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1
Introduction
Establishing, implementing, and maintaining optimally timed traffic signals is not a simple task.  Even when the process is applied to a single, isolated controller, the path to optimum signal timing is paved with problems.  One area of the process has been the focus of much academic research over the years, signal timing optimization.  As a result, the practicing Traffic Engineer has many optimization models to choose from when retiming traffic signal.  Transyt-7F, Passer II, and Synchro are examples of these models.  The advent of the Closed Loop System (CLS) and all modern, area-wide traffic signal systems provide the capability of downloading traffic controller timing parameters which has helped problems associated with deployment of new signal settings.  Other areas have had less success; data collection and data management are two areas that exhibit opportunities for improvements to the process.
This report considers the entire signal timing process, defines specific areas where progress has been made, identifies the interfaces between these areas, and identifies specific areas where additional research may be expected to improve the signal timing process.  This background provides the basis for the identification of specific areas for improvement.  Specifically, this report identifies five distinct procedures (Optimization, Deployment, Evaluation, Data Management, and Documentation) associated with the signal timing process.  Each of these procedures is examined and evaluated.  As important as each of the five procedures is to the process, the interface between each of these procedures is at least equally important and likely provide fruitful opportunities to improve the overall Signal Timing Process.
1.1
Purpose
The purpose of this report is to identify the steps that are required to time traffic signals, and to identify areas that will result in improved traffic signal timing.  These steps define a continuing process that may be manual, semi-automated, or fully automated.  In the abstract, the process is as applicable to a single isolated controller as it is to a fully integrates city-wide traffic signal system.  The process itself can be defined as a series of procedures (steps).  This report defines these procedures, identifies the inputs and outputs used by each procedure, examines the boundaries between each procedure, and identifies opportunities for improvements in the process. 

1.2
Signal Timing Overview

It is useful to consider the Signal Timing as a process that uses four distinct procedures and one interrelated procedure: Data Management, Signal Timing Optimization, Field Deployment, and Performance Evaluation are the four quadrant procedures of the Signal Timing process.  Documentation is the common element that encompasses the other four procedures.  This concept is shown graphically on Figure 1.  

The four quadrants are depicted simplistically as independent bubbles in Figure 1.  Each quadrant receives data from one bubble and sends data to another bubble.  The center bubble, Documentation, is central to the process and serves as the repository of information regarding the process.

This structure is used to provide a framework for this analysis.  We are able to focus on specific elements of the process without losing the overall perspective.  Our emphasis is on not only the four quadrants, but also on the interface between them.  In fact, the boundaries between the quadrants are areas that are likely to provide the most potential benefit.
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Figure 1.  Signal Timing Process.

1.3
Report Outline
Following this Introduction section, the report provides a description of the signal timing process as practiced today by many agencies.  This review provides a practical foundation for the remaining sections of this report.  We begin with a description of the existing signal timing process followed by many agencies.  

Signal timing can not be implemented in an abstract environment; it must be installed in various specific hardware configurations.  The next section of the report examines the hardware environment which serves as the host for the signal settings.  The two basic approaches to system operation, central control and distributed control are explained and their impact on signal timing is discussed.  This is followed by a discussion of the operation of the traffic signal controller – the host environment for the results of the process.
The next section provides a review of literature.  This review concentrates on recent, relevant research and is organized using the four element structure previously described.  This abstract view is convenient to categorize past work; it is also useful to consider how the signal timing task is approached by the typical agency.
The following section identifies twelve specific concepts which could be developed into projects to improve the overall signal timing process.  The final section of the report evaluates the twelve proposed projects and identifies three as having the top priority.  The priority selections were made on estimates of the basic need and probability of success.

2
Existing Signal Timing Process
Signal timing is a task that frequently involves coordinating activities from many different departments of the jurisdiction.  It is not unusual for the traffic counts and mapping data to be provided by the Planning Department, the timing optimization analysis to be conducted by the Traffic Engineering Department, with the actual parameter installation being done by the Maintenance Shop.  It is important to recognize that the signal timing process is not simply executing a computer program; rather, it is a continuing series of tasks that involve persons with many different skills.  Two of the most prominent are the traffic engineer and the traffic signal technician.  The engineer typically uses a model, like Passer-II or Transyt-7F to derive the timing plan which is defined in terms of a cycle length, split, and offset.  These data are then provided to the traffic signal technician who must convert these variables into the timing parameters used by the controller.  These parameters are the phase Force-off, phase Holds, and Permissive Periods.  

It is useful to examine the entire signal timing process as it is commonly practiced today in many cities and counties.  The complete process is probably more complex than one might expect.  Figure 2 illustrates the major activities and interfaces that are typically followed to update signal settings.  Whether the process is applied to a single intersection or to an entire city, the steps are the same.  It is also interesting to note that that the same steps must be followed whether the process is entirely manual or completely automated.  

In the following sections, we step through the process with the purpose of identifying issues that provide an opportunity for improvement.
2.1
Trigger Event

In the real world, the signal timing process begins with a “Trigger Event”.  This event may be as benign as a scheduled activity to retime the controller every few years.  More likely, however, the impetus for new signal timing is a citizen complaint (“The light is too short”); a major change in the road network (widening of the existing arterial); or a significant change in demand (opening of a shopping center).  Whatever the cause, the initial response is usually a review of the existing timing and equipment to make sure the there is no hardware failure.  One of the most common signal timing complaints is that the phase time is too short.  This is frequently a result of an intermittent detector failure.  This initial response, then, is to affirm that the hardware is operational and the timing parameters are operating as planned.  After the Trigger Event, there are two basic paths through the process: Field Adjustments and System Retiming.  Both paths are described below.
2.2
Field Adjustments

Once the hardware is determined to be operating correctly, the next task is to determine if controller timing parameters have to be adjusted to respond to changes in traffic demand.  Many times, a simple adjustment of one parameter may be all that is necessary.  It may be possible to accommodate longer queues on the main street, for example, by simply advancing the Offset by several seconds.  Other timing problems can be resolved by simple adjustments to the Minimum Green or Vehicle Extension parameters.  These types of issues are resolved by a positive output from the “Field Adjustment” decision in Figure 2.  In most jurisdictions, the entire sequence, 
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Figure 2.  Typical Approach to Signal Timing.

from determining the type of problem, to making the adjustments, to evaluating the results, to recording the changes is a manual process that relies on the experience of the Signal Engineer (or Signal Technician) to provide a solution.  Obviously, the quality of the solution is a function of the experience and dedication of the person doing the work.  

Field Adjustment Issues - There are three issues that are illustrated in this path through the flow chart:

1) The criterion used initially to diagnose the problem is arbitrary and relies on the experience of the Signal Timing Engineer (Field Adjustment or Complete Retiming) to make the correct decision.  The need is to better define the diagnostic process to enable a more consistent performance in determining the extent of the problem.
2) Once the adjustments are completed, the process relies on the experience of the Signal Timing Engineer to judge that the adjustments are an improvement (“Looks OK”).  The need is to formalize the evaluation to enable a more consistent performance by non-expert personnel.
3) The changes are typically recorded manually.  The need is to mechanize this activity.

One potential improvement would be to identify specific points in the signal timing process where objective criterion can be employed to reduce the subjectivity to a minimum.  Another potential improvement is to clearly define the steps that are typically performed manually (Adjust and observe), so that new practitioners have a set of guidelines to follow.  The third potential improvement would focus on the documentation (recording timing plan changes) and determine ways to automate this activity.

2.3
System Retiming

Of course, signal retiming is not about making simple adjusting to a few timing parameters in a controller.  Most jurisdictions follow a more complicated effort to retime a signal or group of signals using modern computer programs and procedures.

2.3.1
Turning Movement Counts

This path through the flow chart begins with a determination of whether there is adequate traffic count data.  For the most part, the need is for turning movement counts that reflect the traffic demand.  Most Traffic Engineers consider four plans to be the minimum required for proper signal operation: AM Peak Plan, Day Plan, PM Peak Plan, and the Night Plan.  The need, therefore, is to have a turning movement count for each of these four periods.

While this seems simple enough, it is not inexpensive.  Collecting these data typically costs in the range of $500 to $1,000 per intersection or more.  Converting the raw count data into a format useful for analysis easily can double the cost.  This is an area where significant progress has been made.  For example one vendor, Jamar Technologies Inc., makes an electronic data collection board that is easy to use, accurate, and reliable.  Although an observer is still required to record the movements, once the observations are completed, the data are easily uploaded to a computer for further processing. 

The more elegant solution to this problem, however, is to collect the data using existing system and local detectors and to derive a complete traffic volume network with all turning movement from these detector data.  Several systems, QuicNet/4, MIST, Pyramids, and Actra (probably there are others) have the capability to export traffic count data from existing count stations.  The missing capability is to be able to use this information to build a complete network turning movement schedule.

Traffic count data must be considered in two dimensions, temporal and spatial.  In the temporal dimension, traffic count data at any one point varies from period to period as traffic demand ebbs and flows.  In the spatial dimension, we frequently require traffic count data at many different intersections for the same time period.  In addition, to accommodate certain flows through a series of intersections, we need to know the upstream origin of the demand for each turning movement at the downstream intersection.  
Traffic Count Issues – The need for traffic counts is not a unique demand for signal timing, most Traffic Engineering endeavors require traffic count information.  Traffic signal timing, however, does require accurate turning movement counts.  The following issues were identified:
1) In many instances, total flows into and out of an intersection are known, but the turning movements are not.  The need is to have a process to estimate turning movements given intersection entering and exiting flows and partial turning movement information.

2) Turning movement observations at adjacent intersections are frequently made on different days.  The need is to develop an easy-to-use process that reconciles data from adjacent intersections such that the entering and exiting flows are reasonable balanced and reflects actual traffic flows. 
3) Many existing signal systems are capable of recording traffic flows at a detector location.  The need is to be able to expand these system-derived point measures into tuning movement counts that can be used for signal timing optimization.
2.3.2
Field Inventory

All signal optimization and simulation models, even manual signal timing procedures, require a physical description of the network.  This description includes distance between intersections (link length), the number of lanes, lane width and grade, permitted traffic movements from each lane, and the traffic signal phase that services the flow.  Building a network from scratch is a significant undertaking.  But once the network is defined; in general, only traffic demand and signal timing parameters have to be updated to test a new scenario.  In recent years there have been a number of programs introduced that expedite this process.  One on the most pervasive is Synchro which is discussed in a following section.
However, other popular optimization programs, Transyt-7F and Passer II, have had recent upgrades to their user interface to facilitate the input of the network descriptive data.  A new Transyt-7F input data editor introduced within release 9.3 is intended to provide users with a more efficient and intuitive mechanism for coding input data.  Release 9.5 takes the process further with dozens of additional interface enhancements, making the software more intuitive and similar to other Windows applications.  Using the new interface, Transyt‑7F input data can be coded directly into software screens designed to mimic the familiar Highway Capacity Software (HCS) input data screens.  A sample screen is shown in Figure 3.
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Figure 3.  Transyt-7F Data Input Editor.

The Texas Transportation Institute recently released a Windows upgrade to Passer II.  The upgrade (Passer II-02) has a new user interface and an enhanced optimization routine.  The input data requirements have not changed; however, it preserves the lane configurations supplied by the user.  This was achieved by introducing a new format for the input data file.  Existing users are supported because the program can read old input data files and will automatically convert them to the new format. A sample screen is shown in Figure 4.

The important point to recognize is that there are a number of developments that are underway that will aid the engineer in managing the optimization model data.  These include upgrades to the models themselves as illustrated above; and the development of programs that are designed to manage the data, such as the Arterial Analysis Package Executive (AAPEX).  The private sector has also contributed to this capability with programs like Synchro, and Signal2000.

Descriptive Data Issues – In spite of the advances that have been made by the developers of programs like Synchro, Passer and Transyt, most users still use hardcopy, manual files to keep track of the descriptive data.  Issues related to these data are:
1) Much of this information is available graphically on maps.  Other data elements are recorded on paper in file folders.  Still other data elements are routinely stored in the controller cabinet itself in the field.  The need is to have a technique whereby all these data are indexed so the user would know what exists and where it is.

