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I mplementation Report

Over the last few decades, extensive efforts have been made in the devel opment of adaptive and
responsive traffic control systems. The Federal Highway Administration has estimated that travel
timesavings from these adaptive systems could range between 8% and 25%. However, adaptive
control systemstypically require an extensive input of system parameters and weighting factors
for favoring individual movements plus a large number of vehicle detectors to collect movement-
specific traffic data. A major drawback of these systems is the extensive effort required for
training personnel on the new proprietary architecture. Operation and maintenance of these
systems can also be very costly and time consuming. Consequently, deployment of these fully
adaptive systemsis not very likely in Indiana.

In aparalel track, the private sector has developed closed |oop systems that are operated by
coordinated-actuated controllers. These systems are widely used in Indiana. These systems
provide actuated control capabilities through their ability to respond to cycle-by-cycle variation
in traffic demand while still being able to provide progression for the arterial movement.
Unfortunately though, the quality of vehicle progression depends on both theinitia setting of
offsets and the stochastic nature of traffic on individual intersections, causing waiting queues and
what is known as the early-return-to-green phenomenon. It takes a significant amount of man
power to continually retime these systems.

Expanding the control logic for modern coordinated- actuated systems to account for problems
such as early-return-to-green, waiting queues, and improperly designed offsets would address
many of the day to day problems associated with closed loop systems. Additional training would
be minimized, in comparison to fully adaptive systems, since traffic engineers and technicians
managing traffic signal operating systems are already familiar with coordinated-actuated logic.
Fundamental concepts and communication systems for coordinated-actuated systems would also
remain the same. Additionally, extra cost would be kept to a minimum since no extra detectors or
infrastructure would be required.

The objective of thisresearch was to evaluate an adaptive real -time offset transitioning
expansion to actuated controllers to improve coordination of traffic signals. This agorithm, the
Purdue Real-time Offset Transitioning Algorithm for Coordinating Traffic Signals (PRO-
TRACTS) was designed to mitigate the effect of early-return-to-green problems experienced
with coordinated-actuated controllers and accounts for downstream vehicle queues that may
impede vehicle progression (Figures 5-3 and 5-4). PRO-TRACTS fine-tunes the offsets at
signalized intersections continuously to improve progression regardless of the offsets’ initial
values. The US 31 corridor in Kokomo, IN was selected for evaluating the feasibility of this
algorithm since this corridor had INDOT funding programmed for improving the traffic signal
system. The generality of the algorithm was also evaluated by applying it to the SR 26 corridor
in Lafayette, IN.

In order to ensure that this algorithm could be directly implemented on any controller, the
algorithm was implemented using the National Transportation Communications For ITS Protocol
(NTCIP) and new data objects were defined with the framework of the NEMA TS 3.5MIB. The



algorithm presented in this report was evaluated using both CORSIM controller models, and
Econoalite Controllers running the NTCIP Protocol.

For the SR 26 evaluation, the algorithm performance was as ailmost as good as offsets generated
with Synchro. For the US 31 corridor, the algorithm performed similar to Synchro for the
morning peak, but reduced delay between 1% and 11% (Table 11-1).

Although this algorithm shows considerable promise because offsets fine tune themselves
automatically, it is not clear that these relatively modest benefits warrant the cost of afull scale
implementation in Indiana at this point.
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CHAPTER 1- INTRODUCTION

1.1 Research Motivation

Over the last few decades, extensive efforts have been made in the development
of adaptive and responsive traffic control systems. The United States Department of
Transportation (US DOT) has sponsored a great amount of research and field deployment
of new traffic adaptive algorithms, such as OPAC [Gartner, 1983] and RHODES [Head
et al., 1992]. Internationally, systems like SCOOT [Hurt et al., 1991] and SCATS
[Lowrie, 1992], developed in the United Kingdom and Australia respectively, have seen
increasing deployments. These adaptive control systems are based on applying specific
proprietary software to a signal control system [Pooran, 1997]. It is estimated that travel
time savings from these adaptive systems could range between 8% and 25% [FHWA,

1996].

Adaptive control systems typically require an extensive input of system
parameters and weighting factors for favoring individual movements plus a large number
of vehicle detectors to collect movement-specific traffic data. A major drawback of these
systems is the extensive effort required for training personnel on the new proprietary
architecture. Operation and maintenance of these systems can aso be very costly and

time consuming.



In a parale track, the private sector has developed closed loop systems that are
operated by coordinated-actuated controllers. These systems provide actuated control
capabilities through their ability to respond to cycle-by-cycle variation in traffic demand
while still being able to provide progression for the arterial movement. Unfortunately
though, the quality of vehicle progression depends on both the initial setting of offsets
and the stochastic nature of traffic on individua intersections, causing waiting queues

and what is known as the early-return-to-green phenomenon.

Expanding the control logic for modern coordinated- actuated systems to account
for problems such as early-return-to-green, waiting queues, and improperly designed
offsets would address many of the day to day problems associated with closed loop
systems. Additiona training would be minimized, in comparison to fully adaptive
systems, since traffic engineers and technicians managing traffic signal operating systems
are aready familiar with coordinated-actuated logic. Fundamental concepts and
communication systems for coordinated-actuated systems would also remain the same.
Additionally, extra cost would be kept to a minimum since no extra detectors or

infrastructure would be required.

1.2 Research Overview

The objective of this research is to introduce an adaptive real-time offset
transitioning expansion to actuated controllers to improve coordination of traffic signals.
This agorithm, the Purdue Real-time Offset Transitioning Algorithm for Coordinating
Traffic Signals (PRO-TRACTYS) is designed to mitigate the effect of early-return-to-green

problems experienced with coordinated-actuated controllers and accounts for downstream



vehicle queues that may impede vehicle progression. PRO-TRACTS fine-tunes the
offsets at signalized intersections continuously to improve progression regardless of the
offsets’ initial values. The agorithm presented in this report works with both the internal
model of the CORSIM simulation package [Kaman, 1997A] and actual NTCIP

controllers.

Chapter 2 includes a review of traffic control systems, including adaptive traffic
control, from a historical perspective. Chapter 2 also discusses the current state of
actuated controllers and addresses the issues associated with their operation. Due to the
close relationship between the quality of progression and vehicle platooning effects,
Chapter 3 presents a comparative study between theoretical, simulation, and field platoon
data and Chapter 4 addresses the calibration of the CORSIM platoon dispersion model.
The theory of shockwaves and how it relates to the introduced offset tuning algorithm are
discussed in Chapter 5, while Chapter 6 discusses the basic structure and concept of the
introduced algorithm. Chapter 7 introduces a more general model underlining PRO-
TRACTS activation and Chapter 8 evaluates the performance of PRO-TRACTS with a
real traffic network of SR26 in Lafayette, IN. Chapter 9 discusses the integration of
hardware-in-the-loop simulation with NTCIP controllers and defines a new NTCIP object
for capturing detector actuation at the controller’s level. The database needed for
deployment of the algorithm in the field can be implemented at the controller’s level,
using the new NTCIP object defined in Chapter 9 of this report. A before-and-after study
with both CORSIM’s internal model and hardware-in-the-loop ssimulation of US 31 in
Kokomo, Indiana is presented in Chapter 10. Finally, Chapter 11 summarizes the

conclusions drawn from the research and provides suggestions for future work.



CHAPTER 2- LITERATURE REVIEW: CURRENT STATE OF TRAFFIC CONTROL

SYSTEMS

This chapter provides an overview of the current state of traffic control systems
and their historica development through the past few decades. The state of the art in
adaptive traffic control systems is discussed and their key features are highlighted. The
chapter also describes the operation of actuated controllers and their parameters. Issues
associated with coordinated-actuated control systems such, as the early-return-to-green
phenomenon, are discussed as well as the efforts made to address them. Finally, current
signa timing procedures are discussed to show the need for an algorithm that adapts

offsetsin real-time in response to change in traffic pattern and early-return-to-green.

2.1 A Historical Perspective of Traffic Control Systems

Traffic control concepts were first introduced when manually turned semaphores
were developed in London, England in 1868 [Wolkomir, 1986]. Forty years later, similar
devices were introduced to the U.S. in New York. The first electrically operated traffic
signal was instaled in Cleveland, Ohio in 1914. Five years later, New York began
converting from hand-cranked semaphores to electromechanical controllers. By 1932,
“the last hand-cranked semaphore on Parkside Avenue in Brooklyn was replaced by an

electromechanical controller” [Bullock and Urbanik, 2000]. Electromechanical



controllers dominated the traffic signal market from the 1920s until the 1970s [Kell and

Fullerton, 1991].

2.1.1 Microprocessor-Based Controllers

The first computerized traffic signal control system was installed in Toronto,
Canada in 1963 [Bullock and Urbanik, 2000]. In 1970, advancements in microprocessor
technology and standardization effort in hardware and software led to the introduction of
many new controller features. In order to standardize those new features, a group of
vendors drafted a standard specification commonly referred to as TS1 [NEMA, 1989,
which defined the operation and electrical pins on the A, B, and C connectors for

actuated controllers.

TS1 provided abasic set of features and standard connectors. However, to provide
more advanced operations such as coordinated-actuated operation, it was necessary for
manufacturers to provide a set of complementary features. These proprietary features
created incompatibility between controllers supplied from different vendors. In response,
the NEMA TS1 specification was updated in the late 1980s and early 1990s to provide
coordinated-actuated operation, preemption, and an optional serial bus to simplify cabinet

wiring [NEMA TS2].

2.1.2 Model 170 Controllers
The Model 170 controllers were developed in a paralel track to the NEMA

developments. The California Department of Transportation (Caltrans) and the New Y ork



Department of Transportation adopted a standard for providing precise specifications for
a generic traffic control microcomputer, and specifications for the Model 170 controllers
provide definitions for microprocessors, memory, input and output addresses, seria ports,
mechanical form factor, and electrical connectors. This standard alowed agencies to
purchase the controller software and competitively procure additional Model 170
controllers based on their need. This strategy, however, led to only a limited number of

software vendors staying in the market for devel oping and updating Model 170 software.

2.1.3 Advanced Transportation Controller (ATC)

In 1989, Caltrans prepared a report documenting some of the Model 170
deficiencies and recommended a new platform, which was to embrace commercial
standards rather than static technology [Quinlan, 1989]. The new model was called the
2070 model and was anticipated to benefit from new technology at the same rate as
desktop computers. The broadened interest in this new development effort led to the
emergence of the new ATC, which is less dependent on the microprocessor and operating

system [Bullock and Urbanik, 2000].

2.1.4 Urban Traffic Control Software (UTCYS)

In the 1970’s, as centralized control of traffic signals became more popular
around the globe, the Federal Highway Administration (FHWA) began to develop a
structured approach to centralized traffic signal control, called urban traffic control
software (UTCS). Various levels of traffic control, ranging from time of day plan

selection to real-time adaptive signal timing were defined in the UTCS; and although the



UTCS did not achieve many of its objectives, the UTCS effort resulted in the
development of many concepts and system displays that are currently used in traffic

operation centers.

2.2 Adaptive Control Systems and Algorithms

There are two primary motivations for the development of adaptive control
algorithms. The first motivation is the need for the controllers to react to unexpected
deviations from historical traffic patterns, either as a result of incidents or day-to-day
random variations of the magnitude and temporal distribution of the demand peaks. The
second motivation is that even for predicted traffic conditions there are a finite number of
time-of-day plans that can be handled by current controllers. Also, pre-selected plans do
not typically perform well during periods of tempora transitions in traffic patterns
[Stewart et al., 1998]. Adaptive strategies usually respond to changes in traffic patternsin
real-time, either reactively or proactively. Reactive adaptive strategies “follow” the
change in traffic patterns and therefore are always lagging. Whereas, proactive strategies

try to “predict” the change in traffic pattern, aiming at a better performance.

2.2.1 History of Adaptive Control Systems
The UTCS project was directed toward the development and testing of a variety

of advanced network control concepts and strategies developed over three generations:

The first generation control (1-GC) used a library of pre-stored signal timing

plans calculated off-line, based on historical traffic data, in the same way as the pre-timed



control strategies. The original 1-GC selected a particular timing plan by either time-of-
day or pattern matching every 15 minutes. A later modification of the 1-GC control
consisted of the system automatically selecting atiming plan when conditions warrant its
implementation.  This strategy became known as 1.5-generation control (1.5-GC)

[Gartner et al., 1995; McShane and Roess, 1990].

The second generation control (2-GC) used surveillance data and predicted values
to compute and implement timing plans in real-time. Timing plans were updated no
more than once per 10-minute period to avoid transition disturbances from one

implemented plan to the next, [Gartner et al.,1995; McShane and Roess, 1990].

The third generation control (3-GC) used on-line optimization to update the cycle
lengths, splits, and offsets in real-time, with a sampling period duration of 60-120
seconds [McShane and Roess, 1990]. The 3-GC differs from the 2-GC in its shorter
periods after which the timing plans are revised. The cycle length in 3-GC was aso
allowed to vary among the signals, as well as the same signal, during the control period

[Gartner et al., 1995].

2.2.2 Adaptive Control Algorithms
The experience with the 3-GC control in the UTCS experiments of the 1970's
revealed that new strategies for adaptive control needed to be developed [Gartner et al.,
1995]. Adaptive control attempts to achieve real-time optimization of signal operations
by using current short-term vehicle information obtained from advanced detectors.

