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EXECUTIVE SUMMARY 

The overarching goal of this research project was to investigate the potential for the NCDOT 

Central Office Signal Timing (COST) Section to monitor and assess the quality of field deployed 

closed-loop signal system plans using the data inherent in the systems.  The project is complete 

and has produced recommendations and deliverables that should enhance the COST Section’s 

ability to achieve its mission of developing and maintaining quality signal coordination plans 

across the state. 

In reviewing the state of the practice and emerging methodologies, the project team looked 

closely at the SMART-SIGNAL system and the Purdue University family of signal performance 

evaluation methods.  While the recommendations in this report do glean some features from these 

two cutting edge efforts, the project team does not recommend full implementation of either of 

these systems due to the significant changes in field equipment installation specifications and in 

turn significant increased costs that such full implementation would entail. 

The project team recommends a series of monitoring and assessment elements that can be 

implemented with the current OASIS detector and split monitor logs.  The recommended 

monitoring and assessment program elements that are based on the OASIS Detector Log are – 

• Creating and analyzing the coordinated movements flow plot (see Figure 5.12) 

• Analyzing the coordinated movements flow plot for assessing time of day plan 

suitability (see Figure 5.12) 

The recommend elements that are based on the OASIS Split Monitor Log are – 

• Monitoring cycle-by-cycle coordinated movements capacity (see Figure 5.13 to Figure 

5.16) 



Draft Final Report NCDOT RP-2012-12 v 

 

 

• Monitoring early return to green and green extension for coordinated phases (Figure 

5.19 to Figure 5.22) 

• Monitoring non-coordinated phase displayed green distribution (Figure 5.23 to Figure 

5.25) 

A final recommend monitoring and assessment program element that is based on both the OASIS 

Detector Log and the Split Monitor Log is monitoring flow to capacity (see Figure 5.17 and Figure 

5.18). 

In addition to this Excel-based analysis of OASIS log data, the project team, in recognition of 

the importance of the dynamic variability of cycle-by-cycle coordinated phase green times, created 

a tool called the Dynamic Bandwidth Analysis Tool (DBAT).  DBAT was developed in as an easy 

to use, standalone tool and will be provided as a project deliverable.  DBAT reads in OASIS split 

monitor data and will allow the COST Section to continually monitor dynamic system bandwidth. 

Moving beyond dynamic bandwidth monitoring, the project team enhanced DBAT to provide 

an exhaustive search routine that identifies the set of offsets that would have maximized dynamic 

bandwidth for the archived cycle-by-cycle signal indication data.  This optimization capability is 

ready to implement for systems with up to four or five intersections.  This limit in number of 

intersection arises from the fact that the number of offset combinations that must be analyzed in 

the exhaustive search grows exponentially as the number of intersections increases.  A linear 

program formulation was developed and tested that overcomes this limitation.  However, creation 

of an implementation-ready LP tool was beyond the project scope. 

Finally, the project team collected high resolution, vehicle activation level detector data at one 

of the field study sites, and develop methods for analyzing this data alone and conjointly with 
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dynamic bandwidth information.  The high resolution data analyses presented in Chapter 9 hold 

the promise of greatly enhancing the information available for COST Section closed-loop system 

performance assessment.  Therefore, the project team recommends that NCDOT move toward 

collecting and analyzing high resolution detector data.  Implementing this recommendation will 

require additional memory storage at each controller and a modification to the OASIS software to 

allow archiving of the raw detector inputs.  This recommended OASIS software modification is in 

addition to a list of additional desired OASIS software enhancements given in Chapter 10, section 

10.5.2. 
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CHAPTER 1. INTRODUCTION 

1.1 Project Motivation 

According to the Texas Transportation Institute’s 2012 Annual Urban Mobility Report, 1982 

congestion costs were an estimated $24 billion (2011 dollars) resulting from 1.1 billion delay hours 

and 0.5 billion gallons of wasted fuel. The report further illustrates that these costs increased 

dramatically through 2011, when total congestion costs were an estimated $124 billion resulting 

from 5.5 billion delay hours and 2.9 billion gallons of wasted fuel (1). Furthermore, the 2007 

Traffic Signal Operation Self-Assessment Survey reported that Signal Operation in Coordinated 

Systems was given a “D-” grade, indicating that many signalized urban streets experience heavy 

congestion in the peak periods (2). While the 2012 survey did not report a separate grade for 

operation in coordinated systems, the grade for Signal Timing Practices only improved from a “C-

” to a “C” between the 2007 and 2012 surveys (3). 

Unlike freeway facilities where delay results primarily from capacity constrained bottlenecks, 

delay along signalized arterials (whose demand does not exceed capacity) results from deceleration 

and stops as vehicles interact with signal control. Therefore, mitigating delay along signalized 

arterials through improved signal timing is a cost effective congestion management approach that 

can be accomplished without adding physical roadway capacity. 

Coordinated signalized arterials represent a vital component of North Carolina’s roadway 

network.  The Central Office System Timing (COST) Section within the Traffic Systems 

Operations Unit of the Transportation Mobility and Safety Branch is responsible for developing, 

evaluating, and maintaining the signal timing plans for hundreds of closed loop signal systems 

across the state.  The legacy method for evaluating signal plan performance is based on field 

observation and before and after travel time runs.  These field observations are melded with 
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engineering experience and judgment and input from the traveling public to inform decisions 

regarding timing plan modifications.  This field observation based approach is time consuming 

and yields decisions that are founded on very limited sampling of operational conditions. 

A promising answer to the shortcomings of the current evaluation methods lies in the fact that 

the signal systems include extensive traffic detection subsystems.  The traffic stream data from 

signal system detectors have been traditionally exploited only for tactical use as inputs to the 

control system logic.  However, this detector data represents a valuable resource for the dual 

purpose of system performance evaluation.  Development of online, near real-time performance 

evaluation models and methods will provide a significant enhancement to the COST section’s 

ability to efficiently and effectively deploy and maintain signal plans that deliver near optimal 

quality of service to the traveling public.  Near-real time arterial performance evaluation will also 

be beneficial to NCDOT’s ongoing efforts to monitor system mobility and reliability and provide 

timely and useful traveler information. Therefore, there is clear motivation for developing 

performance evaluation methods that are cost effective and comprehensive. 

1.2 Project Objective 

The primary objective of this research project is to enable NCDOT to implement an efficient 

and sustainable methodology that the COST section can use for ongoing evaluation and 

maintenance of closed-loop signal system timing plans.  This primary objective will yield the dual 

benefits of increasing NCDOT staff productivity and providing greatly enhanced operational 

performance along North Carolina’s signalized arterials.  Although this primary objective is tied 

to the OASIS control system that is being rolled out across the state for all signal systems under 

NCDOT operation control, the proposed project includes a secondary objective of assessing the 

effectiveness of the developed methodologies within at least one major non-OASIS municipal 
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signal system. Finally, the project includes an objective of developing recommendations for 

broader use of the outputs from the arterial performance models, such as use within the NCDOT’s 

emerging mobility and reliability monitoring system. 

1.3 Summary 

In this chapter, the motivations and purposes of this project are introduced. The detail task lists 

of this project are: 

1. Investigate existing OASIS log data 

2. Test the quality of OASIS log data 

3. Find the relationship between log data and arterial signal system performance 

4. Develop an available performance monitoring model (system) 

5. Develop methodology to improve arterial performance using developed monitoring 

model 

6. Field test for evaluating developed methodology 

7. Recommendations for improving arterial monitoring system 

The report chapters that follow document the research methodologies employed and the results, 

findings, conclusions, and recommendations arising from execution of the project tasks. 
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CHAPTER 2. LITERATURE REVIEW (TASK 1) 

For more than 100 years, traffic signals have served urban and suburban streets. Before traffic 

signals were developed, public officers such as policeman manually managed traffic movements. 

During past decades, many different computer based signal operation systems were developed for 

isolated intersection and coordinated arterials. This chapter presents a literature review for signal 

system for NCDOT project 2012-12. The literature review is a resource document for generating 

the models and analytical frameworks for the methodologies to be developed in subsequent 

research tasks. 

2.1 Signal System 

2.1.1 Closed Loop System 

The difference between open and closed loop control systems is that an open loop system refers 

to a system where the communication between the controller system and the output is one way. A 

closed loop system has a feedback system to monitor the output of system and it corrects the errors.  

An example would be as clock time drift between master intersection clock and local intersection 

clock.  Figure 2.1 shows simplified flow of two systems. 

 
1.a Open Loop System 

 
1.b Closed Loop System 

Figure 2-1 Open and Closed Loop System Process 
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Old forms of signal controllers are called electro-mechanical signal controllers, which are 

mainly composed of movable parts (cams, dials, and shafts) that control the passage of green, 

yellow and red lights in a predetermined sequence. Timings were controlled by mechanical tabs 

on a dial that were manually adjusted in the field by traffic engineers. These old systems do not 

provide any feedback loop in the system. They also do not allow communication between the 

master signal and local signal controller. Any set of controllers that does not communicate with 

each other is “open loop systems”. 

The closed-loop system is a distributed processor traffic-control system with control logic 

distributed among three levels (4). 

• The local controller 

• The on-street master controller 

• The office computer 

These systems provide two-way communication between the local controllers, on-street 

master, and between the on-street master and the office computer. Typically, the local controller 

receives information from field detectors. The master controller receives information such as the 

status, time, and traffic volume from the local controllers. The office computer enables the system 

operator to monitor and control the system’s operations. 

Three control modes are typically found with most closed-loop systems (4). 

• Manual mode 

• Time of day mode 

• Traffic responsive mode. 

Under the Manual Mode, the operator specifies the pattern number of the desired traffic-signal 

timing plans and sequence via computer console. The time of day mode allows the controller unit 
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to automatically select and implement a predetermined traffic-signal timing plan such as cycle, 

offset and split based on the time of day. With the traffic responsive mode, the computer 

automatically selects the predefined traffic-signal timing plan.  This is the best fit to accommodate 

the current traffic flow conditions in the signal network. The pattern selection and implementation 

is accomplished through a traffic flow data matching technique executed every five minutes (4). 

There are four traffic signal controller types for operating traffic signal systems. These consist 

of pre-time (fixed time), fully actuated with non-coordinated controllers, semi-actuated, and fully-

actuated with coordinated controllers. Fixed-time signal controllers are still widely used in CBD 

areas or similar environments where demand is over capacity. This type of controller provides 

exactly the same amount of green time to phases during each cycle. Fully actuated control is most 

often applied to non-coordinated signal controllers at isolated intersections. All phases are actuated 

so that the green duration of each phases is decided by minimum and maximum green and passage 

time, and, if necessary, pedestrian phase settings.  Each phase can be extended, gapped out, or 

even skipped depending on demand and system settings. Therefore, in fully-actuated control there 

is no fixed cycle length.  Volume-density represents the most complex legacy implementation of 

fully-actuated control with variable initial green based on arrivals on red and passage (gap) time 

that is shortened during the phase extension. 

In semi-actuated signal control, only non-coordinated phases are actuated. All of the unused 

green time for non-coordinated phases reverts to the coordinated phases. This signal control 

scheme guarantees a programmed bandwidth (minimum bandwidth) for coordinated movements. 

Fully-actuated coordinated systems are similar to semi-actuated signal controllers.  They can 

allocate a portion of coordinated phases to non-coordinated phases.  This means a portion of the 

coordinated phases are actuated (5).  
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A closed loop system coordinated system consists of six main components (4). 

• System detectors 

• Local control equipment 

• Controller master communications 

• On street master 

• Master central communications 

• Office computer. 

Among each component, the office computer allows the operator (traffic engineer) to set the 

time and date, display intersection, modify the master database, modify controller and coordination 

settings, modify system parameters, and monitor the system. 

2.1.2 Traffic Responsive System and Adaptive Traffic Control System 

Traffic responsive systems manage local controllers by updating cycles, offsets, and splits 

based on network level sensing. For example, traffic responsive plan selection (TRPS) involve 

matching defined plans to current traffic levels with this evaluation and selection normally taking 

place either in a field master controller or a central computer (6). When the master or computer 

selects a new timing plan due to demand changes, it sends a command to all local signal controllers 

in a coordinated group instructing them to change to the new plan simultaneously. The master or 

central computer monitors multiple traffic condition data from an array of detectors, including data 

such as volume and occupancy. The detector data is processed to calculate values for a few key 

parameters that are compared to predetermined thresholds. When the thresholds are crossed, the 

most applicable timing plans from within the predetermined plans is implemented for the 

conditions represented by the threshold categories selected.  
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 In contrast to traffic responsive plan selection, which is by design reactive to measured traffic 

conditions, real-time adaptive traffic signal control system is a concept where vehicular traffic in 

a network is detected at system detectors, and then various algorithms are used to predict when 

and where the traffic will be in the future. This predictive feature allows the control system to 

make signal adjustments at appropriate intersections to serve the predicted traffic flows. The signal 

controller utilizes prediction algorithms to compute optimal signal timings based on detected 

traffic volume and simultaneously implement the timings in real-time.   

In 1963, Miller introduced the principle of adaptive control for an online traffic modeling 

strategy (7). The model calculates time wins and losses and combines these criteria for the different 

stages in the performance measures to be optimized. The first adaptive control system (PLIDENT), 

was implemented in Glasgow, United Kingdom (UK) in the 1960s.  However, the system did not 

operated effectively. (8).  The second adaptive control system field trial was in Canada (9), but 

that trial also failed due to an inaccurate demand prediction algorithm for a longer time period, 

slowing the reaction of transition programs. 

In the 1967, US Federal Highway Administration (FHWA) launched the Urban Traffic Control 

System (UTCS) project (10). The stated objectives of the UTCS projects were (11): 

• To develop and test, in the real world, new computer based control strategies that would 

improve traffic flow. 

• To document System planning, design, installation, operation, and maintenance to 

assist traffic engineers with installing their own systems. 

• To stimulate modernization of traffic control equipment. 

The UTCS project identified three generations of adaptive control systems and the plan was to 

demonstrate and evaluate each generation of controls. The three generations are (11): 
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• The first generation (UTCS-1) uses a library of predetermined timing plan, each 

developed with off-line optimization programs. The plan selected can be based on time 

of day, measured traffic pattern, or operator specification. The update period is 15 

minute intervals.  First generation allows critical intersection control and has a bus 

priority system (12, 13). 

• The second generation (UTCS-2) uses timing plans computed in real time, based on 

predicted traffic conditions, using detector observations input into a prediction 

algorithm. 

• The third generation was conceived as a highly responsive control with a much shorter 

control period than second generation and without the restriction of a cycle based 

system. Third generation system included a queue management control at critical 

intersections.  

Table 2-1 Comparison of Key Features of Three Generation of Control System 

Feature First Generation Second Generation Third Generation 

Optimization Frequency 
of Update 

Off-line 15 minutes On-line 5 minutes On-line 3-6 minutes 

No. of Timing Pattern Up to 40 Unlimited Unlimited 

Traffic Prediction Critical 
Intersection Control 

No Adjusts split Adjusts split and offset 
Adjusts split, offset and 
cycle 

Hierarchies of Control Pattern selection Pattern computation 
Congested and medium 
flow 

Fixed Cycle Length Within each section 
Within variable groups of 
intersection 

No fixed cycle length 

Source: Traffic Engineering (14) 

The UTCS-1 and UTCS-2 systems were installed in Washington, D.C. to develop, test and 

evaluate advanced traffic control strategies (15). The first generation UTCS-1 system was applied 

in New Orleans, controlling 60 intersections in an arterial environment. A time of day plan test 
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resulted in an 8.8% reduction in travel time while the second generation UTCS-2 system test 

resulted in a comparable 8.5% reduction in travel time (16).  In 1979, UTCS-1.5 was developed 

as an upgrade version of UTCS-1 (performance was not better than UTCS-1) (17).  Like UTCS-1, 

timing plans were implemented from a library of pre-determined plans.  However, UTCS-1.5 

including the capability to generate new plans based on observed traffic data.  These automatically 

generated plans would need to be reviewed and approved by a system operator before they could 

be added to the plan library. The UTCS-1.5 was tested in Broward County, Florida (1982), and 

Birmingham, Alabama (1984). In May of 1985, The UTCS project concluded and the policy 

statements were distributed on the support for the UTCS-1.5. The UTCS policy statement indicated 

that FHWA would not further enhance the software or documentation and that the private sector 

will likely develop and maintain their own system.  

NCHRP 403 describes readily available adaptive control systems (18). Several adaptive traffic 

control systems (ATCS) are currently deployed in the United States. 

• Sydney Coordinated Adaptive Traffic System (SCATS) 

• Split, Cycle, Offset Optimization Technique (SCOOT) 

• Automatic Traffic Surveillance and Control (ATSAC) 

• Optimized Policies for Adaptive Control (OPAC) 

• Real-Time Hierarchical Optimization Distributed Effective System (RHODES) 

• Adaptive Control Software-Lite (ACS-Lite) 

• InSync 

2.1.2.1 SCATS 

In the late 1970s, the Road and Traffic Authority in New South Wales, Australia developed 

SCATS (19). SCATS generate cycles, offsets and splits in three separate heuristic processes using 



Draft Final Report NCDOT RP-2012-12 11 

 

 

calculated Degrees of Saturation (DSs) and link flows (LFs) from detector data (20, 21). Cycle 

length generated depends on two scenarios called low volume scenarios and high volume 

scenarios. Under the low volume scenarios, cycle length is determined from LFs. The high volume 

scenarios provided cycle length is computed using DSs. SCATS does not use common cycle 

lengths for coordinated signals. Instead of using common cycle length, it considers quality of 

progression and selectively joins together intersections that have good progression. For offset 

adjustments, SCATS uses a number of predetermined offset plans and seeks the best offset for 

particular flow patterns.  However, SCATS uses only stop bar detectors, so it cannot create real-

time volume (demand) profiles. On the other hand, SCATS’ offset would not be sensitive against 

volume (demand) fluctuation.   

2.1.2.2 SCOOT 

The SCOOT is the most widely deployed adaptive system in existence.  Figure 2.2 provides 

the SCOOT operation diagram. The system was developed in the United Kingdom (U.K.). SCOOT 

uses upstream system detectors to collect and create real-time “Cycle flow profiles” for each link. 

The SCOOT system detector location is different than the detector location for typical actuated 

control detection. Typical actuated detectors are located nearby the associated intersections.  

However, SCOOT system detectors are located at the upstream end of system approach links (22).   
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Figure 2-2 SCOOT Operation Diagram 
Source: http://www.scoot-utc.com/DetailedHowSCOOTWorks.php 

   

The upstream system detector data are processed by the SCOOT system predictive algorithms 

to create arrival profiles at the system intersections. SCOOT has three embedded optimization 

algorithms, one each for splits, offsets and cycles.  SCOOT uses a common cycle length for 

coordinated arterial systems. These system cycle lengths are set at a length that maintains a degree 

of saturation less than predetermined value for all intersection within a given upper and lower 

boundary.  
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2.1.2.3 ATSAC 

ATSAC was developed by Los Angeles Department of Transportation (LA DOT). ATSAC 

does not have any formal optimization logic (algorithms) for adjusting signal timing.  It instead 

applies heuristic formulas based on extensive systems operation experience (23). The adaptive 

adjustment of signal timings are based on second-by-second fluctuation of volumes and 

occupancies measured at system detectors. Cycle lengths are adaptively updated within 

predetermined upper and low boundaries. For a given system, splits are adjusted under minimum 

green time consideration after the current cycle length is set. ATSAC does not provide alternate 

phase sequences. 

 

Figure 2-3 Dynamic Map Function in ATSAC 
Source: NCHRP 403 (18) 

 
2.1.2.4 OPAC 

The Optimized Policies for Adaptive Control (OPAC) strategy utilizes a real-time signal 

timing optimization algorithm developed at the University of Massachusetts at Lowell (24). OPAC 

is a fully-adaptive, proactive, and distributed real time traffic control system. The system was 
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developed as part of the FHWA Real-Time Traffic Adaptive Control System (RT-TRACS) 

program (25). The fundamental features of OPAC system are: 

• Optimization of any or all phases splits designed to minimize total intersection delay 

and/or stops 

• Support for phase skipping in the absence of demand 

• Multiple sets of configuration parameters for customizing the resulting timing to 

weight certain movements for special circumstance or by time of day 

• Configurable to respond to changes in left turn lead/lag phasing by time of day 

• Special considerations for phase timing in the presence of congestion 

OPAC is different from traditional cycle-split signal control strategies in that it drops the 

concept of system cycle lengths (26). In OPAC, the signal control algorithm consists of a sequence 

of switching decisions made at fixed time intervals. A decision is made at each decision point on 

whether to extend or terminate a current phase. Dynamic programming techniques are used to 

calculate optimal solutions.  

2.1.2.5 RHODES 

In 1992, the Real-Time Hierarchical Optimization Distributed Effective System (RHODES) 

was developed by the University of Arizona (27). RHODES is a real-time traffic adaptive control 

system. It has a three-level hierarchical structure for characterizing and managing traffic and 

predicts traffic at these levels utilizing detector and other sensor information (27, 28). RHODES 

can receive and consider input from different types of detectors. Based on predicted future traffic 

conditions, RHODES generates optimized signal control plans. Figure 2.4 illustrates the hierarchy 

of the RHODES system.  
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Figure 2-4 Functional Diagram of the RHODES Real-Time Traffic Control System (28) 
 

RHODES uses a dynamic programming (DP) based real-time signal control systems similar to 

OPAC.  However, RHODES uses signal phases as stages, the amount of green-time as decision 

variables, and the total number of time-steps as state variables. The RHODES DP formulation 

requires a fixed sequence of phases and a longer forecast horizon. Since the RHODES DP 

formulation requires a fixed sequence of phases, it cannot optimize phase sequences. RHODES 

uses the REALBAND algorithm for its signal coordination (29).  REALBAND constructs a 

decision tree which contains all the possible decisions from the identified conflict movements. 

Each path in the decision tree represents a set of conflict resolutions that can be made within the 

system. The system calculates each path's performance such as delay and uses the calculated 

performance with path combination as constraints in the optimization algorithm. 
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2.1.2.6 ACS-Lite 

ACS-Lite was designed for closed loop system’s operation in the late 1990s (30). The system 

was developed by the University of Arizona, Purdue University, and private vendors such as 

Siemens and Econolite (31). This system is a reduced-scale version of the FHWA's adaptive 

control software.  It offers small and medium-size communities a low-cost traffic control system 

that operates in real time, adjusting signal timing to accommodate changing traffic patterns and 

ease traffic congestion. Changes to cycle time are handled on a time of day plan like traditional 

traffic control systems. At each optimization step (which occurs approximately every 10 minutes), 

the system changes the splits and offsets a small amount to react traffic flow fluctuation.  

ACS-Lite provides adaptive control within the industry standard context of cycle, splits, and 

offsets utilizing three control algorithms. Figure 2.5 shows that how the algorithms work in tandem 

to update traffic signal timing.  

 

Figure 2-5 ACS-Lite Architecture (31) 
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2.1.2.7 InSync 

The InSync system is an adaptive traffic signal system developed by Rhythm Engineering that 

uses advanced sensor technology, image processing, and artificial intelligence. The system uses a 

fundamentally different system of controlling and optimizing signal phases and timings in real-

time (no cycle length and phase sequence). InSync signal timing methodology includes three major 

components (18). 

• Digital architecture 

• Global optimization 

• Local optimization 

The “digital architecture” term refers to the concept of a “finite state machine”. In other words, 

InSync considers all possible non-conflict movement pairs and creates a maximum of “x” possible 

sequences of phase pairs at all intersections. Through the finite state machine framework, the 

InSync system can call any non-conflicting movement pair at any time. Thus, there is no 

predetermined phase sequence. The controller transitions signal indications from one state to the 

next based on the InSync logic, encapsulated by the local and global optimization algorithms.  

This local and global optimization framework defines a two level optimization process. For 

global optimization, the InSync system focuses on time dependent platoon movements. The global 

optimizer in the system works to group platoons and optimizes their progression by maximizes the 

likelihood that each intersection’s coordinated phase will be green at that time each “time tunnel” 

(which has similar concept to “green band”) reaches the intersection. Conventional arterial 

coordination requires plan-based system cycle lengths for all coordinated signals. However, Insync 

does not require common cycle length for coordination. There are also no intersection timing plans 

for phase sequencing, and therefore there is no transition time required between the “time tunnels.” 
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In essence, outside of the time tunnels, each intersection runs its own local optimization (i.e. the 

“local optimizer”).  The local optimizer allows each signal in the arterial to operate in an intelligent, 

fully actuated mode. 

2.2 Timing Plan Development Process for Arterials (State of Practice) 

Signal coordination to support platoon progression is a key focus of arterial signal timing plans. 

The decision of whether or not to coordinate adjacent signals is evaluated in different ways. The 

general consideration is the space in between consecutive intersections. MUTCD provides the 

guidance that traffic signals within 800 meters (0.5 miles) of each other along a corridor should be 

coordinated unless operating on different cycle lengths. 

The purpose of signal coordination is to provide smooth flow of traffic along streets and 

highways in order to reduce travel times, number of stops, and delays. A well-designed signal 

system allows platoons to travel along an arterial or throughout a network of major streets with 

minimum stops and delays. Designating traffic movement with the high peak hour demand as the 

coordinated phase is the most common practice to achieve these goals. The coordination logic 

(semi-actuated) reserves unused green time for the coordinated phase when non-coordinated 

phases have low demand. In general, this logic more stable capacity on coordinated phases and 

results in fewer stops for the high demand arterial traffic movements.        

Figure 2.6 provides a conceptual flow chart for the current state of practice in arterial traffic 

signal timing development. Most of NCDOT signalized arterials have existing signal timing plan 

so a majority of the COST section’s signal timing development efforts are involved with signal re-

timing. Arterial signal re-timing can be conducted by regular schedule or on a more ad hoc basis 

in response to complaint calls or known traffic environment changes.  
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Figure 2-6 Classical Approach to Signal Timing 
Source: NCHRP 409 (47) 

Signal re-timing is a process that optimizes the operation of signalized intersections through a 

variety of low-cost improvements, including the development and implementation of new signal 

timing parameters, phasing sequences, and improved control strategies. When arterial signal re-

timing is decided to be necessary, the signal timing engineer conducts a travel time study to 

evaluating current conditions and progression quality. NCDOT uses the Tru-Traffic software for 
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analyzing arterial travel time. Tru-Traffic allows the field travel time runs to be analyzed in relation 

to current timing plans. After conducting field travel time surveys, intersection turning movement 

data are collected. Computer based simulation and traffic analysis tools such as Synchro and Vistro 

are normally used for signal timing development. The collected turning movement counts for each 

intersection are essential input data for analysis and simulation. The computer analysis provides 

various signal timing options with an expected performance for each option.  The signal timing 

engineer usually selects one of these near optimal timing plan options based on experience, 

expected performance, and engineering judgment for each of the time of day, day of week periods 

that will be served by a unique timing plan. 

The next step is implementation of the selected signal timing plans in the field. After 

implementing the selected timing plan, the signal plan engineer conducts field fine-tuning of the 

coordination offsets. For the offset fine-tuning, the engineer visits the site to observe existing 

traffic conditions, paying special attention to operational characteristics such as each intersection’s 

initial queue length, early return to green, queue spill back, etc. The signal plan engineer must rely 

solely on experience and his/her engineering judgment for field offset fine-tuning. After 

completion of field fine-tuning, another travel time survey will be conducted for before and after 

comparison.  

During signal timing development, the signal plan engineer must use his/her experience and 

engineering judgment when making decisions because computer based analysis tool can never 

provide an exact representation of the prevailing traffic conditions. In reality, many of the signal 

timing variables, such as minimum and maximum green time, green extension and etc., are given 

by or determined directly from policy. For example, NCDOT Traffic Management & Signal 
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Systems Unit Design Manual provides guidelines for typical minimum green value (7 seconds), 

extension value (2 second for stretch detection, 3 seconds for low speed detection). 

  NCHRP 409 summarizes the current signal timing state of the practice by stating that: 

• Many agencies do not review field performance data to determine the adequacy of 

signal timing at intervals less than three years. 

• Many agencies do not review signal design, operations, maintenance, and training 

practices annually. 

• Many agencies do not have precise and clearly stated policies that support detailed 

objectives. 

2.3 Performance Monitoring Systems 

2.3.1  SMART-SIGNAL 

In 2007, the University of Minnesota developed the Systematic Monitoring of Arterial Road 

Traffic and Signals (SMART-SIGNAL) system for monitoring arterial signal operation 

performance (32, 33).  



Draft Final Report NCDOT RP-2012-12 22 

 

 

 

Figure 2-7 SMART-SIGNAL System Architecture (33) 
 

The SMART-SIGNAL system collects two kinds of event signal data from “DATA Collection 

System”, which are vehicle actuation events and signal phase change events. Collected high 

resolution vehicle events data are used for estimating turning movement percentages and queue 

length. The results of dynamic queue length estimation and signal status date are processed for 

measuring each intersection's performance. Furthermore, the system generates “virtual prove car” 

to estimate arterial travel time to measure arterial performance.  Figure 2.7 shows overall 

architecture of SMART-SIGNAL. 

2.3.1.1 Data Collection System 

General actuated signal control systems are operated by detector call and the operation results 

are displayed as signal phases. SMART-SIGNAL archives these two event data which are vehicle 

actuation events and signal phase change events. Those data sets are acquired separately from the 
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data collection unit located in the traffic signal cabinet. SMART-SIGNAL uses Traffic Signal 

Timing Performance Measurement System (TSPMS) developed by TTI, as the data collection 

component at signal intersection (34). An industrial PC and a data acquisition card are deployed 

in each intersection's traffic signal cabinet to archive both events data. Collected data is transmitted 

to the data server in the master controller cabinet through the existing communication line. Figure 

2.8 shows the structure of data collection flow in SMART-SIGNAL.  The SMART-SIGNAL 

traffic data collection flow shows two data categories which are the existing traffic signal data and 

the additional data collection process. Detector calls and signal status data are existing data groups 

and data is processed through a Traffic Controller Interface Device (CID) and a Traffic Event 

Recorder software program. The processed data is archived in Traffic Log Data Server.  

 

 

Figure 2-8 Traffic Data Collection Flow in SMART-SIGNAL (34) 
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2.3.1.2 Data Processing 

The archived raw data is processed and converted to an easy to read format for measuring 

intersection and arterial performance. The data processing procedure provides high resolution 

detector actuation data (second-by-second) such as volume and occupancy. It also provides cycle-

by-cycle signal timing with status data, indicating each phases green start and end time. Figure 2.9 

shows the SMART-SIGNAL data processing flow chart. The data process begins after the raw 

data is transmitted back to server. The data processing flow includes four steps. 

• Data Verification 

• Preprocessing module 

• Performance measure calculation 

• Visualization 

The data verification step tests the collected data quality and filters out wrong data. The 

preprocessing module generates some basic measures from the raw data. The performance measure 

calculation creates aggregated volume, delay, queue size, queue length, travel time etc. Finally the 

visualization step shows the results of different types of performance measures and diagnosis' fine 

tuning of traffics signal system. 
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Figure 2-9 SMART-SIGNAL Data Process Flow Chart (34) 
 

2.3.1.3 Intersection Performance Measurement 

Many adaptive control systems use intersection delay and level of service as intersection 

performance measurements. In the SMART-SIGNAL system, queue length and turning movement 

proportions (TMP) are used for measuring intersection performance.   

