the outbound (inbound) passenger car bandwidth. Note that 

this bandwidth does not vary between intersections since the travel time between 

intersections is assumed to be deterministic. Similar to the variables for bus bands, 

( )c c

i iw w denotes the time period between the start (end) of a green phase and the 
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center of the outbound band toward intersection i. And ( )c c

i it t  denotes the outbound 

(inbound) travel time from intersection i (i+1) to intersection i+1 (i). Note that the 

travel times for passenger cars and buses can be different and vary with traffic 

conditions. With constraints (38)-(41), the passenger car bands can be expressed 

properly. 

As mentioned previously, the objective of the revised deterministic model 

should be to maximize the weighted sum of these two types of bands. The weighting 

factor should correspond to the numbers of passengers on these two types of vehicles.  

Let k denote the ratio between the numbers of passengers on buses and on 

passenger cars. Then, k can be expressed as follows: 

b

j

j

c c

j

j

m

k
m









 (42) 

where, b and c denote the loading factor for buses and passenger cars, respectively. 

Similar to im , c

im denote the expected number of outbound (inbound) passenger cars 

passing intersection i during the synchronized phase in one hour. Then, the objective 

should be expressed as 

   ( ) c c

i i i i

i i

Max k b b n b b      (43) 
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Note that in design of signal progression for congested arterials one shall not 

make the bandwidth of one type of vehicles to dominate the others. Hence, a set of 

ratio constraints is proposed to balance the bus bands and the passenger-car bands, 

     1 ( ) 1 c c

i i i i

i i

k b b k k n b b        (44) 

With constraint (44), the benefits of vehicles with less passengers will 

not be sacrificed when searching for the optimal solution. 

In brief, the integrated deterministic model can be summarized as 

below: 

   ( ) c c

i i i i

i i

Max k b b n b b      

s.t. 

0.5 0    0.5    i i i i iw b w b g i      

0.5 0    0.5    i i i i iw b w b g i      

1 1 1         'i i i i i i i iw t n C w n C i I               

1 1 1 1         'i i i i i i i i i ir w t n C r w n C i I                    

 1 1 1        'i i i i i i iw t n C w n C i I I n               

 1 1 1 1           'i i i i i i i i ir w t n C r w n C i I I n                    

max0.5         'i i iw b M x i I       

max0.5 (1 )           'i i i iw b g M x i I         
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max

1 10.5             'i i iw b M x i I        

max

1 1 10.5 (1 )          'i i i iw b g M x i I           

1 '       'i ib b i I      

1'      'i ib b i I      

1         'i ib b i I I     

1         'i ib b i I I     

0.5 0    0.5    c c c c

i i iw b w b g i I       

0.5 0    0.5    c c c c

i i iw b w b g i I       

 1 1 1        c c c c c
i i i i i i iw t n C w n C i I n              

 1 1 1 1           c c c c c
i i i i i i i i ir w t n C r w n C i I n                   

     1 ( ) 1 c c

i i i i

i i

k b b k k n b b        

, , , , , , , 0

,  are integer variables

,   are binary variables

c c c c

i i i i i i

i i

i i

b w b w b w b w

n n

x x



 

Enhancement to the evaluation module 

In the integrated model, the ranking index should include effective 

bandwidths for both bus bands and passenger-car bands. The effective bandwidths for 

bus bands can be calculated with the same method as introduced previously, while the 

effective bandwidths for passenger car bands should be equal to the bandwidths given 

by the MILP solution, because the travel time between intersections is assumed to be 
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deterministic. By the same token, the ranking index for the integrated model can be 

calculated with the following equation: 

  
1

1 2

( ) 1
n n

e e c c

i i

i i

R k b b n b b


 

       (45) 

The coefficient for the sum of passenger car bands is n-1 since the 

effective bandwidth at the most downstream intersection is not included in 

computing for the bus band.  