However, the performance of the adaptive control system response is entirely dependent



on the quality of the prediction model [Gartner, 1995]. The implementation of adaptive
control logic is not always superior to pre-timed and actuated control, especially when

traffic is highly peaked [ Stewart et al., 1998].

Significant advances in adaptive traffic control were achieved with the
introduction of four control strategies. Namely SCOOT, SCATS, OPAC, and RHODES.
SCOQT (Split, Cycle, Offset Optimization Technique) was developed in the United
Kingdom [Hunt et al., 1981] and is considered a UTCS-3-GC, athough some authors put
it into the 2-GC category [Gartner et al., 1995]. SCATS (Sydney Coordinated Adaptive
Traffic System) was developed in Australia [Lowrie, 1992] and is considered to be a
variant of the UTCS 1.5-GC variant. OPAC (Optimized Policies for Adaptive Control)
was introduced by Gartner in the U.S. and involved the determination of when to switch
between successive phases based on actual arrival data at the intersection [Sen and Head,
1997]. RHODES (Real-Time, Hierarchial, Optimized, Distributed and Effective System)
consists of a distributed hierarchical framework that operates in real-time to respond to

the natural stochastic variation in traffic flow [Head et €l., 1992].

2221 SCATS

Outside of Australia, SCATS has seen limited deployment. Each SCATS
controller has a micro-controller that uses stop line detector information. The philosophy
of SCATS isthat it has no comprehensive plans, rather, it selects from alibrary of offsets
and phase splits to optimize timing plans in real-time. SCATS divides the network into
sub-regions with homogeneous flow characteristics. In each region, the intersection with

the highest saturation determines the cycle length of the region. As traffic patterns



change, a computer at a higher level “marries” and “divorces’ intersections by
reassigning them to regions with similar flow characteristics. Each subsystem makes
independent decisions regarding timing parameters involving cycle, offset, and phase
lengths. The timing plans are incrementally adjusted to varying traffic conditions [Head
et a., 1992]. SCATS has limited deployment in the U.S., with the most recent in
Minneapolis. However, Minneapolis operators have not been particularly comfortable
with the system because of the significant differences between SCATS conventions and

NEMA standards.

2.2.2.2 SCOOT

SCOQOT iswidely deployed all over the world but has had limited deployment in
the U.S.. The main advantage of SCOOT is that it is based on the TRANSYT
optimization model that runs in the background called the SCOOT Kernel. SCOOT uses
a central computer and immediate downstream detectors to optimize timing plansin real-
time. SCOOT uses cyclic flow profiles (CFP) the same way TRANSYT [Robertson,
1969] does. Since SCOOT has evolved from an on-line model of TRANSYT, it can be
used to optimize performance indices such as the number of stops, delay, or a mix of
both. SCOQT timing parameters are communicated to the controller immediately. The
controller makes incremental adjustments to the cycle lengths, phase lengths, and offsets

for the current and next cycles[Head et al., 1992].
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2.2.2.3 Optimized Policies for Adaptive Control (OPAC)

OPAC is different from other models that try to optimize timing parameters using
average traffic volumes. Instead, OPAC uses actual traffic data at intersections to decide

when to switch to different phases. [Gartner, 1983].

OPAC uses detectors placed far upstream the intersections to predict vehicle
arrivals at the intersection and proactively determines the phase timings [Gartner, 1981].
The algorithm has gone through several development efforts ranging from OPAC |

through OPAC-RT [Gartner, 1995]

OPAC breaks the signal optimization problem into sub-problems with the use of
dynamic programming (DP), an approach that leads to more efficient computation.
OPAC-1 assumed an infinite horizon and used DP to optimize the performance index
(minimizes delay). The main limitation of OPAC | was its need for elaborate, and most
likely very costly, surveillance detectors since it needs the arrival data for the entire
planning horizon. It was also impossible to implement the DP on-line in real-time

because of the extensive time required to compute the optimal settings [Gartner, 1983].

OPAC Il used an optimal sequential constraint search (OSCO) to calculate the
total delay for al possible phase switching options. The optimal solution was determined
as the phase switching that produces the lowest total delay values, and OPAC-2 was
found to derive solutions with performance indices within 10% of those generated with

OPAC-I [Gartner, 1983].
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Although OPAC-II was faster than OPAC-I, it still suffered from the need for
vehicle arrival information for the entire planning stage, which was 50-100 seconds in
length. Gartner developed the rolling horizon approach, which he called ROPAC, to
overcome this problem [Gartner, 1983]. ROPAC was later converted to an algorithm that
can be implemented in real-time caled, OPAC-RT verson 1.0. OPAC-RT was
developed for a simple two-phase fully actuated isolated intersection. The algorithm was

found to be superior to actuated control with high traffic volumes [Gartner et al., 1991].

OPAC-RT version 2.0 was an extension of version 1.0 that allowed the control of
an eight-phase intersection. OPAC-RT version 2.0 controlled the through-phases only,
and the minor phases (left-turn phases) were controlled by the gap/out or max/out
functionality of the actuated controller. OPAC-RT 2.0 showed an improvement in terms

of total delay and percent stops [Gartner et al., 1991].

OPAC-RT version 3.0 had several enhancements and added features, which
include the ability to optimize all eight phases, skip phases, and an agorithm to
coordinate adjacent signals. The OPAC-RT version 3.0 peformed best under
oversaturated conditions and demand conditions change for the arterial [Andrews et al.,

1997].

2.2.2.4 Red-Time, Hierarchical, Optimized, Distributed, and Effective System

(RHODES)

Head et al. introduced an adaptive control strategy entitted RHODES in 1992.

RHODES is reported to be better than SCOOT and SCATS in the way it responds to the

12



natural stochastic variation in traffic flow proactively [Head et a., 1992]. RHODES is
entirely based on dynamic programming, and it formulates a strategy that makes phase
switching decisions based on vehicle arrival data [Sen and Head, 1997]. Like SCOOT,
RHODES has the ability to use a variety of performance measures, including delays,
gueues, and stops. In addition, it allows for phase sequencing to be optimized in addition

to the various timing parameters.

The design of RHODES is based on dividing the traffic control problem into sub-
problems by use of network hierarchy. The sub-problems include network-loading

problem, network flow control problem, and intersection control problem.

At the top of the hierarchy (Figure 2-1) is the network-loading problem. At this
level, link loads and the prediction of the trends in the change of loads from real-time
data are estimated. RHODES uses this information proactively to predict future platoon

sizes near the boundaries of the system [Head et al., 1992].
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Figure 2-1 Hierarchy Framework of RHODES [Source: Head et al, 1992].

The middle level consists of the network flow problem and involves the selection
of signal timing to optimize the overal flow of vehicles in the network [Head et al.,
1992]. The decisions are made in this level every 200-300 seconds. A platoon prediction
logic model called REALBAND, which was created by Dell Olmo and Mirchandani
[1995], is used at this level, using both the information in Level One and the actual
detector data. Network optimization is also established at this level and its results are

used as constraints for the decision made in the next level [Head et al., 1998].

The lowest level of the control strategy is the one at the intersection and is
responsible for making the final second-by-second decisions regarding traffic signa
operation. This level uses two sublevels of logic. The first is the Link Flow Prediction
Logic that uses data from upstream detectors’ target timings of the upstream signa to

estimate vehicle arrivals at the intersection being optimized. The other leve is the

14



Controlled Optimization of Phases (COP) [Sen and Head, 1997], which uses the
information from the network flow problem, in addition to the results from the link
prediction logic, to determine whether the current phase should be extended or

terminated.

Although there are several adaptive control strategies that attempts to adapt to
traffic patterns either reactively or proactively, each of these strategies perform

differently under different type of conditions. [Head et al., 1992].

2.3 Actuated Traffic Control Systems

There have been tremendous improvements in traffic signal control hardware
since its evolution from one-ring logic and pre-determined green splits into the multi-ring
control logic controllers. This evolution led to the development of actuated traffic

controllersin their current form.

An actuated traffic controller uses both detector information and a set of control
parameters to operate the intersection in a more efficient way. With the use of actuated
controllers, intersection approaches are allocated green times based on their current
demand. If there is low demand on an intersection approach, less green time is allocated

to the approach, providing the opportunity for other approach demands to be served.

2.3.1 Actuated Control Parameters
Although today’s control strategies have numerous features and configuration

parameters, three parameters have the most impact on system performance. These
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parameters are cycle length, splits, and offset. The cycle length is the time it takes the
controller to cycle through all phases. Phase splits are the maximum percent of cycle
allocated to each of the various phases. Offset is the time at which the main street green

ends referenced to system cycle.

The cycle, split, and offset parameters are used in two different control
architectures; pre-timed control and actuated control. In both cases, plans are usualy
implemented by either a time of day (TOD) or by traffic responsive approaches. The
TOD approach typically divides the day into morning peak, afternoon peak, and off peak
periods and timing plans are selected according to a global clock. The Traffic Responsive
Program (TRP) selects plans based on the traffic demand defined by detector counts and
occupancy and are based on user pre-set thresholds. The TRP collects system detector
information, scales it, and smoothes it by factoring the current values with the previous
values. Each detector is pre-assigned to a detector group. Information coming from each
detector group is then combined into a group value. The information from al groups’ is
then combined into a final value and the master controller compares the fina vaue to
user pre-selected thresholds to determine the appropriate plan for the current demand.
Besides the difficulty in choosing the optimum set of thresholds, “TRP can be very
unpredictable, particularly when traffic conditions are rapidly changing, or do not closely

resemble any of the existing case scenarios’ [Nelson, 2000].

Downtown grid systems are still predominantly using fixed—time control.

However, actuated control is used much more than fixed time control on arterias,
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especially when arrival patterns are less predictable or when intersections are spaced far

apart.

Table 2-1 shows the basic parameters for operating an actuated controller in its
simplest mode or what is caled a “free’ operation. The “Minimum Green” time as
defined in the table is allocated to a phase once a detector associated with that phase
registers a cal. If vehicles continue to pass over the detector while the phase is green, an
additional green time equal to the “Vehicle Extension” time is added to the phase. The
green can be extended until it reaches the “Maximum Green” at which time the phase
terminates in a condition called a “Max Out.” However, if no detector call is registered
within a“Vehicle Extension” period, the phase is terminated in a condition called a “Gap
Out.” The “Maximum Green” parameter is only active when there is a detector call for a
conflicting phase. If no call is present, the phase green continues until the phase gaps out.
Non-conflicting phases, e.g. southbound and northbound through movements, can show
green simultaneously. The sequence by which the green is alocated to phases is

determined by their sequence in the ring structure as shown in Figure 2-2.
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Table 2-1 Common Actuated Traffic Controller Parameters [ Source: Econolite, 1996]

CONTROLLER ACTUATED PARAMETER

DESCRIPTION

Minimum Green

Shortest possible green time prior to vehicle
extensions.

Maximum Green

Maximum green time allowed for a phase.

Vehicle Extension

Length of added time periods to minimum green

based on frequency of actuations.

2.3.2 Coordinated-Actuated Control
Figure 2-2 shows atypical dual ring structure that corresponds to the standards of
the National Electrical Manufacturing Agency (NEMA) phase numbers [NEMA, 1992].
The figure shows an additional parameter, the force off, which is a very important

parameter for the coordinated actuated operation.

Offset Reference

Point @3 forceoff
@l forceoff @2 forceoff / @4 forceoff
\ \ / Phase
| was
ol | @ @3 o forced
Phase has off
early e
¢ 96 o7 @8
Phase has :I/y <—l —T
gappedout ____— | |
early I |
(03] forceoff/ @6 forceofff \ @7 forceoff \ @8 forceoff

Figure 2-2 Typical Dual Ring Structure for Coordinated Actuated Operation
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A force off point is a point in time beyond which the phase cannot be extended
and is computed from the split. However, a phase is allowed to terminate prior to its force
off point if there is not enough demand to warrant the phase extension. This force off
parameter overrides the “Maximum Green” parameter. The engineer usualy “inhibits’
the “Maximum Green” parameter when operating the controller in a coordinated actuated
logic. Alternatively, the “Maximum Green” parameter can be set to a very high value so
that it does not interfere with the operation of the force off parameter. It should be noted
in some traffic controllers, splits are entered instead of force offs. However, the force offs

are calculated and used internally.

Unlike the “free” operation, the coordinated actuated operation must operate
under a constant cycle length to ensure coordination between adjacent signalized
intersections. Another important setting for the coordinated actuated operation is the
declaration of a coordinated phase in each ring as a coordinated phase. This coordinated

phase will receive all the extra green not used by previous phases.