For the queue estimation, SMART-SIGNAL uses a dynamic queue length estimation method. 

The model calculates difference of the arrival and departure rate and provides a queue length over 

time. The SMART-SIGNAL queuing model defines a number of event times that describe the 

dynamics of queue interaction with the signal status. The queuing model includes two separate 

estimation models which include “Short Queue Estimation Model” and “Long Queue Estimation 

Model”. If vehicle arrivals can be measured from advance detectors and queue length is less than 
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distance between stop line and detector location, it is defined as “short queue”. Otherwise, it is 

defined as “long queue”. Short queue can be estimated according to the queue development using 

advance detector calls, which can provide vehicle headway. When queue spills over the advance 

detector, the advance detector will be occupied by a car and it will provide hi-occupancy. SMART-

SIGNAL developed the relationship of queue development and occupancy profile at a signalized 

intersection. Using that relationship, maximum queue length and time-dependent queue length 

curve are estimated. SMART-SIGNAL’s queue estimation procedure was compared to field data 

for 70 samples and was able to predict actual queue lengths with an average error of 7.5%, and 

queue sizes with an error of approximately 9.4%.  

Turning movements’ proportion or counts are important information to analyze an 

intersection's performance, so it is often used as input data for simulation. However, it is difficult 

to measure directly from detector calls since full-set detector configuration is rare in the field. 

Right-turn detectors are usually not deployed because a protect phase is absent at the majority of 

the intersections in the United States. Furthermore, shared lanes (through and right, or through and 

left) and exclusive left turn lanes with long loop detectors also make it difficult to measure turning 

movement proportions directly from detector calls. 

SMART-SIGNAL proposed a simple turning movement proportion estimation model using 

advance detectors and left turn stop bar detectors for the major approach. Left-turn stop bar 

detectors were used for the minor approach. Figure 2.10 shows SMART-SIGNAL detector 

configuration. 
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Figure 2-10 SMART-SIGNAL Detector Location Configuration (34) 
 

To solve the turning movement proportion, two assumptions are made. 

1. The travel time between each detector is known value and stable. 

2. The right-turn movement traffic in a cycle is continuous and uniform. 

Based on two assumptions, SMART-SIGNAL estimates the short time intersection turning 

movement proportion. The suggested model was tested, a total of 56 sample cycles and 85 

percentiles have errors of less than 15% and the average error was 8.9%. However, the error rate 

can vary site-by-site due to the second assumption. 

2.3.1.4 Virtual Probe Vehicle Approach for Arterial Performance Measurement 

SMART-SIGNAL uses a virtual probe vehicle to estimate time-dependent arterial travel time, 

utilizing high resolution vehicle actuation data and signal status data. The manually generated 

virtual prove vehicle has three possible maneuvers including acceleration, deceleration and no-
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speed-change. Virtual probe decides its acceleration dependent on given traffic states, such as 

queue and signal status step-by-step. The step-by-step maneuver selection will be continued until 

its destination and the time different between start and end time will be an arterial travel time. 

Figure 2.11 shows step-by-step virtual prove maneuver decision tree. 

 

Figure 2-11 SMART-SIGNAL Virtual Vehicle Maneuver Decision Tree (34) 
 

The suggested model is tested on a 1.83 mile long major arterial on France Avenue in 

Minneapolis, MN. This arterial includes 11 signalized intersections with a coordinated actuation 

signal controller. Figure 2.12 shows the virtual probe vehicle’s trajectory with real floating car 

location. 
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Figure 2-12 Virtual Vehicle Trajectory (34) 

 

The study uses Root Mean Squared Percent Error (RMSP) as degree of model fitness. The 

reported estimation RMSP error is 0.0325, but the report did not mention test sample sizes.  

2.3.2 Purdue Arterial Monitoring Methods  

The Purdue Coordination Diagram (PCD) was developed by Purdue University and Indiana 

DOT. It uses phase status log and high resolution detector data for monitoring an intersection's 

level of performance and system level (arterial) performance. The Purdue system collects signal 

status data for monitoring cycle-by-cycle signal status. They developed a new analytical method 

to define dynamic cycle length. The created dynamic cycle length and each phase will have a 

unique ID. In addition, each intersections detector high resolution data is also archived in the 

system for identifying vehicle arriving and vehicle location under the signal status. The Purdue 

signal monitoring system creates both intersection and arterial level performance measured by 
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combining signal status data and high resolution detector data. Figure 2.13 shows the Purdue 

monitoring systems flow.  

 

Figure 2-13 Flowchart for Purdue Signal Monitoring System 
Source: NCHRP Project 3-79a 

The system log event data has three elements: 

• A timestamp containing the data and time of the event, with resolution of 0.1 seconds. 

• A number representing event type (Phase green, Phase yellow, Detector on, Detector 

off, etc.) 

Import data from Raw 

Process Phase state change;
- Identify cycle boundaries
- Measure cycle length
- Assign phase and cycle numbers

Count vehicles for each 
phase instance

Associate phase instance 
data (number of vehicles, 
green time) with cycles

Calculate intersection-level 
performance measures

Aggregate across intersections to 
develop system-level performance 
measures
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• A number representing the event channel. For phase information, this was the number 

of the phase for which the event was relevant. 

Figure 2.14 shows controller log data sample. 

 

Figure 2-14 System Log Data Sample 
Source: NCHRP Project 3-79a 

2.3.2.1 Split Failure Monitoring 

As mentioned earlier, the Purdue monitoring system archives signal status log. The total green 

time for a phase in a defined cycle is found by summing over all instances of the phase that occur 

within cycle. Therefore, capacity can be estimated under assumed, observed or estimated 

saturation flow rates, such as the following equation. 

	௔,∅ܥ = ݃∅,௔ ∗ ܵ∅3600 

  Where, ܥ∅,௔	: capacity provide to phase ∅ during cycle “a” 

  ݃∅,௔: the amount of effective green time for cycle “a” 

  		ܵ∅ : saturation flow rate of phase ∅ 
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The equation represents the total number of vehicles that can be expected to be served at the 

saturation flow rate. However, cycle lengths will be changed by time of day plan, so capacity per 

cycle in units of vehicles becomes difficult to compare between different cycle lengths. Therefore, 

the equation needs to be normalized as: ܥ∅,௔	 = ݃∅,௔ܥ௔ ∗ ܵ∅ 

  Where, ܥ∅,௔	: capacity provide to phase ∅ during cycle “a” 

  ݃∅,௔: the amount of effective green time for cycle “a” 

  		ܵ∅ : saturation flow rate of phase ∅ 

 ”௔ : cycle length of “aܥ     

Figure 2.15 shows a cycle-by-cycle effective green plot, and Figure 2.16 shows an estimated 

capacity result plot for a given phase. 

 

Figure 2-15 Observed Green Time 
Source: NCHRP Project 3-79a 
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Figure 2-16 Estimated Capacity 
Source: NCHRP Project 3-79a 

High resolution detector data is archived in the system and provides a vehicle count during 

each cycle. The cycle-by-cycle vehicle counts are normalized by the following equation and it can 

be directly compared with Figure 2.16 estimated capacity. 

∅ܸ,௔ = 3600 ∅ܰ,௔ܥ௔  

          Where, ∅ܸ,௔	: hourly flow rate for phase ∅ during cycle “a” 

  ∅ܰ,௔: the number of vehicle arriving during phase ∅  in cycle “a” 

 ”௔ : cycle length of “aܥ     

Combing the normalized hourly flow rate and capacity allows the degree of saturation or 

volume to capacity ratio. 

ܺ∅,௔ = 	 ∅ܸ,௔ܥ∅,௔	 
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 Where, ܺ∅,௔: normalized degree of saturation of phase ∅ during cycle “a” 

  ∅ܸ,௔	: hourly flow rate for phase ∅ during cycle “a” 

 ”: capacity provide to phase ∅ during cycle “a	௔,∅ܥ   

The degree of saturation gives a measure that quantifies how much the provided green time is 

utilized by vehicles. Figure 2.17 shows the volume to capacity ratio monitoring results. The 

number of dots above the red line indicates signal failure. This method allows monitoring the 

frequency of signal failure per time of day plan for each phase. 

 

Figure 2-17 Volume to Capacity Ratio Monitoring Results 
Source: NCHRP Project 3-79a 

2.3.2.2 Purdue Coordination Diagram 

The Purdue Coordination Diagram (PCD) is a visualization tool for evaluating the quality of 

progression. Figure 2.18 shows the result of high resolution detector data and phase status data for 

over several cycles. The green and orange lines indicate start and end time of green for each cycle. 
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The black dots represent each vehicle's location. The PCD directly provides the arrival on green 

percentage for each cycle.  

 

Figure 2-18 PCD over Several Cycles 
Source: NCHRP Project 3-79a 

The black dots (vehicle location) are derived from advance detectors so the PCDs reflect actual 

vehicle behavior on the corridor.  Figure 2.19 shows the 24 hour extended PCD.  

 

Figure 2-19 PCD Over 24 hours 
Source: NCHRP Project 3-79a 
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The PCD describes vehicle arrival with coordinated phase status, so this plot gives information 

of the arterial coordination performance and provides a qualitative picture.  

2.4 Arterial Performance Measures 

Performance measurement is the process of collecting, analyzing and reporting information 

regarding the performance of an individual or system. When considering signal timing among a 

series of signalized intersections (as for coordinated signal operation), performance measures that 

account for the relative intersection of adjacent intersections becomes important. In case of arterial 

performance measures at each intersection along an arterial or within a network, a number of 

performance measures are used to assess how well the intersections fit together in terms of signal 

timing. The performance measures include number of stops, travel speed, and bandwidth. 

2.4.1 Number of Stops 

The number of stops is used frequently to measure an arterial or network’s signal system 

effectiveness. Motor vehicle stops can often play a larger role than delay in the perception of the 

effectiveness of a signal timing plan a long an arterial street or a network. The number of stops or 

average numbers of stops per vehicle tends to be used more frequently in arterial applications 

where progression between intersections is a desired objective. The number of stops has not been 

identified as a candidate for standardization nationally. In addition, this measure is difficult to 

collect directly on the field. Therefore, computer based simulation tools are normally used for 

estimating and optimizing the number of stops. Stops are highly correlated with amount of 

emission and the quality of progression along arterials. FHWA's Traffic Signal Timing Manual 

states that the number of stops is an important measure because acceleration from stops is a major 

source of vehicle pollutants and surveys reveal that multiple stops along an arterial is more highly 

correlated with driver frustration than is delay. 
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2.4.2 Travel Speed 

Travel speed (time) is one of the most popular measures used to assess for arterial progression. 

Arterial travel speeds account for both the delay at intersections and the travel time in between 

intersections. In the Highway Capacity Manual (HCM) 2010, the through vehicle travel speed in 

between two adjacent intersections is used for measuring an arterial's level of service (LOS). The 

HCM defines arterial LOS as a function of the class of arterial under the study and the travel speed 

along the arterial. This speed is based on intersection spacing, the running time between 

intersections, and the control delay to through vehicles at each signalized intersection. Since 

arterial travel time (space mean speed) in HCM method is calculated segment by segment 

regardless of origin or destination, the resulting speed estimates may be different corresponding to 

speed (travel time) measurements made from end to end travel time runs.  Data was collected by 

a GPS enabled floating car that measured a small subset of the possible origin-destination 

combinations along an arterial.  

In HCM 2010, two performance measures are used to characterize LOS for a given direction 

of travel along an urban street segment. One measure is travel speed for through vehicles and the 

other measure is the volume-to-capacity ratio for the through movement at the downstream 

boundary intersection. Table 2.2 HCM 2010 LOS Criteria shows the HCM 2010 level of service 

thresholds established for the automobile mode on urban streets. 
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Table 2-2 HCM 2010 LOS Criteria 

Travel Speed as a percentage of 
Base Free Flow Speed (%) 

LOS by Volume-to-Capacity Ratio 
 
                        ≤ 1.0                                                         > 1.0 

> 85 A F 

> 67 – 85 B F 

> 50 -67 C F 

> 40 – 50 D F 

> 30 – 40 E F 

≤ 30 F F 

 

2.4.3 Bandwidth 

2.4.3.1 FHWA Bandwidth Guidelines  

The Federal Highway Administration Traffic Signal Timing Manual defines Bandwidth as the 

total amount of time available for vehicles to travel through a system of coordinated intersections 

at the progression speed, i.e. the time difference between the first and last hypothetical trajectory 

that can travel through the entire arterial at the progression speed without stopping. Bandwidth is 

an outcome of the signal timing that is determined by the offsets between intersections and the 

allotted green time for the coordinated phase at each intersection. Bandwidth is a parameter that is 

commonly used to describe capacity or maximized vehicle throughput. Bandwidth can be 

confirmed by the time-space diagram which is visual toll for engineers to analyze a coordination 

strategy and modify timing plans.  Bandwidth, along with its associated measures of efficiency 

and attainability, are measures that are sometimes used to assess the effectiveness of a coordinated 

signal timing plan.  

Bandwidth efficiency is calculated by: 

௘ܤ = ܤ) ଵܹ + ܤ ଶܹ)2ܥ  

 Where,	Bୣ: Two-way bandwidth efficiency 
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ܤ    ଵܹ: Outbound bandwidth 

ܤ    ଶܹ: Inbound Bandwidth 

  C : Cycle Length 

 

Bandwidth attainability is calculated by: 

௔ܤ = ܤ) ଵܹ + ܤ ଶܹ)(݃௠௜௡ଵ + ݃௠௜௡ଶ) 
Where,	Bୟ: Two-way bandwidth attainability 

   ݃௠௜௡ଵ: Outbound direction minimum green along the arterial 

  ݃௠௜௡ଶ: Inbound direction minimum green along the arterial 

Table 2.3 and Table 2.4 show the FHWA Traffic Signal Timing Manual’s two Guidelines for 

bandwidth efficiency and bandwidth attainability. 

Table 2-3 Guidelines for Bandwidth Efficiency 

Efficiency Range Passer II Assessment 

0.00 - 0.12 Poor Progression 

0.13- 0.24 Fair Progression 

0.25 – 0.36 Good Progression 

0.37- 1.00 Great Progression 

 

Table 2-4 Guidelines for Bandwidth Attainability 

Attainability Range Passer II Guidance 

1.00 – 0.99 Increase minimum through phase 

0.99 – 0.70 Fine-tuning needed 

0.69 – 0.00 Major changes needed 
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2.4.3.2 Bandwidth Optimization 

There are two categories of bandwidth optimization. The first one produces uniform 

bandwidths, while the other provides variable bandwidths. There are two well-known programs 

used for uniform bandwidths, including MAXBAND (35) and PASSER II (36).  

Messer et al (36) developed Progression Analysis and Signal System Evaluation Routine 

(PASSER II) in 1973. PASSER II is a macroscopic deterministic optimization model. An iterative 

gradient search method is used to determine the phase sequence and cycle length which can 

provide the maximum two-way progression for a certain arterial signal system. Book’s Inference 

Algorithm and Little’s Optimized Unequal Bandwidth Equation are used in PASSER II. In 

PASSER II, cycle length, phase sequence and offset are varied to determine the optimal set of 

signal control settings, which minimize the total interference to the progression.  

Morgan and Little (37) introduce a machine computation method to maximize arterial signal 

bandwidth. The widely used program of Little, Martin and Morgan (38) efficiently finds offsets 

for maximum bandwidth given cycle time, red times, intersection spacing and progression speed. 

Directional bandwidth can be adjusted by the target value which represents the directional flow 

ratio. Using mixed-integer linear programming (MILP), Little, Kelson and Gartner (35) developed 

the MAXBAND program in 1981. The purpose of MAXBAND is to provide the maximum 

bandwidth setting for coordinated arterials. This program has the following capabilities:  

• Finds the best system cycle length within a given range 

• Allows different progression speeds for each link within a given range 

• Provides optimal major street left-turn phase sequencing 

• Considers user specified queue clearance times 

• Allows for directional weight factors for two-way bandwidth optimization 
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MAXBAND considers a two-way arterial with “n” intersections and specifies the 

corresponding offsets so as to maximize the number of vehicles that can travel within a given speed 

range without stopping throughout the arterial. In MAXBAND, phase splits at each intersection 

are assigned according to Webster’s theory, and all signals are constrained to share a common 

cycle length. MAXBAND includes a queue clearance time in order to allow secondary flows which 

have accumulated during the red time to discharge before the platoon arrives. Figure 2.20 shows 

the basic geometry defined for the MAXBAND mixed-integer linear program. 

 
Figure 2-20 Time-Space Diagram for MAXBAND Model  

(Source: Kai Lu, 2012) 
 

The MILP form of MAXBAND is: ݔܽܯ	ܾ +  തܾܭ
subject to 

 ቐതܾ 	≥ ܭ	݂݅	ܾܭ < 1തܾ 	≤ ܭ	݂݅	ܾܭ > 1തܾ = ܭ		݂݅				ܾ = 1ቑ 



Draft Final Report NCDOT RP-2012-12 42 

 

 

௜ݓ  + ܾ	 ≤ 1 − ݅	∀							௜ݎ = 	1,2,⋯ , ݊ 

ഥ௜ݓ  	+ തܾ 	≤ 1 − ݅	∀							௜ݎ̅ = 	1,2,⋯ , ݊ 

 ൫ݐ௜,௜ାଵ + ௜̅,௜ାଵ൯ݐ + ௜ݓ) + (ഥ௜ݓ − ௜ାଵݓ) + (ഥ௜ାଵݓ + (∆௜ − ∆௜ାଵ) =	 
  −ଵଶ ∗ ௜ݎ) + (௜ݎ̅ 	+ ଵଶ ∗ ௜ାଵݎ) + (௜ାଵݎ̅ + (߬௜̅ + ߬௜̅ାଵ) + ݉௜,௜ାଵ					∀	݅ = 	1,2,⋯ , ݊ 

 ∆௜= ቀଵଶቁ ௜ߜ2)] − 1)݈௜ − ௜̅ߜ2) − 1)݈௜̅ 
 ݉௜,௜ାଵ = ݅	∀       ݎ݁݃݁ݐ݊݅ = 	1,2,⋯ , ݊ − 1 

 ܾ, തܾ, ,௜ݓ ഥ௜ݓ > 0													∀	݅ = 	1,2,⋯ , ݊		 
(௜̅ߜ)௜ߜ  =  ݕݎܾܽ݊݅

Where, ܾ൫തܾ൯ =  ;ℎݐ݀݅ݓܾ݀݊ܽ(݀݊ݑ݋ܾ݊݅)	݀݊ݑ݋ܾݐݑ݋

ܭ   =  ;(௕ത௕)	݁ݑ݈ܽݒ	ݐ݁݃ݎܽݐ
  ݊ =  ;݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݂݋	ݎܾ݁݉ݑ݊

௜ܫ   =  ;݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݈ܽ݊݃݅ݏ
(௜ݎ̅)௜ݎ              =  	;௜ܫ	ݐܽ	݁݉݅ݐ	݀݁ݎ(݀݊ݑ݋ܾ݊݅)݀݊ݑ݋ܾݐݑ݋
(ഥ௜ݓ)௜ݓ   =  ;ܾ݀݊ܽ	݊݁݁ݎ݃(݀݊ݑ݋ܾ݊݅)	݀݊ݑ݋ܾݐݑ݋	݂݋	݁݃݀݁(ݐℎ݃݅ݎ)	ݐ݂݈݁ 	݋ݐ	௜ܫ	ݐܽ	݁ݏℎܽ݌	݀݁ݎ	݂݋	݁݀݅ݏ	(ݐ݂݈݁)	ݐℎ݃݅ݎ	݉݋ݎ݂	݁݉݅ݐ
൧(௛,௜̅)ݐൣ(௛,௜)ݐ   =  	;(݀݊ݑ݋ܾ݊݅)݀݊ݑ݋ܾݐݑ݋	௜ܫ	݋ݐ	௛ܫ	݉݋ݎ݂	݁݉݅ݐ	݈݁ݒܽݎݐ
  ∆௜= 	time	from	center	of	̅ݎ௜	݋ݐ	ݐݏ݁ݎܽ݁݊	ݎ݁ݐ݊݁ܿ	݂݋	ݎ௜; 
  ݉௜,௜ାଵ =  ;௜ାଵܫ	௜ܽ݊݀ܫ	ℎݐ݅ݓ	݀݁ݐ݈ܽ݁ݎ	݈ܾ݁ܽ݅ݎܽݒ	ݎ݁݃ݎ݁ݐ݊݅	݌݋݋݈

  ݈௜൫݈௜̅൯ =  ;௜ܫ	ݐܽ	݊݁݁ݎ݃	݊ݎݑݐ	ݐ݂݈݁	(݀݊ݑ݋ܾ݊݅)݀݊ݑ݋ܾݐݑ݋	ݎ݋݂	݀݁ݐܽܿ݋݈݈ܽ	݁݉݅ݐ
(௜̅ߜ)௜ߜ   =  		;݁ܿ݊݁ݑݍ݁ݏ	݁ݏℎܽ݌	݊ݎݑݐ	ݐ݂݈݁
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Tsay and Lin (39) introduced BANDTOP, which can obtain a saw-toothed bandwidth pattern, 

rather than parallel and uniform pattern. In this paper, it is evident that MAXBAND may not find 

maximum bandwidth for certain signal-timings. Gartner et al. (40) proposed MULTIBAND, which 

can consider a variable bandwidth arterial progression, in 1991. MAXBAND cannot consider 

actual traffic flow on the arterial link, so it is insensitive to variation in such flows. MULTIBAND 

used a multi-band/multi-weight concept to consider actual arterial link flow. It provides a 

capability to adapt the progression scheme to the specific traffic flow pattern that exists on the 

links of the arterial. MULTIBAND can provide a global optimal solution that calculates cycle 

length, offsets, progression speeds and phase sequences to maximize a combination of the 

individually weighted bandwidths in each directional arterial segment. Stamatiadis and Gartner 

(41) developed the MULTIBAND-96 program in 1996. The MULTIBAND-96 model optimizes 

all the signal control variables and generates variable bandwidth progressions on each arterial in 

the network. The MINOS mathematical programming package was used for optimization. Gartner 

and Stamatiadis (42) applied the MULTIBAND method to solve for an urban grid network. In this 

paper, the efficiency of MILP was improved by a heuristic network decomposition procedure. Tian 

and Urbanik (43) proposed a heuristic approach to a bandwidth oriented signal timing method 

based on a system partition technique. A large signalized arterial was divided into subsystems of 

three to five signals and then each subsystem is optimized to achieve the maximum bandwidth 

efficiency. From each subsystem solution, a large system offset was adjusted. This method 

provides maximum progression for the peak direction while maintaining partial progression for 

the off-peak direction. Lin et al. (44) proposed a new mixed integer nonlinear programming model 

for an optimal arterial-based progression algorithm. This model was designed to optimize the 

bandwidth while maximizing the number of non-stop vehicles through downstream intersections. 
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Lu et al. (45) introduced a two-way bandwidth maximization model with a proration impact factor. 

Under a certain weighting factor, MAXBAND and MULTIBAND may not find the maximum 

bandwidth solution. Therefore, in this paper, authors introduced bandwidth proration impact 

factors which indicate the target bandwidth demand ratio. 

2.5 Summary 

This chapter examined a variety of topics in signal operation including closed loop signal 

system features, adaptive control systems, signal timing design, measures of arterial performance, 

and bandwidth optimization methods.  

Many adaptive control systems are used for advanced traffic management in United States. 

These systems require installing more detectors as well as parameters, which needs calibration.  It 

increases installation and maintaining cost, as well as engineers retraining cost and time. For these 

reasons, ACS-Lite was developed. ACS-Lite is a reduced-scale version of the FHWA adaptive 

control software. It offers small and medium-size communities, and a low-cost traffic control 

system that operates in real time. 

While there are many advanced traffic signal systems, very few arterial monitoring systems 

are available. Most signal operation firmware collects detector and signal status log data, but does 

not permanently archives the data for monitoring arterial signal system performance. In this 

chapter, two of the most advanced arterial monitoring systems are reviewed. SMART-SIGNAL 

uses queue estimation models and vehicle acceleration/deceleration models in order to estimate 

arterial travel time using the virtual probe vehicle generation method. Purdue University created 

several useful monitoring methodologies to monitor both intersection and arterial level of signal 

operating performance. Both new arterial monitoring systems are theoretically robust and show 

strong confidence of monitoring results in their literatures. However, both systems also require 
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extra detectors, as well as high resolution detector data collecting systems compared to NCDOT 

general arterial signal system. There are limitations to apply both SMART-SIGNAL and the 

Purdue Arterial Monitoring Method under the NCDOT signal system. First, the NCDOT signal 

system does not provide high resolution detector data, so a cycle-by-cycle queue estimation 

method for SMART-SIGNAL method cannot be applied. Secondly, the NCDOT signal system 

normally does not have a stop bar detector and upstream detector for non-coordinated movements, 

so SMART-SIGNAL’s turning movement estimation method cannot be used. In conjunction, the 

Purdue intersection level monitoring method for non-coordinated movements cannot be processed. 

There are three generally used arterial performance measures, namely number of stops, travel 

speed, and bandwidth. None of these three arterial performance measures can be monitored or 

measured directly by the detection resident in currently deployed signal systems. Because of this, 

SMART-SIGNAL develops a virtual vehicle generation method to estimate arterial travel time. 

Purdue proposed a new arterial performance measure using the Purdue Coordination Diagram.  

SMART-SIGNAL focused on estimating arterial travel time, while the Purdue system searches 

for arriving on green percentage (for measuring arterial progression quality). However, neither of 

these monitoring systems provide any information regarding bandwidth, and bandwidth is a 

critically important signal coordination characteristic for engineers responsible for the design and 

assessment of signal timing plans. 
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CHAPTER 3. SELECT STUDY LOCATIONS (TASK 2) 

3.1 Study Site Selection Criteria 

The research team selected several closed loop systems in North Carolina based on the 

following criteria: 

• The system is controlled by NC Department of Transportation (NCDOT) 

• The signal control system is closed loop 

• The site covers a wide range of traffic conditions 

• The corridor has at least three coordinated signalized intersections 

• The corridor contains a few driveways and un-signalized intersections 

3.2 NCDOT Closed Loop System 

NCDOT has 422 closed loop signal systems that are controlled and maintained by 14 divisions. 

Among all, 62 closed loop systems belong to division 5. Division 5 includes Person, Granville, 

Vance, Warren, Durham, Franklin and Wake County. Table 3.1 presents the number of closed loop 

systems in each division.  

Table 3-1 Summary of NCDOT Closed Loop System 

Division 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total 

Number of 
Systems 10 22 29 35 62 28 25 29 27 49 26 28 30 22 422 

 

Figure 3.1 shows the distribution of closed loop systems in Wake County based on the number 

of intersections in the system. Wake County has 46 closed loop signal systems and 15 systems 

include two signalized intersections and 11 systems include three signalized intersections. More 

than 80% of Wake County closed loop signal systems have less than seven signalized intersections.  
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Figure 3-1 Summary of Wake County Closed Loop Systems 2011 

 

3.3 Selected Study Sites 

Three signalized coordinated arterials were selected from NCDOTs closed loop system. The 

first study site is on US 70 in Clayton, NC. This system includes three signalized intersections. 

The second site is on US 70 in Garner, NC with four signalized intersections. The final site is on 

NC 55 arterial in Apex, NC with seven signalized intersections. These study sites are shown in 

Figure 3.2. The arterials in Garner and Apex are in Division 5, Wake County, and the arterial in 

Clayton is in Division 4, Johnston County.    

  



Draft Final Report NCDOT RP-2012-12 48 

 

 

Site A 
- Arterial on US 70 in Clayton, NC 
- 3 signalized intersections 
- No un-signalized intersections 
- 22 driveways 
- 3,540 ft. total route length 
- Selected plan: AM peak plan 
- Cycle Length: 170 seconds 
- Intersection 1 offset: 34 seconds 
- Intersection 2 offset: 37 seconds 
- Intersection 3 offset: 120 seconds 
 
 
 

Site B 
- Arterial on US 70 in Garner, NC 
- 4 signalized intersections 
- No un-signalized intersections 
- 15 driveways 
- 3,840 ft. total route length 
- Selected plan: AM peak plan 
- Cycle Length: 120 seconds 
- Intersection 1 offset: 62 seconds 
- Intersection 2 offset: 55 seconds 
- Intersection 3 offset: 45 seconds 
- Intersection 4 offset: 115 seconds 
 
 
 

Site C 
- Arterial on NC 55 in Apex, NC 
- 7 signalized intersections 
- One un-signalized intersection 
- 12 driveways 
- 7,225 ft. total route length 
- Selected plan: AM peak plan 
- Cycle Length: 160 seconds 
- Intersection 1 offset: 95 seconds 
- Intersection 2 offset: 86 seconds 
- Intersection 3 offset: 72 seconds 
- Intersection 4 offset: 51 seconds 
- Intersection 5 offset: 56 seconds 
- Intersection 6 offset: 15 seconds 
- Intersection 7 offset: 0 seconds 

 

Figure 3-2 Study Sites 
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3.4 Summary 

Project team selected three study sites for field data collection and evaluation of the proposed 

models. The selected study sites include: 

• US 70 arterial in Clayton (including 3 signalized intersections) 

• US 70 arterial in Garner (including 4 signalized intersections) 

• NC 55 arterial in Apex (including 7 signalized intersections) 
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CHAPTER 4. DATA COLLECTION PLAN AND FIELD STUDY (TASKS 3 AND 4) 

The NCDOT closed-loop signal systems for the most part utilize OASISTM for closed loop 

signal systems operations. This system provides log data for monitoring the system’s operational 

status. The research team focused on these log files to develop a signal system performance 

evaluation method. 

OASIS is a traffic control firmware developed by Econolite for implementation in an 

Advanced Transportation Controller (ATC) Type 2070 published by AASHTO, ITE, NEMA, and 

CALTRANS.  NCDOT’s effort to transition all state maintained systems to OASIS system should 

enable the streamlining of access to data for state maintained signals and systems. 

4.1 Available Data Sources 

OASIS provides seven system event log file histories, which are shown in Table 4.1. These 

include: system alarms, special events, front panel data entry, coordination plans, implemented 

functions, split monitoring, and detector count station data.  These system logs are stored in the 

non-volatile RAM memory and can be cleared upon upload from a central computer.  Among those 

seven logs, the log data of interest for this research are detector event data and split monitoring log 

data, both of which will be used to measure arterial operational performance. Figure 4.1 show the 

OASIS system overall structure. 