With the integrated ranking index, the computing process for the 

proposed integrated model is shown in Figure 13. 
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Figure 13. Flow chart of the integrated model 

 

4.4. Summary 

In summary, this chapter has introduced methodology for optimizing the 

bus-based progression offsets. Firstly, a deterministic model that considers the dwell 

time of buses and the capacity of bus stops is developed. Secondly, an evaluation 

stage is developed to focus on assessing the impact of stochastic nature of bus dwell 
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time on identification of the optimal solution. Then, an integrated model developed to 

optimize the bandwidths for both buses and passenger cars using the core logic from 

the first two models but with additional enhancement to reflect the personal benefit in 

search for the optimal signal progression design. 
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Chapter 5: Case Study 

 

This chapter presents experimental analysis results, focusing on evaluating 

the performance of the proposed models under various traffic conditions. Extensive 

sensitivity analysis conducted to evaluate the stability of the proposed models with 

respect to key parameters is reported in the chapter. 

5.1. Case design 

Target Site for case study  

An arterial segment on Liufang Ave. North in Beijing has been taken as the 

study site. As shown in Figure 14, the experimental system for performance 

evaluation consists of five intersections, four connecting links, and three two-way bus 

stops. 

Liufang Ave. East

Qisheng Rd North

Zuojiazhuang Rd. 

West

Xibahe Rd. 

North

Hepingli Ave. South

Dongtucheng Rd

I II III IV V

Bus Stop 1 Bus Stop 2 Bus Stop 3

 

Figure 14. Illustration of the target arterial for experimental analysis 

The key traffic patterns, geometric features, and primary parameters used in 

the analysis are listed below: 

 The common cycle length of the five intersection is set to be 150 seconds; 
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 The outbound and inbound bus flows share the same signal phase and their 

green times at intersections are 99 , 77 , 66, 51, and 60 seconds, respectively; 

 From intersection I to intersection V, the bus travel time between neighboring 

intersections are 20, 21, 28, 16 seconds, respectively; 

 The dwell time at all three bus stops are assumed to follow the normal 

distributions, which are: bus stop 1: N(30,9); bus stop 2: N(27,7); bus stop 3: 

(24,9); 

 The bus volume is 60 veh/h, with an average headway of one minute and the 

passenger car volume is 720 veh/h; 

 The bus stop capacity is 2 buses, and the confidence parameter,  p, equals  

0.95; then the maximal bus bandwidth could be computed as 50 seconds using 

Eq. (11); 

 The minimal bandwidth is set to be 5 seconds, and the bandwidth resolution is 

one second. 

 The loading factors for buses and passenger cars are set to be 18 and 1.2 

persons, respectively. 

The models to be evaluated with the simulation experiments are listed 

below: 

 Model-1: MAXBAND with a prespecified phase sequence 

 Model-2: A direct extension of MAXBAND by adding the average bus dwell 

time onto the travel time on the links having a bus stop. 
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 Model-3: The proposed deterministic model 

 Model-4: The proposed deterministic model with stochastic ranking analysis 

module 

 Model-5: The proposed integrated model 

Bandwidths and performance measures generated by Models-2, 3 and 4 will 

first be compared to verify the need of further proceeding the stochastic analysis. 

Then, the signal plans generated by Models-1, 2, 4 and 5 are programmed in the 

simulation software, VISSIM, and evaluated based on the average delays and number 

of stops. Sensitivity Analysis with respect to the number of passengers on buses is 

also conducted to assess the stability of the proposed models. 

VISSIM simulation designs 

To illustrate the applicability and efficiency of the proposed models, this 

study has employed VISSIM as an unbiased simulation tool for performance 

evaluation.  

In the simulation, the inter-arrival time of buses entering the experimental 

network is set to be deterministic. To address this issue, a dummy stop is set at the 

upstream of the first intersection for each direction. The variance of dwell times at 

this stop is set to be relative large to replicate the stochastic nature of bus arriving 

patterns. The parameters in VISSIM adopted for experimental analyses are listed in 

Table 2: 
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Table 2. Adjusted VISSIM parameters 

Parameters Value 

Average stand still distance (Urban) 6.56 ft 

Maximum deceleration (Lane Change) -13.12 ft/s2 

Accepted deceleration (Lane Change) -3.28 ft/s2 

Maximum deceleration for cooperative braking -9.84 ft/s2 

5.2. Model Evaluation 

Bus progression models 

Evaluation of the proposed bus progression models starts with the 

comparison of different bandwidths generated by the models. The values of 

parameters α and β are set to be 0.3 and 1, respectively, in Model -3. The resulting 

signal plans of Models-2, 3 and 4 are shown in Table 3, and the corresponding bands 

are shown in Figure 15. Notably, Model-1 cannot generate a non-zero bus band since 

it does not include all essential constraints. Therefore, it is not listed for comparison 

in Figure 15. 