In Figure 2-2, phases 2 and 6 are the coordinated phases and typically, those
phases would be assigned to the main street through movements. Note that the offset is
referenced to the end of the coordinated phases, which is necessary because the beginning
of the coordinated phases are not deterministic since they receive the unused green from
previous phases in their ring. This means that the force off points immediately preceding
the coordinated phase corresponds to a latest start time. However, the coordinated phases

can start earlier in what is called “the-early-return-to-green” phenomenon.
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Early-return-to-green can have very negative impacts on arterial coordination. If
an upstream signal experiences an early-return-to-green, a vehicle platoon will be
released earlier, only to be stopped by a red interval downstream. This problem violates
the driver's expectations and causes unnecessary delays. Figure 2-3 and Figure 2-4
illustrate the negative impacts of early-return-to-green. Figure 2-3-a shows a case where
traffic demand is high enough for all phases to reach their force off points. Note that if
traffic volume is constant at that level, the start of green on the main street through
movement will be deterministic. Figure 2-3-b shows a case where the non-coordinated
phases gap out causing all the excess green time to be allocated to the coordinated phases.

In such a case, the coordinated phases experience an early-return-to-green.

Figure 2-4 illustrates the effect of early-return-to-green on the arterial progression
and Figure 2-4-a shows a case where traffic volume on the actuated phases is high
enough for the phases to extend to their force offs. In such a case, green on the
coordinated phases occur at its expected time and the offset perform the way it was
originally designed. However, in Figure 2-4-b, early-return-to-green at different
intersections causes disruption of signal progression, mainly due to the fact that different
intersections will experience different amount of early return to green because of the

differencein their traffic conditions.
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Figure 2-3 Coordinated-actuated ring structure [ Source: Shoup, 1998]
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Figure 2-4 Coordinated-actuated time-space diagrams [ Source: Shoup, 1998]
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2.4 Current Signal Timing Procedures

The two oldest, popular signal timing programs, PASSER and TRANSY T-7F,
were designed to model fixed-time controllers. The stochastic behavior of actuated
signals, in response to the stochastic nature of traffic patterns, is not modeled in these
[Tighe, 1987], although some features of modern actuated controllers have been

incorporated in recent versions of TRANSY T-7F [Skabardonis, 1996; Husch, 1998].

An iterative actuated control design procedure for phase splits based on empirical
formulas is included in Chapter 9, Appendix 2, of the 1997 Highway Capacity Manual.
These formulas are developed to account for the inherent characteristics of dual-ring

logic structure [Pei-Sung, 1996]. However, they do not address cycle offset parameters.

More recently, the signal timing software, SY NCHRO, has introduced procedures
that design traffic signal offsets based on the probability of the time when an “early-

return-to-green” will occur in acontroller given the input traffic demands [Husch, 1998].

It is very important to note that although some of the traffic signal design software
programs have started to model the early-return-to-green and stochastic nature of traffic,
they can only provide an offset value that will perform best “on average’. If the traffic
demand varies significantly over the course of the time period, an algorithm that adapts
offsets in real-time in response to a change in traffic pattern and early-return-to-green

will be of great value.

This phenomenon has been identified and investigated by several researchers

[Chang, 1996; Ficklin, 1973; Jovanis et al., 1986; Kuzbari, 1996; Skabardonis, 1996].
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Skabardonis used the average green times allocated to the non-coordinated phases
in computing offsets with TRANSY T-7F [Skabardonis, 1988]. This study assumed that
actuated phases are always experiencing a high degree of saturation for the critical
movement. The method provided encouraging results when evaluated with NETSIM
models based upon actual arterial conditions. These promising results led to the inclusion
of the option to estimate actuated green times based on a high degree of saturation rates

in TRANSYT-7F.

Skabardonis suggested two strategies. The first strategy was to operate the
signalized intersections at the boundaries as fixed-time to provide a fixed leading edge
for the arteria bandwidth [1996]. Although this strategy would ensure that through
vehicles entering the arterial at the arterial boundary edges would not be released
prematurely, it does not account for vehicles entering the arterial from mid-link arterial
sources or arterial boundaries. Another problem with this procedure is that the operation

of the boundary signal in afixed-time mode reduces its efficiency.

Skabardonis’ second strategy was to set the coordinated through phase as actuated
and the non-coordinated phases as fixed-time. Although this method provides a fixed
leading edge for the coordinated phase and removes the “early-return-to-green” effect, it
allocates the extra green to the side street rather than the more demanding arterial, which

defies the basic concept of actuated traffic signal operation.

Chang suggested the design of offsets with a fixed-time signal optimization
package such as PASSER-II and observing the average green times for the non-actuated

phases at each intersection in the field. Once the average green times are entered, a
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second optimization run for the offsets could be performed with the expected green times
entered as constraints for the maximum green times [1996]. Chang did not provide

guantitative data about the results of this strategy.

Kuzbari [1996] suggested recording the actual times for when the coordinated
phase begins and ends in the background cycle at each of the signalized intersections of
an arterial. A time-space diagram based on the average times for the coordinated phase
was used to improve an arterial bandwidth for one direction. Actua field data in
Cdlifornia were collected and significant improvements in the arterial bandwidth were

reported for one direction.

It should be noted that al of these procedures discussed to this point are off-line
procedures that solely depend on collected data, none of them adapt to the current traffic

conditionsin rea-time.

2.5 Online Offset Tuning Procedure

NAZTEC implemented an adaptive signal control algorithm [Black, 1998] to
modify the time-of-day splits according to the actuated phases demand (Figure 2-5). The
algorithm allows the controller to reduce each actuated split by one second each cycle if
the phase gaps out prior to its force off point. The “sdack” time is added to the end of the
coordinated phases to reduce the early-return-to-green problem. Since the offsets in
actuated controllers are measured from the end of green, offset values may hence be
increased by a maximum of this slack time. If the actuated phases are later forced off,

then one second is added back to their splits. Although this procedure adapts responsively
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to the side street demand, it counts on perfectly designed offsets. Moreover, since the
leading edge positions of the coordinated phases always remain constant, the algorithm
will not be able to adapt to waiting queues or different traffic conditions in the arterial,

e.g. sower travel speed on the arterial due to high arterial volume or vice versa [ Shoup,

1998].
Semi-Actuated Adaptive Split
[ep——— M T Oﬁset mmww % e
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Figure 2-5 NAZTEC Algorithm [ Source: Black, 1998]

2.6 Definition of Adaptive Offset Algorithm Opportunity

To date, there has not been any real-time offset tuning algorithm that accounts for
early-return-to-green phenomenon as well as changes in the coordinated phases travel
time. Such an adaptive offset algorithm would be of significant benefit to drivers because

of its ability to reduce delay times, travel times, number of stops, and vehicular emissions
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in response to the change in traffic patterns. The objective of this research is to develop
an integrated adaptive control algorithm that can be readily added to current actuated
traffic controllers. This would provide a cost effective procedure to improve the
performance of current traffic control systems without adding major cost to the system.
Additionally, such an approach would capitalize on the existing knowledge and
familiarity of traffic engineers and personnel with the current actuated control system.
Such an agorithm would not only mitigate the “early-return-to-green” problem and
account for downstream queues, but it would also respond to both short and long-term

changesin traffic patterns.
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CHAPTER 3- COMPARATIVE STUDY OF THEORETICAL, SSIMULATION, AND

FIELD PLATOON DATA

3.1 Platoon Dispersion

Vehicle platoons are initially limited in size by the green window at the upstream
location. However, as the platoon travels downstream, it disperses because of vehicles
traveling at different speeds. Platoon dispersion along arterial links is an important factor
in determining whether adjacent signals should be coordinated. The amount of dispersion
also determines, to a great extent, the number of vehicular stops and total delay in the
coordinated movements. The objective of this chapter is to compare and contrast the
percentage of platoon arriving within particular green windows as portrayed by
theoretical models, ssmulation, and field data: 1) to evaluate the impact of distance on the
dispersion of platoons discharged from intersections using data collected in the field and
2) to determine if similar conditions could be modeled with reasonable accuracy using
the theoretical or simulation models. This is important because the performance of the

model is heavily influenced by platoon dispersion.

Both field data and CORSIM simulation were used to estimate the amount of
platoon dispersion downstream from traffic signals. Field data was also used to calibrate
the Robertson’s theoretical model and the results were tabulated and plotted such that

comparison could be made [Wasson et al., 1999].
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3.2 Literature Review

There have been several published papers that describe various platoon dispersion
models. The earliest reported work is on diffusion theory, developed by Pacey [1956].
That model assumes that speeds in a platoon are normally distributed and, hence, the
dispersion of vehicles in the platoon can be described by the dispersion in speeds.
Subsequent research led to the development of the recurrence model, an empirical
platoon dispersion model using a discrete iterative technique. The recurrence model, also
known as the Robertson’s model [Robertson, 1969; Rouphail et al., 1992, is utilized in
the TRANSYT software package. Robertson’s model operates under the assumption of
the binomial distribution of vehicle travel time and is considered an improvement on the

Pacey model [Denney, 1989] because of the ease of computation.

Much of the previous research focused on calibrating the platoon dispersion
parameters of Robertson’s model [Manar and Baass, 1996; Baass and Lefebvre, 1988;
Castle and Bonniville, 1985; McCoy et a., 1983; Seddon P.A., 1972; Collins and Gower,
1974]. Denney [1989] tested the diffusion and recurrence models that are used to
replicate platoon dispersion. Manar and Baass [1996] and Baass and Lefebvre [1988]
researched the effects of external and internal friction on the calibration factors
respectively. Castle and Bonniville [1985] researched the calibration of TRANSYT

dispersion factors with respect to long road links.
Robertson’s model can be represented by the following equation:

1 . 1
+(1-
1+ afr G+ ( 1+afr

q.(J) = )a(j -1 (2-1)
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Where;

a =platoon dispersion factor,
B =travel time factor,

T =average travel time,

g2(j) = discharge volume at downstream location 2 for bin j,
g1(j)= discharge volume at upstream location 1 for binj,

g2 (j-1)= discharge volume at downstream location 2 for bin (j-1)

TRANSYT software uses Robertson’s model to transform the flow histogram at
the upstream traffic stop bar into an arrival pattern at the downstream signal. The model
can be varied by changing the platoon dispersion factor, a, and the travel time factor, 3.
The TRANSYT manual suggests vaues for these two parameters for a variety of
conditions and many researchers have performed additional research to calibrate and

analyze these parameters [McCoy et al., 1983].

Although previous research is invaluable for users of the TRANSY T software, its
results are not tabulated in a manner that allows comparison with microscopic simulation
models. This chapter presents the platoon dispersion datain a graphical format, by which
the percentage of traffic arriving at a downstream traffic signal during an allocated green

time can be estimated.

3.3 Field DataCollection

Severa field sites were selected for platoon data collection in this study. To insure
that a downstream-signalized intersection would not impact the platoon, sites were

chosen with a distance of at least 5,000 feet between signalized intersections. It was also
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desirable to have a minimal impact on the platoon from merging and diverging vehicles,
and therefore, sites with a minimum number of side streets and driveways were selected.
Data collection occurred during peak and off-peak hours in order to gain platoon
dispersion data for varying sizes of platoons. The detailed data collection procedure is

described in the report by Wasson et al. [1999].

Table 3-1a shows the number of platoons collected in the field for each
combination of speed, platoon discharge, and downstream distance. Table 3-1b shows the
number of vehicles collected for the same combinations of speed, platoon discharge, and

downstream distance.
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Table 3-1Number of Data Points Collected at Each Distance for Varying Speeds and

Initial Discharge

Speed | Saturated D/S Distance (feet)

(mph) | Discharge | 500 1000 | 1500 | 2000 | 2500 | 3000 | 3500 | 4000 | 4500
Interval
(sec)

30 10 22 22 20 11 17 14 2 - -
20 8 8 19 26 19 15 8 - -
30 4 1 3 15 10 10 5 - -
40 11 17 4 7 1 1 2 - -

40 10 20 7 23 23 20 19 21 21 -
20 7 2 11 11 11 11 18 17 -

50 10 8 9 9 10 9 9 9 8 8
20 6 5 5 9 10 8 5 5 5

55 10 10 - 11 9 5 4 7 8 -
20 3 - 1 2 1 1 1 - -

60 10 5 8 12 12 8 8 5 5 5
20 10 10 9 11 12 11 5 5 5

a) Number of Platoons in Each Cell

Speed | Saturated D/S Distance (feet)

(mph) | Discharge | 500 1000 | 1500 | 2000 | 2500 | 3000 | 3500 | 4000 | 4500
Interval
(sec)

30 10 101 108 92 67 77 73 8 - -
20 66 70 184 323 188 159 64 - -
30 50 15 39 250 142 159 63 - -
40 215 338 65 144 15 35 37 - -

40 10 78 31 87 108 79 79 88 88 -
20 92 27 117 116 92 99 150 143 -

50 10 35 37 40 41 37 42 41 60 60
20 53 64 64 113 132 109 67 67 67

55 10 36 - 45 17 13 14 17 31 -
20 25 - 7 15 10 11 4 - -

60 10 33 32 63 63 46 46 29 29 34
20 131 130 84 126 144 132 62 62 53

b) Number of Vehicles in Each Cell

The Hewlett Packard 48GX scientific calculators were used to record the
observations; one was used to record the signal transition times and the second was used

to record the downstream arrival times of every vehicle. The two caculators were
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synchronized to a common reference time before they were used for data collection. The
signal observer used three pre-programmed keys to collect data at the intersection: start
of green, end of green, and vehicle departure time. The signal observer used the vehicle
departure time key to record each time a vehicle entered the downstream side of the
arterial. Vehicle arrivals included vehicles performing through movements through the
intersection, as well as vehicles making left and right turns onto the downstream side of

the arterial.