4.2 Testing Data Sources  

As mentioned earlier, OASIS provides log files which include important signal operation and 

arterial demand information.  Prior to using it, however, a quality test on the log data is required 

before generating any data collection plan.  The log data quality test was conducted at NCDOT's 

signal lab with assistance from an NCDOT signal engineer. 
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Table 4-1 Available OASIS Log Files 

Logs Data Type 

System Alarms Log  • Detector Failures 
• Hardware Failures 

• Phase Conflict 
• Logs Full 

Special Events Log • Stop Time 
• Police Switch 

• Preemptions 

Front Panel Entries Log 
• Data Element modified 
• Old data value 
• New data value 

• Current user 
• Timestamp 

Coordination Plans Log • Source of plan implementation 
• Plan implemented 

• Offset 
• Timestamp 

Implemented functions Log • Source of function implementation 
• Function implemented 

• Timestamp 

Split Monitor Log 

• Active Vehicle Phases 
• Active Vehicle Phases State 
• Active Pedestrian Phases 
• Active Pedestrian Phases State 
• Active Overlaps 
• Active Pedestrian Overlaps 
• Coordination Plan 

• Local Clock 
• Offset 
• Preemptions 
• Vehicle Calls 
• Pedestrian Calls 
• Status Response Packet 

Detector Data Log 
• Detector Reference 
• Detector Status 
• Average Wait 
• Volume 

• Occupancy 
• Average Speed 
• Average Gap 

 

 
Figure 4-1 OASIS System Overview 

 
4.2.1 OASIS Detector Event Data 

Detectors play a critical role in field traffic data collection. All vehicle actuations data are 

directly obtained from such detectors. Their functionality, configuration, and location determine 
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not only the quantity and quality of traffic data, but also the applicability and validity of resulting 

performance measurement or models. 

OASIS provides detector count station data which consists of three attributes.  The first is the 

detected vehicle volume, the second is the detected occupancy (in %) during a fixed time interval, 

and the last is the calculated space mean speed over the detector.  The project team tested each 

attribute’ resolution to produce an initial assessment of the OASIS logs data quality. 

4.2.1.1 Occupancy  

In the OASIS Detector Event log file, the reported occupancy is given in integers. It is 

necessary to figure out whether the system uses real numbers or integers for occupancy display. 

From test results, it was confirmed that the system rounds down (or truncates) the true occupancy 

values. Table 4.2 shows the results of this test based on a one minute occupancy reporting period. 

Table 4-2 OASIS Detector Occupancy Display Test Result 

Manual input occupancy time entered 
for detector 

(Sec) 

Reported Occupancy in 
System 

(%) 

Actual 
Occupancy 

(%) 
0.9 1 1.50 

1 1 1.67 

1 1 1.67 

1.1 1 1.83 

1.2 2  2.00 

2.1 3 3.50 
2.2 3 3.67 
2 3 3.33 

2.2 3 3.67 

2.2 3 3.67 
3.1 5 5.17 
3.2 5 5.33 
3.2 5 5.33 
3 5 5.00 

3 5 5.00 

0.2 0 0.33 

0.5 0 0.83 
0.5 0 0.83 
0.4 0 0.67 
0.5 0 0.83 
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4.2.1.2 Detector Calls (Volume)  

For volume logs, the minimum occupancy time for a vehicle to be detected is 0.1 seconds.  

Any vehicles which occupy the detector for less than 0.1 seconds will go undetected.  In the test, 

it was confirmed that at less than 0.1 seconds the system would report 0 volume, 0 occupancy and 

0 speed.  Therefore, for accurate OASIS vehicle volume count, the vehicle must occupy the 

detector for at least 0.1 seconds.  In addition, NCDOT uses two different detector configurations, 

as shown in Figure 4.2. Configuration will significantly impact the accuracy of the data collected 

from the field. Lane-based detectors are installed in each lane. Every lane detector has its own wire 

connected to the back panel of the traffic cabinet, and responds to vehicle actuations separately. 

Link-based detectors are also installed in individual lanes, however, they are wired together to the 

traffic cabinet. They can only generate one response and the traffic cabinet cannot distinguish the 

source of the actuation, i.e. which lane. Link-based detectors can only indicate the presence of the 

vehicle, so they are also called presence detectors. The detectors installed at the pilot study site 

(i.e., Timber Drive) are link-based detectors. 

 

A) Lane-based Detector                     B) Link-based Detector 
 

Figure 4-2 Configurations of Lane-based and Link-based Detectors 
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The research team compared counts taken at the Timber Dr. intersection on US70 upstream 

system detectors data with downstream detector counts. From about 6:30 to 9:30 am on November 

18, the Timber Dr. WB system detector (a link based detector across 3 lanes) yielded 2,477 

vehicles, compared to the downstream detector which counted 4,119 vehicles, about a 70% 

increase which could not be simply attributed to the neglect of counting side street turn movements. 

The essence of the undercount is that if a vehicle occupies a linked detector in any lane, any 

arriving vehicle on the same or another linked lane will not trigger a new detection.  Numerical 

tests using a simple spreadsheet simulation indicated that a 42% undercount would occur when 

each of the 3 lane average hourly volume is 450 vph. When the hourly volume is increased to 700 

vph per lane, the possible undercounting loss goes up to 58%. 

4.2.1.3 Speed 

Speed is calculated from occupancy, loop detector length and an assumed average vehicle 

length. For occupancy calculation, the detector system must save the total occupied time or the 

precise occupancy (not rounded value). The mathematical formula is; 

തݑ = ݁݉݅ݐ	݈݁ݒܽݎݐ	݈ܽݐ݋ܶ	݁ܿ݊ܽݐݏ݅݀	݈݁ݒܽݎݐ	݈ܽݐ݋ܶ	 = ݏℎ݈݅ܿ݁݁ݒ	݂݋	#	 ∗ ℎݐ݈݃݊݁	ݎ݋ݐܿ݁ݐ݁݀) + ݁݉݅ݐ	݀݁݅݌ݑܿܿ݋	݈ܽݐ݋ܶ(ℎݐ݈݃݊݁	ℎ݈݅ܿ݁݁ݒ  

=	100 ∗ ℎݐ݈݃݊݁	ݎ݋ݐܿ݁ݐ݁݀) + (ℎݐ݈݃݊݁	ℎ݈݅ܿ݁݁ݒ ∗ ݕܿ݊ܽ݌ݑ௜ܱܿܿݒ ∗ ௜ܶ  

Where: ݑത: space mean speed 

 ௜: vehicle count in time interval iݒ       

       ௜ܶ: data collection time interval i (e.g., 1 minute or 15 minutes)  

OASIS rounds down the displayed vehicle occupancy and calculated vehicle speed.  This 

creates a range of possible reported speeds and occupancies that are sorted by the corresponding 
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displayed occupancy.  Table 4.3 shows the speed ranges for each occupancy range for a data log 

based on a one minute data collection using one vehicle. 

Table 4-3 Displayed Occupancy and Possible Speed Rage by Displayed Occupancy 

Input Time 
(sec) 

Displayed 
Occupancy 

(%) 

Possible Maximum  
displayed speed 

(mph) 

Possible Minimum  
displayed speed 

(mph) 

0.1 to 0.5 0 177 35 

0.6 to 1.1 1 29 16 

1.2 to 1.7 2 14 10 

1.8 to 2.3 3 9 7 

2.4 to 2.9 4 7 6 

3.0 to 3.5 5 5 5 

3.6 to 4.1 6 4 4 

4.2 to 4.7 7 4 3 

4.8 to 5.3 8 3 3 

5.4 to 5.9 9 3 3 

6.0 to 6.5 10 2 2 

6.6 to 7.1 11 2 2 

7.2 to 7.7 12 2 2 

7.8 to 8.3 13 2 2 

8.4 to 8.9 14 2 1 

9.0 to 9.5 15 1 1 

⁞ ⁞ ⁞ ⁞ 

17.4 to 17.9 29 1 0 

 

A range of speeds varying from 35 to 177mph may be displayed for a 0% occupancy on the 

system, under the detected single vehicle volume, assuming a 20 feet default vehicle length with a 

6ft loop detector length. For more accurate speed estimation from occupancy, the occupancy 

should include at least one decimal value, and not rounded down to an integer.    



Draft Final Report NCDOT RP-2012-12 56 

 

 

4.2.1.4 Vehicle occupancy in boundary between time intervals 

When a vehicle occupies the detector both before and after a data collection interval, OASIS 

reports a zero volume before and a volume of one in the after time interval (see Table 4.4). It then 

calculates both time periods’ occupancies independently. For speed calculations, OASIS returns a 

zero speed in the before interval and a calculated speed from after occupancy time.  

Table 4-4 Boundary Condition Test Result 

Clock 
Approximate input signal 

(sec) 
Volume 

Occupancy 
(%) 

Speed 
(mph) 

18:22 
2 

0.5 0 0 0 

18:23 1.5 1 2 11 

     

18:27 
4 

1.5 0 2 0 

18:28 2.5 1 4 7 

     

19:15 
10 

4.7 0 7 0 

19:16 5.3 1 8 3 

 

4.2.2 OASIS Split Monitor Data 

The TransLink 32 software is required to download the OASIS log file. It is designed to 

monitor the 170 and 2070 master and local controllers by Econolite. Through TransLink 32, the 

OASIS log file can be manually or automatically downloaded and archived into the Access 

database. The OASIS split monitor reports the following: “Time Stamp”, “Cycle”, “Offset”, 

“Plan”, “CoordPhases”, “ExtraTimeCP”, “UsedPhase” and “AllottedPhase” as explained next.  

• SMTimeStamp: Start time of each cycle (reference point) 

• Cycle: Coordinated cycle length 
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• Offset: A time relation (local clock) with regard to the system time reference (master clock) 

to indicate where, in that cycle, the intersection begins / ends its coordinated phase(s) Green 

(main street Green) 

• CoordPhases: Coordinated phase number (e.g., CoordPhases2, CoordPhases6)  

• ExtraTimeCP: Remaining time in the current cycle allocated to the coordinated phase 

• UsedPhase: Actual green time used in the current cycle (After reference Point) 

• AllottedPhase: Maximum phase time, which includes yellow and red times 

OASIS use standard National Electrical Manufacturing Agency (NEMA) phase numbers. 

Figure 4.3 shows a sample intersection phase sequence with each movement number.   

 

Figure 4-3 NEMA Phase with Phase Sequence 
 

It is possible to build programmed signal phases and cycle by cycle real dynamic phases from 

the split monitor data. Those results are shown in Figure 4.4 and Figure 4.5. 
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Figure 4-4 Programmed Intersection Signal Phases 

 
Dynamic green can be generated from the “Time Stamp” (reference point) and “UsedPhase” 

with “ExtraTimeCP” which indicates how early the green is returned, compared to the reference 

point. As an example, Figure 4.5 shows the Split Monitor log table with dynamic phase sequences 

which are created from the Split Monitor log.  

 
Figure 4-5 Dynamic Intersection Phases 

 

The coordinated phases are phases 2 and 6. During the first cycle length that is 120 sec long, 

there is unused time that goes to ExtraTimeCP. This includes 13 seconds from phase 1 (which 

terminates at 107 seconds) and 27 seconds from phase 5 (which is skipped) and phase 8 is 
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terminated at 93 seconds (with 27 seconds remaining). Phases 2 and 6 greens will then have early 

returns by those amounts of time. 

However, it should be notes that the ExtraTimeCP is not exactly the same as early return to 

green when lead-lag phasing is used or with lead-lead phasing with different greens for phase 1 

and phase 5. Phase 1 time will go to “ExtraTimeCP6” for phase 6 and the remaining time which 

is phase 6 green time minus phase 1 will go to phase 6 “UsedPhase” (see Figure 4.6). 

 
Figure 4-6 Lead-Lag phase 

 

The coordinated phase green start clock time is the reference point time minus the previous 

cycle’s “ExtraTimeCP”; the green terminated clock time is the reference point time plus the current 

cycle’s “UsedPhase”. This rule is not affected by the left turn phase sequence. 

At that point, the research team was sufficiently familiar with both the capabilities and 

limitations of the OASIS log data files to begin planning for a pilot data collection, as described 

in the next section.  

4.3 Data Collection Plan 

The data collection plan involves data from a variety of sources and methods. Those included 

OASIS log data as discussed earlier, through travel times on the arterial, and vehicle-level high 

resolution speed and count data. For that purpose, the team relied on the Translink32 software, 

Bluetooth units, Tru-Traffic software with GeoStats devices, video cameras with recorders, RTMS 
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unit and Sensys wireless devices for collecting those data.  We describe each data source in some 

detail in the next sections.  

4.3.1 OASIS Log Data 

OASIS log data provides signal status and demand information. The OASIS split monitor and 

detector log data were collected by the TransLink 32 software for a period exceeding two weeks, 

then downloaded and archived in a Microsoft Access database. Figure 4.7 shows a screenshot of 

the TransLink32 interface with the scheduler. 

 

Figure 4-7 Translink32 Display 
 

4.3.2 Arterial Travel Time Data 

4.3.2.1 Bluetooth Devices  

Two types of Bluetooth units, including BluFax and BlueMAC were used in this project. Both 

collect media access control (MAC) addresses from Bluetooth-enabled devices such as cell 

phones, GPS-based navigation systems, car radios and personal digital devices. MAC addresses 

are unique to a particular Bluetooth device consisting of 12 characters (48-bit address). The arterial 
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travel time and space mean speed are calculated by detecting the signals of the same MAC address 

at two locations and subtracting the times of detection.  

4.3.2.1.1 BluFAX	Model	
BluFAX is a portable Bluetooth traffic data collection device developed by Traffax 

(http://www.traffaxinc.com/) and is shown in Figure 4.8. The portable unit is powered by a battery 

and last 12 to 17 days without recharging according to test result by project team. However, Traffax 

also develops permanently mounted products. It has a GPS module used to keep record of the 

location where the unit is installed along the road and also to synchronize the clock time of the 

unit. BluFAX uses a Class 1 power transmission omnidirectional antenna, and Traffax 

recommends that the antenna be placed three meters above the ground. The unit archives 12 

characters of all MAC addresses in a removable micro SD card placed in control box. Traffax 

provides the BluSTATS software to match, filter and display travel time and speeds derived from 

the BluFAX collected MAC addresses. BluFAX units have been used to collect travel time data at 

freeway as well as arterial. Traffax reports that a 2 to 3% sample of the total volume of traffic on 

a road (roughly corresponding to three samples MAC addresses per five minutes) should be 

sufficient to obtain meaningful travel time estimates. 

 

Figure 4-8 BluFAX Unit 
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The BluFAX Units can be installed either in the median or on the roadside, as their detection 

radius is typically rage 150 feet to 200 feet. In order to capture the back of the queue for a more 

accurate travel time measurement, the units are put generally 1,000 to 2,000 feet away from the 

intersection. The devices should be attached to a permanent pole with a chain and lock. The 

installation of each device takes less than ten minutes, and most of the time is consumed carrying 

the units from the parking lot to the desired location. After placement, the technician should make 

sure that all four indicator lights (Power, GPS, Bluetooth, and SD Card) turn on for about 5 minutes 

after turning on the Bluetooth switch.  

4.3.2.1.2 BlueMAC	Models	
BlueMAC is developed by Digiwest (http://www.mybluemac.com/). A BlueMAC unit consists 

of a solar panel, battery, and main control box including an Ethernet port. It collects MAC 

addresses just like the BluFAX unit, but truncates the first 5 digits and the last digit of the MAC 

address to ensure privacy. Figure 4.9 shows BlueMAC unit. 

 

Figure 4-9 Gen 5 BlueMAC Unit 
 

The unit is operated by a stand-alone battery and solar panel so it is suitable for permanent 

travel time data collection. Digiwest provides online data web-services. They also support user 
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specific project websites as shown in Figure 4.10. The listed projects are arterial and freeway travel 

time data collection activities conducted by the project team. 

 

Figure 4-10 Digiwest User Customized Online Website 
 

The user can monitor each unit’s activation status as shown in Figure 4.11. The collected data 

is routed to a server which automatically processes the travel time (and space mean speed) and 

creates an origin-destination report.  

 

Figure 4-11 BlueMAC Device Location and Status Map 
 

4.3.2.2 Floating Car Data Collection 

Floating car is a true and tried method to collect travel time (or speed) on the road network. It 

gathers instantaneous speed, direction of travel and clock time information from a Global 
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Positioning System (GPS) enabled device in the vehicle. Equipment needed to carry out this study 

includes a reliable test vehicle, one GeoStats, Geologger, TravTime software, and a computer with 

USB connectivity. With regard to personnel, a minimum of two people are needed to properly 

carry out the study. One person drives the test vehicle according to the method outlined later in the 

methodology, and the other person will ensure that the Geologger is functioning properly and that 

no biases are introduced to the study. Biases could include construction in the area, lane closures, 

accidents, or biases caused by the test vehicle driver. The other role of the second personnel is to 

ensure that the study starts at the time that has been determined. In addition to these roles, a third 

person will hand-record event times using a stopwatch to check the data that the Geologger outputs 

after the study is completed. This measure ensures that there was no malfunction or misuse of the 

Geologger during the study. 

The test vehicle technique used for this travel time study is the average vehicle method. The 

vehicle travels according to the driver’s perception of the average speed of the traffic stream on 

study site arterial. The data from the Geologger will be extracted into a computer using a universal 

serial bus (USB) port and analyzed. The Geologger will store data from the runs such as: GPS 

position, date, time, latitude, longitude, and speed. This data will then be loaded into a software 

program called TravTime for further analysis. In TravTime, it is possible to upload shape files and 

maps of the study location and match the data from the Geologger to the map. The road network 

can be either link based (segment by segment) or point based. In TravTime, total route analysis 

can be performed in addition to segment by segment analysis. These analyses will generate 

performance measures such as: average travel time, average travel speed, average number of stops, 

and average stopped time. The average travel time, and average travel speed can then be checked 

using the hand recorded times to ensure the general accuracy of the values. With the data collected 
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and verified, proper analysis of the performance of the study area, with regard to travel time, can 

be done. 

4.3.3 High Resolution Vehicle Data 

As mentioned earlier, OASIS split monitor log provides detailed information of signal status 

while the detector log, at its highest resolution, produces only one minute aggregated count data. 

High resolution data is needed to verify the level of vehicle platooning, and headway times to 

assess the data loss on link based detectors. These types of data can only be collected with 

specialized equipment, as explained next.     

4.3.3.1 RTMS Side Fire Radar Data 

The RTMS (Remote Traffic Microwave Sensor) measures the distance to objects in the path 

of its microwave beam. A single sensor can monitor traffic in up to 12 lanes. The sensor can be 

mounted on road-side poles and aimed at a right angle to the road; this is referred to as the side-

fired configuration. The internal processor calculates volume, occupancy, average speed, and 

vehicle classifications for each lane and transmits the information using its data ports and 

communication interfaces. Vehicles are detected when their reflected signal exceeds the 

background level in their micro-slice by a certain threshold. If that detection is part of a defined 

zone, its contact is closed during the detection period to indicate detection. Figure 4.12 shows the 

RTMS microwave beam footprint, while Figure 4.13 depicts its installation at the Timber Dr. 

intersection on US 70.  
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Figure 4-12 RTMS Microwave and Beam Footprint 
 

 

Figure 4-13 RTMS Field Installation 
 

4.3.3.2 Sensys Wireless Sensor Data (http://www.sensysnetworks.com/) 

With the intention to collect high resolution vehicle actuation data, the project team acquired 

and installed 24 Sensys wireless sensors with two APCC's, two Access Points and 10 repeaters. 

The Sensys wireless detectors are developed by Sensys Networks@ and use magneto-resistive 

sensors embedded in the pavement to detect individual vehicle actuations. The sensors are self-

powered and have two-way low-power radio communication capabilities. An access point serves 
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as the wireless bridge between the sensor and a contact closure card, which can be installed in a 

standard detector rack of a controller cabinet. When the sensor is located out of range of the access 

point, wireless repeaters can be installed between the access point and the sensors to extend the 

communication. Figure 4.14 shows the various device components. 

 
 

  

Sensor APCC Access Point Repeater 

 
Figure 4-14 Sensys Devices 

 

The twenty-four Sensys sensors were installed in the pavement by coring 4-inch diameters 

where the detector is placed, which are then covered with epoxy. NCDOT Division 4 and the 

Traffic Control team helped coring and installing the sensors. Two APCC's were installed in the 

traffic controller cabinet at the Shotwell Rd. intersection and S. Robertson St. intersection on the 

US 70 arterial. Two Access Points and 10 Repeaters were installed 20 feet from a wooden power 

pole on the street. Figure 4.15 shows the installation process. 
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1 2 3 

   

4 5 6 

Figure 4-15 Sensys Sensor Installation 
 

Each approach lane at each intersection was equipped with a sensor. After completing the 

installation, each repeater and sensor status can be monitored by TrafficDOT2 software produced 

by Sensys Networks. Figure 4.16 shows Traffic DOT 2 screen. Figure 4.17 depicts all the devices 

and sensors’ locations in the field. 
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Figure 4-16 TrafficDOT 2 Sensor Status 
 

In addition, three carefully placed speed traps (devices in tandem on the same lane) were 

deployed on the arterial segment, also shown in Figure 4.17 (parts b, c, and d).  The sensors 

actuation data are transmitted through the repeater and archived in an SD card in the APCC. 
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(a) Shotwell Rd. West (b) Shotwell Rd. East 

(c) S Moore St. West (d) S Moore St. East 

(e) S. Robertson St. West (f) S. Robertson St. East 

 
Figure 4-17 Sensys Sensors and Each Device Locations with IDs 
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4.3.3.3 Video Data 

Video cameras and Digital Video Recorders (DVR) were also installed at the Timber Drive 

intersection on US 70. The purpose of collecting video data was essentially to verify the OASIS 

loop detector log data as well as the accuracy of the RTMS unit. Cameras were mounted on the 

power pole located at the Timber Drive and US 70 intersection. Figure 4.18 shows the video 

camera installation at a vantage point.    

(a) Mounting Cameras (b) Mounted Cameras on the Power Pole 

 
Figure 4-18 Video Camera Installation 

 

The cameras and DVRs recorded all approach lanes’ vehicle movements and the collected data 

was processed both by Auto Scope (a video image processing system) as well as manually.  

The project team anticipates conducting an initial study at a single site in order to test and 

refine the data collection procedures. The first selected site is US 70 arterial in Garner, NC. The 

research team conducted an intensive field study on this site and then refined the data collection 

method and procedures.  
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4.4 Study Data Collection Sites: 

4.4.1 Pilot Site:  US 70 Arterial in Garner   

The first field study was conducted on US 70 in Garner, NC during March and April 2012. 

Figure 4.19 depicts the location of and spacing between the system intersections. Figure 4.20 

shows the existing detector configuration at each intersection. Simultaneously during those same 

two months, data were collected from the OASIS log, Bluetooth devices, floating cars, and RTMS 

(Figure 4.12). In addition, four video cameras with two DVR's (Figure 4.18) were installed at the 

Timber Dr. intersection for recording vehicle movements.   

 
 

Figure 4-19 Pilot Study Site in Garner, NC 
 

Jessup Dr. & US 70 has 5 system detectors and 3 long loop detectors on the side street. The 

Timber Dr. intersection has 5 system detectors and 10 downstream detectors on each approach 

lane. All system detectors except for the first EB lane detector at the Timber Dr. intersection are 

Jessup 

Timber 

Garner Towne 

Yeargan 
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link detectors covering two or three lanes, thus unable to provide lane volumes or occupancies. 

There are also 8 long loop detectors for non-coordinated movements. The Garner Towne Square 

intersection has 5 system detectors and 3 long loop detectors. The Yeargan road intersection has 5 

system detectors and 8 long loop detectors. Except for the Timber Dr. system detectors, all system 

detectors and downstream detectors do provide lane by lane volume and occupancy. All of the 

system detectors are deployed 300ft upstream of the approach intersection stop line. 

Jessup Dr. & US 70 Timber Dr. & US 70 

Garner Towne Square & US 70 Yeargan Rd. & US 70 

Figure 4-20 US 70 Arterial Intersection Geometry with Detector Location 
 

Five Bluetooth units (see Figure 4.21) were deployed on the US 70 arterial to measure arterial 

travel time. Each Bluetooth location is depicted in Figure 4.21. Spacing between BT1 and BT2 is 

0.23 miles, BT2 and BT3 0.25 miles, BT3 and BT4 0.23miles and BT4 and BT5 0.34Miles. The 
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total distance between BT1 to BT5 is 1.05 miles.  The data and findings at this pilot site are 

described in detail in Chapter 5.   

 

Figure 4-21 Bluetooth Locations on US 70 Arterial in Garner 
 

4.4.2 Other Data Collection Sites 

As mentioned in Chapter 3, the project team along with NCDOT selected three study sites. The 

other two sites are on the NC 55 arterial in Apex, NC and US 70 in Clayton. Detailed site 

information was provided in Figure 3.2 in Chapter 3.  

Similar to the pilot site, the team collected OASIS split monitor log, detector log as well as 

Bluetooth travel time and INRIX TMC travel time data for the NC 55 arterial in Apex. 

The US 70 arterial in Clayton was selected as the test bed for high resolution data collection. 

Sensys wireless sensors with APCCs, Repeaters and Access Points were installed on the arterial. 

In addition, both BluFAX and BlueMAC devices are used for monitoring and collecting travel 

time data.  

4.5 Summary 

In this chapter, the available data sources from current NCDOT closed loop systems are 

investigated.  Additional data collection systems and plans were also introduced.  

The OASIS system temporally archives seven log files in its RAM.  Archived log files can be 

downloaded using the TransLink 32 software. The project team focused on “Split Monitor Logs” 

and “Detector Logs”. Split monitor logs provide each phase allotted green time and displayed 
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green time in the field. Those data indicate the dynamic green duration and sequence which is 

directly related with each phase’s dynamic g/C and capacity. Detector logs provide a minimum 

one minute resolution of vehicle counts (or calls) along with occupancy and speed. The quality of 

detector logs depends on the detector configuration. Lane-based detectors provide more accurate 

information compared to link-based detectors since they avoid the undercount of link based 

detectors. In addition, OASIS detector logs for both occupancy and speed round-down their 

calculations when the system archives its calculations. 

GPS enabled floating car and Bluetooth devices are used for arterial travel time and speed 

monitoring.  RTMS and video cameras with DVR were deployed for testing the quality of the 

OASIS log file. In addition, Sensys wireless sensors are installed on the US 70 arterial in Clayton 

for contrasting the capability of high resolution data against the coarser aggregated data produced 

by other devices. 

Three arterial field studies were conducted during several months in 2012 and 2013. The 

project team conducted the first field study on the US 70 arterial in Garner where it collected 

OASIS log data, RTMS unit data, video data, Bluetooth travel times, GPS enabled floating car 

travel time and speed data.   

The second field study was conducted at the NC 55 arterial in Apex. All signalized intersection 

OASIS log data, Bluetooth arterial travel time data and INRIX TMC data were collected. The third 

field study site was on US 70 in Clayton. At that site, the project team collected high resolution 

detector data using Sensys wireless sensors along with OASIS log data, and Bluetooth travel time 

data. Findings from all three sites are provided in the next few chapters.  

  



Draft Final Report NCDOT RP-2012-12 76 

 

 

CHAPTER 5.  INVESTIGATE RELATIONSHIPS AND DEVELOP CANDIDATE 

MODELS (TASK 5) 

The US 70 arterial in Garner, NC is selected as a pilot study site. The purposes of selecting the 

pilot study site are: 

• Conducting a detail travel speed (time) study, 

• Monitoring OASIS Split Monitor Logs, 

• Monitoring OASIS Detector Log and data quality test 

• Development of a possible monitoring model, 

In this Chapter, OASIS log data for the selected pilot sites, current timing plans, and arterial 

travel times (speed) are presented. Several performance monitoring methods for intersection and 

arterial streets are introduced in this Chapter. 

5.1 Current Signal Timing Plan 

The US 70 arterial in Garner, NC consists of four intersections: Jessup Dr, Timber Dr, Garner 

Towne Square, and Yeargan Rd. intersections. All weekdays (Monday to Friday) have the  same 

time of day plan: AM Peak, Midday, and PM peak plans. The intersection spacing is 1,080ft, 990ft 

and 1,770ft from Jessup to Yeargan. Table 5.1 shows US 70 Garner arterial time of day plan.   

Table 5-1 US 70 Garner Arterial Time of Day Plan 

Monda
y to  

Friday 

Plan 
Plan Start 

time 

Plan 
End 
time 

Cycle 
(s) 

Offset (s) 
Plan 

Number Jessup Timber 
Garne

r 
Yeargan 

1 6:15:00 11:00:00 120 62 55 45 115 10-1 

2 11:00:00 16:00:00 170 0 10 155 70 23-1 

3 16:00:00 19:00:00 170 145 0 10 15 21-1 
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A common cycle length of 120 seconds is used for the AM peak plan. For the midday and PM 

peak plans the common cycle length is 170 seconds. The Time Of Day (TOD) plan starts at 6:15 

AM and ends at 19:00 PM. Table 5.2 through Table 5.5 show intersection signal timing parameters 

(cycle, split and phase sequence) for the US 70 arterial. The coordinated phases are phase 2 and 6 

which are East and West directions. 

Table 5-2 Jessup Dr. Intersection Programmed Signal Timing 

Plan 
Number 

Phase 
Sequence 

Split (s) 
Cycle 

(s) Phase 
1 

Phas
e 5 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phas
e 8 

10-1 Lag Lead 20 75 0 25 20 75 0 25 120 

23-1 Lead Lead 25 125 0 20 15 135 0 20 170 

21-1 Lead Lead 30 120 0 20 20 130 0 20 170 

 

Table 5-3 Timber Dr. Intersection Programmed Signal Timing 

Plan 
Number 

Phase 
Sequence 

Split (s) 
Cycle 

(s) Phase 
1 

Phas
e 5 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phas
e 8 

10-1 Lead Lead 15 50 35 20 15 50 15 40 120 

23-1 Lag Lead 20 77 25 48 16 81 48 25 170 

21-1 Lead Lag 20 77 25 48 16 81 48 25 170 

 

Table 5-4 Garner Towne Square Intersection Programmed Signal Timing 

Plan 
Number 

Phase 
Sequence 

Split (s) 
Cycle 

(s) Phase 
1 

Phas
e 5 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phas
e 8 

10-1 Lead   20 75 0 25 0 95 0 0 120 

23-1 Lead   25 120 0 25 0 145 0 0 170 

21-1 Lead   25 120 0 25 0 145 0 0 170 
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Table 5-5 Yeargan Rd. Intersection Programmed Signal Timing 

Plan 
Number 

Phase 
Sequence 

Split (s) 
Cycle 

(s) Phase 
1 

Phas
e 5 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phas
e 8 

10-1 Lag Lead 25 60 0 35 17 68 0 35 120 

23-1 Lag Lead 25 105 0 40 25 105 0 40 170 

21-1 Lead Lag 25 110 0 35 25 110 0 35 170 

 

5.2 Travel Time Studies 

Travel time on the study site data was collected during two weeks form March 12, 2012 to 

March 23, 2012. Travel time data methods are: 

1- Floating car 

2- Bluetooth 

3- INRIX 

5.2.1 Floating Car 

Floating car travel times are collected along the subject arterial by using Geologger, Tru-

Traffic, and TravTime software. Table 5.6 shows the result of 21 travel time runs for the EB and 

22 runs for the WB in AM peak (7am to 9am). In order to properly analyze the travel time statistics, 

two scenario maps were created for segmenting runs. The first map began at an arbitrary distance 

upstream of Jessup St. and ended at an arbitrary distance downstream of Yeargan for the eastbound 

direction. This method was reversed for the westbound direction. However, the arbitrary distance 

contributed to several problems in estimating travel time statistics. First, possible routes that began 

or ended after or before the beginning and end of the routs may have been skipped. These arbitrary 

distances would also yield an unrealistic travel time between Jessup and Yeargan as the distance 

travelled would be longer. In order to determine correct travel time statistics, a second scenario 

map was created with segments that began and ended at Jessup and Yeargan, respectively. This 
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way, reliable travel time information was provided for the distance between the two intersections. 