[image: image4.jpg]" PASSER I1-02 for Windows -

Fle Daia Aun Options Help

stem | ntersection | Results

Project {dentiication | Genere | Areral | Links

Pojeet [PoSempenste |
o
o e ]
See [rees ]
Anebt [Neceers Cheuhary |

= _

Date ‘na/an/nz Change Date

Runbo.  AteryName

Change Cross StiestName

|

Select Cross Strest

= [1] Arapaho@Preston

(=

[Ciick the right mause buttonto get menu options

Ready/





Figure 4.  PasserII02 Input Screen
2) As more and more agencies become more proficient in the use of computers and data management systems, there is a need to replicate the manual system that uses maps, diagrams and paper forms in the digital environment.
2.3.3
Signal Timing Optimization Models

When most Traffic Engineers consider signal timing, the first thought invariably is directed to the optimization models.  Issues like, which model is best, and what are the minimum data required to use the model, are typical topics.  Over the years, much research effort has been directed to developing these models.

In June 2000, Trafficware Corporation, Synchro developers, conducted a market survey
 to find out what software packages were being used for traffic analysis.  The survey asked transportation engineers about software use, quality, reports, and productivity.  There were also questions about intersection analysis methods used for planning applications.  The anonymous survey was mailed to randomly selected ITE members.
The survey was mailed to 400 randomly selected ITE members and 76 surveys were returned.  The survey asked the respondents to discard the survey if they don’t work with traffic analysis software.  The response rate was considered to be quite high considering that many ITE members work in fields other than traffic analysis.  The survey responder categories are shown in Table 1.

Table 1.  Survey Responder Categories.

	Employer
	Number
	Percent

	Local Government
	21
	29%

	Private
	43
	60%

	State
	8
	11%


The average respondent had 14.8 years of traffic engineering experience and the survey results reflect a total of 976 years of experience.  Of interest to the signal timing optimization issue was the question, “Which traffic modeling software packages have you used since 1995?”  The responses related to signal timing optimization are shown in Table 2.

Table 2.  Signal Optimization Program Useage.

	Signal Timing Package
	Percentage Score

	Synchro
	54%

	Transyt-7F
	25%

	Passer II
	23%

	Passer III
	9%

	Soap
	4%

	Passer IV
	4%


This listing of commonly used signal optimization models provides a good starting point for describing the signal optimization.  Specifically, the process must interface with these popular models as well as manual methods, and it must allow for the interface with additional models that may be developed in the future.  

One way to classify these models is by the optimization technique.  Several of these programs generate optimum “bandwidths” for given demand and physical constraints.  TSPP/Draft, TSDWIN, Passer II, Passer IV, and Nostop are bandwidth maximization models.  The other programs use various forms of deterministic models to arrive at an optimization.  These models include Synchro, SOAP, Transyt-7F and Passer III.  A brief description of each of these models is provided below.
TS/PP-Draft - TS/PP-Draft is an arterial-based time-space and platoon progression diagram tool.  With TS/PP-Draft, the user can change control parameters such as phase sequences, splits, offsets, or cycle lengths, and observe an immediate change in a graphical time-space diagram.  The program allows the user to select one of two types of time-space diagrams: 1) a time-space diagram with green bands showing the approximate location of the platoon, and 2) a platoon progression diagram showing the traffic flow and queue lengths.

For a detailed analysis of platoon dispersion, the program requires the following data: speeds and distances between intersections, number of thru lanes, cycle length, phase sequences, splits, right-turns-on-red, volumes, and ideal saturation flow rates.  The program calculates the “actual” saturation flow rates using the method prescribed in the Highway Capacity Manual.  For a display of the time-space diagram only, the program does not require any of the traffic volumes or lanes data.  TS/PP-Draft allows the user to observe platoon progression flows to enhance the fine tuning capability of the program.  Based on the type of arrivals, the user may easily adjust the offsets, phase sequences, or other control parameters and view an immediate change on the monitor.  

TS/PP-Draft is fully compatible with the AAP, thus allowing the user to import and export AAP files.  TS/PP-Draft can also import and export delimited ASCII data and provides a context-sensitive, on-line help.

TSDWIN - TSDWIN is a Windows-based graphical tool, designed to assist analysts responsible for fine-tuning signal timing plans.  The purpose of the program is to provide a quick and easy method to achieve graphical representation of time-space diagrams for either a single artery or a group of arteries, based on existing or proposed signal timing data (cycle length, splits, and offsets).

TSDWIN organizes intersections into arteries and arterial groups.  The program has a capacity of 999 arteries and up to 12 intersections per artery.  A combination of crossing arteries can be fine-tuned and analyzed in a single run.  Timing for any intersection, including those that are common for crossing arteries, can be locked to prevent changes.  Data and corresponding graphical displays may be selected in either metric or imperial units.  Splits and offsets may be entered in seconds or percent.  Coordination points can be referenced to either the beginning of the green or the yellow interval.  The program also allows the user to select a double-cycle option for any intersection.

Data inputs required for TSDWIN include spacing and travel speeds between intersections, cycle length, splits, and offsets for all intersections.  Traffic counts are not required.  The program’s outputs include graphic displays of the green band and flows.  The green band is color-coded and measured in seconds.  A green band for both directions of traffic movements is shown if one can be calculated based on the timing data entered by the user.  If a continuous green band cannot be calculated, the link-to-link green band is presented.  This allows the user to evaluate how offsets might be adjusted to achieve a continuous green band.

TSDWIN allows the user to vary the speeds between the intersections and determine the associated impact on existing or proposed progression bands.  Furthermore, using a mouse, TSDWIN provides an interactive user-interface to change the offsets, splits, and lead-lag phase orders, and it recalculates the time-space diagram parameters automatically when changed.  Other features of TSDWIN include its ability to import data from PASSER II, import and export delimited ASCII data, and access to context-sensitive on-line help.

Passer II - Passer II (Progression Analysis and Signal System Evaluation Routine) was originally developed in 1974 by the Texas Transportation Institute (TTI).  Passer II is an arterial-based, bandwidth optimizer, which determines phase sequences, cycle length, and offsets for a maximum of 20 intersections in a single run.  Splits are determined using an analytical (Webster’s) method, but are fine-tuned to improve progression.  Passer II assumes equivalent pre-timed control, but it does represent dual-ring phasing.  

Passer II requires traffic flow and geometric data, such as design hour turning volumes, saturation flow rates, minimum phase lengths, distances between intersections, cruise speeds, and allowable phase sequencing at each intersection.  The Passer II timing outputs include: design phase sequences, cycle length, splits, and offsets, and includes a time-space diagram. Performance measures include volume-to-capacity ratio, average delay, total delay, fuel consumption, number of stops, queue length, bandwidth efficiency, and level of service.  In addition to the time-space diagram, Passer II has a dynamic progression simulator, which lets the user visualize the movement of vehicles along the artery using the design timing plan.
Texas Transportation Institute (TTI) has released an upgrade for Microsoft® Windows® version of this program.  Passer II-02 has a new interface.  Also, it uses an enhanced version of the optimization routine provided by its predecessor.  The input data requirements have not changed; however, unlike the previous release, it preserves the lane configurations supplied by the user.  This is achieved by introducing a new format for the input data file.  Existing users need not worry because the program can read old input data files and will automatically convert them to the new format.  The following is a list of features for Passer II-02:
· Provides a revised saturation flow calculation module. 

· Provides a summary of all cycle lengths analyzed. 

· Allows the user to view output for any selected cycle length. 

· Outputs reports in rich text format and launches Microsoft® WinWord for viewing these. 

· New time-space diagrams in HTML format, and viewed by automatically launching Microsoft® Internet Explorer. 

· A Help facility. 

Passer II-02 is second only to Synchro in popularity.  Because of it continuous refinement over more than 25 years, it is well known in the profession and considered by many Traffic Engineers to be the best of the bandwidth optimization models.

Passer IV-96 was developed by the Texas Transportation Institute in the early 1990s and is based on the MAXBAND program.  It is a DOS based program used to optimize a network of traffic signals based on maximum bandwidth.  Maximum bandwidth is obtained by maximizing the time period that a car can potentially pass through a given network with minimal stopping at signalized intersections.  It is able to optimize signal timings for arterials as well as closed-loop networks, such as a downtown area.

Using hourly traffic volumes, user-defined saturation flow rates and optional minimum green times, Passer IV can optimize the progression bands for main arteries as well as coordinated crossing arteries by computing the optimum cycle length, splits, phase sequences and subsequently adjusting the offsets for a maximum of 20 arteries and 35 intersections.

When it was under development, MAXBAND was shown to be able to provide slightly better bandwidth solutions than other bandwidth models.  This improvement, however, came at the expense of a more complex model and it required a much more powerful computer.  The Passer IV-96 incarnation of the model has had some success, but has not enjoyed the widespread popularity of its namesake, Passer II.
NOSTOP is another bandwidth optimizer that is used in some areas of the country.  NOSTOP develops a set of timing plans from the point of view of linear bandwidth progression in an arterial traffic signal system.  The program provides a fast and effective means of presenting the user with a graph of the variation of progression efficiency over a complete range of cycle lengths and progression speeds. After the cycle/speed analysis is tabulated, the cycle with the best efficiency is determined.  Further analysis provides the optimum system control parameters, which include cycle length, speeds, and offsets.  Additional refinements which are provided are the amounts of lead and lag left-turn time available at each intersection without interfering with the through bands, the amounts of through green time unused by the progression bands, and widening the band in the preferential flow direction. 
The analysis provides an accurate, repeatable method of bandwidth analysis, which can be conducted in order to find the optimum cycle length and progression speed combination for the system. The program thus produces the optimum cycle/speed/offset combination for each signal, which in turn produces the best possible progression performance of an arterial street system. Once the optimum timings are determined, the program will plot a time-space diagram showing all of the offsets and the progressive bands.
While the bandwidth optimization models focus on the problem of timing a linear series of traffic signals, the next model is directed to the optimization of an isolated intersection.

Synchro is a macroscopic traffic signal timing tool that can be used to optimize signal timing parameters for isolated intersections, generate coordinated traffic signal timing plans for arteries and networks, and also develop time-space diagrams for interactive fine-tuning. Synchro can analyze fully actuated coordinated signal systems by mimicking the operation of a NEMA controller, including permissive periods and force-off points. Synchro runs under Windows 95/NT and OS/2. Using a mouse, the user can draw either individual intersections or a network of intersecting arteries, and also can import .DXF map files of individual intersections or city maps. The program has no limitations on the number of links and nodes. It can analyze multi-legged signalized intersections with up to six approaches per intersection. 

Synchro is designed to optimize cycle lengths, splits, offsets, and left-turn phase sequence.  The program also optimizes multiple cycle lengths and performs coordination analysis.  When performing coordination analysis, Synchro determines which intersections should be coordinated and those that should run free. The decision process is based on an analysis of each pair of adjacent intersections to determine the “coordinability factor” for the links between them.

Synchro calculates intersection and approach delays either based on the Highway Capacity Manual (HCM) or a proprietary method.  The major difference between the HCM method and the Synchro method is treatment of actuated controllers.  The HCM procedures for calculating delays and LOS are embedded in Synchro; thus, the user does not need to acquire HCM software.  Synchro is useful for agencies that want to operate groups of arteries on different cycle lengths.  Using Synchro the user can optimize the entire network or groups of arteries and intersections in a single run and determine the control boundaries of the different arterial groups, based on the program’s selection of the cycle lengths.  Synchro requires mostly the same traffic flow and geometric data as Transyt-7F.  The program can be used to evaluate existing traffic signal timing or to optimize the settings for individual intersections, arteries, or a network.  The program performance measures include average approach delay, intersection delay, volume-to-capacity ratio, intersection level of service, 50- and 95-percentile queue lengths, total stops, travel time, emissions, and fuel consumption. Further, Synchro has a generous listing of user-specified reports, including capacity analysis, LOS, delay, stops, fuel consumption, blocking analysis, and signal timing settings.

Synchro has unique visual displays, including an interactive traffic flow diagram.  The user can change the offsets and splits with a mouse, then observe the impacts on delay, stops, and LOS for the individual intersections, as well as the entire network.  Another significant strength of Synchro is its ability to create data input streams for Transyt-7F, and CORSIM. Once the user has entered the data to run Synchro successfully, it is possible to run any one of these programs without using any of their preprocessors (these programs must be acquired separately).  Following a successful Transyt-7F run, the user has an option to use the results as inputs back into Synchro, and perform further evaluations.
As indicated by the survey, Synchro is the most widely used signal timing program.  As we will note later, this package also has the most highly developed database management capabilities and it is integrated with many traffic control systems.  For much of the signal timing process, Synchro is the current state of the art.