The calculator used by the downstream observer was programmed to record
vehicle arrival times at the downstream observation location, which occurred at 500-foot
intervals from the upstream traffic signal. Vehicle arrivals at those locations were
correlated with the departure times recorded by the signal state observer to generate

downstream histograms for the platoon.

3.4 DataProcessing

The data collected by the calculators were downloaded to a desktop computer and
extracted into a database. The database for this study consisted of six tables. the
intersection table, the observation table, the field green table, the field data table, the
CORSIM green table, and the CORSIM data table. The intersection table included a
sketch of the intersection and the names of intersection legs. The observation table
included information about the location and start time of the downstream observation.
The location was recorded as the distance downstream from the upstream signal location.
The table aso contained information regarding the physical characteristics of the site,

including the number of lanes and the width of each lane (typically two and 12 feet
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respectively). The field green table contained the green start times and green end times
for the upstream traffic signal. The field data table contained the times each vehicle
arrived at the downstream observer. The CORSIM green and CORSIM data tables were

used to save the simulation data generated by the CORSIM traffic simulation software.

Organizing the data into a database allowed easy retrieval for anaysis. Using the
guery tool within the database, the data needed for analysis was extracted and analyzed in

a spreadsheet.

3.5 DataAnaysis

Vehicle platoons disperse as they travel downstream on the arteria link.
However, a platoon is expected to reach a downstream location within an expected range
of time depending on the downstream distance, the average travel speed, and the initial
platoon discharge length. The time t, in Figure 3-1 represents the projected time window
during which the dispersed platoon is expected to arrive, which is obtained by projecting
the upstream green window using a speed higher than the speed limit to locate the start of
t, and a speed lower than the speed limit when locating the end of t,. Field data reduction
was therefore performed in two steps. First, the vehicle arrival times at the observation
location lying within the time period t; were extracted from the database for each
discharged platoon using a data base query, and the second step was to extract the platoon

from that window.
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Figure 3-1 Sampling Procedure.

Different traffic conditions (gaps between successive platoons) were observed to
affect the speed of the platoon, making it a difficult task to predict the exact time of
platoon arrival at the downstream location within the extracted window. Extracting a
wider range of projected upstream green window reduced the problem to the recognition
of the platoon from the turning movement traffic preceding and following it. If the
window was too large, the projected window would also contain the trailer of the platoon
released from the previous cycle and the start of the platoon released from the following

cycleasillustrated in Figure 3-1.
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The platoon within the projected green window was recognized using the
algorithm illustrated in Figure 3-2. The narrow gap and wide gap thresholds used were

three and eight seconds respectively.
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Figure 3-2 Platoon Extraction Algorithm
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3.6 CORSIM Simulation

CORSIM simulations were run for different combinations of travel speed and
initial platoon discharge lengths that replicated observed field data conditions. Initia
platoon discharge predetermined lengths were obtained by putting the main street traffic
in an oversaturated condition and setting the main street green time to the required length.
This setup insured that the green time would be fully utilized by the waiting vehicles. The
arrival time of vehicles at particular downstream distances, at 500 feet intervals were
obtained by extracting vehicle positions from the CORSIM animation file. The start of
aplatoon was easily identified in the simulation part of the analysis since no right turns on
red were allowed in simulation. The headway gap between different platoons was made

distinguishable by setting long side-street greens with no turning movement traffic.

3.7 Robertson's Theoretical Model

Robertson’s model was caibrated for the filed data histograms at each
observation point. Histograms were predicted for each pair of a and (3 values. a and [3
were varied over the ranges of 0.0-1.0 and 0.5-1.0 respectively with an increment of 0.01.
The values of a and (3 that produced the minimum sum of square at all downstream
locations were picked as the calibrated values. It was observed that very close values of
the minimum sum of square could be obtained with different pairs of a and [3. To provide
a basis of comparison with earlier research about platoon dispersion, the 3 parameter was
fixed at 0.8 and the a parameter was varied to obtain the minimum sum of squares

values. The sum of squares for models calibrated for a fixed [3 parameter of 0.8 were not
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observed to vary significantly from those calibrated over the whole range of (3. Calibrated
o parameters for 3=0.8 for speeds of 30 and 40 mph were found to be 0.18 and 0.12
respectively. Figure 3-3 shows example comparisons between field data flow profiles and
profiles predicted by Robertson’s model for different speeds and at different locations.
Figure 3-3-a shows the flow profiles at 2,000 feet downstream for 30 mph speed, while

Figure 3-3-b shows the flow profiles at 1,500 feet downstream for 40 mph speed.
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3.8 Determination of Green Windows for Particular Percentage of Platoons

The green windows needed for particular percentages of a platoon to pass through
were determined by analyzing the vehicle arrival times. After the different platoons were
identified and classified, the arrival times of vehicles in each platoon were referenced to
the arrival time of the start of their platoon. A histogram analysis was then conducted for
al the platoons at different downstream locations to determine the percentage of the

platoon length arriving at different points in time, measured from the start of the platoon.

The histogram analysis was useful in finding the green window required for
different percentages of the platoon at varying downstream distances. The green window
needed represents the time required for a certain percentage of the platoon to pass when
the first vehicle in the platoon arrives at the start of green at a certain downstream
location. For example, tsp would represent the time difference between the passage of the
50" percentile vehicle and the first vehicle of the platoon at a certain downstream

location.

In order to obtain the percentage of the platoon passing at each cumulative bin
time, the histograms were standardized by dividing the number of vehicles in each bin
range by the total number of vehicles in the analysis period. The time at which specific
percentages of the platoon passed, e.g. 100%, 95 %, 75%, 50%, and 25%, passed were

then determined by interpolation.
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3.9 Plotsof Green Windows Required by Different Percentages of the Platoon

Times at which predetermined percentages (100%, 95 %, 75%, 50%, and 25%) of
the platoon passed when the first vehicle in the platoon arrived at the start of green were
tabulated and plotted versus severa downstream locations. The plots were produced for
30 and 40 mph posted speed limits and an initial platoon discharge of 20 seconds. A
regression analysis was then conducted for arrival times for the specified percentages of
the platoon versus the downstream distance, and resulting regression models were used to
plot the relationships. For example, the time at which 75% of the platoon passed could be

determined by the regression model:
te=a,+b.X (2-2)
Where:
ays = intercept for 75% of platoon model,
bzs = linear coefficient for 75% of platoon model,
t75 = time at which 75% of the platoon pass,
X = downstream distance in thousand feet.

Table 3-2 summarizes the regression analysis coefficients for the reduced data,
the CORSIM simulation, and the histograms produced by Robertson’s model. Figure 3-4,
Figure 3-5, and Figure 3-6 show plots of average values of raw data with regression lines
for the observed field data, the CORSIM data, and the histograms produced by

Robertson’s model respectively.
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Table 3-2 Regression Analysis Coefficients for Field Data, CORSIM Simulation, and
Robertson’s Model

Green Window required to pass | Equation t = a+bX Coefficients R Squared Value
X% of the platoon (t,) A ‘ b
a) Field Data (20 second saturated platoon, Speed: 30 MPH)
100 20.00 10.24 0.92
95 19.00 6.29 0.85
75 15.00 1.42 0.85
50 10.00 0.5 0.64
25 5.00 1.0 0.64
b) Field Data (20 second saturated platoon, Speed: 40 MPH)
100 20.00 9.41 0.93
95 19.00 4.90 0.92
75 15.00 1.55 0.76
50 10.00 0.31 0.73
25 5.00 0.22 0.78
¢) CORSIM Simulation (20 second saturated platoon, Speed: 30 MPH)
100 20.00 12.34 0.98
95 19.00 10.12 0.99
75 15.00 9.09 0.99
50 10.00 8.24 0.98
25 5.00 6.02 0.94
d) CORSIM Simulation (20 second saturated platoon, Speed: 40 MPH)
100 20.00 10.74 0.99
95 19.00 8.25 0.99
75 15.00 7.35 0.99
50 10.00 6.69 0.99
25 5.00 5.13 0.99
a) Robertson’s Model (20 second saturated platoon, Speed: 30 MPH)
100 20.00 13.54 0.99
95 19.00 6.95 0.98
75 15.00 3.28 0.99
50 10.00 2.73 0.99
25 5.00 2.25 0.98
b) Robertson’s Model (20 second saturated platoon, Speed: 40 MPH)

100 20.00 6.57 0.99
95 19.00 3.11 0.97
75 15.00 1.56 1.00
50 10.00 1.46 0.99
25 5.00 1.24 0.99
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3.10 Discussion
Platoons with a saturated discharge of 20 seconds were analyzed because the best
sample size distribution was obtained for the field data collected for that discharge, which

isillustrated in Table 3-1.

CORSIM simulation demonstrated an overall platoon dispersion similar to the
field data, as can be seen by examining Figure 3-4 and Figure 3-5. However, CORSIM
simulation tended to have more platoon dispersion in the beginning of the platoon when
compared to the field data. For example, Figure 3-5-a and Figure 3-5-b show that the
lines for 25% of the platoon are much higher than their equivalents in both Figure 3-4-a
and Figure 3-4-b. This trend is probably due to the car following logic in the CORSIM
simulation that tends to aggressively disperse the front vehicles in the platoon. Thislogic
makes CORSIM simulation somewhat conservative in quantifying the benefits of
coordinating downstream signals for smaller green windows downstream as it suggests

that a smaller percentage of the platoon benefits from that coordination.

Since Robertson’s model was calibrated for the same set of data, graphs of that
model were very similar to those of the field data. However, it should be noted that when
the a parameter increases, Robertson’s model predicts that most of the dispersion occurs
at the end of the platoon. This can be observed when comparing Figure 3-6-a to Figure
3-6-b in that the lines for 95% and 100 % of the platoon in Figure 3-6-a are much higher
than their equivalents in Figure 3-6-b. When studying Figure 3-3-a and Figure 3-3-b,
which have a values of 0.18 and 0.12 respectively, one can observe that higher values of

the o parameter cause platoon tails to extend much longer than platoon beginnings. This
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phenomenon makes Robertson’s model conservative in quantifying the benefits of
coordinating downstream signals for large green windows downstream with higher o
values as it predicts that a smaller percentage of the platoon benefits from that

coordination.

3.11 Chapter's Conclusion

This chapter compared field platoon profiles to those produced by simulation and
Robertson’s model. Graphs showing arrival times of different percentages of platoons
relative to the first vehicle in the platoon were produced for field, ssimulation, and
Robertson’s model. Also, these graphs were presented to quantify the percentage of a
platoon that can pass through a particular green window downstream if the first vehicle of
the platoon arrived at the start of the green according to each model’s parameters. Such
graphs can provide valuable information when evaluating the benefits from coordinating
two traffic signals, by quantifying the percentage of a platoon that would benefit of a
particular green window provided at the downstream intersection. Alternatively, they
may suggest the green time required at the downstream intersection if a certain

percentage of a platoon’ s passage was desired.

When compared to the field platoon data, the CORSIM was observed to be more
conservative in quantifying the benefit of traffic signa coordination for small green
windows. This observation suggests that the CORSIM platoon dispersion model need to

be calibrated before analysis of different coordination plans is conducted. The following

48



chapter discusses the calibration of CORSIM platoon dispersion model in order to

evaluate different coordination plans.
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CHAPTER 4- CALIBRATION OF CORSIM PLATOON DISPERSION MODEL

4.1 Introduction

The CORSIM model is one of the most widely-used simulation programs in the
U.S. and is used quite often for analyzing ITS projects involving traffic signal systems.
Although the calculations of total delay and vehicular stopsin the arterial systems depend
on the platoon dispersion parameters, very little is explained about calibrating the
CORSIM platoon dispersion model in the literature. The objective of this chapter isto 1)
guantitatively show the impact of dispersion on the results generated by CORSIM and 2)
contribute to the platoon dispersion calibration literature by showing a systematic
approach for calibrating the CORSIM platoon dispersion model. The dispersion factor

calculations are demonstrated using both speed study analysis and Pacey’ s model.

4.2 Diffusion Theory

As a platoon of vehicles moves downstream of traffic signas, it diffuses and
increases in length. This phenomenon significantly affects the benefits that can be
achieved by coordinating traffic signals. The basic assumption of the diffusion theory
[Pacey, 1956] is that the speeds of the carsin the platoon are distributed normally so that
the spread of the platoon can be described by the dispersion of car speeds. Pacey’ s model

had some simplifications, such as 1) it allows free passing of cars; 2) it assumes that the
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speed of the car is constant and 3) it assumes that speed of the car is independent of its
location in the platoon. Nevertheless, Pacey was able to show that his model gave a good
fit to moderate traffic volume data. This can be explained by considering that the platoon
behaves as if it diffused from an extrapolated initial condition in accordance with the
kinematical model [Muriel and Renfrey, 1985]. Seddon [1972] summarized the diffusion

theory with the formula:

G ()= a@g(i-i) (4-1)

Where i and j are counts of discrete intervals of time at the first and second
observation points respectively, i.e,. the flow at the jth interval at the second point is
equal to the sum over al the values of i, of the flow at the ith interval at the first

observation location multiplied by the probability of atravel time of (j-i) intervals.