However, this scenario would ignore vehicles that had to stop at Jessup heading Eastbound and 

Yeargan heading Westbound, which would be detrimental to analyzing the signal coordination. 

When looking at the first scenario map runs, it could be determined that four runs had to stop at 

these intersections, three at Jessup, and one at Yeargan. Using the results produced by the first 

scenario, the stopped times at these intersections for these runs were added to the travel times of 

the runs produced by the second scenario. This produced accurate travel time runs for the corridor 

for Jessup through to Yeargan Eastbound on US 70 and Yeargan to Jessup Westbound on US 70. 

It also took into account the delay at the first intersections and added it to the total travel time, 

which also allowed for proper evaluation of the signal coordination.  

Table 5-6 Floating Car Travel Time for Full Segment 

 
US 70 EB

(sec) 
US 70 WB 

(sec) 

Sample Size 21 22 

Average Travel Time 76.9 75.5 

Number of Stop 

0 stops 58.66 67.29 

1 stop 102.68 83.9 

2 stops - 111.6 

Average Speed 33.41 34.06 

Number of Stop 

0 stops 43.36 39.13 

1 stop 24.85 30.27 

2 stops - 23.07 

Minimum Travel Time 46.2 49.8 

Maximum Travel Time 123 112.2 

Average Number of Stop 0.52 0.5 

Average Stopped Time 12 4.8 

LOS C B 

TTI Index 1.35 1.32 
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The total number of stops was increased from eighteen in the first run to 22 in the last run. The 

average number of stops and average stopped times were adjusted. All other average totals were 

not adjusted as the effects on them would be negligible. The results exported from TravTime and 

adjusted for accuracy are displayed Table 5.6. Figure 5.1 and Figure 5.2 shows the travel time 

distributions associated with the number of stops on the eastbound and westbound approaches, 

respectively. 

 

 
Figure 5-1 Travel Time Distribution by Number of Stops on EB 

 
Figure 5.1 and Figure 5.2 provide clear evidence that arterial travel time has multi-modal 

distribution. In addition, travel time is highly correlated to the number of stop.   
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Figure 5-2 Travel Time Distribution by Number of Stops on WB 

 

Table 5.7 shows the average travel speed on the corridor links and the average running speed 

on the links where vehicles do not have to stop. It can be seen that on links where the running 

speed is nearly equivalent to the average travel speed, vehicles do not have to stop at the 

downstream intersection. These links are Timber-GTS, GTS-Yeargan, and Timber-Jessup.    

Table 5-7 Floating Car Travel Time for Each Section 

Direction Checkpoint Average Travel Speed (mph) Running Speed (mph) 

EB 
 

Jessup-Timber 20.93 36.7 

Timber-GTS 42.14 42.68 

GTS-Yeargan 48.62 48.96 

WB 
 

Yeargan-GTS 36.05 42.3 

GTS-Timber 27.9 36.22 

Timber-Jessup 44.53 44.84 
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Figure 5.3 displays the trajectories of vehicle runs completed using Tru-Traffic in the Time-

Space Diagram in the AM peak plan. This figure shows the progression of vehicles through the 

arterial street.  Determining whether a vehicle has to stop or not depends on the time it progresses 

through the upstream intersection. An example of this can be seen as vehicles travel from Jessup 

St. to Timber St. All of the vehicles that leave Jessup St. during the beginning of the green band 

are able to travel s through the entire westbound corridor without a stop. However, vehicles that 

leave Jessup at a later time during the green band are likely stop at Timber St. More than 50% of 

time the Yeargan intersection released vehicles earlier than its programmed offset (due to early 

return to green) and most of those early released vehicles had to stop at downstream intersections.   

 
Figure 5-3 Travel Time Collection and Trajectory in Time-Space Diagram 

 

Figure 5.4 and Figure 5.5 show the corridor time-space diagram with floating car trajectories 

and allows for an easier representation of signal coordination. It can be observed that eastbound 

vehicles only stopped at either Jessup or Timber and on rare occasions at both. Once any eastbound 
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vehicle cleared the Timber Drive intersection, it was able to progress through the intersection 

without a stop. Westbound vehicles stopped at Yeargan, Garner Town Square, and Timber. While 

no vehicles had to stop at all three, several had to stop at either Yeargan or Garner Town Square 

and Timber. It can be observed that there is a high probability of two stops one at Garner Town 

Square and another at Timber Drive for vehicles that are not in leading positions in platoons. Figure 

5.3 illustrates this and it can be seen in further detail in TravTime (see Figure 5.5 and Figure 5.6), 

that vehicles near the beginning of a queue or platoon that began at Garner Town Square were 

always able to clear the Timber Drive intersection without stopping. No vehicles had to stop once 

they progressed past Timber Dr. as Jessup is well coordinated with Timber.  

 
Figure 5-4 U.S. 70 Eastbound Corridor Space/Time Trajectories 
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Figure 5-5 U.S. 70 Westbound Corridor Space/Time Trajectories  

 

Table 5.8 displays the number of travel time runs with zero, one, and two stops in each 

direction. Over half of the runs traveled through the arterial without a stop in each direction. While 

the westbound direction allowed for a larger number of runs without a stop, it also had more runs 

with multiple stops. The overall number of stops for both directions was the same at eleven. 

Eastbound direction had a heavier traffic level in the AM peak (study period) and consequently is 

associated with a higher number of stops.  

The coordination in the corridor does a good job of servicing the vehicles in platoons as they 

progress through the corridor by limiting the number of vehicles that have to make a stop. Even 

with the heavier traffic and congestion limitation, the westbound direction is able to allow more 

vehicles to traverse the intersection unimpeded than the eastbound. The appropriate direction is 

being given priority. 
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Table 5-8 Number of Stops and Percentage from Floating Car 

WB 0 stops 1  stop 2 stops 

Number 14 5 3 

Percentage 63.64% 22.73% 13.64% 

EB 0 stops 1 stop 2 stops 

Number 11 9 1 

Percentage 52.38% 42.86% 4.76% 

 

5.2.2 Bluetooth 

As mentioned earlier, five Bluetooth units are deployed on the US 70 arterial in Garner, NC. 

Using two weeks of Bluetooth data collected on Tuesdays, Wednesdays, and Thursdays (from 

March 12. 2012 to March 23. 2012), the US 70 EB and WB travel time distributions are built.  

The total EB sample size is 113 vehicles for 7:00 to 800 AM period and 124 for 8:00 to 9:00 

AM period. Average travel time for EB and WB directions were 1.85 and 1.75 minutes and 

standard deviation was 0.49 and 0.479, respectively. The travel time distribution is multimodal 

depending on number of stops. 

 

Figure 5-6 U.S. 70 Eastbound Travel Time Distribution (7AM to 8AM)  
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Figure 5-7 U.S. 70 Eastbound Travel Time Distribution (8AM to 9AM) 
 

The two AM study periods on US 70 WB approach have sample sizes of 267 and 180. 

Westbound average travel time and speed during 7:00 to 8:00 AM are 2.082 minutes and 30.259 

miles/hour.  From 8:00 to 9:00 AM average travel time was 1.8 minutes and average travel speed 

was 35miles/hour.  

 

Figure 5-8 U.S. 70 Westbound Travel Time Distribution (7AM to 8AM) 
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Figure 5-9 U.S. 70 Westbound Travel Time Distribution (8AM to 9AM) 
 

5.2.3 Travel Time Comparison 

Table 5.9 displays a comparison the Bluetooth and Geologger travel times. The Bluetooth 

travel times were produced by BlueSTATS while the Geologger travel times were produced by 

TravTime.  

Table 5-9 Floating Car vs Bluetooth Travel Time  

 

EB (WB) Sample Size 
EB (WB) Average of  

Travel Time 
EB (WB) Standard 

Deviation of Travel Time 

Floating Car Bluetooth Floating Car Bluetooth Floating Car Bluetooth 

70-Jessup 21  
(22) 

225  
(523) 

22.2  
(16.8) 

25.8  
(22.2) 

10.2 
(1.2) 

13.2 
(10.8) 

Jessup-Timber 21  
(22) 

256  
(308) 

38.4  
(29.4) 

41.4  
(36) 

22.8 
(7.2) 

26.4 
(19.8) 

Timber-GTS 21  
(22) 

265  
(659) 

18.6  
(26.4) 

22.8  
(28.2) 

1.2 
(9) 

12 
(11.4) 

GTS-Yeargan 21  
(22) 

288  
(739) 

24.6  
(29.4) 

30  
(36.6) 

2.4 
(9) 

12 
(16.2) 

Route 21  
(22) 

237  
(447) 

103.8  
(101.4) 

108  
(118.2) 

27 
(19.8) 

29.4 
(35.4) 

 

0

5

10

15

20

25

30
1

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

1.
7

1.
8

1.
9 2

2.
1

2.
2

2.
3

2.
4

2.
5

2.
6

2.
7

2.
8

2.
9 3

3.
1

3.
2

3.
3

3.
4

3.
5

3.
6

3.
7

3.
8

3.
9 4

M
or

e

US 70 WB Yeargan to Jessup 8:00 to 9:00 AM Travel Time Distribution



Draft Final Report NCDOT RP-2012-12 88 

 

 

The values listed are fairly similar for the route and link values. While the Bluetooth data has 

a larger sample size, it has a higher variability in travel time. This unreliability originates from not 

knowing the path or route of the vehicles that travelled the arterial. While all floating car runs were 

straight through, the Bluetooth runs could vary in their path and also have mismatches. 

5.3 OASIS Detector Log Monitoring 

As mentioned in Chapter 4, OASIS provides vehicle counts, which consists of three attributes: 

a) vehicle volume, b) percentage of detector occupancy during a fixed time interval, and c) the 

space mean speed. OASIS system can report data with a minimum of one minute aggregation 

level.. In addition, non-coordinated movement lanes normally have long loop detectors operating 

in the “present” mode. Furthermore, no detector is used for right turn lanes typically, making it 

difficult to determine the exact volume of non-coordinated movements. 

5.3.1 Detector Log Data Quality 

NCDOT typically uses 6x6 single loop detectors in its closed loop systems as a downstream 

detector. The research team collected system detector log as well as video data to capture approach 

volumes. Recorded video files are manually processed to calculate minute-by-minute volumes.  

The video was recorded in midday on April 13, 2012 for the Timber Dr. intersection EB 

direction. Timber Dr. intersection EB approach has two type of system detectors: link-based and 

lane-based detectors. Figure 5.10 shows detector configurations on Timber Dr. intersection. There 

are three system detectors 300 feet upstream of the EB stop line but lane 2and lane 3 detectors are 

tied together so they only provide aggregated counts across both lanes.  
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Figure 5-10 Detector configuration of Timber Dr. Intersection on US 70 
 

The Table 5.10 shows video count results compared with the OASIS detector log. The first 

lane has lane-based detectors and counts the difference between video and detector log, which is 

6 vehicles. The detector error rate is 1.17%. Lane-based OASIS detector log provides quite 

accurate volume information. However, the link-based detector error rate is 7.59% during the 

midday period (1 hour). The link-based detector volume error rate is increased during peak hour 

since high demand rates will increase the chance to occupy link-banded detector at the same time. 

Table 5-10 OASIS Detector Log with Video Counts Comparison  

 Lane 1 Lane 2 & 3 
Time Stamp OASIS Video Count OASIS Video Count

4/13/2012 11:56 5 6 9 7 
4/13/2012 11:57 5 4 11 6 
4/13/2012 11:58 14 13 8 18 
4/13/2012 11:59 10 7 9 14 
4/13/2012 12:00 7 6 10 7 
4/13/2012 12:01 10 11 15 17 
4/13/2012 12:02 4 8 13 11 
4/13/2012 12:03 10 12 16 12 
4/13/2012 12:04 7 5 10 11 
4/13/2012 12:05 7 6 12 14 
4/13/2012 12:06 8 11 19 17 
4/13/2012 12:07 7 7 12 13 
4/13/2012 12:08 6 5 10 11 
4/13/2012 12:09 15 14 10 21 
4/13/2012 12:10 9 8 11 13 

EB 
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4/13/2012 12:11 5 6 9 8 
4/13/2012 12:12 14 12 12 21 
4/13/2012 12:13 4 3 10 10 
4/13/2012 12:14 8 7 8 10 
4/13/2012 12:15 16 15 10 19 
4/13/2012 12:16 5 9 15 12 
4/13/2012 12:17 5 4 7 8 
4/13/2012 12:18 14 15 17 23 
4/13/2012 12:19 4 8 11 12 
4/13/2012 12:20 7 6 11 6 
4/13/2012 12:21 7 7 11 16 
4/13/2012 12:22 6 7 8 8 
4/13/2012 12:23 15 16 21 19 
4/13/2012 12:24 12 11 9 15 
4/13/2012 12:25 3 7 11 9 
4/13/2012 12:26 10 11 9 10 
4/13/2012 12:27 6 4 9 11 
4/13/2012 12:28 4 2 6 9 
4/13/2012 12:29 11 14 17 14 
4/13/2012 12:30 8 5 10 13 
4/13/2012 12:31 6 8 12 11 
4/13/2012 12:32 9 10 16 7 
4/13/2012 12:33 7 8 11 12 
4/13/2012 12:34 7 9 11 8 
4/13/2012 12:35 7 7 12 12 
4/13/2012 12:36 9 8 14 16 
4/13/2012 12:37 6 8 10 13 
4/13/2012 12:38 9 9 15 15 
4/13/2012 12:39 7 5 9 12 
4/13/2012 12:40 13 8 16 15 
4/13/2012 12:41 12 13 14 14 
4/13/2012 12:42 4 6 6 12 
4/13/2012 12:43 16 17 21 17 
4/13/2012 12:44 8 2 9 12 
4/13/2012 12:45 6 3 4 6 
4/13/2012 12:46 12 12 16 14 
4/13/2012 12:47 9 7 13 14 
4/13/2012 12:48 6 7 9 9 
4/13/2012 12:49 12 15 22 14 
4/13/2012 12:50 7 9 13 12 
4/13/2012 12:51 7 8 9 7 
4/13/2012 12:52 15 7 12 23 
4/13/2012 12:53 8 11 17 15 
4/13/2012 12:54 10 8 10 10 
4/13/2012 12:55 15 12 14 20 

Sum 515 509 711 765 
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5.3.2 RTMS Unit 

An RTMS unit is installed on the Timber Dr. intersection on the US 70 arterial. Figure 5.11 

shows the location of the RTMS unit. The device is calibrated by a manual count and it covers 

both directional movements.  

 

Figure 5-11 RTMS Unit Location Map 
 

RTMS Provides one minute aggregated volume, occupancy, and speed data similar to OASIS 

detector log. The collected RTMS data is compared with manually counted video data during 1 

hour PM Peak (5:30 to 6:30). The video recording shows 569, 576, and 216 vehicles for EB first 

lane, second lane and third lane, respectively. The RTMS unit provides 534, 561, and 694 vehicles 

for the same time duration. The EB third lane counts shows a significant difference since RTMS 

counts include most of the right turn vehicles. After manually filtering out the right turn vehicles, 

the third lane vehicle counts are 156. RTMS underestimated vehicle counts by 8.08%. The one 

hour count difference between RTMS and video count is 87 vehicles (video counts: 1,224 and 
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RTMS counts: 1,096) for WB direction and the error rate is 10.45%. At the same time, OASIS 

detector log’s error rate for WB is 3.92% (total counts: 1,176). The results indicate that inductive 

loop detectors provide more accurate volume information than RTMS units.  

5.3.3 Volume Profile with Time of Day Plan 

Lane-based inductive loop detectors provide quite accurate volume information. OASIS 

detector log file was used for generating volume profile from March 1 to March 14, 2014. Figure 

5.12 show the results of two weeks (8 weekdays data: Tuesday to Thursday) average volume 

profile from OASIS detector log and different time of day plans. The red line indicates WB two 

weeks average of 15 minutes flow rate per lane and blue line shows EB two weeks average of flow 

rates. In addition, Orange lines are time-of-day breakpoints. Outside of time-of-day breakpoint, 

which means before 6:15 AM and after 7:00PM, the signals run in free-run mode.  

 

Figure 5-12 US 70 Volume Profile 
 

0

100

200

300

400

500

600

700

800

15
 M

in
ut

e 
Fl

ow
 R

at
e 

Pe
r L

an
e

Time

US 70 Arterial in Garner NC Volume Profile

EB 15 Minute Flow Rate per Lane WB 15 Minute Flow Rate per Lane

Plan 1 Plan 2 Plan 3

6:15 11:00 16:00 19:00 



Draft Final Report NCDOT RP-2012-12 93 

 

 

The plot shows that the AM and PM peak volumes are captured reasonably well by the current 

TOD plans. However, after the PM peak plan breakpoint, there is still considerable demand, so 

there may be some benefits in adding another PM plan after 7 PM with a short cycle length.   

5.4 OASIS Split Monitor Log Monitoring 

In Chapter 4, the OASIS Split Monitor log data format was introduced. OASIS provides 

detailed information about each phase’s displayed green time, which does not include yellow and 

all red times. This log file allows the operator to monitor current as well as historical used green 

time distribution, g/C ratio, early return to green distribution and non-coordinated phase gap-out 

and max-out percentage in each phase. 

5.4.1 Coordinated Phase g/C Profile 

Intersection capacity is determined by g/C ratio and saturation flow rate (saturation headway). 

The capacity of a given lane group is: ܿ = ܰ ∗ ݏ ∗  ܥ݃

Where, c: lane group capacity, 

N: Total number of lanes for the given lane group, 

s: Adjusted saturation flow rate for the given lane group, 

g: Effective green time for the given movement, and 

C: Cycle length of the intersection. 

A semi-actuated controller does not allocate a green signal to side streets as long as there is no 

demand for it. The controller allows skipping or gapping out of that specific phase so that the 

unused green time is allocated to the major street. This is called an “early return to green.” Also, 

the coordinated phases green can be extended until the yield point or next reference point. 

Therefore, each cycle green duration is dynamic. Therefore, programmed greens of coordinated 
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phases indicated minimum amount of green duration for coordinated movements. However, 

programmed effective green value (minimum effective green value) is conventionally used for 

estimating lane group capacity, intersection signal failure, and level of service due to absence of 

field observed effective green information.  

Table 5.11 shows the programmed g/C ratio and average of split monitor g/C (over six 

weekdays) for Timber Dr. intersection, which is the critical intersection on US 70 arterial in 

Garner, NC. In case of US 70 Timber Dr. intersection, 23% more green was provided compare to 

programmed green during AM plan.  18% and 20% more green was provided during MD plan for 

phase 2 and phase 6, respectively. During PM plan, 10% more green was provided for phase 2 and 

12 % of more green was provide for phase 6. 

Table 5-11 Timber Dr. Intersection Programmed g/C and Field g/C Comparison 

 AM MD PM 

Phase 
Phase 2 

(EB) 
Phase 6 

(WB) 
Phase 2 

(EB) 
Phase 6 

(WB) 
Phase 2 

(EB) 
Phase 6 

(WB) 

Cycle 120 170 170 

Sample size 827 cycles 626 cycles 375 cycles 

Average of Used 
Green 55.08 55.31 84.42 91.5 77.88 83.6 

Split Monitor g/C 0.46 0.46 0.5 0.54 0.46 0.49 

Programmed 
Green 42 42 69 73 69 73 

Programmed g/C 0.35 0.35 0.41 0.43 0.41 0.43 

 

Figure 5.13 and Figure 5.14 show g/C profile plots over six weekdays. The black lines indicate 

coordinated phase’s average profile. The g/C plot illustrates that even critical intersection has 

considerably larger field g/C than its programmed g/C.  
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Figure 5-13 Phase 2 g/C Profile for Timber Dr. Intersection 
 
 

 

Figure 5-14 Phase 6 g/C Profile for Timber Dr. Intersection 
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phase 6 in the AM plan. 19% and 21% more green was provided during MD plan for phase 2 and 

phase 6, respectively. During PM plan, 21% more green was provided for phase 2 and 22% more 

green was provide for phase 6. 

Table 5-12 Jessup Dr. Intersection Programmed g/C and Field g/C Comparison 

 AM MD PM 

Phase 
Phase 2 

(EB) 
Phase 6 

(WB) 
Phase 2 

(EB) 
Phase 6 

(WB) 
Phase 2 

(EB) 
Phase 6 

(WB) 

Cycle 120 170 170 

Sample size 815 cycles 622 cycles 361 cycles 

Average of Used 
Green 96 106 143 153 137.7 151.3 

Split Monitor g/C 0.797 0.88 0.84 0.90 0.81 0.89 

Programmed 
Green 69 69 119 129 114 124 

Programmed g/C 0.575 0.575 0.7 0.758 0.67 0.729 

 

Figure 5.15 and Figure 5.16 shows g/C profile for coordinated phases in Jessup Dr. 

intersection.  The g/C plot illustrates that the coordinated movements’ lane group on non-critical 

intersection has considerably more g/C ratio compared to the programmed greens. The average 

g/C line for six weekdays shows that it never reaches its low boundary, which is the programmed 

g/C. In addition, even single day’s plot also hardly hits the programmed g/C line.  The g/C plot 

gives important information about coordinated movement lane group’s capacity. According to our 

findings, coordinated movement lane group’s capacity is much higher than its programmed 

capacity. 
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Figure 5-15 Phase 2 g/C Profile for Jessup Dr. Intersection 
 

 

Figure 5-16 Phase 2 g/C Profile for Jessup Dr. Intersection 
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5.4.2 Flow Rate over Capacity 

Average capacity is derived from six weekdays (Tuesday to Thursday) average g/C ratio. 

Adjusted saturation flow rate is 1,800 veh/h/ln. Figure 5.17 and Figure 5.18 shows the Timber Dr. 

intersection's estimated capacity and flow plots for coordinated phases. Only EB direction demand 

level becomes close to its capacity during PM peak hour. There is enough capacity to serve demand 

for both directions. Therefore, there are no high chances to have signal failure. However, these 

plots are derived from six weekday average g/C with a15-minute aggregated detector volumes. It 

is better to use cycle-by-cycle detector volumes and displayed green durations for more accurate 

analysis. OASIS split monitor log provides cycle-by-cycle used green time duration, but detector 

log does not provide vehicle actuation log. Since detector log provides minimum 1 minutes 

aggregated resolution data, it is difficult to directly match green time with its demand.  

 

Figure 5-17 Phase 2 g/C Profile for Timber Dr. Intersection 
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Figure 5-18 Phase 6 g/C Profile for Timber Dr. Intersection 
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Figure 5.19 and Figure 5.20 shows (critical intersection) the distribution of early return to green 

for coordinated phases for 824 cycles at Timber Dr. intersection. Although the Timber Dr. 

intersection is a critical intersection, there are only 9.1% and 7.2% of zero early return to green. 

For more than 90% of time during the AM period, Timber intersection has early return to green 

while there is zero green extension. 

 

Figure 5-19 Phase 2 Early Return to Green Distribution for Timber Dr. Intersection 
 

 

Figure 5-20 Phase 6 Early Return to Green Distribution for Timber Dr. Intersection 
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Figure 5.21 and Figure 5.22 illustrates Jessup Dr. intersection's (non-critical intersection) early 

return to green distribution. There are more zero early return greens compare to Timber Dr. 

intersection. However, in case of phase 2 (EB), there are 200 zero early return to green but only 

119 cycles are fully extended. So, there is only 1 zero early return to green and the percentage is 

0.12%. In case of phase 6, all of 286 cycles of zero early return to green happened due to full green 

extension, so there are no pure zero early return to green.  

The early return to green distribution is multi-modal and is affected by conflict phase gap out 

or skips. As mentioned above, it is difficult to pick up one number that can nicely represent a 

specific intersection’s early return to green.  

 

Figure 5-21 Phase 2 g/C Profile for Jessup Dr. Intersection 
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Figure 5-22 Phase 6 g/C Profile for Jessup Dr. Intersection 
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Table 5-13 Timber Intersection Phase 1 and 5 Displayed Green Time 

 Phase 1 Phase 5 

Displayed Green Time Frequency Percentage Frequency Percentage 

0 312 37.7% 315 38.1% 

7 (minimum green) 354 42.8% 404 48.9% 

8 95 11.5% 80 9.7% 

9 22 2.7% 9 1.1% 

10 18 2.2% 10 1.2% 

11 11 1.3% 3 0.4% 

12 7 0.8% 3 0.4% 

13 4 0.5% 1 0.1% 

14 1 0.1% 1 0.1% 

15 2 0.2% 0 0.0% 

16 0 0.0% 1 0.1% 

17 1 0.1% 0 0.0% 

Total 827 100% 827 100% 

 

 

Figure 5-23 Phase 1 and Phase 5 Displayed Green Distribution on Timber Dr. Intersection 
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Phase 1 used a lag phase so it cannot gap out until phase 6 is terminated. Therefore, most of time 

(63.9% of time), phase 1 used all of its programmed time while phase 5 was maxed-out only 

0.12%.    

 

Figure 5-24 Displayed Green Distribution on Jessup Dr. Intersection for AM Plan 
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inefficiencies of a lag phase. The percentage of skipping during the AM plan for phase 1 is 36.1% 

while phase 1 only skipped 3.88% of time during the PM plan.  

 

Figure 5-25 Displayed Green Distribution on Jessup Dr. Intersection for PM Plan 
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Travel time studies show the relationship between the number of stops and arterial travel time. 

From OASIS split monitor information, it is possible to monitor real-world bands cycle-by-cycle, 

hereafter called “Dynamic Bandwidth”.  

5.5.1 Conventional Bandwidth 

The Federal Highway Administration Traffic Signal Timing Manual defines Bandwidth as "the 

maximum amount of green time for a designated movement as it passes through a corridor”. Traditional	 bandwidth	 is	 decided	 by	 ideal	 travel	 time,	 offset,	 and	 constant	 green	 and	 is	constant	in	all	cycles.	

Figure 5-26 AM Plan Programmed Bandwidth for US 70 Arterial in Garner, NC 
 

The Monday to Friday AM plan’s programmed outbound bandwidth is 39 seconds and inbound 

bandwidth is 43 seconds, which is calculated by programmed green with current offset. Therefore, 

outbound bandwidth efficiency is 32.5% and inbound bandwidth efficiency is 35.83%. The 

arterial’s two-way bandwidth efficiency is 34.16%.  Figure 5.26 shows outbound and inbound 

programmed bands. 

5.5.2 Dynamic Bandwidth 

Dynamic bandwidth should be determined using intersection dynamic green durations. Figure 

5.27 shows an example of cycle-by-cycle real-world bandwidth on US 70 arterial in Garner, NC. 
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Each intersection’s cycle-by-cycle green duration is calculated from OASIS's split monitor log and 

cycle-by-cycle bandwidths are calculated manually.  

 

Figure 5-27 Dynamic Bandwidth on US 70 Arterial in Garner, NC 
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Figure 5-28 Dynamic Bandwidth on US 70 Arterial in Clayton, NC 
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dynamic bandwidth is difficult and time consuming. In addition, there is no tool to allow 

monitoring cycle-by-cycle bandwidth. This research developed such a tool.  

5.6 Dynamic Bandwidth Analysis Tool 

Dynamic Bandwidth Analysis Tool (DBAT) was developed for monitoring near real-time 

arterial dynamic bandwidth. Departing from the traditional method of defining bandwidth size 

using ideal travel time, offsets, and programmed green, the dynamic bandwidth is determined for 

each cycle using the actual coordinated green durations. 

5.6.1 Processing OASIS Split Monitor Raw Data  

An arterial street’s bandwidth over the given sample of recorded cycles is the summation of 

the individual bandwidths in each cycle, as shown in Figure 5.29. Cycle-by-cycle dynamic greens 

are generated from OASIS split monitor log. 

 

Figure 5-29 Dynamic Bandwidth Example 
 

The following data items from the OASIS split monitor log are key to establishing the actual 

duration of each cycle’s coordinated greens. 

• SMTimeStamp: Start time of each cycle (reference point) 
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• ExtraTimeCP: Remaining time in the current cycle, which is going to be used by the 

 coordinated phase (Used green time before reference point) 

• UsedPhase: Actual green time, which is used in the current cycle for each phase (Used 

 green time after reference point) 

Figure 5.30 shows split monitor data for two cycles. In this example, the left-turn phase 

sequence is Lead-Lead so phases 2 and 6 start together. However, the ExtraTime for phase 2 has 

13 seconds and ExtraTime for phase 6 has 27 seconds in the first cycle's. Therefore, phase 2 start 

13 seconds earlier and phase 6 starts 27 seconds later than reference point (which is 6:34:54) in 

the second cycle. In addition, phase 2 and phase 6 in the second cycle will be terminated 42 seconds 

from the reference point. 

 

Figure 5-30 Split Monitor Example 
 

Let ܫ, ,ܬ and	ܭ respectively denote the set of all intersections in the arterial system, all cycles, 

and both directions of traffic. Let ݔ௜,௝,௞ and ݕ௜,௝,௞ respectively represent the start and end time of 

the green phase in cycle ݆ ∈ ݅ at intersection	ܬ ∈ ݇	in direction ܫ ∈ ௜,௝ݐ and ;ܭ  be the reference 

point (SMTimeStamp) in cycle ݆ ∈ ݅	at intersection	ܬ ∈  (ExtraTimeCP) denote the time	Let ݁௜,௝,௞ .ܫ

difference between the start time of through movement green duration in cycle ݆ ∈  for direction	ܬ
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݇ ∈ ݅ at intersection ܭ ∈  ௜,௝,௞ (UsedPhase) denote the amount ofݑ and the reference point. Let ܫ

used green time started from ݐ௜,௝ in cycle ݆ ∈ ݅	at intersection	ܬ ∈ ݇	for direction ܫ ∈ -The cycle .ܭ

by-cycle dynamic green is defined by following equations:  ݔ௜,௝,௞ = ௜,௝ݐ − ݁௜,௝ିଵ,௞, ∀݅ ∈ ,ܫ ∀݆ ∈ ,ܬ ∀݇ ∈ ௜,௝,௞ݕ ܭ = ௜,௝ݐ + ݅∀  ,௜,௝,௞ݑ ∈ ,ܫ ∀݆ ∈ ,ܬ ∀݇ ∈  ܭ

 
5.6.2 Development of DBAT  

DBAT was developed in the C++ programming language. When DBAT reads input data from 

a dialog box, it generates each intersection’s actual coordinated green time as an array. This 

process requires defining each intersection’s green start and end time. The data processing 

equations shown above are an OASISTM specific example. For different traffic control software, 

these equations would need to be modified to match the software’s signal data archive convention, 

to provide accurate green time calculations and time referencing. 

DBAT directly reads the split monitor log file and creates dynamic green durations for each 

intersection and then generates a Boolean array of each intersection dynamic green and red. 

Afterwards it initializes the clock time to zero and rearranges each intersection’s first green start 

time from the given offset value in the DBAT dialog box. By definition, DBAT sets the first 

intersection as the reference intersection. Therefore, the bandwidth search always starts at the first 

intersection and the first green. The minimum search interval is one second, and DBAT calculates 

bandwidth by counting the number of seconds that would accommodate a through vehicle 

trajectory traveling at the specified progression speed without encountering a red indication at any 

of the intersections. The progression speed (an input into the dialog box) is the slope of the vehicle 

trajectory. The rearranged Boolean array indicates each intersection’s signal status.  
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DBAT creates a virtual vehicle trajectory for each second of the green durations at the first 

intersection of the system during the entire study period, ܶ  (which includes ܬ  cycles) and 

determines whether the trajectory reaches the downstream intersection during the green signal 

indication for the coordinated phase or during the red signal. If the trajectory intersects the red 

signal of the coordinated phase, the process is stopped, otherwise it continues to the downstream 

intersection. If the trajectory makes is through all intersections of the system, it is counted as a 

success and the same process is performed for the next time step (one second). The total number 

of successes in a row is the duration of a directional band.  