SOAP 84 can be used to determine signal timing plans for pre-timed controllers and has limited capabilities for actuated controllers.  Signal Operations Analysis Package (SOAP) develops effective traffic signal control timing plans for isolated intersections.  It determines optimal cycle, splits, and dial assignment of isolated intersection.  It handles up to 48 time periods.  Multiple runs are needed to consider alternatives.  It calculates average rather than optimal cycle length.
SOAP 84 provides a macroscopic analysis with the primary objective of developing signal control plans for individual intersections.  It develops cycle lengths and splits that minimize a performance index.  Inputs include traffic flows, truck and bus composition, left turn data, saturation flow, and signal data.  Outputs include delay, percent saturation, queues, excess fuel consumption, left turn conflicts, and percent stops.  Although SOAP is still used by several agencies, it has been largely overshadowed by more advanced and broader programs.  SOAP 84 is important, however, because it is the only program that explicitly deals with the temporal aspects of signal timing through the use of its 48 time periods.
Transyt-7F (TRAffic Network StudY Tool, version 7, Federal) is designed to optimize traffic signal systems for arteries and networks.  The program accepts user inputs on signal timing and phase sequences, geometric conditions, operational parameters, and traffic volumes.  Transyt-7F is applied at the arterial or network level, where a consistent set of traffic conditions is apparent and the traffic signal system hardware can be integrated and coordinated with respect to a fixed cycle length and coordinated offsets.  Although Transyt-7F can emulate actuated controllers, its application is limited in this area.
Transyt-7F optimizes signal timing by performing a macroscopic simulation of traffic flow within small time increments while signal timing parameters are varied.  Design includes cycle length, offsets, and splits based on optimizing such objective functions as increasing progression opportunities; reducing delay, stops, and fuel consumption; reducing total operating cost; or a combination of these.
For simulation, the program accepts the inputs as fixed variables and reports the performance measures in terms of stops, delay, fuel consumption, and queuing.  When optimization is performed the user can either fix or select the best cycle length with the least delay and stops. Detailed optimization of offsets and splits can be performed for either a user-specified cycle length or the “best” cycle length found by the program. Transyt-7F’s performance measures include delay, stops, queue length, travel-time, level-of-service, volume-to-capacity ratio, speed, total travel, fuel consumption, and operating cost.  When optimizing, Transyt-7F minimizes or maximizes an objective function, called the Performance Index (PI).  The PI may be a combination of delay and stops; fuel consumption; and/or optionally selected excessive maximum back of queue, excess operating costs, or progression opportunities.
Transyt-7F has its own pre- and post-processors; namely, a simple data editor (T7FDIM) and the Platoon Progression Diagram (PPD). The T7FDIM provides the ability to edit all record types of an input file.  T7FDIM, however, requires that the user has intimate knowledge of the Transyt-7F data record types, ordering, and contents.  The Platoon Progression Diagram presents a “contour” of flow versus time and distance along an artery.  Queue build-up, dispersion and arrival of platoons are clearly shown for a visual insight on the flow patterns normally occurring along the artery.

Unique features of Transyt-7F include the program’s ability to analyze double cycling, multiple greens, overlaps, right-turn-on-red, non-signalized intersections, bus and carpool lanes, “bottlenecks,” shared lanes, mid-block entry flows, protected and/or permitted left turns, user-specified bandwidth constraints, and desired degree of saturation for movements with actuated control.  Other applications of the tool include evaluation and simulation of “grouped intersections” (such as diamond intersections and closely-spaced intersections operating from one controller) and sign-controlled intersections.  

Transyt-7F is also one of the most comprehensive signal timing tools available. It is comprehensive because it has broader capabilities than other signal timing programs. To name just a few, these capabilities include: 

· Detailed simulation of existing conditions;

· Optimization of cycle length, phasing sequence, splits and offsets;

· Detailed analysis of traffic-actuated control;

· Optimization based on a wide variety of objective functions;

· Hill-climb and genetic algorithm optimization;

· Explicit simulation of platoon dispersion, queue spillback and spillover;

· Multi-cycle and multi-period simulation;

· Full flexibility in modeling unusual lane configurations and timing plans; and

· Full flexibility in modeling English and metric units, right-hand and left-hand driving. 

Passer III-98 is a diamond interchange signal optimization program.  The program can evaluate existing or proposed signalization strategies, determine signalization strategies that minimize the average delay per vehicle, and calculate signal timing plans for individual interchanges or up to 15 interconnected interchanges along one-way frontage roads. Three-phase, Four-phase (TTI-lead), Lead-Lead, Lead-Lag, Lag-Lead, and Lag-Lag phasing sequences can be analyzed using Passer™ III-98. In addition, the program can evaluate the effectiveness of various geometric design alternatives, e.g., lane configurations, U-turn lanes, and canalization.

Signal Timing Optimization Issues – Of all the elements of the signal timing process, optimization has received the most emphasis; and as a result, it the most developed.  Unfortunately, most of the research and product development has treated signal timing optimization as a “one-time” effort - a project that begins with data collection, proceeds with running the model, and ends with a report that provides the optimum cycle, split, and offset.  
With so many models to choose from, the obvious question is which one is best.  The answer is, it depends.  There have been many comparison studies, but none have produced a definitive result that clearly shows that one particular model is best.  As a general conclusion, it would seem that any of the above models will provide good signal timing when used within their limits.
In the operating agency, once the optimization is completed, a new effort begins that takes the model results and enters the data into the format required by the controller.  This exercise is called “Field Deployment” and is the topic of the next section.

2.3.4
Field Deployment

Once we have the results of the optimization, the problem is to be able to install the results in a controller.  In general, the users are left to their own devices to convert the model results into the timing parameters required by their system.  There have been several developments in recent years that have had a significant impact on this issue:  The evolution of Synchro and the development of the Closed Loop System have greatly reduced the effort required to install the controller parameters.
The discussion of the hardware host environment in the next section provides a perspective on the interface requirements and exposes a number of the issues that are related to transferring the results from the optimization models to the hardware itself.

3
Host Hardware Environment

Traffic signal timing parameters do not exist in a vacuum.  To be useful, they must be installed in hardware operational on the street.  The Signal Timing Process must produce results that can be installed on the street.  This implies that a review of the development of the local controller and a review of how it operates in a system environment is useful in understanding how the signal timing process can be improved.
This section begins with a description of the development of the traffic controller.  This is followed by a description of the basic timing parameters used by the controller.  The next section describes how the controller operates in a system environment.  The section concludes with a brief discussion of how NTCIP may impact the signal timing process in the future.
3.1
Traffic Signal Controller Development
Before examining the signal timing process itself, it is useful to define the hardware which will be the host for the results of the process.  By the 1950’s, traffic controllers had evolved into two distinct platforms, fixed-time and actuated.  The fixed-time controller was an electro-mechanical device that switched the signal power circuits with a cam shaft.  The actuated controller was an analog device that used several timing circuits to decide to advance to the next phase.  The typical controller had four basic timing circuits per phase:

Initial,

Vehicle Extension,

Maximum, and

Yellow.

The controller supported either two or three phase operation.  Between 1950 and 1970, many different variations of this basic design were produced.  The most complex was the Automatic 1022, Volume Density controller.  This device was a two-phase controller that used many additional circuits to determine the duration of each phase than the four timing circuits noted above.  This device was important because it defined two functions that are common in today’s controllers, gap reduction and variable initial. 

Two developments during the 1970s significantly impacted the practices and equipment used today: the development of the Model 170 controller; and the publishing of the National Electrical Manufacturers Association (NEMA) TS1 Specification.  The Model 170 was defined when California Department of Transportation (Caltrans) and the New York Department of Transportation (NYSDOT) developed a detailed hardware specification.  In a parallel effort, a group of vendors under the auspices of NEMA drafted a standard specification commonly referred to as TS1.  This specification defined the function and electrical characteristics for the pins on the three connectors designated as A, B, and C connectors.  TS1 defined a controller capable of providing isolated actuated control.  These developments are important today because together they defined the standard traffic control parameters that must be used in the signal timing process.

Hardware development continued into the 1980s, with a new NEMA standard,TS2, which defined a controller unit, a malfunction management unit, terminals and facilities, detectors, load switches, flashers, and cabinets.  Although this standard defined a major hardware advance, there was no significant change in the controller timing operation.  
In the 1990s, Carnegie-Mellon University performed a software and hardware development effort for Caltrans in cooperation with the Federal Highway Administration.  The original hardware concept was to use a 6U VMEbus, which would have made a controller twice as tall as a 170.  The software was object-oriented, following a process-control algorithm that allowed the user to connect inputs, outputs, and processes graphically.  The software concept was never implemented, but the hardware ideas became the basis for the 2070.  The development of the 2070 was lead by the Joint Committee on the ATC.  The 2070 was based on an “open-architecture” concept.  Open architecture means that the interfaces, both hardware and software, are publicly available and managed by responsible and responsive agencies.  While the 2070 is another step forward in hardware design, there was still no change in the signal timing parameters
There are four hardware platforms in common use today: the NEMA TS1 controllers; NEMA TS2 controllers; the Model 170 controllers; and the 2070 controllers.  These hardware platforms are distinct, but all four use the same set of signal timing parameters.

Controllers are frequently classified by hardware specification; NEMA TS1, NEMA TS2, Type 170, and 2070.  They are also classified by their functional operation; fixed-time, semi-actuated, fully-actuated, and volume-density.  For the purposes of analyzing the signal timing process, the hardware types are important only to the extent that they support the six functional categories:

1. Full-Actuated 

Isolated

2. Full-Actuated 

Coordinated

3. Semi-Actuated

Isolated

4. Semi-Actuated

Coordinated

5. Fixed-Time

Isolated

6. Fixed-Time

Coordinated

The distinction between isolated and coordinated is significant since the same timing parameter; Cycle Length for example, could have a different optimum value depending on whether the controller was operating as an isolated intersection or as part of a system.  When the intersection is isolated, the Cycle Length generally is calculated based on minimizing intersection delay using Webster’s Equation.  When the intersection is operating as a part of a system, the Cycle Length is usually selected based on system factors.  Because modern controllers can be used in any of the six modes noted above, the signal timing procedure must be able to accommodate all of these modes.  The primary distinction is between isolated and coordinated.  With coordinated operation, the controller uses all of the settings required for isolated operation plus a number of parameters that are related to coordinated operation.  The signal timing process must consider all of the parameters used by a modern controller.

3.2
Basic Timing Parameters 

As noted above, the basic timing parameters are essentially the same for four types of controllers.  There are subtle differences between different software implementations, for example, the NEMA controllers define the Force-off function as a “per ring” function while other implementations define the Force-off function as a “per phase” function.  This distinction has little importance to the Traffic Engineer who is responsible for developing new Traffic Signal Plans.  These differences, however, are very important when the results of a signal timing optimization process are implemented in a particular controller.  

The Basic Timing parameters are described below derived from paraphrasing the definitions from the NEMA Standards Publication No. TS-2.

Minimum Green – The first timed portion of the Green Interval which may be set in consideration of the storage of vehicles between the phase detector(s) and the stop line.

Passage Time (Vehicle Interval, Gap) – This parameter extends the Green Interval for each vehicle actuation up to the Maximum Green.  It begins timing when the vehicle actuation is removed.  This extension period is subject to termination by the Maximum Extension timer or a Force Off.

Maximum Green – This time setting defines the maximum length of time that a phase can be green in the presence of a conflicting call.  If there is no conflicting call, it will be reset until an opposing call occurs.

Yellow Change – This interval follows the green interval of each phase.  The Yellow Change controls the duration of the yellow period for that phase.

Red Clearance – This interval follows the yellow interval of each phase.  The Red Clearance controls the duration of the red period for that phase.

Walk – This parameter controls the length of time that the walk signal is displayed.

Pedestrian Clearance – This parameter controls the duration that the Flashing Don’t Walk is displayed.

Time-Before-Reduction – This period begins when the phase is Green and there is a serviceable call on a conflicting phase.  When this period is completed, the linear reduction of the Passage Time begins.