4.3 Cadlculation of Dispersion Factor from Speed Study

The dispersion factor (a) can be defined as the standard deviation of the free flow
speed divided by the mean free flow speed [Seddon, 1972]. The dispersion factor can be
directly calculated if a speed study is conducted between two observation locations and
each car was identified. Figure 4-1 below shows some platoon data analysis that was
conducted on SR26 in Lafayette, Indiana. Careful investigation of the platoon data
allowed correlation of the arrival time of each individual car. In such a case, mean free

flow speed and standard deviation of free flow speed could be easily calculated. The a
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parameter could then be calculated as the standard deviation divided by the mean of the

free flow speed. In the SR26 case, the a parameter was calculated as 0.14.

Vehicle Arrival Times-SR 26-Cycle 1
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Distance (ft)

Figure 4-1 Platoon Dispersion Data

4.4 Cadculation of Dispersion Factor Using Pacey’s Model

Alternatively, if the arrival time of each car could not be identified, the diffusion
equation could be used to estimate the mean speed and the standard deviation. The mean
speed and standard deviation of the arrival profiles are identified as the mean and
standard deviation that correspond to the least mean square error between the expected
and observed profile at the second observation location, as can be seen in Figure 4-2. The

o parameter is then calculated as the standard deviation divided by the mean of the free
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flow speed as previoudly defined. Pacey’s model was used to find the dispersion factor
for asite in US3 in Kokomo, Indiana, which was found to be 0.03. US31 will be studied

in Chapter 10.

Pacey’s expected flow versus actual flow
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Figure 4-2 Pacey’ s Expected Flow versus Actual Flow

45 Conversion of the Normal Distribution Into A Decile Distribution

CORSIM uses a decile distribution to assign free flow speeds to vehicles entering
the network. The decile distribution used is based on the types of drivers of the vehicles,
where the first decile corresponds to the least aggressive driver and the last decile is the
most aggressive. The free flow speed of each vehicle is determined by multiplying the
decile value assigned to the vehicle' s driver type times the mean free flow speed for the

link. The decile value assigned to each driver type is specified in record type 147 in the
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simulation file. The record has default values ranging between 75% and 127% of the

mean free flow speed.

In order to transform the normal distribution of the free flow speed into a decile
distribution, each 10 percentile of the normal distribution curve is replaced with the
center of gravity of the percentile area, which was calculated using numerical integration.
Each percentile area was divided into 1,000 segment, and the area was calculated by
multiplying each segment by the density function, where the center of gravity for each
segment was calculated by multiplying the segment by its x-axis value. The center of
gravity of the area was then calculated by dividing the sum of gravity of the 1,000
segments by the total area. Since the center of gravity of the percentile depends on the
dispersion factor, the center of gravity for each percentile area was calculated for four
different platoon dispersion factors (a) (5,10,15, and 20) and a regression anaysis was
conducted to obtain an equation for calculation of the center of gravity for each
percentile. The ten percentiles’ center of gravity can then be entered in record 147 in the

CORSIM simulation file as the decile distribution for the free flow speed.

Although the normal distribution shape implies that the center of gravity equation
is a curvilinear function, the increase of the center of gravity in relation to the dispersion
factor (o) was found to be linear with an R? of 1. Equation (4-2) shows the general
equation for the decile distribution where the 3 parameter values for each of the 10 decile

values are shown in Table 4-1.

UFPCT(I) =100+ B, *a (4-2)



Where
UFPCT (I): Free-Flow speed percentage for driver typell,
Bi: Linear parameter value for driver typel,

and a isthe dispersion factor in percent

Table 4-1 3 Parameter Vaues for Computing the Decile Distribution-UFPCT(1)

I 1 2 3 4 5 6 I 8 9 10
B -1.745 | -1.044 | -0.677 | -0.386 | -0.126 | 0.126 | 0.387 | 0.677 | 1.045 | 1.760

Figure 4-3 shows the speed decile distribution for two sites, SR26 and US31, in

Indiana and compares them to the CORSIM default decile distribution.
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Figure 4-3 CORSIM Speed Distribution Parameters

4.6 Effect of Platoon Dispersion on Signal Coordination Benefits

Platoon dispersion significantly affects the benefits attained by coordinating
traffic signals. Figure 4-4 shows the flow profile at several locations downstream for a
traffic signal with both the default and calibrated speed distributions. Figure 4-4-a
through Figure 4-4-d show the flow profile at different downstream locations when
CORSIM default parameters are used. Figure 4-4-e and Figure 4-4-f show the flow
profile calibrated for the US31 site at the stop bar and 3,000 feet downstream. By
comparing Figure 4-4-d and Figure 4-4-f, it can be observed that the flow profiles at
3,000 feet are significantly different when using the calibrated parameters versus the

default ones.
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To study the effect of platoon dispersion on signal coordination benefits, the
travel time along the corridor was used as a measure of performance for the coordinated

traffic signal system (10). Figure 4-5 shows the tabulated CORSIM output for SR26 with
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the default speed parameters and with the calibrated value, while Figure 4-6 shows the

results for US31. It should be noted that the results differed significantly for US31 case,

but no significance difference was found for SR 26. This is due to the fact that the

calibrated parameters for SR 26 were very close to the default values (Figure 4-3). These

results illustrate that it is very important to calibrate the parameters before a conclusion

regarding signal coordination can be drawn.

TIME (SEC/VEH)

250 +
200 +

Free Flow

150 + / Trajectory

/

100 —
50 +

0 = t= e —= } = e }

0 500 1,000 1,500 2,000 2,500 3,000
LINEAR DISTANCE ALONG CORRIDOR (m)
s SIGNAL - Default Dispersion Parameters —- Calibrated Dispersion Parameters

Figure 4-5 SR26 Travel Time With Calibrated Versus Default Distribution
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4.7 Chapter's Conclusion

This chapter discussed the importance of calibrating the CORSIM platoon
dispersion model and demonstrated two methods by which the platoon dispersion factor
(a) can be calculated, from speed study data or aternatively by using Pacey’s formula.
Once the dispersion factor is calculated, the decile distribution used by CORSIM to
replicate platoon dispersion can be calculated using Equation (4-2) and Table 1. The
chapter aso showed the effect of calibrating the CORSIM model by comparing the
results of a calibrated model versus a model using default dispersion values for two sites

in Indiana (SR26 and US31). The US31 study showed that the effect of platoon
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dispersion calibration in CORSIM resulted in a 15% reduction in travel time in

comparison to the default calibration values.
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CHAPTER 5- RELATIONSHIP BETWEEN OFFSETS AND SHOCKWAVES

This chapter lays the theoretical and conceptual foundations for the algorithm
developed in this report providing an overview of the shockwave theory and how it
relates to the platooning phenomenon and the offset at the downstream signalized
intersection. The conceptual foundation of this chapter is carried through Chapters 6 and
7, where new metrics are defined and used to capture the effects of shockwaves using

upstream detector actuation.

5.1 Overview of Shockwaves

Severa researchers and engineers have studied the traffic flow-density-speed
relationship and have provided insights into the phenomenon [May, 1990; Lighthill and
Whitham, 1955]. When traffic conditions change in time or space, boundaries demarking
different flow states in the time-space domains are formed. Those boundaries are called
shockwaves, and there are several situations where shockwaves form including the

increase in traffic demand, lane drops, incidents, etc.

Figure 5-1-a shows the fundamentals of shockwave analysis as illustrated by May
[1990]. State A in the figure represents a steady-state flow with flow (q), density (Ka),
and speed (uy). If the traffic volume decreases after some period of time, its state will be

represented by state B with flow (qp), density (kp), and speed (up). Note how the new state
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will have a higher speed because it has a lower density and vehicles will travel more

freely. Thetraffic of state B will eventually catch up with the traffic of state A.

Figure 5-1-b shows a space-distance diagram of the two conditions. Note that, for
illustration purposes, the scales of time and distance diagram were selected such that lines
representing speeds in the space-distance diagram are paralel to those in the flow
distance diagram. The heavy line (Wag) in Figure 5-1-b represents the shockwave
between states A and B. Figure 5-1-c shows a dlice of the highway at time t aswell as the
upstream traffic speed u,, the downstream traffic speed u, and the speed of the

shockwave Wy,. This case shows a forward moving shockwave.

Note that aline originating from the origin of the flow density curve and ending at
any point in the same curve represents the speed at that point or state. Where the chord
between any two points represents the shockwave forming if the system states

transitioned between the two points.

The continuity condition enforces that, as the shockwave progresses, the number
of vehicles leaving state A (N3) must be equal to the number of vehicles entering state B
(Np). This is certainly true since no cars are created or destroyed in the process. The
number of vehicles leaving state B in time't is determined by the speed of the shockwave
relative to the speed of the vehicles in state B. Ny can therefore be calculated by the

equation:
Ng =0gt = (Ug =W, ) kgt (51
Similarly, the number of vehicles entering state A can be calculated by the

equation:
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N, =qut = (U, —Wyg)K,t (5-2

From Equations (5-1) and (5-2) and solving for w,g:

S P
=Ja o 5-3

therefore, the speed of the shockwave traveling between different flow-density

statesis equal to the change in flow divided by the change in density of those two states.
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Figure 5-1 Shockwave Fundamentals [ Source: May, 1990]

5.2 Shockwaves at Signalized Intersections

Of particular interest to this research is the formation of shockwaves at signalized

intersections. Consider a case where the traffic signal has enough capacity to



accommodate the demand. However, traffic can only pass through the signal during the
green interval. Figure 5-2 illustrates an example of traffic flow approaching a traffic
signal. When the signal interval is green (between times t; and t;), the same traffic
condition exists both upstream and downstream of the signal (traffic condition A). At
time t;, the signal turns red causing three different traffic conditions to form: a) traffic
condition B upstream of the signal where queues start to form; b) traffic condition D
downstream of the signal with zero density; and c) and traffic condition A of the traffic
that has not been affected by the queues yet. At the start of the red interval (t;), the

forward moving shockwave w,,, the frontal stationary shockwave wg,;, and the
backward moving shockwave w,; form. The direction of shockwave movements can

also be determined by looking at Figure 5-2-b. The speed of those shockwaves can be

calculated by applying Equation (5-3).

65



Ye “wac
u o
A C e
—_ Z
S A
< /
= 4 2
= 7/ e
< /
E A )/ 7
ES s
2 ~ o
3 S
° 4 e
[ Le
0 . 3
4 Z & A8
/ 70
/2 d
P B
7 -
-
Z
) Wpg B

Density {veh/mile/lane)
(a)

Distance —

//;//////g///)// )

y 1y

v N 5, 15 (PR S

Time ——

{b)

Figure 5-2 Shockwaves at Signalized Intersections [Source: May, 1990]

At time t,, the signal indication changes to green and traffic starts to depart from

the intersection with the saturation flow rate. At that point, shockwave w,; terminates
and w,. and w,. start forming, separating the different regions of traffic flow
conditions B, C, and D. At time t3, the two backward moving shockwaves w,; and Wy,

meet and terminate. A new forward moving shockwave w,. isformed. Thisis the time

66



at which the queues start to dissipate. At time t,, the shockwave w,. crosses the stop bar

and the flow decreases from saturation flow to arrival flow.

At time ts, the shockwave w,, is created in a sSimilar pattern to the previous
cycle. At time te, the two shockwaves w,. and w,, meet together and form the
shockwave w,, . From that point on and as long as the traffic pattern remains constant,
the shockwave pattern will repeat itself.

This introduction illustrates that when traffic faces ared interval at a downstream
signalized intersection, a backward moving shock wave is formed and extended upstream
of the traffic signal. If a detector is placed within the range of that shockwave, it can

capture its existence. This information can be very useful in determining whether the

traffic signal offset is properly adjusted.

5.3 Effect of Offsets on Shockwaves

The greater the proportion of the traffic that faces the red interval, the farther back
the shockwave extends. Therefore, if the offset was not performing well, e.g. due to

early-return-to-green or poor initial design, along queue will form due to the shockwave.

Figure 5-3 illustrates a poor offset at the downstream signal where the platoon
arrives during the red interval. The figure shows a relatively low traffic volume passing
through the upstream detector between times t; and t, from side street turning traffic. The
red interval at the signal causes three different traffic conditions to form: @) traffic

condition C upstream of the signal where queues start to form; b) traffic condition D
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downstream of the signal with zero density; and c) traffic condition A of the traffic that
has not been affected by the queues yet. This situation causes the formation of three

shockwaves. the forward moving shockwave w,;, the frontal stationary shockwave
W, , and the backward moving shockwave w.,. The arrival of the platoon (traffic
condition B) causes the formation of the shockwave w,; that meets the shockwave w,
and they both terminate forming a new shockwave w.,. The new shockwave w.,
extends faster than the snockwave w,, because of the higher traffic volume of the

platoon. The low traffic volume from the side street follows the platoon, causing the

shockwavew,; to form again. When the shockwave w,; meets the shockwave w,;, they

cause the formation of shockwave W, .