This method can also identify secondary bands that may occur within a cycle as well as non-

programmed bands that may arise in cases where the programmed green time provides no static 

bandwidth in one of the directions. Secondary bands, when they occur, result from a combination 

of early return green and/or green extension.   

 

Figure 5-31 DBAT Interface 
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Figure 5.31 shows the DBAT dialog box. It requests 10 input data in the form. Input data 1 

through 5 are essential information to calculate dynamic bandwidth. Input data 7 allows the user 

to set up the offset searching range and all possible offset combinations can be searched.  

 

   DBAT requires the following inputs: 

• Free-flow speed or speed limit 

• Total number of intersections 

• Cycle length for analyzed time of day plan 

• Order of intersection within search space 

• Bandwidth search interval (minimum is 1 second) 

• Directional bandwidth weighting factor 

DBAT generates the following outputs: 

• Inbound (outbound) sum of bands 

• Inbound (outbound) number of bands 

• Inbound (outbound) average band size 

• Inbound (outbound) standard deviation of band size 

• Inbound (outbound) band efficiency 

• Bi-directional total sum of bands 

• Bi-directional weighted total sum of bands 

• Inbound (outbound) individual band per cycle (optional) 
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In order to calculate bandwidth efficiency, it is necessary to modify the original formulation 

since the dynamic bandwidth varies each cycle. Furthermore, bandwidth efficiency for dynamic 

bandwidth analysis has the capability to account for secondary bands and non-programmed bands 

as described above.  

The conventional two-way bandwidth efficiency (CBE) formulation is as follows: 

 CBE = ܤ	 ଵܹ + ܤ ଶܹ2ܥ ∗ 100 

 

Where: ܥ = cycle length in sec, 

ܤ             ଵܹ = outbound bandwidth in sec, and 

ܤ             ଶܹ = inbound bandwidth in sec. 

 
 

The proposed two-way dynamic Bandwidth efficiency (DBE) formulation over a time period 

T is as follows:  

DBE = ∑ ܤ ௜ܹ௜ୀ௠௜ୀଵ + ∑ ܤ ௞ܹ௞ୀ௡௞ୀଵܥ ∗ ܯ) + ܰ) ∗ 100 

 

 

Where: ܤ ௜ܹ = cycle-by-cycle outbound dynamic bandwidth in sec, 

ܤ             ௞ܹ = cycle-by-cycle inbound dynamic bandwidth in sec, 

             ݉ = total number of outbound dynamic bands in time period T, 

             ݊ = total number of inbound dynamic bands in time period T, 

ܯ              = total number of outbound primary dynamic bands in time period T, and 

             ܰ = total number of inbound primary dynamic bands in time period T. 
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5.6.3 DBAT Evaluation  

DBAT results were verified using three classic and well-understood two-way progression 

schemes: alternate progression, double alternate progression, and simultaneous progression. The 

test results confirmed that DBAT provided the correct bandwidth solution in each case. 

5.6.3.1 Alternate Progression 

For certain block lengths with 50:50 splits and uniform block lengths, the optimal offset for 

maximizing bandwidth is a half cycle.  2ܥ = ܮܵ = Ideal	offset 
Where: ܥ = Cycle	length, sec 
ܮ              = block	length, ft 
             ܵ = ܲrogression	speed, fps 
To test DBAT, the following condition is created: 

• Three signalized intersections on an arterial, 

• Intersection spacing is 2,000 ft, 

• Cycle length is 80 seconds, 

• Effective green is 40 seconds for all intersections, and 

• Progression speed is 50 fps. 

Under the above scenario, the offset for the optimum bandwidth solution is 0, 40 and 0 seconds 

from first to last intersection, respectively. In addition, directional bandwidth is 40 seconds. The 

DBAT input file is created under the above scenario conditions and Table 5.16 shows the DBAT 

input file form.  

Table 5-16 Input Data for Alternate Progression Scenario Test  
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Intersession A Intersession B Intersession C 

Time Distance 
ExtraTime

CP1 
ExtraTime

CP2 
Used 

Phase2 
Used 

Phase6 
Time Distance

ExtraTime
CP1 

ExtraTime
CP2 

Used 
Phase2

Used 
Phase6

Time Distance 
ExtraTime

CP1 
ExtraTime

CP2 
Used 

Phase2
Used 

Phase6

7:00:00 0 0 0 40 40 7:00:00 2000 0 0 40 40 7:00:00 2000 0 0 40 40 

7:01:20 2000 0 0 40 40 7:01:20 2000 0 0 40 40 7:01:20 0 0 0 40 40 

7:02:40  0 0 40 40 7:02:40  0 0 40 40 7:02:40  0 0 40 40 

 

From the input signal data, DBAT provides the following results with offsets 0, 40 and 0 as 

shown in Table 5.17. The “Band1” column expresses the total sum of bandwidth for phase 2 and 

the “Band2” column is the sum of bandwidth for phase 6. The “# of Band” column is the total 

number of directional bands and the “Ave Band” column is the sum of Bandwidth divided by “# 

of Band”. The DBAT test result exactly matches the alternate progression case example. 
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Table 5-17 DBAT test results of alternate progression 

Int.1 Int.2 Int.3 Band1 Band2 
# of 

Band1 
# of 

Band2 
Ave 

Band1 
Ave 

Band2 
Sum of band1, band2 

0 40 0 80 80 2 2 40 40 160 

 

The DBAT result shows that each direction made two bands and the average bandwidth size 

was 40 seconds. However, Table 5.17 does not provide cycle-by-cycle bandwidth size. When the 

user clicks the check box (Enable writing all of the bandwidth items), DBAT provides a summary 

table as well as cycle-by-cycle bandwidth. The result of the cycle-by-cycle bandwidths is 40 

seconds for both directions similar to Figure 5.32. 

 

Figure 5-32 DBAT Test Result of Alternate Progression Case 
 

5.6.3.2 Double Alternate System 

For certain uniform block lengths with 50:50 splits, the ideal offset in either direction (over 

two blocks) is 2L/S, so that the sum of the two desired offsets just happens to be: 

-100

400

900

1400

1900

2400

2900

3400

3900

4400

6:59:46 7:00:29 7:01:12 7:01:55 7:02:38 7:03:22 7:04:05

Di
st

an
ce

 (f
t)

Time

Alternate Progression



Draft Final Report NCDOT RP-2012-12 118 

 

 

ܮ2ܵ ܮ2ܵ	+ = ܮ4ܵ	 = 4ܥ ܥ = 	 ܮܵ = over	tow	block	ideal	Offset 
The travel time of each platoon along two consecutive blocks is exactly one-half of a cycle 

length, so that two such travel times add up to the cycle length.  

For the testing purpose of DBAT, following condition is created: 

• Four signalized intersections on arterial, 

• Each intersection spacing is 1,000 ft, 

• Cycle length is 80 seconds, 

• Effective green is 40 seconds for all intersections, and 

• Progression speed is 50 fps. 

The ideal offset of the double alternate system is 0, 0, 40 and 40 seconds from first to last 

intersection, respectively. In addition, both directional bandwidth sizes are 20 seconds. Table 5.18 

shows DBAT's test result. The DBAT results shows that the outbound direction made 3 bands and 

the inbound direction made 2 bands. The average bandwidth size is 20 seconds for both directions. 

DBAT provides correct bandwidths under the same offset. 

Table 5-18 DBAT test results of double alternate progression 

ID Int.1 Int.2 Int.3 Int.4 Band1 Band2
# of 

Band1
# of 

Band2
Ave 

Band1
Ave 

Band2 
Sum of band1, band2

1 0 0 40 40 60 40 3 2 20 20 100 
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Figure 5-33 DBAT Test Result of Double Alternate System Case 
 

The result of cycle-by-cycle bandwidths is also 20 seconds for both directions like Figure 5.33.  

5.6.3.3 Simultaneous System 

For very closely space signals, or for rather high vehicle speeds, simultaneous systems might 

be one of the best operation strategies. For the testing purpose of DBAT, following condition is 

created: 

• Four signalized intersections on arterial, 

• Each intersection spacing is 400 ft, 

• Cycle length is 80 seconds, 

• Effective green is 40 seconds for all intersections, 

• Progression speed is 40 fps, and 

• Each intersection offset is 0 for all intersection. 
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Under the given scenario, outbound and inbound bandwidth should be 10seconds, and the 

DBAT calculation result was confirmed to have the exact same result like Table 5.19 and Figure 

5.34. 

Table 5-19 DBAT test results of double alternate progression 

ID Int.1 Int.2 Int.3 Int.4 Band1 Band2
# of 

Band1
# of 

Band2
Ave 

Band1
Ave 

Band2 
Sum of band1, band2

1 0 0 0 0 30 30 3 3 10 10 60 

 

 

Figure 5-34 DBAT Test Result of Simultaneous System Case 
 

5.7 Summary 

Floating car and Bluetooth travel time studies show that arterial travel time is highly correlated 

to the number of stops. The arterial travel time distribution has a multi-modal distribution (see 

Figure 5.1 and Figure 5.2) depending on the number of stops. In addition, the number of stops is 

directly related to with the signal coordination (see Figure 5.3). The Tru-Traffic time-space 

diagram in Figure 5.3 shows the relationship between through vehicle number of stops and signal 
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coordination. This result supports the importance of signal coordination. In addition, the 

comparison result of floating car and Bluetooth travel time (see Table 5.9) supports the accuracy 

of Bluetooth travel time.  

Lane-based 6X6 single loop detector detection error rate is 1.17% during non-peak hour and 

3.92% during peak hour. From the OASIS detector log, the daily volume profile can be generated 

and can be used to evaluate the time of day plan (see Figure 5.12). 

The split monitor log file is used for creating coordinated phases’ dynamic g/C profile, early 

return to green and green extension distribution, and non-coordinated phases’ used green 

distributions. The combined g/C profile and volume profile show the possibility of signal failure 

(see Figure 5.17 and Figure 5.18). This monitoring method can be used for evaluating coordinated 

phases’ green duration. Coordinated phases’ early return to green and green extension distribution 

monitoring graph shows its variability. This variability makes signal coordination difficult. As 

mentioned earlier, early return to green can increase inefficiency of progression quality on the 

coordinated arterial. Non-coordinated phases’ used green distribution monitoring results can be 

used to evaluate the suitability of phase length, minimum green settings, and maximum green 

settings.  

Since coordinated phases have early return to green and green extensions, conventional 

bandwidth should not be the same as the field observed bandwidth (which the project team calls 

dynamic bandwidth). The Project team developed the Dynamic Bandwidth Analysis Tool (DBAT) 

for monitoring cycle-by-cycle real-world bands using the OASIS split monitor log. DBAT results 

were verified using three classic and well-understood two-way progression problems: alternate 

progression, double alternate progression, and simultaneous progression. The test results 

confirmed that DBAT provided solutions identical to the optimal solution of each case.   
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CHAPTER 6. ESTIMATE MODEL PARAMETERS, TEST MODEL ACCURACY, AND 

INVESTIGATE ADAPTIVE IMPLEMENTATIONS (TASK 6) 

In this chapter, dynamic bandwidth analysis results will be introduced for the three study sites 

introduced in Chapter 3. The collected OASIS split monitor logs for dynamic bandwidth analysis 

are:  

• Site A (US 70 arterial in Clayton): April 22 to April 25, 2013 (four weekdays) 

• Site B (US 70 arterial in Garner): February 20 to 24, 2012 (five weekdays) 

• Site C (NC 55 arterial in Apex) : Aug 27 to 31, 2012 (five weekdays) 

6.1 Dynamic Bandwidth Analysis 

The peak directions for site A, B and C are outbound, inbound and outbound, respectively. 

Table 6.1 summarizes the total duration, number, average duration, and overall efficiency of 

dynamic green bands for outbound and inbound directions for all three sites. These results are 

provided for different weekdays, and the total sum of bandwidth in both directions is also provided. 

The number of bands includes secondary and non-programmed bands. All bands shorter than the 

programmed band are defined as secondary bands as mentioned earlier in Chapter 5. For Site C, 

NC 55, the programmed signal timings provide no bandwidth in the inbound direction, and 

therefore the green bands provided are shaded to indicate they are non-programmed bands. The 

result shows daily fluctuation of bandwidth as well as the number of bands, which are created. 
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Table 6-1 DBAT Arterial Dynamic Bandwidth Analysis Results 

Site Day  

Out-bound 
Total 

Duration 
(Sec) 

In-
bound 
Total 

Duration 
(sec) 

# of Out-
bound 
Bands 

# of In-
bound 
Bands 

Out-bound 
Average 
Duration 

(sec) 

In-bound 
Average 
Duration

(sec) 

Out-bound 
Efficiency 

(%) 

In-bound 
Efficiency 

(%) 

Out- & In-
bound Total 

Duration 
(sec) 

A 

1 1,661 1,315 21 23 79.1 57.17 46.5 38.7 2,976 

2 1,655 1,360 21 22 78.8 61.82 46.4 40.0 3,015 

3 1,673 1,157 21 22 79.7 52.59 46.9 34.0 2,830 

4 1664 1,302 21 20 79.2 65.1 46.6 38.3 2,966 

B 

1 6,698 7,220 139 138 48.2 52.3 40.5 43.7 13,918 

2 6,846 7,493 139 137 49.3 54.7 41.6 45.6 14,415 

3 6,634 7,186 137 138 48.4 52.1 40.4 43.7 13,896 

4 6,497 7,109 137 137 47.4 51.9 39.5 43.2 13,682 

5 6,532 7,016 137 137 47.7 51.2 39.7 42.7 13,624 

C 

1 3,152 196 40 36 78.8 5.4 49.1 3.1 3,419 

2 3,159 186 40 30 79.0 6.2 49.2 2.9 3,413 

3 3,207 172 40 33 80.2 5.2 49.9 2.7 3,447 

4 3,204 193 40 37 80.1 5.2 49.9 3.0 3,465 

5 3,135 126 40 28 78.4 4.5 48.8 2.0 3,329 

Non-programmed bandwidths are shaded 

Table 6.2 shows Site A’s cycle-by-cycle bandwidth results for each analysis day. Outbound 

bandwidth does not have secondary bands but inbounds has several secondary bands. The gray 

color represents secondary bands. A  total of seven secondary bands are generated naturally four 

of which are less than 4 seconds and 3 band are longer than 9 seconds. 

Figure 6.1 shows the dynamic bandwidth plot of first five cycles on the first day on site A. It 

shows two secondary bands. The first secondary band is 9 seconds and the second one is 10 

seconds. 
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Table 6-2 Dynamic Bandwidth Computation Result of Site A from DBAT 

Outbound 

 

Inbound 
Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3 Day 4 

44 44 44 44 77 76 59 57 
94 85 97 92 9 73 82 84 
87 89 82 83 58 81 11 77 
90 87 79 88 85 59 40 59 
89 93 86 92 10 3 58 58 
92 86 84 89 59 57 59 87 
90 91 100 87 84 93 82 59 
69 69 74 86 60 76 73 58 
72 80 71 69 73 56 60 54 
59 69 79 72 56 73 59 77 
69 72 72 68 78 56 59 56 
79 72 69 74 70 79 74 77 
72 82 86 72 1 74 58 82 
81 70 75 69 59 76 1 59 
78 73 81 82 59 67 60 56 
81 82 86 80 80 3 73 57 
78 83 80 85 59 49 39 56 
74 83 75 78 74 51 54 58 
91 77 85 86 56 73 39 73 
85 84 83 81 56 58 39 58 
87 84 85 87 78 73 39  

    39 54 39  
    39    

 

 

Figure 6-1 US 70 Arterial in Clayton Primary Band with Secondary Band 
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6.2 Comparison of Dynamic and Programmed Bandwidth Efficiency 

Table 6.3 shows the programmed bandwidth and daily dynamic bandwidth efficiency for all 

three study-sites. As expected, the programmed bandwidth underestimated the actual bandwidth 

that was provided in all cases. For Site A, programmed bandwidth underestimates the actual 

directional bandwidths by 48% to 81%. For Sites B and C, programmed bandwidth underestimated 

the actual bandwidths by 19% to 28% and 13% to 23%, respectively. Furthermore, for the NC 55 

arterial in Apex, non-programmed bands were detected. Therefore, the non-coordinated direction 

has measurable bandwidth efficiency although the average band duration was at most six seconds 

at this site. 

Table 6-3 Bandwidth Efficiency Comparisons 

Site Type 
Outbound 
Bandwidth 
Efficiency 

% 
Difference 

Inbound 
Bandwidth 
Efficiency 

% 
Difference 

Two way 
Bandwidth 
Efficiency 

% 
Difference

A 

Programmed 
Bandwidth 

25.88 - 22.94 - 24.41 - 

Observed 
Dynamic 

Bandwidth 

Day 1 46.53 79.79 38.68 68.61 42.70 74.93 

Day 2 46.36 79.13 40.00 74.37 43.26 77.22 

Day 3 46.86 81.07 34.03 48.34 40.60 66.33 

Day 4 46.61 80.10 38.29 66.91 42.55 74.31 

B 

Programmed 
Bandwidth 

32.5 - 35.83 - 34.16 - 

Observed 
Dynamic 

Bandwidth 

Day 1 40.49 24.58 43.73 22.05 42.11 23.27 

Day 2 41.64 28.12 45.58 27.21 43.61 27.66 

Day 3 40.35 24.15 43.71 21.99 42.03 23.04 

Day 4 39.52 21.60 43.24 20.68 41.38 21.14 

Day 5 39.73 22.25 42.68 19.12 41.20 20.61 

C 

Programmed 
Bandwidth 

43.12 - 0 - 21.56 - 

Observed 
Dynamic 

Bandwidth 

Day 1 49.13 13.94 3.06 - 26.10 21.06 

Day 2 49.19 14.08 2.91 - 26.05 20.83 

Day 3 49.92 15.77 2.69 - 26.31 22.03 

Day 4 49.88 15.68 3.02 - 26.45 22.68 

Day 5 48.83 13.24 1.97 - 25.4 17.81 
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The FHWA Traffic Signal Timing Manual defines Great progression, Good progression, and 

Fair progression based on bandwidth efficiency ranges of 37% to 100%, 25% to 36%, and 13% 

to 24%, respectively. For the programmed bandwidth, FHWA arterial coordination guidelines 

would label the existing two-way bandwidth efficiency for US 70 in Clayton (Site A) as Fair 

progression during the AM peak plan period. In contrast, dynamic bandwidth for the four days 

analyzed was considerably larger than the programmed bandwidth. Calculating the efficiency of 

this arterial based on the dynamic bandwidth results in Great progression in the AM peak period.  

6.3 Field Dynamic Bandwidth Distribution 

Figure 6.2 and Figure 6.3 illustrate the outbound and inbound dynamic bandwidth distribution 

for the US 70 arterial in Clayton (Site A). The programmed outbound and inbound bandwidths are 

44 seconds and 39 seconds, respectively. However, most of the observed dynamic bands are 

considerably larger than these values. In fact, the mode of both outbound and inbound bandwidth 

is larger than the programmed band.  

Table 6.4 provides a summary of dynamic green band frequency for the three study sites. In 

case of US 70 in Garner (Site B), the inbound programmed bandwidth was also the most frequently 

observed dynamic green band. Nonetheless, both outbound and inbound dynamic bandwidths 

cover a wide variety of durations at this site. Even in this case where the programmed bandwidth 

is the most frequently observed dynamic green band, programmed bandwidth alone do not 

accurately represent the reality of the coordination. For NC 55 in Apex (Site C), the inbound 

direction was not coordinated. However, a total of 164 dynamic bands were created over the 200 

cycles. Although it should be noted that most of the non-programmed bands were shorter than 6 

seconds, several green bands with durations of longer than 10 seconds were observed. 
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Figure 6-2 Site “A” Outbound Bandwidth PDF and CDF 
 

 

Figure 6-3 Site “A” Inbound Bandwidth PDF and CDF 
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Table 6-4 Bandwidth Comparisons 

Site Direction 

Programmed 
Bandwidth (Relative 

Frequency of Programmed 
Bandwidth) 

Actual Dynamic Bandwidth 

Number of 
Bands 

Average 
(sec) 

Mode 
(sec) 

Max 
(sec) 

A 
Outbound 44 sec (4.06%) 84 77.05 69 and 72 100 

Inbound 39 sec (16.09%) 87 59.01 59 93 

B 
Outbound 39 sec (0.29%) 689 48.87 51 77 

Inbound 43 sec (22.27%) 687 53.19 43 77 

C 
Outbound 69 sec (5.50%) 200 79.28 75 93 

Inbound 0 sec (18.00%) 164 5.32 6 33 

 

Programmed bandwidth’s proportional frequency ranged from 0.29% to 22.27% across the 

three study sites. In addition, each arterial has a unique dynamic bandwidth distribution making it 

difficult to draw general conclusions and to represent dynamic bandwidth distributions with a 

single statistic. 

6.4 Summary 

In this chapter, dynamic bandwidth analysis results are presented. For all three study sites, one 

week OASIS split monitor data were processed by the developed Dynamic Bandwidth Analysis 

Tool.  DBAT uses dynamic bandwidth analysis methodology that provides actual dynamic 

bandwidth durations using closed loop signal data to assess the performance of semi-actuated 

coordinated arterial streets. This methodology was designed to calculate dynamic bandwidth from 

signal ATMS data. Traditionally, calculated programmed green bandwidth provides limited 

insight for evaluating the quality of arterial coordination because it cannot assess the impact of 

early return to green and green extension for the coordinated phases. Detailed analysis' at three 

study sites confirmed that dynamic coordinated green times along signalized arterials have 

complex multimodal distributions. This finding underscores the value of cycle-by-cycle dynamic 
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bandwidth analysis for both the evaluation offsets. The developed methodology represents an 

important first step in formalizing and enabling dynamic bandwidth using cycle-by-cycle phase 

duration data from OASIS Split monitor log. 

Key findings from the field data analysis include: 

• Total dynamic bandwidth and bandwidth efficiency are considerably larger than the 

corresponding programmed bandwidth and bandwidth efficiency 

• Dynamic bandwidths can include secondary and non-programmed bands 

• Dynamic bandwidths distributions are complex and characteristically multi-modal  
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CHAPTER 7. PERFORM RIGOROUS COMPARATIVE ASSESSMENT OF MODEL 

PERFORMANCE VERSUS CONVENTIONAL PLAN EVALUATION METHODS 

(TASK 7) 

The early return to green and green extension bring up the concept of using dynamic greens 

extracted from OASIS split monitor log for offset optimization. In particular, optimizing the offsets 

based on the dynamic green times to maximize dynamic bandwidth has great potential to yield 

even more efficient arterial performance.  

The primary objective of this investigation is to test the feasibility of improving dynamic 

bandwidth efficiency by optimizing offsets, for a set of observed cycles. For this purpose, an 

exhaustive search method is used that enumerates all possible offset combinations and determines 

bandwidth efficiency for each combination using DBAT. Next, the solutions are sorted based on 

a performance measure of interest (e.g., bandwidth efficiency or weighted sum of bi-directional 

bandwidth). From this sorted list, the best or a certain target value of top solutions can be selected. 

The proposed exhaustive search approach can be used to evaluate the possibility of further 

improvements in dynamic bandwidth efficiency and to observe the search space of the problem.  

7.1 DBAT Exhaustive Search Method 

In order to perform an exhaustive analysis with dynamic bandwidth, the DBAT algorithm 

described above was embedded in a routine that enumerates all possible offset combinations. As 

with the DBAT bandwidth analysis algorithm, the minimum offset search interval was set to 1 

second. The search space of the offset optimization problem is a function of the cycle length and 

the number of intersections as follows: 
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Number of feasible solutions =  ூିଵܥ

Where, ܥ	 = cycle length 

	ܫ              = number of intersections 

The DBAT exhaustive search routine considers directional demand using a target value “k” as 

defined in the MAXBAND formulation. “k” represents the desired ratio of the sum of inbound to 

the sum of outbound dynamic bandwidth and should be set based on the ratio of the corresponding 

directional traffic demand. 

݇ = 	∑ܾపഥ∑ܾ௜ 
Where, ݇	 =  ݁ݑ݈ܽݒ	ݐ݁݃ݎܽݐ	

             തܾ =  ℎݐ݀݅ݓܾ݀݊ܽ	ܿ݅݉ܽ݊ݕ݀	݀݊ݑ݋ܾ݊݅

             ܾ =  ℎݐ݀݅ݓܾ݀݊ܽ	ܿ݅݉ܽ݊ݕ݀	݀݊ݑ݋ܾݐݑ݋

 

The exhaustive search method ensures that the solution is globally optimum and provides 

important information on the shape of the solution space and the robustness of different solutions. 

However, calculation time increases to the point of becoming impractical as the number of 

intersections increases. If spanning of the search space is desired for arterials with higher numbers 

of intersections, it is possible to reduce the number of solutions by increasing the search time 

increment.  

7.2 DBAT Exhaustive Search Results 

All three sites were analyzed with DBAT's exhaustive search routine. For each site, the current 

programmed offsets were highlighted in the solution set along with two globally optimal solutions. 
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One of the highlighted optimal solutions duplicates the directional weighting implied by the 

programmed bandwidth, and the other one is based on equal directional weighting. 

The results in Figure 7.1 were generated using this function applied to the AM peak plan for 

the US 70 arterial in Clayton (site A), which has three intersections. The cycle length in the AM 

peak plan is 170 seconds. Therefore, the total number of unique offset combinations with a 1 

second search interval is 170ଶ = 28,900. This is a manageable search space for the exhaustive 

search method. Figure 7.1 shows the total bandwidth (on the y-axis) for all the combinations of 

offset (on the x-axis) at this site. The x-axis is plotted using a unique ID assigned to each offset 

combination. The maximum sum of bandwidth with directional weighting equal to the 

programmed ratio for this site is 3,002 seconds (see Table 7.1 for more information). In the case 

of site A, the programmed offset dynamic bandwidth is quite close to the best solution found by 

the exhaustive search approach. The difference between them is a mere 26 seconds over a one-

hour time period. In addition, there are 12 Pareto optimal solutions under equal directional 

bandwidth weighting, each yielding an optimal equally weighted sum of dynamic bandwidth of 

2,860 seconds. 
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Figure 7-1 Site “B” Day 1 AM Peak Plan Exhaustive Search Result 
 

Figure 7.2 shows the US 70 in Garner's (site B) exhaustive search results. Site B has four 

signalized intersections with a 120 second cycle length. Therefore, there are 120ଷ = 1,728,000 

feasible offset solutions. Among those feasible solutions, Figure 7.2 highlights the two optimal 

solutions described above. The optimal solution with weighting based on the programmed offsets 

yields a dynamic bandwidth total of 14,345 seconds and the equal weighting optimal solutions 

yields 14,224 seconds. Compared with programmed offsets, the global optimal offset provides 427 

seconds more total bandwidth over the four hours of the AM peak plan. 
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Figure 7-2 Site “A” Day 1 AM Peak Plan Exhaustive Search Result 
 

Figure 7.3 shows the results of the exhaustive search method for the NC 55 arterial in Apex 

(site C). This arterial has seven intersections. Analyzing all seven intersections with the exhaustive 

search is impractical, and therefore the study case uses the last three intersections only (intersection 

5, 6, and seven in Figure 3.2).  

 

Figure 7-3 Site “C” Day 1 AM Peak Plan Last 3 Intersection Exhaustive Search Result 
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The selected time of day plan is AM peak from 7:00 to 9:10 and the cycle length is 160 seconds. 

From the exhaustive search, the global directionally weighted solution has a total sum of 

bandwidth of 6,476 seconds. In addition, it can be seen in Figure 7.3 that this global solution iS. 

Robust against offset changes as minor changes in offset reduce the total sum of bandwidth to 

around 6,000 in the worst case. The low sensitivity to offset permutation of this solution indicates 

that the corresponding offsets can provide good progression even if expected early return to green 

and green extension values vary from those represented in the analyzed cycles. Compared to the 

programmed offset sum of dynamic bandwidth (5,913 seconds), the optimal offset solution 

provides 563 seconds more total bandwidth. This means that the optimal solution would have 

provided an average of 12.5 seconds more bandwidth per cycle across 45 cycles analyzed in site 

C. 

Table 7-1 Programmed Dynamic Bandwidth with Un-weighted Optimal Solutions 

Site Solution type k 
Offset 
(sec) 

Outbound Sum of 
Bandwidth (sec) 

Inbound Sum of 
Bandwidth (sec) 

Overall % 
Change 

A 

Observed Dynamic 
Bandwidth 

0.79 0,3,86 1,661 1,315 - 

Optimal Solution for 
Sum of Bandwidth 

0.73 0,6,85 1,729 1,273 0.87% 

Optimal Solution for 
Equal Bandwidth 

1 0,159,84 1,430 1,430 -3.9% 

B 

Observed Dynamic 
Bandwidth 

1.08 0, 113, 103, 53 6,698 7,220 - 

Optimal Solution for 
Sum of Bandwidth 

1.03 0, 4, 113, 61 7,079 7,266 3.07% 

Optimal Solution for 
Equal Bandwidth 

1 0, 7, 117, 63 7112 7112 2.20% 

C 

Observed Dynamic 
Bandwidth 

0.41 0, 15, 56 4,176 1,737 - 

Optimal Solution for 
Sum of Bandwidth 

2.08 0, 144, 96 2,099 4,377 9.52% 

Optimal Solution for 
Equal Bandwidth 

1 0, 135, 155 2,994 2,994 1.27% 
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7.3 Evaluation of DBAT Solution 

Using an exhaustive search, the set of offsets that are expected to provide the highest value of 

weighted sum of bandwidths on the US 70 arterial in Clayton, NC (Site A) were found for each 

time of day plan. To find these offsets, two weeks data from split monitor logs were collected in 

April 2013 and then analyzed. An exhaustive search method was used to cover all possible 

combinations of offsets. For each set, total band size and weighted sum of band size were 

determined. Note that these values are “expected” to be observed in the field if the offsets were to 

be implemented; however, due to variations in demand level, we may not see identical values. The 

set of offsets that provided the highest expected weighted sum of bandwidth was selected and 

implemented in the field. For a period of two weeks in August 2013, green durations and start 

times were recorded to determine the band size in each direction, total band size, and weighted 

sum of band size. In addition, arterial through travel times were collected before and after offsets 

were changed using Bluetooth units.  
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Table 7-2 Site “A” April Two weeks Split Monitor data DBAT Process Result 

Cycle 
Length 
(sec) 

Plan Start 
(Plan End) 

Plan 

Offset 
(sec) * EB 

Band 
Size 
(sec) 

WB 
Band 
Size 
(sec) 

Total  
Band Size

(sec) 

Weighted 
Sum of Band 
(% Change) 

** 

EB (WB) 
Weight 

*** Int. 2 Int. 3

170 
6:20 

(7:30) 

April field Plan 3 86 1,547 1,202 2,749 1,325 
0.36 

(0.64) Estimated Optimal 
Plan**** 

0 85 1,524 1,229 2,753 1,334 (0.68%) 

140 
7:30 

(9:30) 

April field Plan 135 73 2,445 2,478 4,923 2,463 
0.46 

(0.54) Estimated Optimal 
Plan**** 

136 79 2,206 2,723 4,929 2,485 (0.89%) 

120 
9:30 

(11:30) 

April field Plan 108 62 2,458 2,237 4,695 2,365 
0.58 

(0.42) Estimated Optimal 
Plan**** 

107 60 2,519 2,241 4,759 2,402 (1.56%) 

130 
11:30 

(13:30) 

April field Plan 118 53 2,411 1,709 4,121 2,140 
0.61 

(0.39) Estimated Optimal 
Plan**** 

117 57 2,327 1,908 4,235 2,165 (1.17%) 

150 
13:30 

(16:30) 

April field Plan 4 47 4,948 1,848 6,797 3,913 
0.67 

(0.33) Estimated Optimal 
Plan**** 

137 54 4,783 2,774 7,557 4,112 (5.09%) 

220 
16:30 

(18:30) 

April field Plan 211 3 3,080 1,895 4,975 2,735 
0.71 

(0.29) Estimated Optimal 
Plan**** 

172 5 3,156 1,853 5,009 2,777 (1.54%) 

* Intersection 1 is the reference intersection. Therefore, its offset is always set at zero 
** Objective Function: Two week average directional band size multiplied by directional weight 
*** Two week average directional volume ratio 
**** Maximized weighted sum of band using two week split monitor 
 

Table 7.2 summarizes the actual and estimated optimal EB, WB, Total, and Weighted sum of 

bandwidths at Site A. In all time of day plans except for one (shaded), total band size and weighted 

sum of bandwidths are almost equal. This means that the implemented offsets for these time-of-

day plans were quite close to the estimated optimal ones. On the other hand, for the first pm plan, 

the result of the exhaustive search estimated a significant 760 seconds improvement in total band 
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size, if the offsets were changed from 0, 4, and 47 to 0, 137, and 54 at intersections 1, 2, and 3 

respectively. Therefore, after field implementation, we expect to observe a significant increase in 

total band size as well as considerable decrease in travel time in plan 5. Figure 7.4 shows DBAT 

exhaustive search results for eight weekdays at Site A. 