Time-To-Reduce – This period begins when the Time-Before-Reduction ends and controls the linear rate of reduction until the Minimum Gap is achieved.
Minimum Gap - Like the Passage Time, this parameter extends the Green Interval by the Minimum Gap time for each vehicle actuation up to the Maximum Green.  It begins timing when the vehicle actuation is removed.  This extension period is subject to termination by the Maximum or a Force Off.

Added Initial – This interval times concurrently with the minimum green interval, and is increased by each vehicle actuation received during the initial period.  The initial green time portion is the greater of the minimum green or added initial intervals.  The Added Initial cannot exceed the Maximum Initial.
Maximum Initial - This is the maximum period of time for which the Added Initial can extend the initial green period.  The Maximum Initial can not be less than the Minimum Green.

3.3
Coordination Timing Parameters

While virtually all actuated controllers support the basic parameters as described above, the parameters associated with coordinated operation are implemented with more variations.  In general terms, there are three basic parameters that when taken together define a coordinated traffic signal plan.  These parameters are Cycle Length, Offset, and Split.  As with many things is the real world, the concepts may be simple, but invariably, the execution can be quite complex.  For example, when the Force-off is defined as a “per-phase” function, then the phase Force-offs and Offset completely define a timing plan.  Other idiosyncrasies are discussed below within the context of the three basic parameters: Cycle, Offset, and Split.  We begin with the definitions.
Cycle Length - This is the total time to complete one sequence of signalization around an intersection.  In an actuated controller unit, a complete cycle is dependent on the presence of calls on all phases.  In a pre-timed controller unit, it is a complete sequence of signal indications.
Offset - This is the time relationship, expressed in seconds, between the starting point of the first coordinated phase Green and a system reference point.  The first coordinated phase is that which occurs first within the concurrent group of phases containing the coordinated phase(s) when there are constant calls on all phases.
Split - This is the segment of the cycle length allocated to each phase usually expressed in seconds.  In an actuated controller unit, split is the total time in the cycle allocated to a phase including Yellow and Red times.
The problems related to the coordination parameters stem from their development history.  With the basic parameters, suppliers had to conform to either NEMA or Model 170 specifications that defined these parameters.  For the coordinated operation, there was no standard.  Each supplier had to develop their own approach.  Cycle, Offset and Split are straightforward and most suppliers provided solutions that are similar to one another.  For example, one system could express the Offset in seconds while another may express the Offset in percent of the Cycle.  This is generally not a problem, however, since one expression can readily be converted to the other.  

Although entering and downloading the data itself may be simple, understanding the function of each parameter may be somewhat more complex.  In Figure 5, we illustrate some of the issues involved with the offset.
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Figure 5.  Offset Issues.

Most Traffic Engineers consider the beginning of “Main Street Green” as the offset reference point.  This is noted in Figure 5 as the TE Offset.  The controller, however, uses the end of “Main Street Green” (Phases 2 and 6) as the Offset reference point.  In the illustration, this is calculated by adding the Phase 6 Green time to the TE Offset.  If the intersection has an actuated pedestrian phase, yet another offset reference must be used to assure that there is sufficient time for the pedestrian clearance phases.  This is noted as “Offset, Ped Considerations” in the illustration.  Each controller manufacturer and software supplier deals with these parameters in a slightly different way which leads to the traffic system Tower of Babel. 

3.4
NTCIP

Like Esperanto, a language that was designed to facilitate communication among people of different lands and cultures, the National Transportation Communications for ITS Protocol (NTCIP) promises to provide a commonality among systems.  Recent developments with NTCIP have set the stage for the next step in the evolution of intersection traffic control.  These developments will have a significant impact on the signal timing process.
Any advancement in the algorithms used within signal controller must be sensitive to emerging standards within the industry.  The National Transportation Communications for ITS Protocol is being developed as a vast family of protocol components that have, or will have established, interface standards between traffic management systems and their associated field devices.  Traffic signal systems were the initial inspiration for NTCIP, and also the most difficult to fully implement.  Three major definitions are either approved or are nearing final development: Actuated Signal Control (ASC), Field Management Stations (FMS), and Signal Control and Priority (SCP).  The ASC standard is currently published, and early deployments have revealed needed changes and supplemental components that are now being developed.  The FMS standard is one of those components without which ASC cannot be implemented in signal systems with distributed architecture.  SCP is also a supplemental standard providing interface standards for functions that most agencies need.  A non-signal standard that is nevertheless critical to this effort is the Traffic Sensor Systems (TSS) standard, which is complete and has been adopted.

How does innovation fit into NTCIP?  As with all standards, NTCIP seeks to define common interfaces to achieve interoperability with other kinds of devices and interchangeability with other brands of signal controllers.  Interchangeability requires that the semantics of signal controller settings be fixed, so that they mean the same things across the industry.  Of course, fixing those settings also fixes how they work, and on the face of it this leaves little room for new algorithms.  For example, NTCIP data objects have been defined to communicate all the conventional gap-acceptance parameters, including extension times, volume-density settings, minimum and maximum green times, and so on.  No objects exist, for example, to define queue length or delay, even within the TSS objects, though these parameters may prove central to new algorithms based on new detection capabilities.

But the framers of NTCIP were careful to avoid prohibiting future innovation, and have provided the ability of software providers to use data objects of their own definition to provide special features not available across the industry.  The goal of NTCIP is to define interface standards, not operational standards, and its scope is therefore limited to currently and widely available functionality.  While NTCIP holds great promise for the future, it is important to recognize that for most users, the signal timing process must be operable with legacy equipment – the hardware that is currently deployed and is likely to remain in service for many years to come.
3.5
Universal Traffic Data Format
While the development of NTCIP in large part has been a task spearheaded by the public sector, there have been other developments in the private section that provide a common denominator among the various simulation and optimization programs.  One of the most important of these is the Universal Traffic Data Format currently used by the Trafficware Corporation.  A significant recent development that not only has expedited data input to the models; but also has facilitated transferring the optimized results to the traffic control systems.  The Universal Traffic Data Format (UTDF) is an open standard data format specification for traffic signal and traffic related data for intersections that has been promoted by Trafficware, the developers of Synchro.  UTDF can be used to efficiently transfer data between traffic software packages.  UTDF can also be used to share data between software and traffic signal controller hardware.  UTDF contains the ability to store multiple volume counts and timing plans for multiple intersections.  This allows for a structured method of storing large amounts of traffic data.

There are six file formats specified by the UTDF:

· VOLUME
stores volume counts

· TIMING
stores timing plan information that varies by time of day

· PHASING
stores timing plan information that doesn't change

· TIMOFDAY
stores a weekly schedule of when to use timing plans

· LAYOUT
stores intersection locations and connections

· LANES
stores lane and fixed information

With automatic data collection through detectors, the VOLUME table can be quite large.  With 100 intersections generating 96 counts a day for 30 days, the VOLUME table can have 288,000 records.  The other tables are relatively small.  In most cases these tables will contain less then 10,000 records and 500K of data. Efficient storage of this data is not as critical as having a well-defined specification.

UTDF has been used in a number of hardware related developments:

· Existing detectors can be used to provide traffic counts and be stored in UTDF.

· A library of timing plans can be stored in UTDF and uploaded to the controller on demand.

· A generation 1.5 traffic control system can be developed that automatically performs the above steps in conjunction with the analysis software in real time.

UTDF allows data to be shared between otherwise incompatible software packages.  It is anticipated that many software developers will support UTDF.  In this scenario data is entered once and then used by all the software together.  It is possible for planning departments to store traffic counts for various scenarios and use them for capacity analysis as well as other purposes.  With UTDF compatible software it could be possible for planners to completely automate traffic impact studies for future development and roadway improvements.

Text files are easy for end users to edit with any text editor such as Windows Notepad.  The column aligned format is provided for compatibility with Turning Movement Count (TMC) files and for easy editing with text editors.   The comma-delimited text files (CSV) can also easily be viewed and edited by spreadsheets such or Microsoft Excel.  The user or software developer is free to choose the most convenient format.

3.6
Hardware Environment Summary
As we noted at the beginning of this section, signal timing plans do not exist in a vacuum.  To be effective, the abstract signal optimization results must be translated to the specific parameters that are used by today’s controllers.  Several observations related to the hardware environment are noted below.
1. The signal timing parameters used in existing hardware are different from the values generated by the various optimization programs.  Because each existing system uses slightly different coordination parameters, it is not practical to provide an interface for every existing system.  However, most manufacturers recognize this problem and have addressed it generally by providing an interface to a third party software package.  Synchro is the one most frequently noted.
2. As legacy equipment is replaced by new systems based on NTCIP, many of the impediments to a universal interface will disappear and it is likely that the ability to install optimization results in new systems will be greatly enhanced.

4
Literature Review
A rationale place to begin this analysis is a review recent literature related to the fours quadrants of the signal timing process.  In this effort, we have attempted to be comprehensive in our review of the literature published during the last few years related to the signal timing process.  We have made a serious effort to identify work that we feel can make an impact on improving one or more of the four elements.  This section begins with an overview of the process, we then discuss the literature within the context of each of the four major elements.
4.1
Signal Timing Process

As noted in the Introduction to this report, it is convenient to categorize the signal timing process into four elements as shown on Figure 6.  The circular format of this depiction emphasizes the fact that signal timing must be considered as a continuous process.  We show that the Documentation element in the center of the process forms the common element among the four circular tasks.  This is somewhat arbitrary; the display could have been shown with three elements surrounding a central element which would be comprised of Data Management and Documentation.  We chose to separate Data Management from Documentation to be able to more clearly emphasize data management needs distinct from the Documentation needs.  

As we evaluated the literature with respect to the overall process, we found that there was no nationally accepted document that described that entire signal timing process.  Several states produce a signal timing manual that defines the suggested approach for that state.  The Minnesota DOT, Traffic Signal Timing and Coordination Manual
, is one such document.  This is a large document with more than 270 pages.  The Manual is very comprehensive and intended to be the reference document used in a three day course on traffic signal timing and includes a chapter at the end with several examples.  Beginning with signal timing theory, it continues with a significant discussion of data collection, a topic frequently glossed over.  The primary thrust of the Manual, is the application of Synchro as the primary signal timing optimization tool.  The Manual describes the coordinated operation parameters of the Econolite controller that is a standard unit used by the Agency.  This Manual is the only example found that covers the entire signal timing process including data collection, optimization, parameter installation, and performance evaluation.
4.2
Signal Timing Optimization

Over the years, this is the area that has received the most attention of the academic community.  The theoretical work on which most of modern day signal timing is based is the research conducted in the Untied Kingdom in the late 1950s by Webster.
  This work was based on pre-timed control and has been incorporated in most traffic optimization and simulation models.  The research was primarily focused on the investigation of delay at pre-timed intersections.

Other researchers expanded this research to include the operation of actuated controllers.  In 1969, Newell and Osuma
 showed the relationship between average delay and various controller settings at pre-timed and actuated intersections.  They demonstrated that delay for an actuated signal was less that that for a pre-timed signal.  This work was more of an investigation into intersection delay than signal timing.  In 1976, Staunton
 summarized the fork of various signal control researchers.  This paper provided comparisons of delay produced by both pre-timed and actuated controllers under different demand conditions.  Staunton demonstrated that full-actuated control with 2.5 second extensions would always provide better performance than pre-timed control.

These programs provided the foundation for the development of the signal timing optimization programs that are in current use in the Unites States.  Much of the development work on Transyt-7F and Passer II was completed in the 1980’s.  While there have been substantial improvements in recent years, the improvements have tended to be in the area of user interface improvements and migrating the programs from a mainframe computer environment to a desktop computer environment.  
The most recent developments have focused on Adaptive Control, a topic beyond the scope of this analysis.  There are, however, several, new programs that are designed to provide a solution for a specific signal timing problem.  Passer III is one such program.  It is designed to optimize the signal timing for diamond interchanges.  Passer IV is another such program.  It is designed to provide a maximum bandwidth signal timing solution.  We do not expect to encounter a “new” optimization program which will prove to be superior to the existing programs; it is felt that more significant advances in the signal timing process will be made in areas other than signal optimization.
In our review of the literature, we noted one significant void.  There is no model that is designed to provide the optimized signal settings for an isolated, actuated intersection.  It is possible to use a program like Synchro or Passer II to time an individual intersection.  But this is, at best, a work-around solution.  In the past SOAP-84 filled this role, but this program has several drawbacks, not the least of which is SOAP-84 models a fixed phase sequence type of operation and does not support the phase flexibility inherent in modern actuated controllers.  
4.3
Field Deployment
One area where significant improvements are expected is in the translation of the optimization model outputs to the parameters required by the various traffic signal systems.