When the signal turns green, traffic starts to depart from the intersection with the

saturation flow rate. At that point, shockwave w,. terminates, and w,. and w,. Start

forming separating the different regions of traffic flow conditions D, E, and C. The two

backward moving shockwaves w.. and w., meet and terminate, and a new forward
moving shockwave w,. is formed. When the shockwave w,. crosses the stop bar and
the flow decreases from saturation flow to arrival flow, the shockwave w,; is created in
asimilar pattern to the previous cycle. The two shockwaves w,. and w,, meet and form
the snockwave wg,, and from that point on and as long as the traffic pattern remains

constant, the shockwave pattern will repeat itself.

Note the effect of the shockwave at the detector’ s occupancy shown at the bottom

of the figure. Between times t; and tp, low traffic volume turning from the side street
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passes through the upstream detector at a higher speed, theoretically speaking. Although
they could, in practicality, be traveling at a lower speed than the arterial through

movement, which causes low occupancy at the detector. As the shockwave w,; Crosses

the upstream detector at time t,, the platoon starts to arrive with higher volume and lower
speed, causing an increase in the occupancy between times t, and ts. The traffic queues
over the detector between times t3 and t,, raising the occupancy to 1.0 (100%). The queue
starts to dissipate between times t, and ts with the saturation flow rate causing the
occupancy to drop from 1.0. Finally, as the low traffic volume from the side street passes
through the detector between times ts and tg, the occupancy drops to its lowest value. This
variation in occupancy at the upstream detector denotes the existence of a strong

shockwave due to a bad offset.
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A well-designed offset however, will aign the green window with the platoon,
minimizing the proportion of traffic arriving at the signal during the red interval. Figure
5-4 shows a comparatively good offset at the downstream signalized intersection. Note
that the effect of the weak shockwave caused by the low traffic volume from the side
street does not reach the upstream detector and the variation in occupancy at the detector

therefore remains minimal.
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5.4 Effect of High Turning Percentage on Shockwave Formation

Traffic coordination benefits accrue due to the platooning phenomenon. The
concentration of arterial traffic into platoons makes it feasible to align the green interval
such that the platoon can pass through the intersection without stopping. If the vehicle
platoons are highly dispersed or if vehicles arrive at the traffic signalized intersection in a
random fashion, little or no benefits can be achieved from traffic signal coordination. In
such a case, no matter how the green window is moved, amost an equal number of

vehicles would arrive during the red interval.

Figure 5-5 and Figure 5-6 show a bad offset and a good offset respectively, where
traffic volume turning from the side street approaches the arteria’ s traffic volume. Figure
5-5 shows a case of a bad offset where the platoon (traffic condition B) is aligned with
the red interval, note that the shockwaves generated are very similar to the shockwavesin
Figure 5-3, except that the occupancy during flow regime A is dlightly higher due to the

higher traffic volume and slower speed of traffic condition A.

On the other hand, Figure 5-6 shows a case of a good offset that attempts to align
the platoon (traffic condition B) with the green window. However, one can observe that
the figure shows a shockwave pattern is observed in the figure similar to the one
generated due to the bad offset situation in Figure 5-5. This is due to the fact that the

secondary traffic volume is very close in value to the primary traffic volume.
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55 Chapter's Conclusion

This chapter laid the theoretical and conceptual foundations for the algorithm
developed in this research. The effect of offsets on shockwaves under different traffic
conditions is discussed and how that reflects on the occupancy profile at the upstream
detector. Chapters 6 and 7 will introduce two models by which the existence of
shockwaves generated due to a bad offset can be captured and accounted for, namely, the
skewness model and the F model. The skewness model is discussed in Chapter 6 when
the algorithm developed in this research is introduced. The limitations of the skewness
model are discussed in Chapter 7 and the more general F modé is introduced. Chapter 7
also conducts an analysis of variance for the two models and compares their potential
usefulness under different conditions that may affect the offset performance, including
the case where the volume of turning traffic from the side street approaches that of the

arterial’ s through traffic.
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CHAPTER 6- PRO-TRACTS CONCEPT AND STRUCTURE

This chapter introduces an adaptive real-time offset transitioning expansion to
actuated controllers to improve coordination of traffic signals. This algorithm, Purdue
Redl-time Offset Transitioning Algorithm for Coordinating Traffic Signals (PRO-
TRACTYS), mitigates the effect of the early-return-to-green problem experienced with
coordinated-actuated controllers and accounts for downstream vehicle queues that may
impede vehicle progression. The chapter describes the basic concept and methods by
which PRO-TRACTS captures the shockwave information through the use of advance
detectors actuation. The skewness model is introduced and evaluated with atest bed case

study and general findings and conclusions are presented at the end of the chapter.

PRO-TRACTS can be viewed as an integrated optimization approach that is
designed to work with traditional coordinated-actuated systems. The objective of the
proposed algorithm is to add to the actuated controllers the ability of adaptively changing
their offsets in response to changes in an arteria’s traffic demand. This model will
provide an intermediate solution between traditional coordinated actuated control systems

and adaptive control systems.

PRO-TRACTS assumes a fixed cycle length (selected by either the time of day or
some traffic responsive technique) and splits decided by each local controller, subject to
maximum and minimum constraints traditionally imposed by coordinated-actuated signal

systems. The unique aspect of the proposed algorithm is that the end of green offsets at
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each intersection are continually adjusted in real-time with the objective of providing
smooth progression of a platoon through an intersection using the volume and occupancy
profile of advance detectors. This automatic tuning process is analogous to an engineer or
technician standing beside the cabinet and "tuning” the offset so that the coordinated
phase turns green at the appropriate time to facilitate smooth progression of the upstream

platoon.

6.1 PRO-TRACTS Structure

PRO-TRACTS utilizes an internal structure that profiles the occupancy and count
actuation on a second by second basis for approach detectors. The algorithm keeps
records of the latest 30 cycles actuation, although for actua field implementation, the
number of cycles used would likely be reduced to say 10 cycles. The occupancy and
count actuation are stored in a bin-based storage (occ;j and cnt ; ;). For example, the
occupancy at any time (t) bin is stored as occ;; where i and j are the time into cycle and

the current cycle number respectively, determined by the following equations:
i =mod((t -t ),cycle) (6-1)
j =int((t—t,,)/cycle) (6-2)
where t.¢ is the reference time, which may be the start of simulation or perhaps
midnight in a deployed system.

For development purposes, the algorithm is currently implemented as external
control logic in CORSIM [Kaman, 1997B]. The algorithm has the ability to work with

either CORSIM internal logic or aternatively with a set of NTCIP NEMA controllers

78



through hardware-in-the-loop simulation [Bullock and Catarella 1998]. The algorithm
exchanges information with the CORSIM simulation package through its run time

extension DLL inreal time.

6.2 Link Profiling and Tabulation

A utility module (LinkPro) has been developed to visually evaluate the effect of a
particular offset in an arterial and/or to evaluate and visualize the impact of waiting
gueues in the arterial that might disrupt traffic progression. The implementation of the
graphical utility requires a shared memory structure to allow for information exchange
between the different programs involved in the simulation. The graphical utility
(LinkPro) exchanges information with CORSIM through its run time extension DLL.
Therefore there was a need for an intermediate shared memory structure was needed that
contains the exchanged information. Figure 6-1 shows a sketch of the implementation of
the shared memory structure that enables the graphical utility to interact with CORSIM

and the real-time offset tuning program.
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Figure 6-1 Shared Memory Structure

LinkPro alows the evaluation of the performance of the offsets currently set in
the arterial system by selectively showing occupancy or traffic count measures over
particular CORSIM system detectors in graphical and/or tabular format. The screen
shows the traffic measures aggregated through several cycles (one t010 cycles) over the
upstream detectors, along with the current green window at the traffic signal. The graphs

have increments of cycle length on the X-axis and the traffic measure (occupancy/count)

80



on the Y-axis as shown in Figure 6-2. Actuation of other detectors in the system can also

be shown by selecting the detector number from LinkPro menu, as shown in Figure 6-3.
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LinkPro aso allows manual change of offset value at any intersection during the

simulation for illustration purposes, as can be seen in Figure 6-4.
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By double-clicking the chart that shows the profile of any selected detector, a
tabular format of the detector actuation is displayed. The actuation is displayed in a
second by second basis. Vehicle counts/occupancy measures are output to the window in
a one-second time increment referenced to the starting time of the cycle. The display
window shows the current cycle and the previous cycles information (30 cycles). When
the rows of the table are completely filled, all of the actuations of previous cycles are
shifted down by one row and the current actuation is shown in the higher row. Figure 6-5

illustrates the display of the occupancy. Note that since the whole cycle does not fit in



one row, a dider bar is used to shift the display in order to observe actuation at any point

in the cycle.
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Figure 6-5 LinkPro Tabular Format
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6.3 PRO-TRACTS Concept: The Skewness Model

As discussed in the previous chapter, occupancy distribution over advanced
detectors is significantly affected by the state of the downstream signal offset. A good
offset causes a smaller variation in the occupancy distribution than a bad offset does since
it does not generate a shockwave strong enough to reach the advanced detector. The
small variation of occupancy distribution with a good offset will cause the occupancy
profile to look very similar to the count profile when tabulated over the cycle. In the bad
offset case, however, the platoon of vehicles starts to slow down as its the strong
shockwave and eventually queues over the detector. This phenomenon results in the
surveillance detector observing a larger number of slow moving, or stopped vehicles,
through the cycle. Consequently, the occupancy profile will have a significantly different
shape from that of the count profile. To illustrate the point further, Figure 6-2 shows
LinkPro screen captures that illustrate detector actuation for a surveillance detector 60
meters upstream of an intersection with a good offset. Figure 6-2-a shows the occupancy
actuation and Figure 6-2-b shows the count actuation. Occupancy and count detector
actuation are shown to have similar shapes in the figure when the downstream signal
offset is tuned. Figure 6-6 shows LinkPro screen captures showing detector actuation for
a surveillance detector upstream of an intersection with an un-tuned offset. Figure 6-6-a
shows the occupancy actuation and Figure 6-6-b shows the count actuation. Occupancy
and count detector actuation are shown to have different shapes when the downstream
signal offset is un-tuned. This difference in actuation shapesis utilized by PRO-TRACTS

as the basic concept for offset transitioning.
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6.3.1 The need for an Activation Mechanism

Poor offsets affect the shapes of the occupancy and count distributions in different
ways, depending on 1) the direction and degree by which the offset is shifted from the
ideal offset, and 2) the characteristics of the platoon approaching the signal. Figure 6-7
through Figure 6-11 show how the shapes of the occupancy and count profiles for
different platoon conditions are affected by the offset deviation from the ideal value.
Figure 6-7 shows a condensed platoon with a negatively shifted offset, an ideal offset,
and a positively shifted offset. One can easily recognize in the figure the direction of the
offset shift that has been applied to the signal by looking at the shapes of the profiles.
Figure 6-8 shows an end-dispersed platoon, where vehicles are released from the
upstream signal with the saturation flow rate followed by a lower flow rate. Note that in
such a case, the direction of the offset shift is not as clear as it was with condensed
platoons. Note that even with the ideal offset, not all vehicles are aligned within the green
window. Figure 6-9 shows the same end-dispersed platoon but with a wide green window
at the downstream signal that can easily accommodate the platoon, and one can easily
recognize the offset shift type needed is easily seen. Figure 6-10 shows a dispersed
platoon where the direction of movement is again not clear. Figure 6-11 shows the same
dispersed platoon but with a wide green window where the shift type can be identified.
All of these figures show that it is not aways easy to decide whether the offset needs to
be changed, nor its direction. The decision becomes even more complex with the effect of
turning traffic from side street. Some activation mechanism therefore is needed that

decides whether the offset at the downstream signal needs to be modified.
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6.3.2 Modified Skewness Functions
The difference in shapes between the occupancy and count profiles due to a bad
offset can be quantified by means of the difference in the profiles skewness. PRO-
TRACTS calculates the absolute difference in occupancy and count actuation skewness
to determine if offset transitioning is warranted. The calculation is performed at a

predefined frequency that can be input at the user level.

Skewness characterizes the degree of asymmetry of a distribution around its mean
where positive skewness indicates a distribution with an asymmetric tail extending
toward more positive values and negative skewness indicates a distribution with an

asymmietric tail extending toward more negative values.

The Skewness of a distribution can be calculated by Equation (6-1).

Y s
(n-)(n-2) £ ﬁstdevﬁ

(6-1)

where x. is the ith observation of variable x, x is the mean value, stdev is the
standard deviation of variable x, and n is the number of observations.

Equation (6-2) can be used for calculating the skewness for the detector actuation
by substituting the detector actuation per bin (act) instead of x in Equation (6-1). The

standard deviation can be calculated through Equation (6-3), where n is the number of

binsin the cycle.
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n . Eacti —a;:tg
(n-)(n-2) ﬁ stdev E

skewness =

(6-2)

/12

:Ebzactz—(Eact)ZH ]
Sdev R R i (6-3)

However, looking more deeply into the skewness equation, one can observe that
direct substitution of detector actuation into Equation (6-1) does not preserve the intended
meaning of skewness. Using Equation 6-2 would statistically have a different meaning.
Toillustrate this, an artificia occupancy actuation is shown in Table 6-1 and is plotted in
Figure 6-12. The distribution was obtained by the norma distribution function
NORMDIST in Microsoft Excel for a mean value of 10 and a standard deviation value of

1.5
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Table 6-1 Sample Occupancy Actuation

Bin Occupancy (%)
5 0.001
6 0.008
7 0.036
8 0.109
9 0.213
10 0.266
11 0.213
12 0.109
13 0.036
14 0.008
15 0.001
0.3
0.25 /.\

/N
[\

/
[\

Figure 6-12 Distribution of an Artificially Generated Sample Occupancy Actuation in
Table 6-1

Note that the normal distribution bell shape shown in Figure 6-12 is portrayed by
drawing the actuation as an ordinate for each bin, which means that each actuation value

stands for the number of repetitions of each bin value. For example, bin “9” was repeated
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0.213 times, whereas bin ”10” was repeated “0.266” times (213 and 266 times in a 0.001

scale). Thisis not the same as substituting the actuation as the bin values.