 

Figure 7-4 DBAT Exhaustive Search Result in Plan 5 
 

In order to ascertain that any potential change in arterial travel time is solely due primarily to 

changes in the offsets and not to different signal operations or demand (volume), before and after 

detector counts for through movements and coordinated phase’s used green times were studied. 

A t-test was used for testing demand difference in before and after conditions. The test was 

conducted under a significant level of 0.05 and mean difference of 0.4vehicles/minute. Among the 

six different time of day plans, only the fifth plan shows meaningful bandwidth improvement so 

0.4vehicles/minute was decided to detect one vehicle difference in the fifth plan cycle (150 
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seconds). Table 7.3 summarizes important before and after data. The results show that the average 

number of detector calls per lane per minute did not significantly change before and after field 

implementation of the optimal offsets at any intersection. This indicates that through volume level 

did not appreciably change in the two data collection periods. 

Table 7-3 Test Results for Demand Variation Before and After Offset Change 

Intersection Direction 
Number 
of lane 

Data Collection 
Duration (min) 

Average number of 
Detector Calls  

(veh/min/ln) 

Standard 
Deviation of 

Detector Calls 
(veh/min/ln) Power p-value

Before After Before After Before After 

Shotwell 
& 

US 70 

EB 2 2,887 2,890 8.179 8.143 4.449 4.5 0.960 0.379 

WB 3 4,329 4,336 3.206 3.181 4.008 4.018 0.999 0.384 

S Moore 
& 

US 70 

EB 2 2,896 2,883 10.37 10.28 6.07 6.081 0.804 0.285 

WB 3 4,341 4,318 5.459 5.385 3.477 3.757 1 0.169 

Robertson 
& 

US 70 

EB 2 2,895 2,573 9.77 9.663 6.052 5.446 0.821 0.247 

WB 3 4,341 3,856 4.921 4.88 2.73 2.77 1 0.251 

 

In addition, the Kolmogorov-Smirnov test shows no significant change in the used green time 

distribution before and after field implementation of the optimal offsets, see Table 7.4. Since the 

distribution of used greens of the coordinated phases is highly correlated with the early return to 

greens and green extensions, and they both are highly correlated with the demand pattern on non-

coordinated phases, the analysis suggests that the demand level at non-coordinated phases did not 

significantly change either. As a result, there is no strong evidence to conclude that the demand 

level in the before and after data collection phases are different.  
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Table 7-4 K-S Test Result for Before and After green used time of Coordinated Phase 

Intersection Phase D P-Value 

Shotwell & US 70 
EB (Phase2) 0.041 0.407 

WB (Phase 6) 0.013 0.913 

S Moore & US 70 
EB (Phase2) 0.026 0.695 

WB (Phase 6) 0.007 0.971 

S. Robertson & US 70 
EB (Phase2) 0.024 0.998 

WB (Phase 6) 0.034 0.920 

 

Figure 7.5 shows Shotwell Dr. intersection’s before and after coordinated phase used green 

time distribution.  

 

Figure 7-5 Coordinated Phase Used Green Time Comparison (Shotwell Dr. Intersection) 
 

Figure 7.6 presents cumulative travel time distributions for the study site before and after field 

implementation of the optimal offsets for the 1:30 pm Plan. The cumulative travel time 

distributions do not show a considerable change in EB travel time, the peak direction (see Figure 
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7.6-a); however, they show a significant shift in the distribution towards lower travel times in the 

westbound direction as a result of using the optimal offsets (see Figure 7.6-b). This shows that 

while optimizing the offsets did not significantly change travel time and bandwidth on the major 

direction, it significantly reduced travel time in the minor direction. 

a) Eastbound Direction  b) westbound Direction  
Figure 7-6 Directional Before and After Travel Time CDF’s for 1:30 pm Plan at Site A 
 

Table 7.5 summarizes the before and after directional band size, total band size, weighted sum 

of band size, average travel time, and standard deviation of travel time in the study site for all time 

of day plans. As expected, there is not a considerable change in average travel time in most time 

of day plans. The main reason is that using the optimal set of offsets did not significantly change 

the “expected” band size for those plans. On the other hand, for the 1:30 pm plan, the optimal 

offsets reduced average travel time in the westbound direction by 10.5% without creating a 

significant change in the eastbound average travel time. 
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Table 7-5 Before and After Travel Time Observation at Site A 

Cycle 
Length 
(sec) 

Plan Start 
(Plan 
End) 

Plan 

Offset 
* EB 

Band
Size
(sec)

WB 
Band
Size
(sec)

Total  
Band Size

(sec) 

Weighted 
Sum of Band

(Objective 
Function) 

 

EB 
Weight 
Value
(WB 

Weight 
Value)

 

Bluetooth 
Sample 

Size 

Average 
Travel 
Time 
(sec) 

STDEV
Travel  
Time 
(sec) 

Int. 
2 

Int. 
3 EB WB EB WB EB WB

170 
6:20 

(7:30) 

Before 3 86 1,547 1,202 2,749 1,325 
0.36 

(0.64)

94 297 103 123 33.3 38.9

After 0 85 1,543 1,235 2,778 1,346 97 263 104 122 32.5 39.1

140 
7:30 

(9:30) 

Before 135 73 2,445 2,478 4,923 2,463 
0.46 

(0.54)

254 417 104 109 29.4 31.6

After 136 79 2,223 2,749 4,973 2,507 232 420 107 107 28.8 33.5

120 
9:30 

(11:30) 

Before 108 62 2,458 2,237 4,695 2,365 
0.58 

(0.42)

223 284 102 110 37.1 35.2

After 107 60 2,589 2,283 4,873 2,461 222 295 98 107 32.2 34.6

130 
11:30 

(13:30) 

Before 118 53 2,411 1,709 4,121 2,140 
0.61 

(0.39)

264 315 115 104 37.1 33.5

After 117 57 2,378 1,890 4,267 2,187 273 348 116 103 35.2 31.9

150 
13:30 

(16:30) 

Before 4 47 4,948 1,848 6,785 3,913 
0.67 

(0.33)

379 441 103 141 34.6 40.0

After 137 54 4,802 2,751 7,553 4,117 375 494 102 126 33.8 29.1

220 
16:30 

(18:30) 

Before 211 3 3,080 1,895 4,975 2,735 
0.71 

(0.29)

398 308 125 125 44.3 41.8

After 172 5 3,198 1,860 5,058 2,810 326 316 122 125 44.8 42.3

* Intersection 1 is the reference intersection. Therefore, its offset is always set at zero. 

It is very important to note that the optimal offsets were not fine-tuned in the field, yet they 

still yielded a significant reduction in travel time in the westbound direction without creating any 

significant change in other travel times. This is a very important finding and shows that the 

proposed approach has great potential for eliminating the fine-tuning process, which is time 

consuming and costly and cannot guarantee an optimal performance especially when the number 

of intersections increases. Our proposed approach, by analyzing two weeks of used green times 
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could accurately account for patterns that are expected to be observed in early returns to green and 

green extensions. 

7.4 ACTRA 

ACTRA is a PC-based transportation management system that monitors and controls traffic 

from a central control center developed by Siemens ITS for implementation in system using 

EPACTM, 170, 2070ATC, or EPICTM controllers.  ACTRA allows integration of convenient traffic 

analysis optimization tools including AAPTM (PasserTM and Transyt-7FTM) and SynchroTM.  Also, 

ACTRA includes integrated GIS-based area maps.  The ACTRA system is currently used by the 

City of Raleigh. 

7.4.1 ACTRA Reports 

The ACTRA system provides System reports and Intersection reports.  System reports are 

system wide reports that are available to be run through Time of Day.  Intersection reports include 

ten different reports as listed below: 

• Intersection Communications Faults Report 

• Intersection Cycle Measures of Effectiveness Report 

• Intersection Detector Faults Report 

• Intersection Detector Volume Report 

 Date and Time - current system date and time (when report was generated) 

 Local Name - the name of the selected Intersection 

 Report Start/Report End - the time range this report covers 

 Date/Time - start time for that line of data 

 Detector Number - identification of the detector 

 Volume - counts 

• Intersection EDI Monitor Fault Report 

• Intersection Local Alarm Report 

• Intersection Measures of Effectiveness Report 



Draft Final Report NCDOT RP-2012-12 145 

 

 

 Local Name - the name of the selected Intersection 

 Date and Time - current system date and time (when report was generated) 

 Report Start/Report End - the time range this report covers 

 Start Time 

 Dial/Split/Offset 

 Phase/Volume/Stops 

 Delay x 10 

 Utilization - in seconds 

• Intersection MMU Monitor Fault Report 

• Intersection Speed Data Report 

 Date and Time - current system date and time (when report was generated) 

 Local Name - the name of the selected Intersection 

 Report Start/Report End - the time range this report covers 

 Date/Time - beginning time for the pattern monitored 

 Dial/Split/Offset of the pattern monitored 

 Percent Lower, Percent Within, and Percent Higher - the percentage of the vehicles that 

were lower, within, or higher than the set speed range for the specified pattern 

• Intersection System Detector Report 

 Date and Time - current system date and time (when report was generated) 

 Local Name - the name of the selected Intersection 

 Report Start and Report End dates and times - the interval covered by this report 

 Sample Time - date and starting time 

 Interval - the sample interval in minutes 

 Detector number 

 Raw Volume - counts 

 Raw Occupancy - counts (number of seconds) 

 Average Volume 

 Average Occupancy 

EPAC controllers can store up to 72 of the most recent volume log records for the current 

report interval with up to 24 detectors to collect volume data for the selected intersection.  For 
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example, if you use a report interval of 10 minutes, the 72 logged records would cover a 12-hour 

period.  As the number of records exceeds 72, the oldest record is deleted to make room for the 

new record.  The minimum time interval for volume log data storage is 1 minute. 

7.4.2 ACTRA Split Monitoring 

ACTRA system also provides “Split Monitor” result report. The Split Monitoring feature 

allows the user to monitor intersection split data over specified time intervals. The split data can 

vary from cycle to cycle based upon different traffic demands while cycle length and offset stay 

the same as the programmed input value. This feature enables DBAT to conduct cycle-by-cycle 

bandwidth monitoring and offset optimization process. Figure 7-7 shows ACTRA system’s Split 

Monitoring Data Display window. The monitoring result can be also downloaded as a report file. 

 

Figure 7-7 ACTRA Split Monitoring Data Display Window 
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However, ACTRA system uses a different offset reference point than does the OASISTM 

system. There are three well-known offset reference points which are NEMA TS1, NEMA TS2, 

and 170. NEMA TS1 references the offset point to the start of the green indication of the second 

coordinated phase, and NEMA TS2 references the offset point to the start of the green indication 

of the first coordinated phase. 170 typically references the offset point from the start of the 

coordinated phase yellow indication. Figure 7-8 show these offset reference points 

diagrammatically. NCDOT OASISTM system uses the NEMA TS2 reference point scheme while 

ACTRA uses the NEMA TS1 reference point scheme.  

 

 

Figure 7-8 Offset Reference Point 
 

As mention early, DBAT is designed specifically for OASISTM split monitor data.  Therefore, 

the ACTRA split monitor data must be modified in order to use DBAT.  Specifically, the cycle-

by-cycle offset referencing must be converted from NEMA TS1 to NEMA TS2 offset referencing.  

7.4.3 DBAT Process Result 

As mentioned above, the City of Raleigh uses the ACTRA system to operate and monitor the 

city’s traffic signals. The Western Blvd arterial was selected as a test site, and 6 weekdays PM 

peak plan (4:30 to 6:30) ACTRA split monitor reports were collected and provided to the project 
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team by the City of Raleigh Transportation Operations Division of the Public Works Department. 

Figure 7-9 show the selected study site which consists of six signalized intersection. 

 

Figure 7-9 Western Blvd Study Sites 
 

The selected PM peak plan uses a 200-second common cycle length. The current offsets are 0, 

179, 179, 10, 191 and 18 from Avent Ferry to Kent Dr. intersection, respectively. The project team 

calculated weighting factors based on directional volume per lane. The calculated weighting 

factors are 0.627 (outbound) and 0.307 (inbound). Table 7-6 shows current field offset DBAT 

processing result. 
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Table 7-6 Current Offset DBAT Analysis Result 

Time Period 
Average Bandwidth Bandwidth Efficiency Total Sum of 

Bandwidth Outbound Inbound Outbound Inbound 

PM 64.95 6.60 31.51 1.54 2,231 

 

Since selected arterial consists of 6 intersections with 200 seconds of cycle length, the total 

number of possible solutions would be 2005 (320,000,000,000). This solution space is too large to 

practically allow for a full exhaustive search.  Therefore, the coordinated intersections were 

divided into two groups. The first group consists of the Avent Ferry Rd., Dan Allen Dr., Varsity 

Rd., and Gorman St. intersections. The optimal offset solution set for weighted bandwidth is 0, 

184, 184, and 42 from Avent Ferry Rd. to Gorman St. Figure 7-10 shows the first intersection 

group’s exhaustive search results with optimal solution and current field solution. 
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Figure 7-10 Exhaustive Search Result by DBAT 
 

With the optimal offsets for the first four intersections fixed the next step was to add the 

remaining two intersections and repeat the exhaustive search to find the final two offset values. 

Figure 7-11 shows the result of this second step of the exhaustive search optimization. 
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Figure 7-11 Final Exhaustive Search Result 
 

The optimal offsets are 0, 184, 184, 46, 6 and 30 from Avent Ferry Rd. to Kent Rd., 

respectively. Table 7-7 the compares the current field offset bandwidth efficiency to the expected 

bandwidth efficiency for the optimal offsets.  This small study illustrates that the DBAT analysis 

and optimization tool can be effectively used for signal control systems other than OASISTM. 

 

Table 7-7 Comparison of Current field Offset to Optimal Offset 

 
Average Bandwidth Bandwidth Efficiency Total Sum of 

Bandwidth Outbound Inbound Outbound Inbound 

Current Offset 64.95 6.60 31.51 1.54 2,231 

Optimal Offset 83.35 5.21 40.42 1.22 2,755 
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7.5 Summary 

In this chapter, the dynamic bandwidth optimization method is introduced. In terms of dynamic 

bandwidth optimization, the presented exhaustive search method can provide all feasible, 

including globally optimum solutions. From this information, optimum offset can be selected.  

The field evaluation result provides strong evidence of the robustness of the proposed 

exhaustive search method. DBAT processed six time of day plans using two weeks worth of data. 

The selected global solutions from DBAT have very similar offset values to current field offsets 

for 5 time of day plan, but it provides a much improved bandwidth result for one time of day plan 

(see Table 7.2). Field implementation results indicated a 10.5% travel time decrease for the non-

peak direction without any significant change on the other direction for the 1:30 PM plan. 

Implementing the optimal offset combination has shown to improve efficiency and reduce travel 

time without the need for field fine-tuning. 

The exhaustive search method is practical only for coordinated systems with a small number 

of intersections due to the exponential growth of the search space as the number of intersections 

increases. Although it is possible to mitigate excessive calculation time by increasing the search 

interval or decreasing search space, it is not likely that an exhaustive search will provide a real 

global solution. 
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CHAPTER 8. DEVELOP RECOMMENDATIONS FOR IMPLEMENTATION OF BEST 

PERFORMING MODELS (TASK 8) 

There are limitations to estimate arterial travel time using OASIS log data since OASIS 

detectors provide one minutes aggregated data for system detectors. Most of the time, coordinated 

common cycle length is greater than 60 seconds, so it is hard to estimate how many vehicles are 

arriving during green from the OASIS detector log. For this reason, the project team proposes 

several monitoring methods using OASIS log data and developed a near real time dynamic 

bandwidth monitoring program, which is called the dynamic bandwidth analysis tool (DBAT). In 

addition, the project team not only provides real time dynamic bandwidths monitoring program, 

but also introduces dynamic bandwidth optimization method for signal offsets fine-tuning. The 

introduced exhaustive search method with DBAT gives information on all possible offset 

combination’s dynamic bandwidth solutions under a given time of day plan. This result allows 

evaluating current signal coordination quality as well as easy offset fine-tuning.  

In Chapter 5, a few monitoring methods were introduced. The methods are: 

1. Monitoring and creating coordinated movements flow (see Figure 5.12), 

2. Monitoring Time of Day Plan suitability (see Figure 5.12), 

3. Monitoring cycle-by-cycle coordinated movements capacity (see Figure 5.13 to Figure 

5.16), 

4. Monitoring flow to capacity ratio (see Figure 5.17 and Figure 5.18) 

5. Monitoring Early return to green and green extension for coordinated phases (Figure 

5.19 to Figure 5.22) 

6. Monitoring non-coordinated phase displayed green distribution (Figure 5.23 to Figure 

5.25) 
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7. Dynamic bandwidth analysis tool (see Chapter 5.6) 

As mentioned earlier, bandwidth is highly correlated with arterial progression quality, and 

intersection offsets have a direct impact on the bandwidth magnitude. Coordinated intersection 

offsets are the decision variables that are typically optimized to maximize bandwidth. The majority 

of bandwidth optimization studies published in the signal coordination literature were conducted 

using programed (fixed) green times. However, most coordinated arterial signal systems operate 

in semi-actuated mode as explained above. One approach to dealing with varying green time would 

be to use the observed average coordinated green durations. However, field studies show that the 

distribution of coordinated green times are typically asymmetrical (see Chapter 5). Therefore, 

using average green durations for developing a semi-actuated control strategy will not guarantee 

finding a near optimal set of offsets. In practice, signal engineers traditionally conduct field visits 

to observe the early return to green and the initial queue to fine tune the offsets and improve arterial 

performance based on engineering judgment. 

Chapter 7 and Chapter 8 of this report introduced dynamic bandwidth monitoring and dynamic 

bandwidth optimization method for coordinated arterials. DBAT allows monitoring near real-time 

arterial dynamic bandwidth. It can help offset optimization for dynamic bandwidth maximization. 

However, the exhaustive search method requires long computation time when numbers of 

coordinated intersections are increased.  

In this Chapter, new dynamic bandwidth optimization methods are introduced. In addition, 

even if dynamic bandwidth is a useful arterial performance indicator, travel time (speed) is also a 

very important monitoring item. As a side evaluation and recommendation, the team will evaluate 

the accuracy of the Bluetooth traffic surveillance technology, and develop initial long-term 
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recommendations concerning the possible incorporation of permanent Bluetooth surveillance to 

allow more direct measurement of arterial system performance. 

8.1 Linear Programming for Dynamic Bandwidth Optimization 

The concept of the proposed bandwidth optimization LP is that green band is continuously 

created per each cycles, so it is possible to directly constrain each directional band start and end 

points inside of green durations. After defining green start and end time at each intersection, LP 

can search for optimal offsets, which maximize the sum of directional bandwidth. The main 

constraints are each green start and end time at each cycle. The numbers of input cycles are decided 

by progression speed and arterial length. Figure 8.1 shows basic geometry of the new bandwidth 

optimization model. 

 

Figure 8-1 Bandwidth Optimization Basic Geometry 
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Variables are defined as follows: 

 ܾ௜ =  ;ℎݐ݀݅ݓܾ݀݊ܽ	݀݊ݑ݋ܾݐݑ݋

 തܾ௜ =  ;ℎݐ݀݅ݓܾ݀݊ܽ	݀݊ݑ݋ܾ݊݅

 ݃௜,௝,௞ = ,݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݊݋݅ݐܽݎݑ݀	݁ݏℎܽ݌	݊݁݁ݎܩ ,݆	݈݁ܿݕܿ	݊݅  ;݇	݊݋݅ݐܿ݁ݎ݅݀

  ݅ = 1, 2, 3,⋯ , ݈															݈ =  ݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݂݋	ݎܾ݁݉ݑ݊

  ݆ = 1, 2, 3,⋯ ,݉											݉ =  ݏ݈݁ܿݕܿ	݂݋	ݎܾ݁݉ݑ݊

  ݇ = 1, 2																										1 = ,݊݋݅ݐܿ݁ݎ݅݀	݀݊ݑ݋ܾݐݑ݋ 2 =  ݊݋݅ݐܿ݁ݎ݅݀	݀݊ݑ݋ܾ݊݅

 

௜,௝,௞ݏ݃  = ,݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	ݐݎܽݐݏ	݊݁݁ݎ݃	 ,݆	݈݁ܿݕܿ	݊݅  ;݇	݊݋݅ݐܿ݁ݎ݅݀
 ݃݁௜,௝,௞ = ,݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	݀݊݁	݊݁݁ݎ݃	 ,݆	݈݁ܿݕܿ	݊݅  ;݇	݊݋݅ݐܿ݁ݎ݅݀

 ݀௜,௜ାଵ = ݅	݀݊ܽ	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅		݊݁݁ݓݐܾ݁	݁ܿ݊ܽݐݏ݅݀ +  ;(ݐ݂)	1
௜,௜ାଵݒ  = ݅	݀݊ܽ	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݊݁݁ݓݐܾ݁	݀݁݁݌ݏ	݊݋݅ݏݏ݁ݎ݃݋ݎ݌	 +  ;(ܿ݁ݏ/ݐ݂)	1
௜,௜ାଵܮ  = ݅	݀݊ܽ	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݊݁݁ݓݐܾ݁	݀݁݁݌ݏ	݂݋	݀݊ݑ݋ܾ	ݎ݁ݓ݋ܮ	 +  ;(ܿ݁ݏ/ݐ݂)	1
௜,௜ାଵܪ  = ݅	݀݊ܽ	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݊݁݁ݓݐܾ݁	݀݁݁݌ݏ	݂݋	݀݊ݑ݋ܾ	ݎ݁݌݌ݑ	 +  ;(ܿ݁ݏ/ݐ݂)	1
௜,௜ାଵݐ  = ݅	݀݊ܽ	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	݊݁݁ݓݐܾ݁	݁݉݅ݐ	݈݁ݒܽݎݐ + 1	(ௗ೔,೔శభ௩೔,೔శభ  ;(ܿ݁ݏ	
ଵ,௝,௞ݔ  = ,1	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	ݐݎܽݐݏ	ܾ݀݊ܽ	݀݊ݑ݋ܾݐݑ݋	 ,݆	݈݁ܿݕܿ	݊݅  ;݇	݊݋݅ݐܿ݁ݎ݅݀

ଵ,௝,௞ݕ  = ,1	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	݀݊݁	ܾ݀݊ܽ	݀݊ݑ݋ܾݐݑ݋	 ,݆	݈݁ܿݕܿ	݊݅  ;݇	݊݋݅ݐܿ݁ݎ݅݀

 ܱ௜ =  ;(ܿ݁ݏ)	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	ݐ݁ݏ݂݂݋	
ܦ  =  ;(ܿ݁ݏ)݈ܿݕܿ	ݎ݁݌	(ℎ݈݅ܿ݁݁ݒ)݀݊ܽ݉݁݀	݁݃ܽݎ݁ݒܽ	݀݊ݑ݋ܾݐݑ݋	
ഥܦ  	=  ;(sec)݈ܿݕܿ	ݎ݁݌	(ℎ݈݅ܿ݁݁ݒ)݀݊ܽ݉݁݀	݁݃ܽݎ݁ݒܽ	݀݊ݑ݋ܾ݊݅	
 ݇ =  ;(஽ഥ஽)	݀݊ܽ݉݁݀	݀݊ݑ݋ܾݐݑ݋	ݎ݁ݒ݋	݀݊ܽ݉݁݀	݀݊ݑ݋ܾ݊݅	
 ߬௜(߬௜̅) =  ;݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	݁ܿ݊ܽݎ݈ܽ݁ܿ	݁ݑ݁ݑݍ(݀݊ݑ݋ܾ݊݅)	݀݊ݑ݋ܾݑ݋	
ߙ  =  ;݀݊ܽ݉݁݀	݋ݐ	ℎݐ݀݅ݓܾ݀݊ܽ	݊݋݅ݐܿ݁ݎ݅݀	݈ܽܿ݅ݐ݅ݎܿ	݂݋	݋݅ݐܽݎ	
ܯ  =  ;ݎܾ݁݉ݑ݊	݁݃ݎ݈ܽ	ݕݎ݁ݒ	
 

 

For the bandwidth optimization, the objective function is: 
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௥	෍(ܾ௜	݁ݖ݅݉݅ݔܽܯ
௜ୀଵ + ݇തܾ௜) + ߙ ∙  (1)																																																													ܯ

Where, ݎ =  ݏܾ݀݊ܽ		(݀݊ݑ݋ܾ݊݅)݀݊ݑ݋ܾݐݑ݋	݂݋	ݎܾ݁݉ݑ݊	ℎ݁ݐ
           ܾ௜ = ଵ,௝,ଵݕ −  ଵ,௝,ଵݔ

           തܾ௜ = ௟,௝,ଶݕ −  ௟,௝,ଶݔ

 

The objective function (equation 1) considers a target value to maximize the sum of two-way 

bandwidths. In addition, the given formula overcomes MAXBAND over constraint problem using 

the decision variable ߙ and the big number	ܯ. The objective function tries to maximize outbound 

bandwidth, inbound bandwidth and the ߙ  value. ߙ  is controlled by equation (13) and (14). 

Mathematically, the maximum  ߙ is the the ratio of bandwidth over the seconds required to process 

the demand (assuming ℎ௦  seconds per vehicle where ℎ௦ is saturation headway) for the critical 

direction. 

For the bandwidth optimization, the decision variables are: 

ଵ,௝,ଵݔ  = ,1	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	ݐݎܽݐݏ	ܾ݀݊ܽ	݀݊ݑ݋ܾݐݑ݋	 ,݆	݈݁ܿݕܿ	݊݅  ;		1	݊݋݅ݐܿ݁ݎ݅݀
ଵ,௝,ଵݕ  = ,1	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	݀݊݁	ܾ݀݊ܽ	݀݊ݑ݋ܾݐݑ݋	 ,݆	݈݁ܿݕܿ	݊݅  ;		1	݊݋݅ݐܿ݁ݎ݅݀
௟,௝,ଶݔ  = ,݈	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	ݐݎܽݐݏ	ܾ݀݊ܽ	݀݊ݑ݋ܾ݊݅	 ,݆	݈݁ܿݕܿ	݊݅  ;		2	݊݋݅ݐܿ݁ݎ݅݀
௟,௝,ଶݕ  = ,݈	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	݁݉݅ݐ	݀݊݁	ܾ݀݊ܽ	݀݊ݑ݋ܾ݊݅	 ,݆	݈݁ܿݕܿ	݊݅  ;		2	݊݋݅ݐܿ݁ݎ݅݀

௜,௜ାଵݒ  = ݅	݀݊ܽ	݅	݊݁݁ݓݐܾ݁	݀݁݁݌ݏ	݊݋݅ݏݏ݁ݎ݃݋ݎ݌	 +  ;(ܿ݁ݏ/ݐ݂)	1
ߙ  =  ;݀݊ܽ݉݁݀	݋ݐ	ℎݐ݀݅ݓܾ݀݊ܽ	݊݋݅ݐܿ݁ݎ݅݀	݈ܽܿ݅ݐ݅ݎܿ	݂݋	݋݅ݐܽݎ	
 ௜ܱ =  .(sec)	݅	݊݋݅ݐܿ݁ݏݎ݁ݐ݊݅	ݎ݋݂	ݐ݁ݏ݂݂݋	

 

Model constraints include: 

Constrain (2) and (3) ensure that the bandwidth end point (time) is after bandwidth start point.  ݕଵ,௝,ଵ 	≥ ݆	ݎ݋݂																																																	ଵ,௝,ଵݔ	 = 1	⋯ ௟,௝,ଶݕ (2)																																																									ݎ	 	≥ 	 ݆	ݎ݋݂																																																			௟,௝,ଶݔ = 1	⋯  (3)																																																									ݎ	
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Constraint (4) to (7) ensure that bandwidth start and end point strictly stay inside of green 

duration. 