Traditionally, signal settings were set in the field by traffic signal technicians.  In many jurisdictions, this is still the way signal settings are installed.  Before the NEMA TS-1 and Model 170 controllers were introduced in the 1970s, this was not an onerous task.  Most intersections used two or three phase controllers which had only five or six parameters per phase.  At the most, the technician had to calibrate 18 parameters.  With the common use of eight phase controllers, all of which supported 20 or more timing parameters per phase, the concept of having these parameters installed by hand becomes somewhat more daunting.  In reality, the modern controller uses thousands of parameters, far more than one could expect to be installed manually without error.

Fortunately in this same time-frame when complex controllers were evolving, the market produced the “Closed Loop System” (CLS).”  The CLS has many variants.  All of the controller suppliers in the United States provide a proprietary CLS that used their products.  As a result, each CLS is different and provides unique functions.  All, however, have similar attributes and encompasses designs that use the same basic control strategies.  As with most human endeavors, the devil is in the details.  There are as many different approaches as there are CLS suppliers and systems.  Most may be summarized as belonging to one of two philosophies: provide the User with the maximum flexibility by providing easy access of all control parameters, or shield the User from the complexities of coordinated operation by generating the secondary parameters by embedded algorithms.

While Traffic Engineers think in terms of Cycle, Split and Offset, the controller actually uses a few additional parameters.  The only consistent reference point in the cycle of an actuated controller is the end of Main Phase(s) Green.  These are usually phases two and six.  This reference point is called the “Yield Point” in the actuated controller cycle.  This is the point in timing plan when the controller is scheduled to leave Main Street green and service all other phases in the cycle.

The most simple actuated controller strategy is to allow the controller to service calls at the “Yield Point” and to depend on the Maximum green timers to terminate each phase until the controller cycles back to Main Street green.  While this strategy has the advantage of being simple, it is not very flexible since the split is determined by the Maximum setting.

One way to provide more flexibility is to have a separate Force-off timer for each phase.  The Force-off function is like a Maximum timer and it causes the phase to terminate when the Force-off setting is reached.  With these definitions, one can see that a signal timing plan could be defined by an Offset, and a Force-off for each phase.  The Force-off time for the coordinated phase(s) is 0, which is also the “Yield Point”.

There are two issues to be noted with respect to the “Yield Point” operation described above: if there is no demand on an opposing phase at the “Yield Point”, the controller will remain in the coordinated phase(s) for another cycle.  Because this mode of operation can result in significant delays to minor phase traffic, the concept of a “Permissive Period” was introduced.  In essence, the “Permissive Period” stretches the “Yield Point” over a larger portion of the cycle.  The effect of a “Permissive Period” is to allow calls on minor phases that arrive after the “Yield Point” to be serviced as long as there is sufficient time in the cycle to enter the coordinated phase(s) at the planned time.  In addition to Force-off, controllers can be designed to use Holds, an input that causes the controller to remain in a phase to which a Hold has been applied

How the different suppliers treat the coordination parameters of Cycle, Offset, Force-off, Hold, and “Permissive Period” is defined in the documentation of each system.  The suppliers generally do a good job of defining the parameters used by their system.  They explain what each parameter does and what the valid range is.  They do not, however, explain when a particular mode of control should be used.  For example, the discussion above described three different modes of control:  Yield Point using Maximum timers, Yield Point using Force-off timers, and Permissive Period using Force-off timers.  All suppliers describe how each of these modes can be used with their equipment.  None, however, describe when a particular mode should be used.  We found several references in the literature that address the overall translation problem.
In 1996 Skabardonis
 investigated the development of improved procedures for applying the MAXBAND, Passer, and Transyt-7F timing programs to arterials and grid networks with actuated controllers.

Of the many phase related settings on the controller, there is relatively little information available to help the user select the right settings.  In 1995, Orcutt
 defined two basic types of intervals that control vehicle flow and are timed by a traffic signal controller: safety-related intervals, and discretionary intervals.  This study described the appropriate use of these intervals as well as the use of gap-reduction settings.  
Change
 conducted research to develop a set of reliable control strategies to allow users to improve the overall design and operation of actuated controllers in conventional coordinated systems.
Bonneson and Lee
 evaluated alternative control sequences and settings for the actuated, three-phase diamond interchange.  The settings evaluated include the minimum green interval, maximum green interval, and passage time.  The objective of this project was to develop guidelines for establishing controller settings that would generally yield low-delay (if not lowest) operation for the range of volumes encountered during a typical weekday.

After reviewing the literature related to signal timing parameters published during recent years, we can make several general observations:

1) There has been little published by the academic community in this topic in recent years.  Researchers, in general, have focused on other related topics, like adaptive control and simulation.

2) Most of the information available in this general area is provided by vendor user manuals. These manuals describe how the parameter functions.  They do not tell the user how to use the parameter.  For example, the Extension Time, Time-To-Reduce, and Minimum Gap are the three parameters that provide the gap reduction feature.  While all manuals tell the user how to input the three parameters and what parameter range is supported by the system, no vendor manual tells the user when to use gap reduction feature, nor do the manuals guide the user to the optimum values for these parameters.
3) There is a need for a definitive manual to guide the traffic signal engineer for setting the various actuated controller parameters.  While there are guidelines to help the engineer with many of the settings, the clearance, change, and maximum intervals are rather well documents.  However, many other parameters are less well documented.  For example, we know of no procedures that are supported by research to identify the minimum gap or time-to-reduce parameters.  This observation is closely related to the previous observation that there is no optimization program explicitly designed for isolated, actuated controllers.

4) The acceptance of UTDC by the private sector has made a significant impact in making the field deployment of timing data much more efficient.  The development by the private sector has been driven by competition.  As soon as one major vendor claimed an interface with Synchro using UTDF, all vendors began working on a version of this type of interface.  It is interesting to note that the market has forced virtually all controller vendors to interface with Synchro.  
The following vendors support the UTDF interface with Synchro: Eagle (Actra), BI Tran Systems, Inc. (QuicNet/4), Econolite (icons), and Naztec (Streetwise).  There may be other vendors in addition to the ones noted above.
All of these systems support multiple traffic signal plans that can be called by time of day and by traffic flow measures.  All of these systems support the capability of measuring the traffic flow rates from sensors installed in or over the roadway.  By combining these two features with the interface to Synchro, one can claim a true “closed loop” system.  It works like this.  Data are collected for a particular period by the system.  These data are then electronically transferred to Synchro using the UTDF format.  Synchro is executed and optimum timing parameters are generated.  These parameters are converted to system input parameters and are electronically transferred from Synchro back to the traffic control system.  This flow of information from the street, to the optimization model, back to the system is called 1 ½ Generation Traffic Control.  This capability is available with most system currently deployed.
Although this capability exists, it is not often used.  One reason is that few systems have enough instrumentation to actually derive new timing plan data.  Another reason is that although the capability is inherent in the system design, few vendors are promoting this capability.
While there is considerable promise to improve the signal timing process in this general area of parameter conversion, the most significant advances have been made by the private sector responding to competitive pressures.  This area is very difficult to address because it is basically a linkage between two packages that are in the private sector, Synchro and QuicNet/4, for example.  There are other examples that we could cite that are comprised of a linkage between a public sector program (Transyt-7F or Passer II) and a private sector system, Actra for example.  Perhaps the best contribution to be made in this area is to support training programs that encourage better use of the capabilities of systems.  
4.4
Performance Evaluation

As we illustrated in the “Looks OK” decision box in the flow chart we used in Figure 2, this element more often than not is very arbitrary.  What looks OK to one engineer may very well not look OK to another.  The only alternative way to evaluate signal timing performance is simulation. 
While most simulation models provide the same measures of effectiveness, their values frequently differ from model to model given identical inputs.  This is not an unexpected result since the models use different assumptions and different algorithms to derive the estimates.  During the last few years, researchers have compared the models to each other and to ground truth to try to determine which provides the most accurate estimates.  
Mystkowski and Khan
 compared the queue length estimates based on several models and field results.  The models considered were CORSIM, version 4.01; Passer II-90, version 2.0; Synchro, version 3.0; SIGNAL94, version 1.22; Transyt-7F.  This paper documented the methods used to estimate queue lengths and provides clarification on the definitions used for the different models.
Seeking new measures of effectiveness to be able to accurately evaluate intersection performance is another goal of many researchers.  Husch’s Intersection Capacity Utilization
 is one such measure.  The Intersection Capacity Utilization provides a straight forward method to calculate an intersection's level of service.  The method simply takes a sum of the critical movement’s volume to saturation flow rates.
In general, the trend in recent years is to use simulation to evaluate intersection performance.  For example, Transyt-7F can be used to generate optimum signal settings.  Transyt-7F can also be used to evaluate existing signal settings.  The model can be executed with the signal settings frozen and it will produce measures of effectiveness based on the existing settings.  The model can be executed again and allowed to seek an optimum.  The measures of effectiveness from the optimized settings can be compared to the measures of effectiveness from the original settings to get a quantified estimate of the probable improvement.  This, however, requires a lot of work, generally more than the typical engineer is willing to do to retime a traffic signal.
Another approach is to link the simulation software with the optimization software into an integrated system.  Trafficware Corporation offers this capability by allowing the user to optimize the settings with Synchro and then to evaluate the performance with Simtraffic.  Through the use of the UTDF capability, the user can also easily export the data to Passer II, CORSIM, Transyt-7F or Highway Capacity Software.
Trafficware is not the only private sector firm to offer this capability.  Strong Concepts markets the TEAPAC program suite.  TEAPAC is a family of programs that optimize a wide range of traffic engineering procedures within the transportation engineering and planning disciplines.  As a part of this suite, Strong Concepts has developed a series of pre and post processor data management programs that allow the user to use one, standard user interface for Passer II, Transyt-7F, and Netsim.  

The trends in the area of Performance Evaluation are closely linked to the Data Management issues discussed in the next section.  One of the most difficult issues to deal with is the question of how to support solutions that have been developed by the private sector.  Trafficware and Strong Concepts as well as others have developed evaluation and data management solutions that address many of the issues related to the signal timing process.  Neither vendor, however, has developed a solution to the traffic data input problem although both have made good strides in managing the data once it is collected.  Issues specific to the Data Management are discussed in the following section.
4.5
Data Management

Of the four elements of the signal timing process, this is the least explored; but we feel that this element has highest potential to improve the signal timing process.  Data management concerns frequently begin and end with Data Collection – specifically, Intersection Turning Movement Counts (TMCs).  These data are the common denominator among all models and the one necessary input required of all efforts to time signals.  While turning movement data are indeed the crux of the issue, one must take a much broader view to fully appreciate the Data Management issues.  Can turning movement data be estimated from measured intersection input and output flows?  How can TMCs there were observed on different days be combined into a balanced network?  Can TMCs be generated using “short count” techniques?  What is the best way to manage data across the network and across time?

Data collection is only the beginning of the data management problem.  Traffic data management has both a spatial and a temporal component.  The spatial component determines where the data can be used.  For example, data collected between two intersections can be useful in estimating turning movement data at the two intersections.  In this example, the spatial aspect impacts three different locations: the initial location and the location of the two intersections.  

The temporal dimension is important from two aspects: quantity and descriptive characteristic.  The quantity is simply a byproduct from the fact that traffic demand changes significantly over the course of a day.  The traffic signal timing process, whether manual or automated, requires demand estimates that are representative of periods within the day, the AM Peak Hour for example.  Because these periods of relatively constant demand are different at different locations, it is necessary to collect data over significant periods of the day.  In addition, to be useful, the data must be aggregated in short periods, such as 15-minute periods.  The spatial and temporal requirements combined imply that the number of data elements necessary to support the signal timing process amounts to a very large database.
Frequently, data collection consists of 12-hour counts summarized into 15-minute segments.  Since a normal intersection has four approaches and supports three movements per approach, the turning movement data typically consists of 576 (12x4x4x3) data elements per intersection per day.  Obviously, with many intersections and data extending over more than one day, dealing with this amount of information can be a significant burden.