Table 6-2 shows the descriptive statistics for the occupancy values in Table 6-1,
where skewness could be obtained by direct substitution of occupancy in Equation (6-2)
and (3) . Note that Table 6-2 shows a skewness value of 0.775 instead of O (for a
perfectly normal distribution). Also, Table 6-2 shows values of 0.09 and 0.99 for the
mean and standard deviation respectively, instead of the 10 and 1.5 used to generate the
distribution. These values are correct for a different distribution where the occupancy
values are treated as bin values and the ordinates are the number of repetitions of each bin

value, as shown in Figure 6-13.

Table 6-2 Descriptive Statistics for Occupancy in Table 6-1 Obtained by Direct

Substitution
Mean 0.091
Standard Error 0.030
Median 0.036
Mode 0.001
Standard Deviation 0.100
Sample Variance 0.010
Kurtosis -1.006
Skewness 0.775
Range 0.265
Minimum 0.001
Maximum 0.266
Sum 1.000
Count 11.000
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Figure 6-13 Distribution of Occupancy when directly substituted

In order to preserve the meaning of skewness as statistically defined, each bin
value has to be repeated several times as determined by the occupancy, or count,
actuation. This isillustrated in Table 6-3 where the bin values are repeated according to
the occupancy value at each bin (multiplied by one thousand). Table 6-4 shows the
histogram analysis for the values in Table 6-3; note that the frequency of each bin is the
same as the occupancy vaues in Table 6-1 multiplied by one thousand. Figure 6-14
shows the histogram graph for the bin values; note that Figure 6-14 looks the same as

Figure 6-12.
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Table 6-3 Repetition of Bin Vaues According to Occupancy Vauein

Table 6-1 (occupancy multiplied by athousand)

NN (NN N[O O|O|O|0|0 OO

m
o

Table 6-4 A histogram analysis for bin valuesin Table 6-3

Bin Frequency

5 1

6 8

7 36

8 109

9 213

10 266

11 213

12 109

13 36

14 7

15 1

More 0
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Figure 6-14 A Histogram Graph for Valuesin Table 6-4

Table 6-5 shows the descriptive statistics calculated for the bin values listed in
Table 6-3. Note that the skewness, mean, and standard deviation values are now correct

(0,10, and 1.5 with the rounding error).

Table 6-5 Descriptive Statistics for Bin Vauesin Table 6-3

Mean 10
Standard Error 0.047234969
Median 10
Mode 10
Standard Deviation 1.492206433
Sample Variance 2.22668004
Kurtosis -0.041755857
Skewness 4,28467E-17
Range 10
Minimum 5
Maximum 15
Sum 9980
Count 998
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In order to preserve the meaning of skewness, the skewness and standard

deviation equations should be modified. The modified equations are as follows:

skewness=— " i bin,_—m) (6-4)
(Mm-H(n-2)& 'O sdev [
gy 1Y 2t (bin)* = (5 bin * act,)’ u 69
] n'(n'-1) ]
where:
n'= 2 act, (6-6)
n bin, * act,
m== 67)

n
acti;  actuation at bini inthe cycle

bin: interval over which actuation is aggregated, 5 seconds was used in this
study.

and

n: number of actuation bins (cycle length in seconds devided by bin size)

These new equations allow the calculation of the occupancy and count skewness
from the bing/actuation values. It should be noted that multiple-second bins can be used
instead of one-second bins. This can improve PRO-TRACTS performance in two ways:
a) data normalization, where noise due to the stochastic arriaval of vehicles can be
reduced, in contrast to real changes in travel pattern due to improper offset values; and b)
histograms can be built from a smaller number of cycles, which leads to a more

responsive performance (more frequent offset evaluation operation).
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6.3.3 Cadculation of Skewness Around the Count Profile’'s Mean

A small percentage of traffic turning from the side street during the red period,
which is the beginning of the cycle since the cycle is referenced to the end of green,
usually shows similar occupancy and count profiles regardless of the offset value (Figure
6-16 and Figure 6-16). This is due to the fact that the gap between the stop bar and the
algorithm detector can accommodate low traffic volumes before showing a significant
change in the acuation profiles at the detector location. Althought the shapes of the
profiles are similar, the effect of the turning traffic is not cancelled out if count and
occupancy skewness are calculated around each distribution’s mean, which has a
different location for the two distributions. To cancel the effect of the turning movement
and at the same time improve the ability of the algorithm to detect bad offsets, the

skewness of both distributions is calculated around the count distribution’ s mean.
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6.3.4 Offset Transitioning Warrant

An experiment was conducted to quantify the concept of PRO-TRACTS with
different sets of cycles, percent green ratios, and offsets. Figure 6-17-a shows the
differential skewness values for the combinations of six different offset shift levels and
three different percent greens for a surveillance detector 30 meter upstream and 60
seconds in cycle length. Figure 6-17-b shows the same histograms, but for a 120 second
cycle length. Figure 6-17-c and Figure 6-17-d show the same histograms as in Figure
6-17-a and Figure 6-17-b but for a surveillance detector 60 meters upstream. The
experiment illustrates that the more the offset shifts from the idea range, the more
pronounced the difference in actuation skewness. These figures empirically show that a

differential skewness threshold of 0.25 can be used for triggering PRO-TRACTS.
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6.3.5 Direction of Offset Transitioning

Once the application of PRO-TRACTS is warranted, the algorithm follows a
greedy approach to determine the optimum direction of offset transitioning. PRO-
TRACTS moves the current green window such that more of the current occupancy
actuation is included within the new green window. The philosophy here is that for the
same traffic volume, higher occupancy typically denotes slower moving, or even stopped,
traffic. Therefore, lowering the occupancy actuation can be used as a proxy objective to
obtain better progression. This objective can be achieved by moving the green window so
that more of the current occupancy actuation histogram is included within the new
window location. Figure 6-18-a illustrates how this decision is made. Note that if the
green window was moved to the right, the estimated increase in occupancy histogram
aligned within the green window will be area “d” — area “b.” If the green window was
moved to the l€eft, the estimated increase in the occupancy histogram aligned within the
green window will be area “a” — area “c.” Following this approach, the green window
should be moved to the left if (a-c) > (d-b), which can also be algebraically expressed as
(atb) > (c+d). Areas (atb) and (c+d) in Figure 4-a are calculated as OccL and OccR
respectively in Equations (6-8) and (6-9). PRO-TRACTS transitions the offset in the

direction of the greater area calculated in Equations (6-8) and (6-9).

n  Gs+Shift

Occl = Z k:esz-sa?fck'j_l (6-8)

and
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n Ge+Shift

OccR = ; k:eez—m?fck’ i (6-9)

where;

Occl: Estimated increase in occupancy area under the green window if offset
was transitioned to the left

OccR: Estimated increase in occupancy area under the green window if offset was
transitioned to the right

n: number of cycles included in PRO-TRACTS evaluation (1 cycle was used
in this study)

Ge:  greenend time of the Last cycle

Gs. green dtart time. Calculated by subtracting the average green duration
from green end (Ge)

Shift: PRO-TRACTS Window shift parameter (5 secondsis used in this study)
and
J: current cycle as defined in Equation (6-2)

Figure 6-18-b shows the occupancy actuation that resulted from moving the green

window in Figure 6-18-ato the left.
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Figure 6-19 shows the results of an experiment to test and validate the offset
transitioning direction algorithm in PRO-TRACTS. The figure shows the results of 18
simulation runs with offsets shifted by multiple of five seconds from the ideal between
the runs. For each case, the area of the occupancy profile within the green window is
calculated, along with the anticipated area if the green window was moved five seconds
to the left and right (negative or positive shifts respectively). The figure shows that the
shortest path to the optimum offset is in the direction of the maximum anticipated

occupancy profile' s area within the green window.

Detector Occupancy Within the Green Window Vs Offset Shift
Offset Step =5 sec, V=1200 veh/hr
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Figure 6-19 Validation of Offset Transitioning Direction in PRO-TRACTS
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6.3.6 Network Level Coordination
Once an offset adjustment takes place at a particular intersection, PRO-TRACTS
changes the offset at al the downstream intersections by the same amount such that the
intersections do not loose coordination. This mechanism insures that the offset of any
intersection referenced to its upstream intersection remains the same. If the downstream
intersection needed an offset adjustment as well, the cumulative adjustment in offset is

then applied.

6.3.7 Effect of Detector Location

The farther the surveillance detector location is set back, the less sensitive it
becomes, especially for short cycle lengths because of the small queue size which is aso
the case with low traffic volume. This is clearly illustrated by comparing Figure 6-17-a
and Figure 6-17-c, where a 60 meter upstream detector could not capture the effect of
offset shifts where a 30 meter upstream detector did. It should be noted that it is also not
desirable to have the detector too close to the downstream signal so as not to capture the
turning-movement traffic noise from side streets. In this chapter, a surveillance detector

60 meter upstream was used.

6.4 Evauation Network and Procedure

Two studies were conducted to test the basic concept of PRO-TRACTS. The first
study evaluated PRO-TRACTS with a set of incorrect offsets at three intersections. The
second study evaluated the adaptation of PRO-TRACTS to an offset previously tuned for

an early-return-to-green. The evaluation network used to test the effect of PRO-TRACTS
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is shown in Figure 6-20. The network had 11-meter stop bar detectors at the side streets
and the arterial left-turn pockets, and 1.8-meter advanced detectors 92s meter3 upstream
for the through-arterial phases. Figure 6-21 shows the common ring structure for all
intersection in the studied network. Table 6-6 lists the general phase parameters for al
intersections (minimum green, vehicle extension, etc). Table 6-7 and Table 6-8 list the
coordination parameters for all intersections and the entry volumes per periods for all
intersections for the two studies. Turning percentages were 80% through, 10% right, and

10%, left for al approaches.
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Figure 6-21 Test Bed Phase Sequence Ring Diagram for Nodes 2, 3, 4, and 5

Table 6-6 Test Bed General Phase Parameters (All Intersections)

DESCRIPTION (SEC) Phase Number

1 2 3 4 5 6 7 8
MINIMUM GREEN -- 20 - 10 -- 20 - 10
VEHICLE EXTENSION -- 35 - 35 -- 35 - 2.0
MAXIMUM GREEN - 99 - 99 - 99 - 99
YELLOW CLEARANCE - 3.0 - 3.0 - 3.0 -- 3.0
RED CLEARANCE -- 2.0 -- 2.0 -- 2.0 -- 2.0
MINIMUM GAP TIME -- 35 - 35 - 35 - 35

Table 6-7 Test Bed Coordination Parameters
Study Cycle | INT | Offset Force Off for Each Phase
1 2 3 4 5 6 7 8

Cases 1-5 120 2 0 -- 120 -- 70 -- 120 -- 70

3 23 - 120 - 65 - 120 - 65

4 83 - 120 - 60 -- 120 -- 60

5 70 -- 120 -- 55 -- 120 -- 55

Bad Offsets | 90 2 0 - 90 - 45 -- 90 -- 45

3 68 - 90 - 40 - 90 - 40

4 30 - 90 - 35 - 90 - 35

5 68 - 90 -- 30 - 90 - 30
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Table 6-8 Test Bed Entry Volumes per Period (VPH)

INT Study Early Return to Green Bad Offsets

Cycle 120 90
Case 1 2 3 4 5 -

2 NB 1150 1150 1150 1150 1150 1350
EB - - - - - -

WB 1800 1800 1800 1800 1800 1350

EB 850 850 850 850 850 850

3 WB 1600 1600 1600 1600 1600 1250

EB 100 100 100 100 100 100

4 WB* 100 400 700 1000 1300 900

EB 400 400 400 400 400 400

5 WB 1300 1300 1300 1300 1300 600

SB 400 400 400 400 400 400

! volume changing at intersection approach

6.4.1 Adapting from Incorrect Offsets

The first study evaluated the effect of PRO-TRACTS applied to an arterial with
poor offsets. Figure 6-22 shows the northbound cumulative travel time during four
consecutive hours, with and without running PRO-TRACTS. This figure was obtained by
setting the poor offsets in the three labeled intersections and running CORSIM simulation
five times with different number seeds without PRO-TRACTS, and five times with PRO-
TRACTS. The figures show a statistically significant savings in travel time with PRO-
TRACTS as shown by the 95% error bars with PRO-TRACTS reducing total travel time
by 27.9, 32.7, 33.7, and 34.5 percents, during the first, second, third, and fourth hours
respectively. Figure 6-23 shows the southbound cumulative travel time during four
consecutive hours with and without running PRO-TRACTS for the same simulation. The
figure shows a dtatistically non-significant decrease in travel time with PRO-TRACTS
totaling O, 3.6, 4.9, and 5.1 percents during the first, second, third, and fourth hours

respectively.
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Figure 6-24-a shows how the offsets converged with PRO-TRACTS during one
simulation run. Note that although the Node 5’ s offset transitioned from 68 to 73 seconds,
the figure shows the initial offset value of 68 as 158 seconds (68 plus 90 seconds cycle
length) indicating the path of the offset until it was stabilized. This long path was taken
because the immediate upstream signal's offset was simultaneously decreasing. This long
path was not taken, however, when the immediate upstream signal offset was constant as
was the case with Node 3 offset. Figure 6-24-b shows the cycle length during the
simulation. Note that because the offsets were changed by small increments, there were

no major irregularitiesin the controllers’ cycle lengths.