௜,௝,ଵݏ݃ ≤ ଵ,௝,ଵݔ +෍ݐ௜ିଵ, ௟	௜ݐ
௜ୀଶ ≤ ݃݁௜,௝,ଵ						݂ݎ݋	݅ = 1	, ⋯ , ݈, ݆ = 1,⋯ ,  (4)																														ݎ

௜,௝,ଵݏ݃ ≤ ଵ,௝,ଵݕ +෍ݐ௜ିଵ, ௟	௜ݐ
௜ୀଶ ≤ ݃݁௜,௝,ଵ						݂ݎ݋	݅ = 1,⋯ , ݈, ݆ = 1,⋯ ,  (5)																														ݎ

௜,௝,ଶݏ݃ ≤ ௟,௝,ଶݔ +෍ݐ௜ିଵ, ௟	௜ݐ
௜ୀଶ ≤ ݃݁௟,௥,ଶ						݂ݎ݋	݅ = 1,⋯ , ݈, ݆ = 1,⋯ ,  (6)																														ݎ

௜,௝,ଶݏ݃ ≤ ௟,௝,ଶݕ +෍ݐ௜ିଵ, ௟	௜ݐ
௜ୀଶ ≤ ݃݁௜,௝,ଶ						݂ݎ݋	݅ = 1,⋯ , ݈, ݆ = 1,⋯ ,  (7)																															ݎ

 

Constraint (8) expresses the start time of the first greens at non-reference intersection. ݃ݏ௜ାଵ,ଵ,௞ = ଵ,ଵ,௞ݏ݃		 + ௜ܱ																														݂ݎ݋	݅ = 1,⋯ , ݈ − 1												݇ = 1, 2																							(8) 
 

Constraint (9) introduces a lower and an upper bound for the speed on each link. ܮ௜,௜ାଵ ≤ ௜,௜ାଵݒ	 	≤ ݅	ݎ݋݂																														௜,௜ାଵܪ	 = 1,⋯ 	݈																																																											(9) 
 

Constraints (10) and (11) account for queue clearance time at each intersection. ݃ݏ௜,௝,ଵ ≤ ଵ,௝,ଵݔ	 −	߬௜																																	݂ݎ݋	݅ = 1,⋯ , ݈, ݆ = 1,⋯ , ௜,௝,ଶݏ݃ (10)																															ݎ ≤ 	 ௟,௝,ଶݔ −	߬௜̅																																	݂ݎ݋	݅ = 1,⋯ , ݈, ݆ = 1,⋯ , ଵܱ (11)																															ݎ = ܥ− (12)																																																																																																																																																		0 < 	ܱ௜ < 0 (13)																																																																																																																																					ܥ ≤ ߙ	 < 1																																																																																																																																										(14) 
 

Constraints (15) and (16) are designed to consider directional demand with optimal ߙ. When 

both directional demands are smaller than bandwidth ߙ will be one but when critical direction’s 

demand exceeds band capacity the optimum ߙ will be calculated and it represents the ratio of the 

bandwidth capacity to seconds required to process the demand on the critical direction. 
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ܾ௜ ≥ ߙ		 ∙ തܾ௜ (15)																																																																																																																																										ܦ ≥ ߙ		 ∙  (16)																																																																																																																																										ഥܦ
 

8.2 LP Model Test  

When the arterial has a semi-actuated signal controller, each intersection possibly has an early 

return to green and green extension. Therefore, green durations vary over cycles. The proposed 

linear program was applied to Site A (US 70 arterial in Clayton, NC). Table 8.1 shows dynamic 

green time information, which is downloaded from OASIS split monitor.  

Table 8-1 Site A OASIS Split Monitor Log 

US 70 & Shotwell Rd 

Time ExtraTimeCP1 ExtraTimeCP2 Used Phase 2 Used Phase 6 

06:32:11 18 34 79 49 

06:35:01 8 25 79 79 

06:37:51 24 37 79 49 

06:40:41 24 40 79 49 

06:43:31 16 37 79 49 

US 70 & S Moor St 

Time ExtraTimeCP1 ExtraTimeCP2 Used Phase 2 Used Phase 6 

06:31:41 46 62 104 87 

06:34:31 30 44 104 104 

06:37:21 24 0 125 170 

06:40:11 45 45 104 104 

06:43:01 45 70 104 79 

US 70 & R Robertson St 

Time ExtraTimeCP1 ExtraTimeCP2 Used Phase 2 Used Phase 6 

06:33:06 70 70 54 79 

06:35:56 41 28 54 79 

06:38:46 46 23 54 79 

06:41:36 45 32 54 79 

06:44:26 58 44 54 79 

 

Both the DBAT exhaustive search method and the proposed LP method were applied to site 

A. LP provides optimal offset as of 0, 5.49, and 85.96 seconds. The calculated objective function, 

which is sum of both directional dynamic bandwidths, is 692.18 seconds. 
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Figure 8.2 and Table 8.2 shows proposed LP calculation results. 

 

Figure 8-2 Dynamic Bandwidth LP Optimization Result 
 

Table 8-2 LP Optimization Result 

 Band 1 Band 2 Band 3 Band 4 Band 5 

Outbound 
Bandwidth 47.06 97.00 87.00 93.06 92.06 

Inbound 
Bandwidth 

- 75.00 57.00 86.00 58.00 

 

The exhaustive search method provides 5 different optimal offsets, and the sum of both 

directions dynamic bandwidths is 707 seconds. Figure 8.3 shows the DBAT exhaustive search 

result. Table 8.3 shows the summary of optimal offsets. The “Number of Band 2” column indicates 

there are two secondary bands for inbound since linear programming only provided four inbound 

bands. In addition, the exhaustive search method provides a bigger objective function value result 

than linear programming, since linear programming cannot consider the secondary bands. 
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Figure 8-3 Dynamic Bandwidth DBAT Exhaustive Search Result 
 

The secondary bands were eliminated using a secondary band filter in DBAT and then the 

exhaustive search result provided Table 8.4 results.  

Table 8-3 DBAT Exhaustive Search Result Including Secondary Bands 

ID Int. 1 Int. 2 Int. 3 
Outbound 
Bandwidth 

Inbound 
Bandwidth 

Number of 
Outbound 

Bands 

Number of 
Inbound 
Bands 

Sum of 
Directional 
Bandwidth 

110
1 

0 6 80 434 273 5 6 707 

110
2 

0 6 81 431 276 5 6 707 

110
3 

0 6 82 428 279 5 6 707 

110
4 

0 6 83 425 282 5 6 707 

110
5 

0 6 84 422 285 5 6 707 

110
6 

0 6 85 419 288 5 6 707 

 

After eliminating secondary band, exhaustive search only provides one optimal solution. The 

calculated number of bands is identical to LP, but sum of bands is smaller. The LP objective 
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function is larger than the exhaustive search since exhaustive search takes only integer value for 

its offsets and minimum search interval is 1 second. 

Table 8-4 DBAT Exhaustive Search Result Excluding Secondary Bands 

ID Int. 1 Int. 2 Int. 3 
Outbound 
Bandwidth 

Inbound 
Bandwidth 

Number of 
Outbound 

Bands 

Number of 
Inbound 
Bands 

Sum of 
Directional 
Bandwidth 

110
6 

0 6 85 419 269 5 4 688 

110
5 

0 6 84 422 265 5 4 687 

110
4 

0 6 83 425 261 5 4 686 

110
3 

0 6 82 428 257 5 4 685 

110
2 

0 6 81 431 253 5 4 684 

110
1 

0 6 80 434 249 5 4 683 

 

After adding one constraint (enforcing offsets to take only integer values), the LP and 

exhaustive search methods give identical solutions. Therefore, the global solution for maximum 

sum of two way dynamic bandwidth is when each intersection offset is 0, 6, and 85 seconds. The 

total amount of the sum of bandwidths is 688 seconds. 

The proposed LP model cannot consider secondary bands, but its computation time is 

significantly less than the exhaustive search method. In addition, both methods provide an identical 

optimal solution. Therefore, project team suggests using DBAT for monitoring near real-time 

dynamic bandwidth and using both DBAT and the proposed LP for fine-tuning offsets. 

8.3    Comparison of BluFax and BlueMAC Travel Times 

In Chapter 4, two Bluetooth devices were briefly introduced. Bluetooth technology is being 

increasingly utilized by government agencies, consulting firms, and researchers as an inexpensive 

and practical method of measuring travel times. There are many studies to show Bluetooth 

technology’s effectiveness for measuring travel time. For example, Schneider IV et al. completed 
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a study comparing Bluetooth data to floating car data (48). This study showed that Bluetooth 

Travel times matched floating car travel times. In addition to advantages in accuracy, one more 

major advantage of using Bluetooth units to collect travel times is its relatively low cost. A few 

studies estimated that Bluetooth unit may be 500 to 2,500 times more cost-effective than floating 

car data collection approach. For these reason, using Bluetooth units have become an attractive 

alternative approach for travel time data collection. 

8.3.1 Data Process 

8.3.1.1 BluFax (http://www.traffaxinc.com/) 

In other to facilitate data processing procedure, BluFax requires to use BluSTATs software. 

BluSTATs is set up to eliminate redundant detections, match MAC addresses between stations, 

and filter data to produce O-D and travel time matrices for defined two-station segments. Figure 

8.4 shows BluSTATs software interface. 

(a) User Intersection for Project (b) User Intersection for Station Data 

Figure 8-4 User Interface of BluSTATs Software  
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Data processing with BluSTATs software is a multi-step process that is described in the 

following steps: 

1. Data is downloaded onto a computer from the SD card 

2. The data set for each BluFax device is imported into BluSTATs, forming a “station.” 

Each station is defined with a GPS file, its own MAC ID and Traffax device label, and 

user-selected label. 

3. Station data is processed to remove redundant detections that were recorded 

consecutively by the BluFax device. This filtering process removes multiple detections 

of a single MAC address as it makes a single pass through a station’s detection range. 

Detections that occur at different times of day due to multiple passes by the same 

Bluetooth enabled device are not considered redundant and are therefore maintained in 

station processing.  

4. The user then pairs station to create segments that align with travel time objectives of 

the study. BluSTATs compares MAC address detections between the two stations and 

preserves only those addresses that were detected at both locations within the minimum 

and maximum time periods identified by the user. 

8.3.1.2 BlueMAC (http://www.digiwest.com/) 

BlueMAC devices carry a Global Positioning System (GPS) and Global System of Mobile 

(GSM) antenna to report to the BlueMAC website at intervals configured by the user. GPS allows 

the user to map every device’s location in a project to watch how traffic flows throughout the 

monitored corridors. It does not require the user to process data. The provided BlueMAC website 

allows the user to create a Project similar to Figure 8.5. When a new project is created, the collected 
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data is automatically transmitted to BlueMAC server and then a travel time report and origin-

destination report is created. 

 

Figure 8-5 BlueMAC Project Website 
 

The website also allows the user to do real-time monitoring on selected study routes as shown 

in Figure 8.6. It provides a threshold for the selection of ranges for travel time and speed. The 

website provides the trip distance, expected travel time, total number of trips, average speed, 

average travel time, etc. The user can select daily, weekly and bi-weekly travel time monitoring 

results, and travel time can be aggregated in 5 minutes, 15 minutes, hourly and daily increments. 

All the results will be displayed on the website by selected user values. 
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Figure 8-6 BlueMAC Travel Time Monitoring Example 
 

8.3.2 MAC Address Archive 

BluFax and BlueMAC devices collect media access control (MAC) addresses from Bluetooth-

enabled devices, and calculate travel time by detecting the signals of same MAC address at two 

locations. The difference between the two devices is that BluFax archives all 12 characters of MAC 

addresses while BlueMAC truncates the first 5 digits and last one digit of the MAC address. The 

MAC address is a unique ID, when it has all 12 digits. However, after truncating several digits of 

MAC address for privacy issues, it will not be a unique ID anymore.  

For testing the effect of truncating 5 digits of the MAC address, the project team designed an 

experiment. Since BluFax units archive all 12 digits of MAC address, the project team used BluFax 
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station data as experimental raw data. From March 5, 2012 to March 22, 2012 (total of 18 days) 

BluFax units Station data was collected. After making station data using BluSTATS software, the 

first five digits and last one digit of MAC addresses were truncated. Table 8.5 shows the station 

data form of both data types. Both stations data are processed to matching MAC addresses and the 

results are presented in the Table 8.6. For the matching MAC addresses, the experiment used no 

time boundary.  

Table 8-5 DBAT Exhaustive Search Result Excluding Secondary Bands 

BluFax Station MAC address Truncated BlueMAC type MAC Address 

10:C6:FC:F3:8F:54 00:00:0C:F3:8F:50 

00:23:06:D7:63:07 00:00:06:D7:63:00 

D8:B3:77:E4:C6:41 00:00:07:E4:C6:40 

00:A0:96:33:1C:11 00:00:06:33:1C:10 

D8:B3:77:E4:C6:41 00:00:07:E4:C6:40 

 

The complete MAC address (full of 12 digits) provides 5,735 trips and 6,466 trips for EB and 

WB, respectively. However, when the first 5 digits and last one digit of the MAC address was 

truncated, the total numbers of trips were increased by 14 and 12 units on EB and WB. The result 

shows that even if it is unlikely (less than 0.24%), there is a possibility to create wrong trips. 

Table 8-6 Matching Number Comparison 

Site (Direction) 
Total number of Matching (Trips) 

BluFax BlueMAC Difference 

Jessup to Yeargan (EB) 5,735 5,749 14 (0.24%) 

Yeargan to Jessup (WB) 6,446 6,458 12 (0.19%) 
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8.4 Summary 

This chapter introduces a linear programming (LP) formulation to enable dynamic bandwidth 

maximization on semi-actuated arterial streets. The methodology relies on the use of archived 

signal log data on phase start and end times in each cycle in both directions. That data is used to 

optimize the offsets that maximize the variable system bandwidth across multiple cycles 

constituting a coordination plan period. The formulation is also flexible to optimize signal offsets 

using programmed (fixed) green durations at each intersection. The proposed formulation offers 

four significant enhancements compared to traditional methods. 

1. The formulation is strictly linear (complexity of class P) as opposed to the traditional 

mixed integer programming formulations (complexity of class NP-hard).  

2. It can work with either static or dynamic (cycle varying) green durations. 

3. Traditional bandwidth optimization methods have explicit constraints to enforce 

bandwidth allocation to be proportional to directional demand. However, as longs as 

the minimum required bandwidth is allocated to each direction, a proportional 

allocation of bandwidth is not necessary and in fact, can result in reporting sub-optimal 

solutions. The proposed formulation overcomes this shortcoming.  

4. The proposed formulation predicts the maximum proportion of traffic demand that can 

be served in each band, a unique attribute absent from other formulations found in the 

literature. 

In addition, two Bluetooth devices are introduced for monitoring arterial travel time. Arterial 

travel time is an important performance measure but it is difficult to monitor by the current OASIS 

log.  Bluetooth units can be a good method for monitoring arterial travel times. 
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CHAPTER 9. DEVELOP RECOMMENDATIONS FOR IMPLEMENTATION OF 

OTHER USES OF MODEL OUTPUTS (TASK 9) 

In this chapter, INRIX arterial travel time (speed) data is compared with Bluetooth data. Two 

sites are selected and multiple days’ results are compared. In addition, project team collected and 

analyzed high resolution detector data using Sensys wireless sensors for recommendation and 

analysis.  The research reported in this chapter represents a broadening from the original task 

description.  The motivation behind the research was to both test the accuracy of INRIX arterial 

times in turn testing the usefulness of the INRIX data in assessing coordination plan quality and 

to evaluate the accuracy of the OASIS detector log data.  These evaluations are foundational to 

support sound decisions on how the INRIX and OASIS data should be used for all purposes, 

including coordination plan assessment. 

9.1 INRIX and Bluetooth Travel Time Comparison 

INRIX provides link based travel time (speed) data. INRIX uses mainly GPS-enabled probe 

vehicles to collect speed information on over 1 million miles of roads across the United States. 

INRIX uses the industry standard Traffic Message Channel (TMC) coding system to represent 

directional roadway segments.  The TMS segments are defined with a geo-located beginning and 

ending point. INRIX records and reports Travel Time, Average Speed, Reference Speed, C-Score 

and C-Value at a one-minute temporal resolution for all TMC segments.  Average speed is a time 

of day and day of week average that is periodically updated, while Reference speed is the 85th 

percentile measured speed capped at 65 mph.  The C-Score indicates if the speed is historical 

(reference speed), real time or a blend of real time and historical data, while the C-Value is a 

measure of confidence for the real-time data. 
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Archived one-minute INRIX travel time data were collected from the Regional Integrated 

Transportation Information System (RITIS), and the INRIX travel times were compared with 

Bluetooth travel time. When comparing the travel time, care must be taken to properly consider 

the sampling differences between the Bluetooth and INRIX data.  The unique potential for bias 

must be considered for each data source, and with increased usage of network probe data it is 

important to understand the factors that contribute to differences in path travel time estimates 

between the two methods. The Bluetooth observations were analyzed using the BlueStats software 

provided by TRAFFAX.  BlueStats includes an outlier detection method based on the non-

parametric IQ4 method.  However, none of the BlueTooth travel time observations were identified 

as outliers by BlueStats. 

9.1.1 NC 55 Arterial Comparison Result 

The first selected site is on the NC 55 arterial in Apex. The arterial segment (TMC 125+06184) 

starts from Hunter St. intersection and ends at the US 64 EB off-ramp. The segment length is 1.02 

miles. Both INRIX and Bluetooth travel time data are collected for 8 weekdays from August 27, 

2012 to September 6, 2012.  
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Figure 9-1 INRIX TMC Segment 125+06184 
 

Table 9.1 provides the TMC 125+06184 segment start and end coordinates.  BluFAX unit were 

installed at both ends of the segment as close as practicable to these two positions.  

Table 9-1 TMC 125+06184 Segment Information 

TMC Road Direction 
Count

y 
Start

Latitude 
Start

Longitude 
End

latitude 
End 

longitude 
miles 

125+0618
4 

NC-
55 

WESTBOUN
D 

WAKE 
35.73615

7 
-

78.862898 
35.74744

2 
-

78.874657 
1.02238

9 

 

Figure 9.2 shows the six weekdays INRIX and Bluetooth travel times and provides a visual 

comparison.  
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Figure 9-2 Six Weekdays INRIX and Bluetooth Travel Time Comparison 
 

As demonstrated in Chapter 5, Bluetooth travel times and floating car travel times display very 

similar magnitudes and distributions. However, Figure 9.2 shows two systems (INRIX and 

Bluetooth) provide quite different results in terms of average travel time and that INRIX and 

Bluetooth travel times are especially different when the Bluetooth data are indicating travel times 

much longer than the free flow travel time. Table 9.2 highlights the discrepancies in average travel 
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time. The INRIX reported TMC travel time is approximately 31.3% less than Bluetooth travel time 

(BluFAX observations processed using the BluSTATS software).  

Table 9-2 Average Travel Time Comparisons (NC 55) 

 8/27/2012 8/28/2012 8/29/2012 8/30/2012 8/31/2012 9/4/2012 9/5/2012 9/6/2012 

INRIX 1.722 1.798 1.802 1.807 1.856 1.773 1.843 1.765 

Bluetooth 2.601 2.552 2.520 2.494 2.807 2.645 2.699 2.623 

% Difference 33.8% 29.5% 28.5% 27.5% 33.9% 33.0% 31.7% 32.7% 

 

9.1.2 Western Blvd Arterial Comparison Result 

The project team also conducted arterial travel time comparisons between INRIX and 

Bluetooth.  This comparison was conducted after INRIX announced improvement of their system 

using sub-TMC analysis. Simultaneous travel time data were collected during March 25 to April 

2, 2014. As above, INRIX one-minute TMC reports were downloaded from the RITIS server, and 

BluFAX units were again used for collecting the Bluetooth travel time data. The selected TMC 

segments selected were 125+14768 and 125-14767 (Western Blvd arterial between Avent Ferry 

Rd. intersection and Gorman St. intersection in both the eastbound and westbound directions). 

Table 9.3 shows the selected TMC segment’s start and end coordinates. Two BluFAX units were 

installed as close to the TMC star/end positions as practicable. Figure 9.3 illustrates the location 

of the analyzed TMC. 

Table 9-3 TMC 125+06184 (125-14767) Segment Information 

TMC Road Direction County
Start 

latitude 
Start 

longitude 
End 

latitude 
End 

longitude 
Miles 

125-14767 Western Blvd EASTBOUND WAKE 35.784907 -78.687049 35.780727 -78.675529 0.72 

125+14768 Western Blvd WESTBOUND WAKE 35.780868 -78.67543 35.785053 -78.687049 0.72 
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Figure 9-3 INRIX TMC Segment 125-14767 
 

The Western Blvd TMC 125-14767 and 125+14768 travel time comparison results are not 

significantly differ from the previous (NC 55) results. Table 9.4 shows the daily average travel 

time for both INRIX and Bluetooth. The total average percentage difference between the two travel 

times is 37.8% with INRIX once again reporting shorter travel time than Bluetooth.   

Table 9-4 Average Travel Time Comparisons (Western Blvd) 

Eastbound 

Date 3/25/2014 3/26/2014 3/27/2014 3/28/2014 3/29/2014 3/30/2014 3/31/2014 4/1/2014 4/2/2014

INRIX 1.462 1.305 1.305 1.371 1.169 1.114 1.296 1.329 1.295 

Bluetooth 3.610 1.998 2.039 2.384 1.672 1.574 2.191 2.074 2.064 

% Difference 59.5% 34.7% 36.0% 42.5% 30.1% 29.2% 40.8% 35.9% 37.3% 

Westbound 

INRIX 1.293 1.350 1.330 1.407 1.221 1.145 1.362 1.306 1.323 

Bluetooth 2.263 2.013 2.112 2.270 2.105 1.905 1.957 2.015 2.051 

% Difference 42.9% 33.0% 37.0% 38.0% 42.0% 39.9% 30.4% 35.2% 35.5% 

 

Figure 9.4 and Figure 9.5 provide the travel time plots for March 26, 2014. 
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Figure 9-4 EB Travel Time Comparison (TMC 125-14767) 
 

 

Figure 9-5 WB Travel Time Comparison (TMC 125+14768) 
 

9.2 High Resolution Detector Data 

9.2.1 Data Quality Test 

As mentioned earlier in Chapter 4 and Chapter 5, the OASIS detector log provides a minimum 

one-minute aggregated resolution, and the detector log data were compared with manually counted 
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video data. The results indicate the OASIS lane-based detector has less than a 2% error. The S. 

Robertson WB direction has three system detectors, and project team installed three sensors at the 

same locations (see Figure 4.17-f).  Sensys sensors provide a one hundredth of a second resolution 

for detector actuation results such as illustrated in Table 9.5. The column of “Detection” indicates 

sensor status (a value of 1 means the detector is “on” (occupied) and 0 means the detector is 

“off”(empty)). For testing detection accuracy, raw data was aggregated to a one-minute interval to 

match the OASIS detector log. The detectors in each of the three lanes were compared to this one-

minute resolution for data collected on April 22, 2013.  

Table 9-5 Sensys High Resolution Data Example 

Sensor ID Time Detection 

7656 4/22/2013 0:06:48.29 1 

7656 4/23/2013 0:06:49.37 0 

7656 4/22/2013 0:14:23.81 1 

 

Table 9.6 shows the difference between OASIS and Sensys detector calls. There are less than 

3 % difference between OASIS loop detectors and Sensys wireless sensors.  Figure 9.6 provides a 

graphical comparative display of the detector calls per minute. 

Table 9-6 Detector Detection Differences 

 Lane 1 Lane 2 Lane 3 

OASIS 4,950 6,055 3,693 

Sensys 5,030 5,992 3610 

% Differences 1.61% 1.04% 2.25% 
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Figure 9-6 OASIS and Sensys Detector Call Comparison 
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9.2.2 Segment Travel Speed Distribution  

The OASIS detector log also provides speed information. The speed calculation is a single 

loop estimate that relies on a default or user specified value for average vehicle length plus detector 

detection zone length. Therefore, the average vehicle length plus detection zone length should be 

calibrated if reasonably accurate speed values are desired. OASIS uses 20 feet as the default value 

of average vehicle length plus detection zone length. 

In order to collect more accurate segment travel speeds, the project team created a speed trap 

with dual sensors. Figure 4.17 (b), (c) and (d) show three speed traps that lie between coordinated 

intersections. Two sensors are used for creating each speed trap, and the distance between the 

paired sensors was set at 20 ft. The speed trap locations were located approximately 250 ft. 

downstream from the intersections.  This placement was selected to provide a balance between 

avoiding queue spill back the downstream intersection while providing enough distance from the 

upstream intersection for vehicle acceleration. Table 9.7 shows each speed trap’s average, mode 

and 95th percentile speed. The three locations’ average speeds are 43.2, 44.8 and 44.2 (the speed 

limit is 45 mph). The 95th percentile speeds are 52, 54 and 54 mph. Figure 9.7 graphically illustrates 

each speed trap’s speed distributions. 

Table 9-7 Speed Trap Speed Summary 

 
Downstream of Shotwell 

(EB) 
Downstream of Moore 

(EB) 
Downstream of Moore 

(WB) 

Sample Size 25,975 23,903 92,374 

Average of 
Speed 

43.2 44.8 44.2 

Mode of Speed 41 48 47 

95th of  Speed 52 54 54 
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(a) Speed Distribution of Shotwell Rd. Downstream (Sea Figure 4.17-b) EB

 

(b) Speed Distribution of Moore St. Downstream (Sea Figure 4.17-d) EB 

 
(c) Speed Distribution of Moore St. Downstream (Sea Figure 4.17-c) WB 

Figure 9-7 Segment Travel Speed Distributions 
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9.2.3 Combine Dynamic Bands and High Resolution Detector Data 

The OASIS split monitor log provides quite accurate signal status information in that relatively 

precise times can be derived for the beginning and ending of all signal indications. This contrasts 

with the detector log’s one-minute aggregation. If high resolution vehicle detector data, such as 

was recorded from the temporary Sensys detector installations, were available, this vehicle 

detection level data could be merged with the cycle-by-cycle dynamic green bands and be 

displayed graphically or otherwise analyzed.  

Figure 9.8 (EB) and Figure 9.9 (WB) show the visualized result of dynamic bandwidth and the 

high resolution detector data. Each dot indicates a vehicle with each dot’s color representing the 

respective travel lane (from left to right – blue is lane one, red is lane two and black is lane three). 

The eastbound direction has only two lanes except for a lane between Shotwell Rd. and Moore St. 

that ends as an exclusive right turn.  Therefore, the eastbound direction only has black dots between 

Shotwell and Moore.  

Information that can be gleaned from this diagram includes – 

1. Entering intersection vehicle arriving type 

2. Average platoon headways 

3. Platoon size 

4. Number of vehicles arriving on green (or percent arriving on green) 

5. Number of vehicles inside of dynamic bands (or percentage of vehicles inside of green 

bands) 

The EB traffic entering intersection the three intersection subsystem at Shotwell Rd. does not 

appear to be characterized by random arrivals. The upstream intersection, Town Center Blvd., is 

1.2 miles from the Shotwell Rd. intersection, and although not included in the field study the Town 
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Center Blvd. intersection is coordinated with the three analyzed intersections. Figure 9.8 appears 

to show that this case of coordination is effective even with the relatively long distance of over a 

mile.  

Table 9.8 and Table 9.9 provide the percentage of arrivals on green and the percentage of 

vehicles in the green bands for each direction, and this data can be used to assess the quality of 

progression.  For example, the EB direction movement from Shotwell to Moore has a percentage 

of arrivals on green and percentage of vehicles in green bands of 90.08% and 78.50%, respectively. 

However, the WB direction from Robertson to Moore has a percentage of arrivals on green and 

vehicle in green bands of only 37.04% and 15.59%, respectively. The result illustrates that most 

of EB direction vehicles can pass the Moore intersection without stopping, while most of the WB 

direction vehicles must stop at the Moore intersection. 

Table 9-8 US 70 Arterial in Clayton EB during Midday 1:30 PM Plan 

Downstream of the Shotwell Intersection 
Approaching Moore 

Total Number of vehicles 3,014 

Arriving on Green 2,715 

% of Arriving on Green 90.08 

Number of vehicles in the Bands 2,366 

% of vehicles in the Bands 78.50 

Downstream of the Moore Intersection 
Approaching Robertson 

Total Number of vehicles 3,017 

Arriving on Green 2,468 

% of Arriving on Green 81.80 

Number of vehicles in the Bands 2,284 

% of vehicles in the Bands 75.70 
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Table 9-9 US 70 Arterial in Clayton WB during Midday 1:30 PM Plan 

Downstream of the Robertson Intersection 
Approaching Moore 

Total Number of vehicles 2,605 

Arriving on Green 965 

% of Arriving on Green 37.04 

Number of vehicles in the Bands 406 

% of vehicles in the Bands 15.59 

Downstream of the Moore Intersection 
Approaching Shotwell 

Total Number of vehicles 2,376 

Arriving on Green 1,850 

% of Arriving on Green 77.86 

Number of vehicles in the Bands 1362 

% of vehicles in the Bands 57.32 

 

The EB direction is very well coordinated since most of the platoons are inside of dynamic 

bands in contrast to the WB direction, which exhibits poor coordination. Analysis of the high 

definition data plotted with the dynamic green bands reveals that the Robertson St. intersection 

has a green start that is too early and the Moore St. intersection green start is too late.  This creates 

a situation where the platoons released from the Robertson St. intersection must stop at the Moore 

St. intersection. Therefore, the high definition data plots indicate that WB progression would be 

improved by starting the coordinated green at the Moore St. intersection earlier and starting the 

coordinated green at the Robertson St. intersection later than was the case in the April 2013 plan. 

The joint high resolutions detector data and dynamic bandwidth diagram gives an intuitive sense 

of offset fine-tuning opportunities. Table 9.10 shows the Chapter 7 dynamic bandwidth 

optimization results compared with the current offsets. The results shows the Moore St. 

intersection offset should start 17 seconds earlier and the Robertson St. intersection should start 7 

seconds later compared to the April 2013 offsets in order to maximize the total sum of weighted 

bandwidth. 
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Table 9-10 Dynamic Bandwidth Optimization Results 

Cycle 
Length 
(sec) 

Plan Start 
(Plan End) 

Plan 

Offset (sec) * 
EB Band

Size 
(sec) 

WB Band
Size 
(sec) 

Total  
Band Size 

(sec) 

EB (WB) 
Weight 

*** Int. 1 Int. 2 Int. 3 

150 
13:30 

(16:30) 

April field Plan 0 4 47 4,948 1,848 6,797 
0.67 

(0.33) Estimated Optimal 
Plan**** 

0 137 54 4,783 2,774 7,557 

 

The results reveal that a modification to the OASIS software that would allow temporary or 

ongoing logging of detector actuations would support detailed analysis of coordination quality for 

overall plan modification or offset fine tuning.  In addition to modification of the OASIS software, 

the only hardware that would be needed would be for the purpose of storing the high resolution 

detector data.  An external hard drive or field robust solid state memory could easily serve this 

purpose.  The combination of the ability to store high resolution detector data and the graphical 

and statistical analyses described above would provide a cost effective alternative to labor 

intensive field studies for plan assessment and fine tuning. 
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9.3 Summary 

In this chapter, INRIX arterial TMC reported travel time data and Bluetooth travel time data 

were compared, and the results of a study that involved the collection and analysis of high 

resolution detector data was presented. The motivation for the comparison study between INRIX 

and Bluetooth was to answer the question of whether or not arterial travel times derived from 

INRIX TMC segment travel times could serve as an effective alternative or supplement to field 

travel time runs.  Given that the INRIX TMC segment data are readily available at a one-minute 

resolution for many of the closed-loop systems under the COST section’s responsibility, the 

primary question is whether or not INRIX segment travel times are sufficiently accurate.  If the 

INRIX arterial segment travel times are accurate relative to directly measure travel times, then the 

INRIX could allow the COST section to easily and remotely monitor closed-loop system travel 

times.  This would not only minimize the cost of conducting field travel time runs but would allow 

analysis of a much broader operational time window than is possible through field study.  The 

motivation for the high resolution detector data study was to assess the timing plan assessment and 

fine tuning potential of joint analysis of system detector actuations and dynamic green band 

analysis based on the OASIS split monitor log.  