As the desktop computer becomes evermore pervasive in the traffic engineering offices, many engineers have developed applications that vastly improve the data management task when compared to manual means.  While conducting the literature search for this topic, we found many instances of creative engineers applying spreadsheets and other software packages to solve data management problems.  Some of the more interesting studies are described below.

Dowling Associates, Inc., a traffic engineering and transportation planning consulting firm based in Oakland, California developed a program, TurnsW that forecasts turning volumes from existing turning movement volumes and forecast future approach and departure volumes.  This program is a mechanization of the techniques described in NCHRP 255, “Highway Traffic Data for Urbanized Area Project Planning and Design”, Chapter 8.  This program derives forecast turning movements using an iterative approach which alternately balances the inflows and outflows until the results converge (up to a user-specified maximum number of row and column iterations). 
If observed turning volumes are not available, then the estimated turning percentages of the future year assigned inflows can be used.  The user may 'Lock-In' pre-determined volumes for one or more of the forecast turning movements.  The program will then compute the remaining turning volumes based upon these restrictions. 

While neither this program, nor the procedure in described NCHRP 255, was developed with signal timing in mind, the process of estimating turning movement flows given estimates of intersection input and output flows is very useful for signal timing exercises.  For near real-time traffic flow estimates, the inflows and outflows can be provided by system detectors.  For off-line optimization, traffic flow demand networks can be developed from link directional counts.  We feel that this is an area where significant progress can be made in the overall signal timing process.
A paper
 by Gerken, “A practical Approach to Management Traffic Data for Large Scale Studies was prepared described the work conducted in preparing an Environmental Impact Statements (EIS).  This effort required peak hour intersection Level of Service (LOS) calculations for over 60 intersections for a base year and future-year scenarios (nearly 1,100 intersection data records).  Tight time constraints and the need for efficient stewardship of this large data set lent itself to employing a data management tool.  The traffic engineering software package, Synchro, was used for this task.

In this study, existing turning movement counts (TMC), geometric conditions, and signal timing were entered into peak period Synchro files.  The Synchro base year TMC were exported in comma delimited (CSV) file format and converted to approach turn percentages using a spreadsheet program.  The regional transportation planning model output provided daily link volumes for each scenario.  Intersection approach volumes were then determined using historical K and D factors.  Incorporating the approach volumes into the TMC spreadsheet provided horizon year TMC.  The TMC were then imported back into the Synchro file and optimized to provide future year intersection LOS.  This procedure provided considerable timesaving in both data error checking and traffic analysis.  Once the data set was entered into Synchro all further data management and analysis was electronically handled, therefore reducing data entry time and the potential for data handling errors.

This effort illustrates use of UTDF by practitioners to manage large data sets.  UTDF enables data exchange among many proprietary software programs such as spreadsheets, text editors, or database programs as well as signal optimization programs.  UTDF also provides a means to electronically manipulate standard traffic data, in the case of this study, traffic volumes. UTDF uses text files to store and share data.  Both comma delimited (CSV) and column aligned text files are supported. The column aligned files can easily be manipulated with a text editor.

Another project
 conducted by Martin developed and evaluated a new model, Turning Movement Estimation in Real Time (TMERT), that infers unknown traffic flows from measured volumes in sparsely detectorized networks.  This model also has the same potential as the Gerken report noted above.
Nihan and Davis
 examined the use of prediction error and maximum likelihood techniques to estimate intersection turning and through movement probabilities from entering and exiting counts.

Another report
 documents a method for developing detailed traffic forecasts and turning movements for use by Texas in roadway project planning and design.  The methodology uses a combination of current TxDOT corridor analysis procedures, TRANPLAN travel forecasting applications, and traffic refinement and turning movement estimation procedures from NCHRP Report No. 255.
Davis and Lan described another method of estimating turning movements using a statistical approach was reported
 in 1995.  When it is possible to count the vehicles both entering and exiting at each of an intersection's approaches, methods based on ordinary least squares can produce usable estimates of the turning movement proportions, but when the number or placement of the detectors does not support complete counting, these methods fail.  The feasibility of estimating turning movement proportions from less-that-complete sets of traffic counts is assessed, and the statistical properties of less-than-complete count estimates are compared.
One primary conclusion that one can draw from this review of the literature related to data management, it that the critical issue is Turning Movement counts.  No matter how one conducts the effort, manual turning movement counts are expensive.  Most Traffic Engineers consider four plans to be the minimum required for proper signal operation: AM Peak Plan, Day Plan, PM Peak Plan, and the Night Plan.  The minimum need, therefore, is to have a turning movement count for each of these four periods; and further, the need is to be able to collect or derive these data at minimum expense. 
One way to reduce this expense is to reduce the time required to conduct the counts.  Many traffic engineers use “short counts” to develop signal timing plans.  Short Counts are normal turning movement counts that are conducted over periods of less that normal.  Different agencies follow different procedures in conducting these short counts.  There is a need for a defined process that is supported by research to guide the practitioners in conducting short counts.
4.6
Documentation

The final topic in the Signal Timing Process is the glue that holds the entire process together, Documentation.  This all-encompassing topic includes all activities related to the process to include the means to recording all changes to the system.  It is important to realize the needs of all users of this information.  This includes not only the engineering personnel who are responsible for developing the timing data, but it also includes the technicians who are responsible for installing the data in the field, and the technicians who repair the equipment in the electronic shop, and the personnel responsible for operating the computer system when applicable.

Many traffic control systems had the capability to log all database changes.  The problem is, the logged data is frequently coded and very difficult to analyze.  Improvements in identifying what data should be logged and developing meaningful ways to display the information retained by the system should help the users identify trends in system demand and operation. 

5
Future Research

Traffic Signal timing is not a trivial task.  Even when the process is applied to a single, isolated controller, the path to optimum signal timing is usually paved with problems.  The process of signal timing optimization, to streamlining signal timing, has been the focus of much academic research over the years.  As a result, the practicing Traffic Engineer has many optimization models to choose from when retiming traffic signal.  Transyt-7F, Passer and Synchro are examples of these models.  

The Task-A Report considered the entire signal timing process.  It defined specific areas where progress has been made, and identified the interfaces between these areas.  This background provided the basis for the identification of specific areas for improvement.  Notably, the Task-A Report identified five distinct procedures (Optimization, Deployment, Evaluation, Data Management, and Documentation) associated with the signal timing process.  Each of these procedures was examined and evaluated.  One of these procedures, Optimization, is considered well developed with several excellent tools including: PASSER, Transsyt-7F, and Synchro, available to the Traffic Engineer.  Because optimization models are readily available, this Task B effort concentrates on the other areas to identify procedures where integration and/or automation would be beneficial to the signal timing process.

The initial work effort surfaced several opportunities where targeted improvements in specific areas would likely lead to significant improvements in the effectiveness and/or cost of the overall signal timing process.  This Task B report identifies the elements in the signal timing process where improvements to existing procedures or new procedures can enhance and strengthen the signal timing process. 

The Task-A effort concluded that the “Signal Timing Optimization” element was the area that had received the most research success and was the area least likely to benefit from additional research.  The emphasis for future research, therefore, should be placed on Data Management (including Data Collection and Data Structure), Field Deployment, and Performance Evaluation.

As this effort continued, the areas where signal improvements were needed were further refined to be: Data Collection, Data Management, Data Structure, and Intersection Performance Evaluation.

Following this Introduction section, this report provides a description of the four areas of future research and development where improvements are needed to enhance the signal timing process.  Each area is discussed and specific recommendations are made for potential projects that can further refine the signal timing effort.

5.1
Data Collection
To time traffic signals, the data collection need is frequently reduced to acquiring turning movement counts.  Many jurisdictions have informal and sometimes formal requirements for 12-hour, turning movement counts as a necessary prelude to any signal retiming effort.  While no one could argue that 12-hour counts are not a desirable resource, it is possible to generate good signal timing plans with less than this ideal input.  This section presents several different ways that turning movement information can be generated for signal timing purposes.

5.1.1
Project 1 – Short Count Procedures

The objective of this project is to develop and prove the optimum technique to use to obtain estimates of peak period traffic flows using short-term observations.  The emphasis in this project is placed on turning movement counts.  The specific techniques will be on procedures that can be followed by a single person to obtain accurate estimates of all intersection movements.  A critical issue is to determine how many approaches a single person can observe simultaneously.  Obviously, at low volume intersections, a single observer can count all traffic movements.  At high volume intersections, this is not possible.  The developed procedure, therefore, must allow for a single observer to count one or more traffic movements in sequence.

Many Traffic Engineers have procedures that they follow to collect “short counts”.  Some count for a fixed period, like five or ten minutes.  Some count for a fixed number of cycle lengths.  There is no definitive methodology that describes an optimum technique to obtain estimates of peak period flows given short time observations.  

Collecting turning movement counts is simple enough, it is just not inexpensive.  Turning movement counts typically costs in the range of $500 to $1,000 per intersection or more.  Converting the raw count data into a format that is useful for analysis also can add a substantial cost.  

This is an area where significant progress has been made.  For example one vendor, Jamar Technologies Inc., makes an electronic data collection board that is easy to use, accurate, and reliable.  Although an observer is still required to record the movements, once the observations are completed, the data are easily uploaded to a computer for further processing.  In this case data entry and manipulation of the data is minimal.

One way to reduce the expense for data collection is to reduce the time required to conduct the counts.  Many traffic engineers use “short counts” to develop signal timing plans.  Short Counts are normal turning movement counts that are conducted over periods of less than normal.  Different agencies follow different procedures in conducting these short counts.  There is a need for a defined process that is supported by research to guide the practitioners in conducting short counts; the process should be subjected to a sensitivity analysis.

5.1.2
Project 2 – Adapt NCHRP 255 Procedures to Signal Timing

The National Cooperative Highway Research Program developed techniques for estimating traffic demand.  These techniques are described in NCHRP 255, “Highway Traffic Data for Urbanized Area Project Planning and Design”, Chapter 8.  This program derives forecast turning movements using an iterative approach, which alternately balances the inflows and outflows until the results converge (up to a user-specified maximum number of row and column iterations). 

Dowling Associates, Inc., a traffic engineering and transportation planning consulting firm based in Oakland, California developed a program, TurnsW that forecasts turning volumes from existing turning movement volumes and forecast future approach and departure volumes.  If observed turning volumes are not available, then the estimated turning percentages of the future year assigned inflows can be used.  The user may 'Lock-In' pre-determined volumes for one or more of the forecast turning movements.  The program will then compute the remaining turning volumes based upon these restrictions. 

While neither this program, nor the procedure in described NCHRP 255, was developed with signal timing in mind, the process of estimating turning movement flows given estimates of intersection input and output flows is very useful for signal timing exercises.  For near real-time traffic flow estimates, the inflows and outflows can be provided by system detectors.  For off-line optimization, traffic flow demand in networks can be developed from link directional counts.  It is our opinion this is an area where significant progress can be made in the overall signal timing process.

This project would generate a program like TurnsW that could expand counts from one intersection to a network and use the iterative process defined in NCHRP 255 to estimate traffic flows for a linear network of intersections.

5.1.3
Project 3 – Estimate Turning Movements from Detectors 

A research project
 conducted by Martin developed and evaluated a model, Turning Movement Estimation in Real Time (TMERT), that infers unknown traffic flows (intersection turning movements) from measured volumes in sparsely detectorized networks.  

The model has shown its ability to apply the algorithm to minimize a weighted objective function to balance nodal continuity throughout a network and accurately estimate turning movements.  TMERT has also shown its repeatability on a second network producing correlation coefficients of determination (r2) of above 90%. 

This project would expand on the work conducted by Martin et. al. and determine if the process can be simplified from a complex Linear Programming research model, to a practical application that can be interfaced to systems typically deployed in the United States.

5.1.4
Project 4 – Timing Plan Need Determination

Most Traffic Engineers consider four plans to be the minimum required for proper signal operation: AM Peak Plan, Off-Peak Mid-Day Plan, PM Peak Plan, and a Night Plan.  The minimum need, therefore, is to have a turning movement count for each of these four periods; but what about weekends, special events, and emergency evacuation?  Does the system have a need for a distinct timing plan to service Saturday shopping traffic; if so, what hours should this plan be used?