Table 3. Offsets (seconds) calculated with Models-2,3 and 4 

 

 

intersection No. 

1 2 3 4 5 

Model-2 0 50 40 0 141 

Model-3 0 102 101 40 38 

Model-4 0 99 104 39 35 
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Figure 15 (A) Model-2                  
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Figure 15 (B) Model-3 
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Figure 15 (C) Model-4                                     

Figure 15. Progression bands generated by different models 
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From Figure 15(A), one can observe that the bus bands in both the outbound 

and inbound directions remain unchanged over these five intersections. At each 

intersection, the green band is shifted to the right side for a short interval, which 

represents the impact caused by the average bus dwell time.  

Taking each bus stop as a control point to change the bandwidths, Model-3 

and Model-4 generate a set of variable bus bands. Though the bus bands have been 

reduced to zero at some intersections due to the limitation of green time, some buses 

may still be benefited by the progression band if the actual dwell time is different 

from the average dwell time. Based on the comparisons, one can observe that the 

proposed bus band model can clearly outperform Model-2 in terms of providing 

effective bands for bus flows. 

To further verify the necessity of exercising the stochastic evaluation, five 

sets of parameters of α and β are applied to Model-3. These parameters and 

optimization results are listed in Table 4. These signal plans are also applied along 

with that generated by Model-4 in the VISSIM network. The simulation results are 

listed in Figure 16, which adopts the average bus delays and number of stops as the 

performance measures. 

Table 4. Optimization results of Model-3 with different sets of parameters 

   Offsets (s) at Intersection No. 

α β 1 2 3 4 5 

Model-3-1 0.3 1 0 102 101 40 38 

Model-3-2 0.3 2 0 107 104 38 43 

Model-3-3 0.5 1 0 105 98 37 41 
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Model-3-4 0 1 0 99 104 25 35 

Model-3-5 0.1 2 0 104 99 41 40 

 

 

Figure 16. Simulation results by Model-3 with varying parameters and by Model-

4 

From Figure 16, it is noticeable that Model-4 significantly outperforms 

Model-3 except under some special sets of parameters. This further justifies the need 

to analyze the stochastic properties and the impacts on the resulting performance.  

Simulation evaluation 

The simulation evaluation includes only Models 1, 2, 4 and 5, but not 

Model-3. The signal plans generated by these models are applied in the 

aforementioned VISSIM network. The following measures of effectiveness are 

selected for model assessment: average bus vehicle delay, average passenger car 

delay, average person delay, and average number of stops of all vehicles. Given the 
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loading factors and vehicle flows for buses and passenger cars, the average person 

delay is computed with the following equation: 

c c c b b b
p

c c b b

q d q d
d

q q

 

 

    


  
 (39) 

where, dp, dc and db denote the average person delay, average bus delay, average 

passenger car delay, respectively; ρc and ρb are the loading factors of passenger cars 

and buses; qc and qb are the flow rates of passenger cars and buses at the target 

arterial. Comparison results with respect to these performance measures are shown in 

Figure 17. 

          

Figure 17 (A) Average Bus Delay 
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Figure 17 (B) Average passenger car delay 

 

Figure 17 (C) Average per person delay  
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Figure 17 (D) Average number of stops 

Figure 17. Comparison of Model’s Performance Measures 

Several key findings from the comparison are summarized below: 

1. As shown in Figures 17(A) and (D), the models, which take bus progression 

into consideration, are able to offer operational benefits to bus vehicles on the 

target arterial, evidenced by the reduction in the average bus delay. Due to the 

trade-off nature, these models may also cause an increase in the average 

passenger car delay (See Figure 17(B)). 

2. The proposed Model-2 and Model-4 can outperform Model-1 in terms of 

reducing average bus delay. Also, further comparison between Model-2 and 

Model-4 reveals that Model-2 may yield a slight reduction in bus delay. This 

is due to the fact that Model-2 has ignored the stochastic nature of bus dwell 
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time at bus stops. As such, only a small part of its bands can facilitate the 

progression of buses. 