The comparison between INRIX and Bluetooth travel times shows that INRIX TMC reported 

travel time is approximately 31.3% less than Bluetooth travel time for NC 55 Apex (TMX 

125+06184) and 37.8% less than Bluetooth travel time for Western Blvd (TMC 125-147 67 and 

TMC 125+14768).  It appears that this discrepancy in average travel time primarily results from 

the fact that the INRIX arterial peak travel times are much lower than the Bluetooth peak travels 

(see Figure 9.2, Figure 10.4 and Figure 10.5). 
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High resolution detector data was collected by 24 Sensys wireless sensors.  In addition to basic 

information on platooning and vehicle arrival characteristics, the high resolutions detector data can 

help the signal offset fine-tuning process when combined with split monitor data that has been 

further processed to show the dynamic, cycle-by-cycle green bands (see Figure 9.8 and Figure 

9.9). The high resolution data plotted along with dynamic bandwidth give a clear sense of the 

quality of signal coordination and visual clues for offset fine tuning.  Statistics derived from the 

joint detector actuation/dynamic bandwidth data further provide direct estimation of important 

progression quality MOEs, such as percentage of vehicles traveling within the green bands and 

percentage of vehicles arriving under green. Cost effective implementation of this type of high 

resolution detector data analysis could be accomplished through a modification to the OASIS 

software that would allow temporary or ongoing logging of system detector calls coupled with an 

external memory storage device. 
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CHAPTER 10. SUMMARY OF FINDINGS, CONCLUSIONS, AND 

RECOMMENDATIONS 

The chapter provides the project’s key findings and conclusions summarized by task.  The 

project team’s recommendations based on these findings and conclusions are summarized in the 

following chapter. Findings and conclusions are provided for each project task, and 

recommendations are provided when appropriate for certain tasks. 

10.1 Task 1 - Literature Review – Findings and Conclusions 

• Several adaptive control systems are used for advanced traffic management in United 

States. 

• These systems in general required installing more detectors than required for 

the current standard NCDOT specifications and also involve more complex 

operational parameters.  Therefore, these systems would involve increased 

installation and maintenance costs as well as increased cost and time for signal 

engineer retraining. 

• ACS-Lite is a reduced-scale version of the FHWA adaptive control software.  

It offers small and medium-size communities a lower-cost traffic control system 

that provides some real-time adaptive control features. 

• Advances have been made in arterial and signal monitoring systems, and these systems 

are in the early stages of availability and deployment. 

• SMART-SIGNAL uses queue estimation modeling and vehicle acceleration 

and deceleration modeling in order to estimate arterial travel time using a virtual 

probe vehicle generation method. 
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• Researchers at Purdue University have created several useful monitoring 

methodologies to monitor both intersection and arterial level of signal operating 

performance. 

• These arterial monitoring systems are theoretically robust and show strong 

promise based on the monitoring results in published literature. 

• Both systems require additional detectors as well as the capability to collect 

high resolution detector data. 

• The current NCDOT closed-loop system specifications do not directly support 

SMART-SIGNAL or the Purdue Arterial Monitoring Method for the following 

reasons. 

• The OASIS software does not provide high resolution detector data.  This data 

is needed for the cycle-by-cycle queue estimation in SMART-SIGNAL and to 

generate the vehicles arrival during green and red for the Purdue Coordination 

Diagram. 

• NCDOT's signal system detector specifications do not generally call for a stop 

bar detector and an upstream detector for non-coordinated movements.  This 

detector configuration is needed for SMART-SIGNAL’s turning movement 

estimation routine and for the Purdue intersection level non-coordinated 

movement monitoring routines. 

• There are three generally used arterial performance measures, namely number of stops, 

travel speed, and bandwidth.  Neither stops nor travel speed can be measured directly 

or estimated using for the current general NCDOT signal system design and the current 
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OASIS software implementation.  Bandwidth can be analyzed from the OASIS split 

monitor log using the analysis procedures developed under Task 6. 

10.2 Task 2 - Select Study Location – Findings and Conclusions 

Project team selects three study sites for field data collection and developed model test. The 

selected study sites are: 

• US 70 arterial in Clayton (including 3 signalized intersections) 

• US 70 arterial in Garner (including 4 signalized intersections) 

• NC 55 arterial in Apex (including 7 signalized intersections) 

10.3 Task 3 - Design Data Collection Plan – Findings and Conclusions 

In this task, available data sources from current NCDOT closed loop systems were investigated 

and additional data collection devices and plans were introduced.  

• OASIS system temporally archives seven log files in its local memory, and these log 

files can be downloaded over a dialup modem connection using the TransLink32 

software. 

• The split monitor log provides each phase’s allotted green time and displayed green 

time. 

• The detector log provides minimum one-minute resolution of vehicle volume (call), 

occupancy, and speed. 

• The quality of detector log data depends on detector configuration. 

• Lane-based detectors provide more accurate information compare to link-based 

detector. 

• Second, 6’ by 6’ system detectors provides more detailed information than long 

loop detectors. 
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• The OASIS detector log for both occupancy and speed uses a strictly round-down 

approach before the system archives the calculated results. 

10.4 Task 4 - Conduct Field Studies – Findings and Conclusions 

The field collection devices all provided useful information.  However, the high mount video 

cameras installed at the prototype field site on US 70 in Garner involved troublesome installation 

and less than desirable results in terms of the quality of results from digital image processing.  This 

led to the need to do manual counts from the video. Also, the portable mast-mounted side fire radar 

detector used on the prototype field site did not provide reliable results due to the difficulty in 

maintaining the device’s aim and lane calibration.  Finally, although the Sensys installation used 

for the US 70 Clayton site provide much useful information, the complexity and labor investment 

in installing and removing the in pavement detectors and mounting and configuring the 

communications devices may be too extensive for use as temporary data collection system. 

10.5 Task 5 - Investigate Relationships and Develop Candidate Models 

10.5.1 Findings and Conclusions 

This task involved field study analysis, intersection level performance analysis, and dynamic 

bandwidth investigation. The key findings and conclusions are – 

• Signalized arterial travel times have a multi-modal distribution (see Figure 5.1 and 6.2) 

that is governed primarily by the number of stops. 

• The number of stops is directly related to signal coordination (see Figure 6.3) and the 

presence of early return to green. 

• The comparison of floating car and Bluetooth travel time (see Table 5.9) supports the 

accuracy of Bluetooth travel time. 
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• Lane-based 6’ by 6’ single loop detectors exhibited a detection error rate of 1.17% 

during the non-peak hour and 3.92% during the peak hour. 

• The OASIS detector log can be used to generate a daily volume profile useful for 

evaluating time of day timing plans (see Figure 5.12). 

• A plot that combines a g/C profile calculated using the split monitor log with the 

volume profile created from the detector log can be used to highlight the possibility of 

signal failure (see Figure 5.17 and Figure 5.18). 

• The split monitor log clearly reveals the prevalence and importance of early return to 

green and green extension for the coordinated phases and further highlights the 

resulting cycle by cycle variability of coordinated phase green time. 

• The non-coordinated phases used green distributions from the split monitor log can be 

used to evaluate the suitability of phase length and minimum and maximum green 

settings for these actuated phases. 

• The project team developed the Dynamic Bandwidth Analysis Tool (DBAT) for 

monitoring cycle-by-cycle experienced bandwidth using the OASIS split monitor log. 

• DBAT results were verified using three classic and well-understood two-way 

progression schemes: alternate progression, double alternate progression, and 

simultaneous progression. 

10.5.2 Recommendations 

The project team recommends that NCDOT’s ongoing interaction with its signal system 

software vendor include the requests for and cooperation in developing the following additions 

and improvements – 

• Improvements in system data archival and access. 
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• Data availability at a finer temporal resolution than the current one-minute minimum. 

• Computational rigor in terms of accuracy and precision of derived system measures 

including detector speed, volume, and occupancy (for example using customary 

rounding at the chosen precision rather than rounding down.) 

• Ubiquitous use of GPS clocks at non-networked controllers to minimize the effect of 

local intersection clock drift. 

In addition, the project team also makes the following detector configuration and data 

collection equipment recommendations – 

• Using lane-based versus link-based detection in all cases to improve count accuracy 

and detail. 

• If data from other devices (e.g. RTMS or Bluetooth) is to be synced with OASIS log 

data, it is important to check the clock time difference between the OASIS master clock 

and data collection devices before commencing data collection.  

10.6 Task 6 - Estimate Model Parameters, Test Model Accuracy, and Investigate Adaptive 

Implementations 

10.6.1 Findings and Conclusions 

In this task, one week of OASIS split monitor log data for three sites were processed using the 

Developed Dynamic Bandwidth Analysis Tool (DBAT). Key findings and conclusions are – 

• The methodology accurately determines cycle-by-cycle dynamic bandwidth from the 

detailed signal indication data recorded in the OASIS split monitor log. 

• Traditionally calculated programmed green bandwidth provides limited insight for 

evaluating the quality of arterial coordination because it does not consider the impact 

of early return to green and green extension for the coordinated phases. 
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• Dynamic bandwidth totals and bandwidth efficiencies are considerably larger than the 

corresponding programmed bandwidth and bandwidth efficiency for the plans 

analyzed. 

• Dynamic bandwidths can include both secondary (addition transient bands within a 

cycle) and non-programmed bands (bandwidth in the direction for which the 

programmed coordinated green provides no bandwidth). 

• Dynamic bandwidths distributions are complex and characteristically multi-modal. 

• The developed methodology represents an important first step in formalizing and 

enabling dynamic bandwidth using cycle-by-cycle phase duration data from OASIS 

Split monitor log. 

10.6.2 Recommendations 

The recommendation for task 6 is that NCDOT should use developed DBAT program to 

monitor dynamic bandwidth. Signal engineers already know that field bandwidths are different 

from programmed bandwidth, but it is difficult to monitor cycle-by-cycle. The developed DBAT 

software tool reads the OASIS split monitor log and provides summary dynamic bandwidth 

statistics as well as the ability to record the cycle-by-cycle dynamic bandwidths including 

secondary bands and non-programmed bands. In addition to providing a powerful tool for 

analyzing current dynamic bandwidth, DBAT will also be useful for before and after signal 

retiming studies. 
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10.7 Task 7 - Perform Rigorous Comparative Assessment of Model Performance versus 

Conventional Plan Evaluation Methods 

10.7.1 Findings and Conclusions 

In this task, the dynamic bandwidth optimization method is introduced. The presented 

exhaustive search method can provide all feasible, including globally optimum, solutions. From 

this information, optimum offsets that consider cycle-by-cycle coordinate green time variability 

can be selected. In addition, the field evaluation results provide strong evidence of the effectiveness 

and robustness of proposed optimization method.  The field evaluation was conducted on the US 

70 Garner site. Key findings and conclusions were – 

• The identified global optimal solutions from DBAT provided very similar offset values 

compared to the current field offsets for five of the six time of day plans analyzed, but 

the solutions indicated that much improved bandwidth results could be achieved by 

modifying the offsets for one of the time of day plans (see Table 7.2). 

• The identified global solutions were implemented in the field to provide a controlled 

before and after arterial travel time study. 

• The before and after field study result shows a 10.5% travel time decrease for non-peak 

direction without any significant changing on the other direction for 1:30 PM plan. 

• The optimal offset combinations were implemented without field fine-tuning and 

achieved improved efficiency and reduced travel time. 

• The exhaustive search optimization method is practical only for coordinated systems 

with a small number of intersections due to the exponential growth of the search space 

as the number of intersections increases. 
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• It is possible to mitigate excessive calculation time by increasing the search interval or 

decreasing search space. 

10.7.2 Recommendations 

The project team recommends that NCDOT use the DBAT tool for signal offset optimization 

when closed loop systems include a small number of intersections. The DBAT tool takes archived 

OASIS split monitor log data and provides all feasible solution sets as well as identifying the global 

solution or solutions. 

10.8 Task 8 - Develop Recommendations for Implementation of Best Performing Model 

10.8.1 Findings and Conclusions 

This task introduces a linear programming (LP) formulation to enable dynamic bandwidth 

maximization on semi-actuated arterial streets with a larger number of signalized intersection than 

is feasible with the DBAT exhaustive search tool. As with the DBAT tool, the methodology relies 

on the use of archived signal log data regarding phase start and end times in each cycle in both 

directions. This data is used to optimize the offsets that maximize the variable system bandwidth 

across multiple cycles constituting a coordination plan period. The formulation also is flexible and 

can be used to optimize signal offsets using programmed (fixed) green durations at each 

intersection. The proposed formulation offers four significant enhancements compared to 

traditional methods. Key findings and conclusions were – 

• The formulation is strictly linear (complexity of class P) as opposed to the traditional 

mixed integer programming formulations (complexity of class NP-hard).  

• It can work with either static or dynamic (cycle varying) green durations. 
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• Traditional bandwidth optimization methods have explicit constraints to enforce 

bandwidth allocation to be proportional to directional demand. However, as longs as 

the minimum required bandwidth is allocated to each direction, a proportional 

allocation of bandwidth is not necessary and in fact, can result in reporting sub-optimal 

solutions. The proposed formulation overcomes this shortcoming.  

• The proposed formulation predicts the maximum proportion of traffic demand that can 

be served in the bandwidth, a unique attribute absent from other formulations found in 

the literature. 

10.8.2 Recommendations 

The project team recommends that the NCDOT COST Section implement and ongoing closed-

loop signal system monitoring system that include the following elements – 

Elements based on the OASIS Detector Log 

1. Creating and analyzing the coordinated movements flow plot (see Figure 5.12) 

2. Analyzing the coordinated movements flow plot for assessing time of day plan 

suitability (see Figure 5.12) 

Elements based on the OASIS Split Monitor Log 

3. Monitoring cycle-by-cycle coordinated movements capacity (see Figure 5.13 to Figure 

5.16) 

4. Monitoring early return to green and green extension for coordinated phases (Figure 

5.19 to Figure 5.22) 

5. Monitoring non-coordinated phase displayed green distribution (Figure 5.23 to Figure 

5.25) 
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6. Monitoring Dynamic bandwidth using Dynamic bandwidth analysis tool 

Element based on the OASIS Detector Log and the Split Monitor Log 

7. Monitoring flow to capacity (see Figure 5.17 and Figure 5.18) 

In addition, the project team proposes that NCDOT use Bluetooth units for monitoring arterial 

travel time. Bluetooth units for travel time data collection are significantly more cost-effective 

than floating car data collection in terms of the number of data points produced.  

The last recommendation is that NCDOT use the developed dynamic bandwidth optimization 

linear program (LP) be used for dynamic bandwidth maximization. The proposed LP was 

compared with the DBAT exhaustive search tool, and the test results confirmed that the LP 

provided the correct optimum solution. Therefore, when the closed loop system has a large number 

of signalized intersections, provides a feasible method for offset optimization with respect to 

dynamic bandwidth.  

10.9 Task 9 - Develop Recommendations for Implementation of Other Uses of Model 

Outputs 

10.9.1 Findings and Conclusions 

In this task, INRIX arterial TMC and Bluetooth travel time data were compared and high 

resolution detector data were collected and analyzed. Key findings and conclusions were – 

• The comparison result shows that INRIX TMC reported travel time is approximately 

31.3% less than Bluetooth travel time for NC 55 Apex (TMX 125+06184). 

• Western Blvd (TMC 125-147 67 and TMC 125+14768) comparison result shows 

INRIX reported travel time is 37.8% less than Bluetooth travel. 



Draft Final Report NCDOT RP-2012-12 199 

 

 

• Peak period INRIX arterial travel times are much lower than peak period Bluetooth 

travel times (see Figure 9.2, Figure 9.4 and Figure 9.5). 

High resolution detector data were collected by 24 Sensys wireless sensors. The high resolution 

data can directly provide the following information which is not currently readily available to 

signal timing engineers – 

• Entering intersection vehicle arriving type 

• Average platoon headways 

• Platoon size 

• Number of vehicles arriving on green (or percent arriving on green) 

• Number of vehicles inside of dynamic bands (or percentage of vehicles inside of green 

bands) 

Additional, the high resolution detector data when combined with a plot of dynamic bandwidth 

could be very helpful to the signal offset fine-tuning process (see Figure 9.8 and Figure 9.9). 

10.9.2 Recommendations 

The project team does not recommend that NCDOT use INRIX arterial TMC data for arterial 

travel time monitoring based on the significant differences between INRIX and Bluetooth travel 

times. However, this recommendation should be periodically re-evaluated as INRIX continues to 

develop its arterial travel time product.  

In case of high resolution data collection, the project team strongly recommends that the COST 

Section move toward collecting high resolution detector data. As mention earlier, high resolution 

data directly provides much useful information that is not currently available to signal timing 

engineers, and when high resolution data is combined with dynamic bandwidth information, the 
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resulting diagram could prove very helpful to the signal offset fine-tuning process (see Figure 9.8 

and Figure 9.9). This recommended high resolution data collection capability can be met through 

what should be a minor OASIS software modification coupled with additional field data storage 

either through increased controller memory or an external storage device. 
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CHAPTER 11. IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN 

11.1 Introduction and Deliverables 

The project team developed a series of implementable recommendations for ongoing closed-

loop system monitoring that can be accomplished using the current detector and signal data 

archiving features of the OASIS system software.  These recommendations summarized in Chapter 

10, section 10.8.2.  These graphical and statistical analyses included in these recommendations are 

described and illustrated in Chapter 5 and all of the recommended procedures can be conducted 

through straightforward application of Excel using the OASIS detector and split monitor logs with 

the exception of dynamic bandwidth analysis. 

The recommended dynamic bandwidth analysis is enable by the project’s key deliverable – A 

validated dynamic bandwidth analysis tool (DBAT) that reads OASIS split monitor log data and 

determines all cycle-by-cycle green bands, produces summary statistics, and if desired will 

determine the offsets that maximize dynamic bandwidth for the observed cycle-by-cycle signal 

indications (Tasks 5, 6, and 7 covered in Chapter 5 through Chapter 7). 

In developing the DBAT tool, the project team extended the tool’s capabilities beyond merely 

assessing historical cycle-by-cycle dynamic bandwidth by adding the capability to perform an 

exhaustive search of possible offset combinations to determine the set of offsets that would have 

maximized dynamic bandwidth for the archived cycle-by-cycle phase indications.  This exhaustive 

search routine can be feasibly applied only to systems with no more than four or five intersections 

depending on the cycle length and offset search interval.  This is because if all possible offset 

combinations in increments of one second are evaluated at each intersection the number of offset 

combinations is equation to the cycle length in seconds raised to the power of the number of 

intersections minus 1 (see Chapter 7, section 7.1). 
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Therefore, the project team also developed and validated a linear programming (LP) 

implementation of dynamic bandwidth optimization.  The LP version, which overcomes the 

exhaustive search computational inefficiency for larger arterial systems, was prototyped in Excel.  

However, although the team recommends that NCDOT ultimately apply the LP formulation to 

larger arterial systems, creation of a user-friendly, ready to implement LP tool was beyond the 

scope of this project. 

Finally, the project team recommends that NCDOT work toward the capability of collecting 

and analyzing high resolution (actuation level) detector data.  The time stamped vehicle actuation 

data is valuable on its own and has significant potential for supporting signal coordination fine-

tuning when analyzed jointly with dynamic bandwidth.  

11.2 OASIS Log-Based Analysis and Monitoring 

As mentioned above, the recommended graphical and statistical analyses can be conducted by 

importing and analyzing the OASIS Detector and Split Monitor log data in Excel.  The discussion 

and examples in this report should be sufficient to guide COST Section personnel in performing 

the analyses.  Nonetheless, project team members will provide additional assistance as needed and 

can provide the Excel workbooks created for the research. 

11.3 Dynamic Bandwidth Analysis Tool (DBAT) 

The DBAT tool was created as a standalone program with a simple user interface.  The program 

is simple yet powerful and is easy to use.  Chapter 5 and Chapter 6 of this report should provide 

sufficient instruction on preparing the OASIS split monitor log data and executing the program for 

dynamic bandwidth analysis.  Chapter 7 provides details on how to use the DBAT exhaustive 

search method for optimizing offsets to maximize dynamic bandwidth.  The project team will 

provide further assistance to COST Section personnel as needed for implementing the DBAT tool. 
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11.4 Dynamic Bandwidth Linear Program 

The DBAT tool’s exhaustive search method for determining optimal offsets works quite well 

for systems with only a few intersections.  However, as mentioned above, the search space grows 

exponentially as the number of intersections increases.  Therefore, the project team developed a 

linear program formulation that can provide optimal offsets using efficient solution algorithms.  

The LP is currently implemented in Excel and is not as user friendly as the DBAT tool.  

Development of a standalone, user friendly version of the LP was beyond the scope of this project.  

However, the project team will share the Excel implementations with COST Section personnel 

and assist with the assessment of whether NCDOT should pursue an implementable version of the 

bandwidth optimization LP. 

11.5 High Resolution Detector Data Collection and Analysis 

Chapter 9 provides description and examples of using high resolution vehicle detector data 

alone and in conjunction with dynamic bandwidth information to enhance the closed-loop signal 

system performance assessment process.  In order to fully implement this recommendation, 

NCDOT will need to work with the system software vendor to request a software enhancement 

that would allow temporary and/or ongoing archival of the detector actuation time stamps.  

Additionally, implementation of this recommendation would require providing additional memory 

storage at each controller for which the detailed data is to be collected.  This could be achieved by 

a memory upgrade to the controller or through an external storage device. 

 



Draft Final Report NCDOT RP-2012-12 204 

 

 

REFERENCES 

1. Shrank, D., B. Eisele, and T. Lomax. TTI’s 2012 Urban Mobility Report. 
http://mobility.tamu.edu/ums/. Texas Transportation Institute. 2007. 
 

2. 2007 National Traffic Signal Report Card - Technical Report. National Transportation 
Operations Coalition, 2007. 
 

3. 2012 National Traffic Signal Report Card – Technical Report. National Transportation 
Operations Coalition, 2012. 
 

4. Traffic Signal Control System – Research and Innovation Technology Administration National 
Transportation Library. 
http://ntl.bts.gov/lib/jpodocs/edldocs1/13480/ch3.pdf 

 
5. Day, C.M., E.J. Smaglik, D.M. Bullock, and J.R. Sturdevant, “Quantitative Evaluation of 

Actuated Coordinated Versus Non-actuated Coordinated Phases,” In Transportation Research 
Record No. 2080, Transportation Research Board of the National Academies, Washington, 
D.C., pp. 8-21, 2008. 
 

6. Traffic Signal Timing Manual, U.S. Department of Transportation FHWA. 
http://ops.fhwa.dot.gov/publications/fhwahop08024/chapter9.htm#9.4 
 

7. Miller, A.J. (1963): A computer control system for traffic network. Proc., 2nd Int. Symp. On 
Theory of Road Traffic Flow, London, pp. 201-220. 
 

8. Holroyd, J.; Hillier, J.A. (1971): The Glasgow Experiment: PLIDENT and After. RRL Report 
384 
 

9. Corporation of Metropolitan Toronto (1974-1976): Improved Operation of Urban 
Transportation Systems. Vol. 1 - 3, Toronto, Canada. 
 

10. Macgowan, J.; Fullerton, I.J. (1979-1980), Development and Testing of Advanced Control 
Strategies in the Urban Traffic Control System. Public Roads, Vol. 43. 
 

11. Stockfish, C.R., “The UTCS Experience.” Public Road, Vol. 48, No. 1, June 1984. 
 



Draft Final Report NCDOT RP-2012-12 205 

 

 

12. Raus, J., “Urban Traffic Control/Bus priority system (UTCS/BPS): A Status Report,” Public 
Roads, Vol. 38, No. 4, March 1975. 
 

13. MacGowan, J., and Fullerton, I. J., “Development and Testing of Advanced Control Strategies 
in the Urban Traffic Control System,” Public Road, Vol. 43, No. 3, December 1979 
 

14. McShane, W.R., R.P. Roess and Elena S. P., Traffic Engineering. Englewood Cliffs, New 
Jersey: Prentice Hall, 1990. 
 

15. "The Urban Traffic Control System in Washington”, DC." Federal Highway Administration, 
U.S. Department of Transportation, Washington, DC, September 1974. 
 

16. “Application of UTCS First Generation Control Software in New Orleans”, Final Report, 
FHWA-RD-78-3, U.S. Department of Transportation, Federal Highway Administration, 
Washington, DC, January 1978. 
 

17. “FHWA Announces Policy on Support of the UTCS-Enhanced software”, CCSAG Newsletter, 
ITE Journal, July 1985. 
 

18. “Adaptive Traffic Control Systems: Domestic and Foreign State of Practice”, NCHRP Report 
403, Federal Highway Administration, Washington, DC, 2010 
 

19. Sims, A.G., and K.W. Dobinson. “The Sydney Coordinated Adaptive Traffic System 
Philosophy and Benefits.” IEEE Transactions on Vehicular Technology, Vol. 29, pp. 130-
137,1980. 
 

20. Lowrie, P.R. “The Sydney cooperative Adaptive Traffic System – Principles, Methodology, 
Algorithms.” In Proceedings of International Conference on Road Traffic Signaling, 
Institution of Electrical Engineers, London, UK, pp. 67-70. 
 

21. Stevanovic, A., C. Kergaye, and P.T. Martin. “SCOOT and SCATS: A Closer Look Into Their 
Operations.” Transportation Research Board Annual Meeting, Paper No. 09-1672, 
Transportation Research Board of the National Academies, Washington, DC, 2009. 
 

22. Transport Research Laboratory, et al. “How SCOOT Works.” Retrieved on October 16, 2009 
from <http://www.scoot-utc.com/DetailedHowSCOOTWorks.php>. 
 

23. Rowe, E. “The Los Angeles Automated Traffic Surveillance and Control (ATSAC) System.” 
IEEE Transactions on Vehicular Technology, Vol. 40, No. 1, pp. 16-20, 1991. 



Draft Final Report NCDOT RP-2012-12 206 

 

 

 
24. Gartner, N. H., “Optimized Policies for Adaptive Control (OPAC), Session 1: Principles of 

Operation,” presented at the TRB Annual Meeting, Adaptive Traffic Signal Control Systems 
Workshop, Washington, D. C., Jan, 7, 2001 
 

25. Andrews, C.M. and S.M. Elahi. “Evaluation of New Jersey Route 18 OPAC/MIST Traffic 
Control System.” Presented at 76th Annual Meeting of the Transportation Research Board, 
Washington, DC, January 1997.  
 

26. Liao, L. C., “A Review of the Optimized Policies for Adaptive Control Strategy (OPAC)”. 
California PATH Working Paper, University of California, Berkeley, 1998.  
 

27. Mirchandani, P. and Head, L., “RHODES: A Real-Time Traffic Signal Control System: 
Architecture, Algorithms, and Analysis”. Transportation Research Part C, 9(6), pp 415–432, 
2001.  
 

28. Head, K.L., P.B. Mirchandani, and D. Sheppard. “Hierarchical Framework for Real Time 
Traffic Control.” In Transportation Research Record No. 1360, Transportation Research Board 
of the National Academies, Washington, DC, pp. 82-88, 1992. 
 

29. Dell’Olmo, P. and P.B. Mirchandani. “REALBAND: An Approach for Real-Time 
Coordination of Traffic Flows on a Network.” In Transportation Research Record No. 1494, 
Transportation Research Board of the National Academies, Washington, DC, pp. 106-116, 
1995. 
 

30. Gartner, N.H., F.J. Pooran, and C.M. Andrews. “Optimized Policies for Adaptive Control 
Strategy in Real-Time Traffic Adaptive Control Systems: Implementation and Field Testing.” 
In Transportation Research Record No. 1811, Transportation Research Board of the National 
Academies, pp. 148-156, 2002. 
 

31. Luyanda, F., D. Gettman, L. Head, S. Shelby, D. Bullock, and P. Mirchandani. “ACS-Lite 
Algorithmic Architecture: Applying Adaptive Control System Technology to Closed-Loop 
Systems.” In Transportation Research Record No. 1856, Transportation Research Board of the 
National Academies, Washington, DC, pp. 175-184, 2003. 
 

32. Sharma, A., D.M. Bullock, and J. Bonneson. “Input-Output and Hybrid Techniques for Real-
Time Prediction of Delay and Maximum Queue Length at a Signalized Intersection.” In 
Transportation Research Record No. 2035, Transportation Research Board of the National 
Academies, Washington, DC, pp. 25-33, 2006. 



Draft Final Report NCDOT RP-2012-12 207 

 

 

 
33. Sharma, A. and D.M. Bullock. “Field Evaluation of Alternative Real-Time Methods for 

Estimating Delay at Signalized Intersections.” Proceedings of the 10th International 
Conference on Applications of Advanced Technologies in Transportation, Athens, Greece, 
May 27-31, 2008. 
 

34. Balke, K., Charara, H., & Parker, R. (2005). Development of a Traffic Signal Performance 
Measurement System (TSPMS). Texas Transportation Institute. College Station, TX. 
 

35. J. D. C. Little, M. D. Kelson, N. H. Gartner, “MAXBAND: A Program for Setting Signals on 
Arteries and Triangular Networks”, Transportation Research Record 795, 1981, pp. 40-46. 
 

36. C. J. Messer, R.H. Whitson, C.L. Dudek, E. J. Romano, A Variable sequence Multi Phase 
Progression Optimization Program, Highway Research Record 445, 1973, pp. 24-33. 
 

37. J.T. Morgan and J. D. C Little. Synchronizing Traffic Signals for Maximal Bandwidth. 
Operations Research, Vol. 12, 1964, pp. 869-912. 
 

38. J. D. C Little, B. V. Martin, and J. T. Morgan. Synchronizing Traffic Signals for Maximum 
Bandwidth. HRB, Highway Research Record 118, 1966, pp. 21-47.  
 

39. Tsay, H. S., and Lin, L. T. 1998. A New Algorithm for Solving the Maximum Progression 
Bandwidth. Transportation Research Record, 1194, 15-30. 
 

40.  Gartner, N. H., Assmann, S. F., Lasaga, F., and Hou, D. L. 1991. A Multiband APProach to 
Arterial Traffic Signal Optimization. Transportation Research Part B, 25(1), 55-74 
 

41. Stamatiadis, C., and Gartner, N. H. 1996 MULTIBAND-96: A Program for Variable 
Bandwidth Progression Optimization of Multi-Arterial Traffic Networks. Transportation 
Research Record, 1554, 9-17 
 

42. Gartner, N. H., and Stamatiadis, C. 2002 Arterial-Based Control of Traffic Flow in Urban Grid 
Networks. Math. Comput. Model., 35(5), 657-671 
 

43. Tian, Z., Urbanik, T., Messer, C., Balke, K., and Koonce, p. 2003. A System Partition 
Approach to Improve Signal Timing, (CD-ROM), Transportation Research Board, 
Washington, D.C. 



Draft Final Report NCDOT RP-2012-12 208 

 

 

44. Lin, L. T., Tung, L. W., and Ku, H. C. 2010. Synchronized Signal Control Model for 
Maximizing Progression along an Arteril. Journal of Transportation Engineering, 136(8), 727-
735  
 

45. Lu, K., Zeng, X., Li, L., and Xu, J. 2012. Two-way Bandwidth Maximization model with 
Proration Impact Factor for Unbalanced Bandwidth Demand. Journal of Transportation 
Engineering, 138(5), 527-534 
 

46. Hajbabaie A. and R. F. Benekohal. Which Policy Works Better for Signal Coordination? 
Common, or Variable Cycle Length. Proceedings of the 1st ASCE T&DI Congress, March 13-
16, 2011, Chicago, IL. 

47. “Traffic Signal Retiming Practices in the United States”, NCHRP Report 409, Federal 
Highway Administration, Washington, DC, 2010 
 

48. W.H. Schneider IV, et al., “Statistical Validation of Speeds and Travel Times Provided by a 
Data Service Vendor,” The University of Akron 2010. 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