The purpose of this proposed project would be to develop a methodology that the Signal Timing Engineer could follow to address these issues.  It is likely that a new timing plan would be needed whenever the system experiences a “significant change in demand”, similar to the “Traffic Responsive Mode” in a closed loop signal system.  The project would address efficient ways to measures and estimate demand and to generate a standard means to identify significant changes.  Notice that the word “significant” in this case is not used in the statistical sense.  For low to moderate demand conditions, it is anticipated that there could be large changes in demand; but if this variable demand can all be accommodated by one signal plan, then there would be no need to develop a new timing plan.  The inverse is also true, once demand is close to capacity, relatively small changes in demand could require a new signal timing plan.  This project would investigate these issues.

5.1.5
Project 5 – Traffic Demand Network Procedure

Turning movement counts are collected at specific intersections.  Before using this information, many traffic engineers plot the turning movements on a map of the network.  This network map is very useful in identifying errors in data collection which otherwise would be difficult if not impossible to identify.  Obviously plotting these data is a very time-consuming and error-prone activity.  

The purposes of this Project are threefold: to prepare a computer program (could be an Excel spreadsheet) to allow the user to efficiently define the network; to ease entering the turning movement data, and to display the results graphically.

This process would employ logic to identify network data problems – such as the input at one location seems to be lower or higher than the other locations, and to suggest a remedy that would “balance the network.”  This step would allow the user to override particular movements and have the system adjust the remaining movements.  This step would also allow the user to easily do the following:

· Change the demand in a particular direction (i.e. southbound) by a constant or a percentage.

· Change the demand in the entire network by a constant or a percentage.

· Freeze the demand in a particular direction (i.e. southbound) while changing the other flows by a constant or a percentage.

· When the user is satisfied with the network demand flows, generate an output that can be readily used by PASSER, Transyt-7F, and Synchro.

5.2
Data Management
Traffic signal timing parameters do not exist in a vacuum; the parameters must be installed in hardware on the street.  The Signal Timing Process must produce results that can be installed in this hardware.  This implies that data management issues must be evaluated within this context of the traffic control systems.  There are two developments that will drive data management in the future: the Advanced Transportation Controller and NTCIP.  While these two issues will define Data Management in the future, much of the existing traffic hardware in use today will still be in use ten years from now.  It is likely that 25% to 50% of the hardware deployed today will still be in service 20 years from now.  Our concern, therefore, is to address Data Management not only from the perspective of the future, but also that we address legacy hardware which will likely be in use for many more years.

This section begins with a view to the future with a discussion of the “Advanced Transportation Controller” and NTCIP, and concludes with a discussion of how Data Management can be improved with existing systems.

The Advanced Transportation Controller (ATC) is being developed to provide an open architecture hardware and software platform for a wide variety of ITS applications. In this context the words “open architecture” mean that the system will include both public and private sector developers and have modular software cooperatively running on standardized and shared modular hardware platforms.  This will provide cost-effective ITS functionality for a wide variety of applications.  To accomplish this goal the system must provide the maximum flexibility for many different system configurations and installations.  The general concept and model for the ATC is the PC Computer.  However, the ATC will be a field-hardened, general-purpose computer for embedded applications, which with the appropriate software and hardware modules could be asked to perform many different duties.

One of the largest component costs of today’s systems is the development, testing, deployment and maintenance of applications software.  As the current trend continues towards distributing more of the intelligence of ITS out closer to the field, there is an increasing demand for more capable field deployable devices.  This hardware must run more sophisticated applications software and operate in modern networking environments. The ATC is intended to address these needs. 

The ATC is intended as a next generation, “Open Systems” controller in which hardware interfaces are generically defined, standardized, and adopted by multiple manufacturers which follows the “Open Systems” lineage of the ATC 2070 and California Model 170 and New York Model 179 controllers.  “Open Systems” in this context refer to the concept of separation of hardware from software by standardizing the interface between the two.  This allows software to be developed independent of the hardware.  “Open Systems” help protect an agency’s investment by guarding against premature obsolescence due to a manufacturer’s discontinuance of a particular controller.

The key to the ATC software is the use of API’s.  API’s, Application Programming Interface, are the means by which an application program accesses operating system and other services.  An API is defined at source code level and provides a level of abstraction between the application and the kernel (or other privileged utilities) to ensure the portability of the code. 

As the ATC develops, the software specifications will evolve in parallel.  The software is planned to have a two-layer Application Program Interface (API).  The Layer 1 API’s provide the linkage to the hardware.  These API’s are the interface between the hardware and the Level 2 API’s.  The Level 2 API’s provide the linkage between Level 1 and the Application software.  As applications software is developed for the ATC, the Data Management needs will become known. 

The other significant development that impacts controller Data Management is the NTCIP.  The National Transportation Communications for ITS Protocol (NTCIP) is intended to provide a commonality among systems that will allow devices from one vendor readily interface with devices provided by another vendor.  Recent developments with NTCIP have set the stage for the next step in the evolution of intersection traffic control.  These developments will have a significant impact on the signal timing process.

NTCIP is being developed as a family of protocol components that will establish interface standards between traffic management systems and their associated field devices.  Traffic signal systems were the initial inspiration for NTCIP, and also the most difficult to fully implement.  

As with all standards, NTCIP seeks to define common interfaces to achieve interoperability with other kinds of devices and interchangeability with other brands of signal controllers.  Interchangeability requires that the semantics of signal controller settings be fixed, so that they mean the same things across the industry.  Of course, fixing those settings also fixes how they work, and on the face of it this leaves little room for new algorithms.  For example, NTCIP data objects have been defined to communicate all the conventional gap-acceptance parameters, including extension times, volume-density settings, minimum and maximum green times, and so on.  No objects exist, for example, to define queue length or delay, even within the NTCIP objects, though these parameters may prove central to new algorithms based on new detection capabilities.

The structure of NTCIP provides the ability of software vendors to use data objects of their own definition to provide special features not available across the industry.  The goal of NTCIP is to define interface standards, not operational standards, and therefore its scope is limited to currently and widely available functionality.  While NTCIP holds great promise for the future, it is important to recognize that for most users, the signal timing process must be operable with legacy equipment – the hardware that is currently deployed and is likely to remain in service for many years to come.

Many of the NTCIP standards use a Management Information Base (MIB).  Many of the NTCIP standard documents contain sections of text that look like a computer program.  In fact, for the standards with "Object Definitions ..." in their title, the largest part of the standard is the computer text.  This "computer text" is called a Management Information Base, or MIB. The MIB describes the organization of a database that will be created in the memory area of the computers where it's installed.  The MIB databases will be used to store information, which in turn will be used to control the traffic signals and other devices in a transportation management system.  The MIB is a text document that can be read by a human and "compiled" by a computer. "Compiled" means converted from readable form into the special instruction language used by a computer.  

The future of traffic controllers in the United States, and their Data Management Needs, will be determined by the evolution of the ATC and the NTCIP, especially the development of the MIB’s.  

While the future of Data Management is focused on a single path, the existing legacy is anything but.  Each system in current use today requires different inputs and each input is handled in a different manner.  The challenge is to identify the common factors and to support the common data needs.  This Data Management structure must provide the Traffic Engineer with an efficient mechanism to input data as well as provide an efficient interface to the output the data.  

Traffic data management has both a spatial and a temporal component.  The spatial component determines where the data can be used.  For example, data collected between two intersections can be useful in estimating turning movement data at the two intersections.  In this example, the spatial aspect impacts three different locations: the initial location and the location of the two intersections.  

The temporal dimension is important from two aspects: quantity and descriptive characteristic.  The quantity is simply a byproduct from the fact that traffic demand changes significantly over the course of a day.  The traffic signal timing process, whether manual or automated, requires demand estimates that are representative of periods within the day, the AM Peak Hour for example.  Because these periods of relatively constant demand are different at different locations, it is necessary to collect data over significant periods of the day.  In addition, to be useful, the data must be aggregated in short periods, such as 15-minute periods.  The spatial and temporal requirements combined imply that the number of data elements necessary to support the signal timing process amounts to a very large database.

Traffic data exists in many forms, from turning movement counts, to road-tube counts, to system-generated detector counts, and etc.  The challenge is to integrate these existing and on-going incoming resources into a database that can be used to time traffic signals.  To this end, we have identified the four projects described below.

5.2.1
Project 6 – Data Scrubbing

Every Traffic Engineer wants timely, detailed, and accurate traffic flow data to use as a base for signal system operation.  What every Traffic Engineer actually has is something less than this ideal.  Turning movements are typically available but not for every intersection, and they frequently have been collected over a period of months if not years, and they may be reported in different time increments, some 15-minutes, some one hour.

The challenge is to develop a procedure to update and aggregate this data into a single representation of a traffic demand condition for the network – a PM Peak Period, for example, showing all major traffic flows.

This procedure will balance the outflows from one intersection with the inflows of the adjacent intersections to assure that the modeled traffic demands are representative of the real traffic flow data.  The primary inputs to the procedure are existing Turning Movement data and directional link flow data (road-tube and detector counts).  The procedure would make use of the results of Project 2, the simulated turning movement program similar to the TurnsW program developed by Dowling Associates, Inc. to fill in missing intersection data.  In effect, this project extends the results of Project 2 to the entire traffic signal system network.

5.2.2
Project 7 – Data Aging and Resolution

As we noted above, every Traffic Engineer wants timely, detailed, and accurate traffic flow data.  The available data, however, is typically anything but timely.  At issue is how old is too old?  In some situations, where the land is developed and employment is steady, there is little change in traffic demand from year to year; in other areas traffic demand can change dramatically in a single day when a new super store opens, or when a major employer shuts down for example.  One of the objectives of this project is to investigate the factors that impact traffic flows and to develop guidelines for the practicing Traffic Engineer to identify situations when existing data is adequate, the existing data can be updated, and when the existing data is hopelessly obsolete and must be regenerated.  In situations where the existing data can be updated, this Project will develop procedures that can be used to update the data.

A closely related topic, Data Resolution, is the second part of this Project topic.  In many jurisdictions, there is an abundance of traffic data ranging from 15-minute counts to Average Annual Daily Traffic (ADT) counts.  Much of these data are collected by agencies other than Traffic Engineering for various purposes usually related to City Planning and Commercial Development.  Because these data may be available and useful to the Traffic Engineer, this element of the Project will investigate various sources of traffic data that is typically available in an urban jurisdiction and investigate how these data can be used for signal timing.  In many case, this issue resolves into a problem of data resolution.  That is, the data reported by other agencies may be “per day”, but the data may have been generated “by hour” or by “15-minutes”, this finer resolution would be far more useful to the Traffic Engineer.  If the data were only available on an aggregated basis, however, it may be possible to develop a procedure to estimate flows on a more disaggregate basis.  These are the issues that would be investigated in this Project.

5.2.3
Project 8 – Extended Signal Timing Manual

Most of the information available in this general area is provided by vendor user manuals. These manuals describe how the parameter functions.  They do not tell the user how to use the parameter.  For example, the Extension Time, Time-To-Reduce, and Minimum Gap are the three parameters that support the gap reduction feature.  While all manuals tell the user how to input the three parameters and what parameter range is supported by the system, no vendor manual tells the user when to use gap reduction feature, nor do the manuals guide the user to the optimum values for these parameters.

While all controller suppliers provide gap reduction features, some provide these features with different parameters than others.  This is illustrated below in Figure 2.
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Figure 7.  Gap Reduction Parameters.

With some controllers, the “Time to Reduce” is a direct input, with others; this parameter is implied by setting a “Maximum Gap” parameter.  This project will examine all parameters used by actuated controllers deployed in the United States and provide a lucid description of how each parameter can be used and describe the expected impact of this parameter on traffic flows.

5.2.4
Project 9 – Signal Timing Field Adjustment Techniques

Once the hardware is determined to be operating correctly, the next task is to determine if controller timing parameters have to be adjusted to respond to changes in traffic demand.  Many times, a simple adjustment of one parameter may be all that is necessary.  It may be possible to accommodate longer queues on the main street, for example, by simply advancing the Offset by several seconds.  Other timing problems can be resolved by simple adjustments to the Minimum Green or Vehicle Extension parameters.

Typically, problems with signal settings are only visible to the trained and experienced traffic signal engineer.  To most, the problem is usually attributed to too much traffic.  The objective of this project is to identify and define the characteristics of traffic responses to traffic signal operation that indicate a problem that can be ameliorated by changing signal settings.