3. Model-4, but not with Model-5, may yield a higher passenger car delay than 

Model-1. 

4. Since Model-5 is designed to benefit both buses and passenger cars 

concurrently, it may inevitably yield smaller bus bands than with Model-4. 

However, neither type of vehicles will experience a quite high delay, and both 

buses and passenger cars can be benefited from using Model-5. 

5. In conclusion, Model-4 outperforms Model-2, and Model-5 is more effective 

than both Model-1 and Model-4. However, Model-5 should only be applied 

when the difference between the volumes of these two types of vehicles is not 

significant, because the constraints in Model-5 guarantee the existence of 

progression bands for both buses and passenger cars. 

5.3. Sensitivity Analysis 

Based on Eq. (44), one can note that the system’s performance is quite 

sensitivity to the preference factor k, as defined in Eq. (44). This section further 

presents the sensitivity analysis of Model-5 with respect to the ratio between the 

number of passengers on buses and passenger cars.  Table 5 shows the list of loading 

factors used in the numerical analysis, where other inputs remain unchanged. The 

signal plans generated by Model-5 for those four cases are applied to the VISSIM 

simulation, and the resulting performance measures are shown in Figure 18. 



 63 

 

Table 5. Adjusted loading factors and passenger ratios between two types of 

vehicles 

Loading factor on buses Passenger ratio 

12 0.8 

18 1.2 

30 2 

7.5 0.5 

 

          

Figure 18 (A) Average Bus Delay    
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Figure 18 (B) Average passenger car delay 

     

Figure 18 (C) Average per person delay     
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Figure 18 (D) Average number of stops 

Figure 18. Model-5’s Performance Measures with Different Passenger ratios 

Based on the results in Figure 18, one can find that Model-5, an integrated 

progression model that accounts for both buses and passenger cars, performs better 

when the ratio between passengers on the two types of vehicles is close to 1. This is 

consistent with the expectation that the Model-5 is applicable when the difference 

between the numbers of passengers on these two types of vehicles is not significant. 

When the number of passengers in one vehicle type far exceeds the other type, the 

conventional signal progression model or Model-4 should be preferred. 
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Chapter 6: Conclusions and Future Study 

6.1. Conclusions 

Due to the limited functions of the active transit signal priority control and 

the strengths of arterial signals, this study has developed a bus progression system to 

facilitate bus movements on an arterial, but have the minimal impact to the side-street 

traffic. Given the cycle length and green splits at each intersection, the proposed bus-

based progression models have taken the bus stops as the control points, and provided 

variable bus green bands along the arterial.  

The key features of the developed model include: 1) the impact of bus dwell 

time at a bus stop between intersections on the progression design; 2) the stochastic 

nature of bus dwell times; 3) the capacity of bus stops; and 4) the competition on the 

green band between buses and passenger cars. To deal with the stochastic nature of 

bus dwell time, this study has introduced some control parameters to capture the 

relations between the arriving and departing bandwidths at bus stops. To prevent the 

potential spillbacks of buses at a stop, this study has developed a set of constraints to 

properly limit the bandwidths. An integrated model that is able to balance the bus and 

passenger car bandwidths has also been formulated to optimize the interrelations 

between these two types of progression bands.  

To evaluate the effectiveness of the developed model, this study has further 

conducted extensive laboratory experiments with VISSIM. The simulation results 

demonstrate that the proposed model can significantly reduce both bus passenger 
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delays and average person delays for vehicles in the entire network, compared to the 

conventional progression models. The proposed integrated model also outperforms all 

other models in minimizing the delays of all arterial users. 

6.2. Future research 

Despite the progress made in this study, much remains to be studied for a 

full-scale deployment of a bus-band progression system. Among those, one critical 

issue is to develop a set of rigorous criteria that can compute the trade-off between 

bus-based and passenger-car-based progression models, and select the proper one in 

real time based on the detected traffic conditions. The second imperative issue is to 

increase the computing efficiency of the model’s solution algorithm, and ensure that 

the optimal results can be implemented effectively and efficiently in real time, and 

also be dynamically operated under various traffic conditions. An extensive 

sensitivity analysis with field data and simulation experiments shall also be conducted 

to identify critical factors that may degrade the quality of the bus progression model 

developed in this research. 
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