In effect, this project will provide the knowledge base that is commonly used in the development of an Expert System.  The primary goal of an expert system is to make expertise available to engineers and technicians who need answers quickly.  There is never enough expertise to go around -- certainly it is not always available at the right place and the right time.  Portable computers loaded with an in-depth knowledge of a specific topic can bring decades of knowledge to the problem.  

The primary goal of this project is to develop a dataset representing an expert's responses to traffic signal timing problems.  Later, this problem domain can be used with a knowledge acquisition tool and converted automatically to a knowledge base that can perform as an expert system solving the problem in an expert system shell.  

There is no easy path to expert system development. Understanding and communicating expertise are not easy tasks.  Knowledge acquisition tools are designed to support and guide the expert.  Any real system development involves exploration, false starts, inadequate datasets, and so on.  The expert has to learn the skills of expertise transfer through trial and error.  This effort, however, could have significant benefits that could result in much better signal timing at the average intersection.

One way to begin building this knowledge base would be to gather known traffic signal timing experts at a Work Shop.  The workshop participants would be invited to share their experiences, problems, and solutions.  The results of the Work Shop could be published in a “Best Practices” compendium.  If the approach appears sound, then additional steps would be taken to begin building a functioning Expert System for Signal Timing.

5.3
Data Structure
While the development of NTCIP in large part has been a task spearheaded by the public sector, there have been other developments in the private section that provide a common denominator among the various simulation and optimization programs.  One of the most important of these is the Universal Traffic Data Format currently used by the Trafficware Corporation.  This significant recent development that not only has expedited data input to the models; but also has facilitated transferring the optimized results to the traffic control systems.

The Universal Traffic Data Format (UTDF) is an open standard data format specification for traffic signal and traffic related data for intersections that has been developed and promoted by Trafficware, the developers of Synchro and SimTraffic.  UTDF can be used to efficiently transfer data between traffic software packages.  UTDF can also be used to share data between software and traffic signal controller hardware.  UTDF contains the ability to store multiple volume counts and timing plans for multiple intersections.  This allows for a structured method of storing large amounts of traffic data, and a significant reduction in data entry of signal timing parameters.

UTDF allows data to be shared between otherwise incompatible software packages.  It is anticipated that many software developers will support UTDF.  In this scenario data is entered once and then used by all the software together.  It is possible for planning departments to store traffic counts for various scenarios and use them for capacity analysis as well as other purposes.  With UTDF-compatible software it could be possible for planners to completely automate traffic impact studies for future development and roadway improvements.

Text files are easy for end users to edit with any text editor such as Windows NotepadTM.  The column-aligned format is provided for compatibility with Turning Movement Count (TMC) files and for easy editing with text editors.   The comma-delimited text files (CSV) can also easily be viewed and edited by spreadsheets such or Microsoft Excel.  The user or software developer is free to choose the most convenient format.

All of these systems support multiple traffic signal plans that can be called by time of day and by traffic flow measures.  All of these systems support the capability of measuring the traffic flow rates from sensors installed in or over the roadway.  By combining these two features with the interface to Synchro, one can claim a true “closed loop” system.  It works like this.  Data are collected for a particular period by the system.  These data are then electronically transferred to Synchro using the UTDF format.  Synchro is executed and optimum timing parameters are generated.  These parameters are converted to system input parameters and are electronically transferred from Synchro back to the traffic control system.  This flow of information from the street, to the optimization model, back to the system is called 1 ½ Generation Traffic Control.  This capability is available with most system currently deployed.

Although this capability exists, it is not often used.  One reason is that few systems have enough instrumentation to actually derive new timing plan data.  Another reason is that although the capability is inherent in the system design, few vendors are promoting this capability.

While there is considerable promise to improve the signal timing process in this general area of parameter conversion, the most significant advances have been made by the private sector responding to competitive pressures.  This area is very difficult to address because it is basically a linkage between two packages that are in the private sector, Synchro and QuicNet/4, for example.  There are other examples that we could cite that are comprised of a linkage between a public sector program (Transyt-7F or Passer II) and a private sector system, ACTRA for example.  Perhaps the best contribution to be made in this area is to support training programs that encourage better use of the capabilities of systems.  

5.3.1
Project 10 – UTDF

The objective of this proposed project are two-fold: to investigate the use of UTDF to support developing controllers based on using NTCIP and the results of the ATC program, and to investigate the use of UTDF to support existing controllers, at least those currently deployed in significant numbers throughout the United States. 

5.4
Intersection Performance Evaluation
There are no existing manual or automatic tools available for use by the Traffic Engineer to evaluate the performance of a signalized intersection in real-time.  The Engineer can stand on the corner and observe, or the Engineer can estimate the performance using one of the simulation tools available.  “Controller in the Loop” simulation is one approach that has emerged in recent years that helps to bridge the gap between the real-time world and the simulation world.

With this approach the software simulation model generates vehicles, which activate simulated detector calls that are sent to the controller.  The controller then uses this information to decide the signal phase of the intersection and sends this information back to the software model.  The software model displays the current signals on the screen along with the vehicles in the network, which stop and go according to the signal phase.  Meanwhile the software calculates MOE's such as vehicle delay time, queue measurements, speed, and volume.  Once the real-time simulation is completed, MOE data compiled by the simulation software can be analyzed.  

In recent years, microscopic traffic simulation has become an integral part of transportation and traffic planning, evaluation, and research.  This technology has advanced greatly over the past decade but there remains a gap between traffic simulation and real traffic operation.  Software-generated traffic simulations can never replicate real traffic conditions exactly.  A clear reason for this inaccuracy is that the emulated traffic signal control logic in the simulation model in many cases is unable to replicate real traffic signal control exactly.  

The concern, therefore, is to be able to refine existing methods, or develop new methods to evaluate intersection performance in real-time.  Two projects address this issue.  One considers the problem from the perspective of evaluating the intersection performance from an external perspective.  This is, an observer (or machine) would measure performance independently of the intersection controller.  The second considers the problem from an internal perspective.  The intersection performance would be evaluated using data that is (or could be) available to the controller.

5.4.1
Project 11 – External Intersection Performance Evaluation

The criterion used initially to diagnose the problem is arbitrary and relies on the experience of the Signal Timing Engineer to make the correct decision to rectify the problem.  There is a need to better define the diagnostic process to enable a more consistent performance in determining the extent of the problem.  This need extends not only to the initial identification of the problem, but also to the evaluation of the adjustments made to solve the problem.

Once the adjustments are completed, the existing process still relies on the experience of the Signal Timing Engineer to judge that the adjustments are an improvement (“Looks OK”).  The need is to formalize this evaluation to enable a more consistent performance by non-expert personnel.  One approach would be to extend the Expert System approach defined in Project 9 to include the evaluation phase.

Another approach would be to identify specific points in the signal timing process where objective criterion can be employed to reduce the subjectivity to a minimum.  This improvement requires clearly defined steps that are performed manually (adjust and observe), so that new practitioners have a set of guidelines to follow.  This improvement would focus on the documentation (recording timing plan changes) and determine ways to improve this activity.

5.4.2
Project 12 – Internal Intersection Performance Evaluation

As noted above, evaluating intersection performance is more often than not very arbitrary.  What looks OK to one engineer may very well not look OK to another.  One feasible alternative way to evaluate signal timing performance is simulation. 

While most simulation models provide the same measures of effectiveness, their values and interpretation frequently differ from model to model given identical inputs.  This is not an unexpected result since the models use different assumptions and different algorithms to derive the estimates.  During the last few years, researchers have compared the models to each other and to ground truth to try to determine which provides the most accurate estimates.  

Mystkowski and Khan
 compared the queue length estimates based on several models and field results.  The models considered were CORSIM, version 4.01; Passer II-90, version 2.0; Synchro, version 3.0; SIGNAL94, version 1.22; Transyt-7F.  This paper documented the methods used to estimate queue lengths and provides clarification on the definitions used for the different models.

Seeking new measures of effectiveness to be able to accurately evaluate intersection performance is another goal of many researchers.  Husch’s Intersection Capacity Utilization
 is one such measure.  The Intersection Capacity Utilization provides a straightforward method to calculate an intersection's level of service.  The method simply compares a sum of the critical movement’s volume to saturation flow rates, based on minimum green time required for each movement.

In general, the trend in recent years is to use simulation to evaluate intersection performance.  For example, Transyt-7F can be used to generate optimum signal settings.  Transyt-7F can also be used to evaluate existing signal settings.  The model can be executed with the signal settings frozen and it will produce measures of effectiveness based on the existing settings.  The model can be executed again and allowed to seek an optimum.  The measures of effectiveness from the optimized settings can be compared to the measures of effectiveness from the original settings to get a quantified estimate of the probable improvement.  This, however, requires a lot of work, generally more than the typical engineer is willing to do to retime a traffic signal.

While simulation offers some hope, even with the controller in the loop, it still leaves a lot to be desired.  This project offers a slightly different approach.  The focus in this proposed project is to carefully examine the data that is available at the controller to determine if a method can be developed that could automatically and continuously evaluate the performance of an intersection using the information available at the local controller.  This information includes: the duration of the signal phase (traffic movement); the demand as measured by the detector(s) for that phase; the cycle length; demand on competing phases; the time of day and day of week; and additional detector measures (occupancy, speed).

This effort extends the scope of this study into the real-time control arena; if successful, the analysis would likely be carried to fruition by a different agency.  However, this project could provide the initial analysis and examination to form the foundation for the efforts that would follow.  The product of this project is an analysis of how intersection performance can be objectively analyzed using data that are available to the local controller.  Implicit is the need for the analysis (algorithm) to be one that could be implemented in an intersection controller.  Ideally, it would be simple enough that it could be implemented in legacy controllers

6
Conclusions
The initial conclusion that may be drawn as a result of this effort is that there has been much progress during the last several decades in the area of traffic signal timing optimization.  This has resulted in providing the Traffic Engineer with several very powerful alternatives to use to optimize signal settings.  Because of this progress, it was concluded that the proposed research efforts should concentrate on areas other than optimization. 

As noted in the previous section, 12 projects were identified that offered the potential to improve the traffic signal timing process.  Obviously, some of these projects offer more promise than others.  The three projects in priority order that offer the most potential are note below with a brief discussion of the selection.
6.1
Extended Signal Timing Manual (Project 8)
When we evaluated the literature with respect to the overall signal timing process, we were surprised when we found that there was no nationally accepted document that described that entire signal timing process.  Several states produce a signal timing manual that defines the suggested approach for that state.

We feel that this project is a high priority since many Cities and States could benefit from a well-written, well-illustrated, Signal Timing Manual.  We feel that the Manual should contain not only the signal timing procedures, but also the evaluation procedures that we described in Project 9 – Signal Timing Field Adjustment Techniques.  This combination would place the relevant information concerning the signal timing process in one document.

6.2
Short Count Procedures (Project 1)
We selected this project as another high priority, second only to the development of the Signal Timing Manual.  Virtually all discussions regarding signal timing eventually evolve into a discussion of the costs related to collecting turning movement data.  One obvious way to minimize this cost is to minimize the time required to obtain this data.  This is the purpose of this project.  

The objective of this project is to develop and prove the optimum technique to obtain estimates of peak period traffic flows using short-term observations.  The specific techniques would be based on procedures that can be followed by a single person to obtain accurate estimates of all intersection movements.  A critical issue is to determine how many approaches a single person can observe simultaneously.  Obviously, at low volume intersections, a single observer can count all traffic movements.  At high volume intersections, this is not possible.  The developed procedure, therefore, must allow for a single observer to count one or more traffic movements in sequence.

6.3
Estimate Turning Movements from Detectors (Project 3)
This project is closely related to the Short Count Project since it also addresses the issue of data collection.  All current signal systems have the ability to capture detector data, and many systems have the ability to export these data to optimization programs and import the resulting timing data.  However, there is not defined process (supported by research) that describes the detector-to-signal parameter transformation.
A research conducted by Martin developed and evaluated a model, Turning Movement Estimation in Real Time (TMERT), that infers unknown traffic flows (intersection turning movements) from measured volumes in sparsely detectorized networks.  The model has shown its ability to accurately estimate turning movements.  This project would expand on the work conducted by Martin et. al. and determine if the process can be simplified from a complex Linear Programming research model, to a practical application that can be interfaced to systems typically deployed in the United States.
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