The total delay and number of stops, with and without PRO-TRACTS, are shown
in Figure 6-25, where the delay and number of stops for al approaches are seen to have
decreased with PRO-TRACTS, 29.0% and 27.6 % percent respectively, by the end of the

fourth hour.
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6.4.2 Adjusting Offsetsto Adapt for Early-Return-to-Green
Figure 6-26 shows the result when one intersection (Node 4) experienced
different amounts of early-return-to-green. The Figure shows the northbound cumulative
travel time for five different side street traffic volumes, with and without running PRO-
TRACTS, at Node 4. The offset at Node 4 was originally tuned for the early-return-to-
green at the lowest traffic volume. Further, PRO-TRACTS increases the arterial travel
speed to closely match the free trgjectory speed for cases of high side street traffic

volume.

Figure 6-27 further illustrates the case of the highest side street traffic volume of
Figure 11, showing the north and southbound cumulative travel time at the second hour
with and without PRO-TRACTS. Application of PRO-TRACTS is shown to significantly
decrease the travel time in the north direction by 21.8 % and in the south direction by 1.7
%. It should also be noted that the total decrease in the north bound travel time was
statistically significant while the total decrease in the south bound travel time was

statistically insignificant.
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6.5 Genera Findings and Results

This chapter introduced the structure and basic concept of PRO-TRACTS. The
unique aspect of PRO-TRACTS is its use of occupancy and count profiles to estimate the
offset performance. Difference between the occupancy and count profiles skewness was
calculated and compared to pre-determined thresholds to decide whether the algorithm is
to be activated. Once activated, PRO-TRACTS uses a greedy approach to determine the
direction of offset movement. This approach was evaluated with a set of incorrect offsets
at several nodes and early return to green at one node. PRO-TRACTS was able to
significantly reduce total travel time in the coordinated direction by up to 34.5% (Figure
6-22). The agorithm significantly decreased the total delay and the number of stops for

all approaches by 29.0 and 27.6 percent respectively (Figure 6-25).
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CHAPTER 7- THEF MODEL AND DISCRIMINANT ANALY SIS

As previoudy discussed in Chapters 5 and 6, a bad offset at the downstream
intersection results in a strong backward shockwave that affects the relationship between
the shapes of the occupancy and count profiles. Chapter 6 discussed the skewness model,
which calculates the difference in occupancy and count profiles skewness to capture that
information and use it in real-time to evaluate the offset performance. This chapter will
discuss the limitations of the skewness model and will introduce the more general F
model. The two models are compared under different traffic network conditions using the
analysis of variance, and a discriminant analysis is conducted to develop some thresholds
to which F values, calculated from the occupancy and count profiles, can be compared to

estimate the offset performance.

7.1 Limitation of the Skewness Model

The skewness model proved very useful and effective when applied to the test bed
network discussed in Chapter 6. However, only minor savings in travel time were
observed when applied to networks with high turning traffic [ Tompos, 2000]. In addition,
several conditions were observed to have negative effects on the performance of the

skewness mode!.
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7.1.1 False Alarmswith the Skewness Model
One limitation of the skewness model observed was a tendency to be unstable
with low traffic volumes. Figure 7-1 illustrates a case where a good offset is associated
with a high differential skewness value, which occurred because of the sensitivity of the

skewness to the shape of short platoons.
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7.1.2 Singularity Cases

It was also observed that the differential skewness function was singular because
of the singularity of the occupancy skewness function. Figure 7-2 and Figure 7-3
illustrate the singularity in the occupancy skewness function and show the occupancy and
count profiles averaged over the last five cycles. A case where the last vehicle in the
platoon queues over the advance detector during two of the five cyclesis shown in Figure
7-2, causing an average skewness value of ‘2’ between times 65 and 95 in the cycle.
Figure 7-3 shows another sample where the last vehicle in the platoon does not queue
over the detector. Note that altough the two cases occurred with the same offset case, the
first case has a much larger occupancy skewness value. The skewness function is threfore
singular at the point where the shockwave extends back just to touch the advance
detector’s location. This critical point in the system occurs when average traffic volume
is at the level where some cycle platoons queue over the advance detectors and some
other cycle platoons do not. This situation causes instability in the algorithm activation

mechanism.
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7.1.3 Effectsof Turning Traffic from Side Streets
Although calculating the skewness of the occupancy profile around the count
profile’'s mean, discussed in Section 6.3.3, tends to reduce the effect of turning traffic

from side street, the method is not robust when the traffic volume from a side street is a
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large percentage of the total traffic volume. Turning traffic has a direct impact on the
shape of the occupancy and count profiles, and the performance of PRO-TRACTS was

observed to degrade when the percentage of turning traffic increases [ Tompos, 2000].

7.2 Factors Affecting Offset Performance

7.2.1 Link Length
Link length has an effect on the amount of platoon dispersion, making it
impossible to fit the whole platoon in the green window without introducing some delay
at the signal. When platoons are dispersed to the extent that they do not fit within the
downstream green window, it may be optimum to design the upstream signal timing such

that the platoon is condensed before being allowed to pass through the signal.

For example, Figure 7-4-a shows a dispersed platoon released from intersection 1.
The dispersed portion at the end of the platoon cannot pass through the downstream green
window and it has to wait for the next cycle to pass through. This not only causes delay
to that part of the platoon, but it also causes delay to the leading portion of the next
cycle's platoon that has to wait for the waiting queue before it can progress. This case
could be a result of an early-return-to-green situation at the signal upstream of
intersection 1. The early-return causes the green window to be wider than expected,
which in turn results in an end-dispersed platoon because of the random arrivals at the
end of the green period at the upstream signal. Figure 7-4-b, on the other hand, shows a
condensed platoon released from intersection 1 that can progress well through the arterial

system.
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Figure 7-4 Effect of Platoon Dispersion on Progression

Condensing the platoon can be achieved by applying a positive delta shift to the
ideal offset value at the upstream signal as shown in Figure 7-5. This will cause the
vehicles in the leading edge of the platoon to slow down, causing a platoon condensation
such that the platoon can pass through the arterial system. There is of course a trade-off
between the amount of delay induced by this procedure on the leading platoon vehicles
and the amount of delay saved from the lagging platoon vehicles. The net benefit of this
procedure depends on both the degree of platoon dispersion and g/C ratio at the upstream

signal.
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Figure 7-5 Tuning Offsets for Purpose of Reducing Platoon Dispersion

Testing the effect of the link length factor not only tests for the obvious effect of

link length on dispersion, but it also tests platoon dispersion effect on PRO-TRACTS and

examines whether there is a need to change its activation parameters to accommodate

platoon dispersion.

7.2.2 Cycle Length/Green Split

The optimum cycle length in a traffic signal is the minimum cycle length that

provides enough green to accommodate all the phases. Larger cycle lengths introduce

extra delay to the red interval phases and smaller cycle lengths do not alow full

dissipation of queues. Given that the Cycle Length/ Green split were designed efficiently,

larger cycle lengths can cause larger queues and hence will interact with the upstream
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detector location’s effect. The green split has to be large enough to offer enough capacity
at the signal. It can either be just large enough to dissipate the queues or even larger to
accommodate the whole dispersed platoon. The selection of the cycle length depends
upon the network optimization criteria (minimizing the total delay versus minimizing the
total number of stops). The red interval can affect the strength of the shockwave traveling
upstream of the signal. Cycle Length/Green Split can have an effect similar to moving the

detector closer to the signal.

7.2.3 Traffic Volumes
Larger traffic volumes require larger green splits and can cause stronger
shockwaves when facing the red interval because of a bad offset. Larger traffic volumes

can also construct rich profiles that are more robust for estimating offset performance.

7.2.4 Detector Location

Detector location significantly affects the activation mechanism in PRO-
TRACTS. If the detector was very far upstream, PRO-TRACTS will not capture the
existence of the shockwave caused by the downstream bad offset. On the other hand, if
the detector was very close to the signal, PRO-TRACTS will be affected by the weaker
shockwave caused by the turning traffic, which is illustrated in Figure 7-6. Note that
detector 1 in Figure 7-6-a and Figure 7-6-b captures the existence of the strong
shockwave generated by the bad offset, as well as the weaker shockwave generated by
the turning traffic from side street, respectively. Detector 3, on the other hand, cannot

capture any information since both shockwaves terminate before reaching its position. As
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the figure suggests, the ideal detector location, e.g. detector 2, lies between the point
where the weak shockwave terminates and the point where the strong shockwave

terminates.
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Figure 7-6 Effect of Detector Location on PRO-TRACTS Activation Mechanism
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7.25 Turning Traffic from Side Street

Turning traffic from a side street can have a significant effect on both the
optimum detector location and the agorithm performance. In fact, the turning traffic
percentage can affect all coordination schemes. If the turning traffic volume approaches
the volume of the primary traffic, little or no coordination benefits can be achieved from
signal coordination. The effect of the turning traffic on the PRO-TRACTS detector
location is based on the strength of the shockwave caused by the turning traffic, which
will always face the red interval unless an abundant amount of green is available, relative
to the shockwave caused by the arterial platoon if it faces a red interval. Generally
speaking, PRO-TRACTS will perform best if the detector is placed such that it only

captures the shockwave caused by the arterial’ s platoon.

7.3 Design of Experiment and Statistical Testing

7.3.1 Design of Experiment

In order to test the effect of al of the previous factors on the offset performance,
972 simulation files were prepared. To test the effect of cycle length, three levels of the
cycle's length were evaluated: 90, 120, and 150-seconds cycle length (typical cycle
ranges). For each cycle length, three green splits were tested: 1/3, 1/2, and 2/3. For each
of these combinations, three levels of traffic volumes were tested: high (1350* (g/c)
veh/hr/lane), medium (900 * (g/c) veh/hr/lane), and low (450* (g/c) veh/hr/lane). These
three traffic volume levels correspond to 82%, 55%, and 27% of the arterial’s capacity,

respectively. Turning percent volume of 0, 0.25, and 0.5 for each combination of the
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above, were tested. The whole set was repeated at link length of 1,000 feet and 3,000
feet, and each simulation file had five detectors at 150, 200, 250, 300, and 350 feet

upstream. The network used for conducting the experiment is shown in Figure 7-7.

a) 1000 Feet Link Length

b) 3000 Feet Link Length

Figure 7-7 Experiment Network

Synchro was used to calculate the optimum offset for each combination of factors.
Once the optimum offset was calculated, six different cases were prepared for each
simulation file by incrementing the offset value by (Cycle Length/6). Table 7-1 through

Table 7-6 list the offset values for each case for the 3,000 and 1,000 feet link lengths.
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Table 7-1 Offset Values for 3000 Feet Link- 90 Seconds Cycle

Traffic Volume (veh/hr) glc Offset Cases (Case 1 is Synchro Offset)

Thru Turning | Total 2 3 4 5 6
1800 0| 1800 | 0.67 51 66 81 6 21 36
1350 450 | 1800 29 44 59 74 89 14

900 900 | 1800 12 27 42 57 72 87
1350 0| 1350 | 0.50 51 66 81 6 21 36
1013 338 | 1351 41 56 71 86 11 26

675 675 | 1350 27 42 57 72 87 12

900 0 900 | 0.33 51 66 81 6 21 36

675 225 900 56 71 86 11 26 41

450 450 900 39 54 69 84 9 24
1200 0| 1200 | 0.67 51 66 81 6 21 36

900 300 | 1200 45 60 75 0 15 30

600 600 | 1200 6 21 36 51 66 81

900 0 900 | 0.50 51 66 81 6 21 36

675 225 900 47 62 77 2 17 32

450 450 900 42 57 72 87 12 27

600 0 600 | 0.33 51 66 81 6 21 36

450 150 600 48 63 78 3 18 33

300 300 600 44 59 74 89 14 29

600 0 600 | 0.67 51 66 81 6 21 36

450 150 600 51 66 81 6 21 36

300 300 600 51 66 81 6 21 36

450 0 450 | 0.50 51 66 81 6 21 36

338 113 451 50 65 80 5 20 35

225 225 450 51 66 81 6 21 36

300 0 300 | 0.33 51 66 81 6 21 36

225 75 300 51 66 81 6 21 36

150 150 300 51 66 81 6 21 36
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Table 7-2 Offset Values for 3000 Feet Link- 120 Seconds Cycle

Traffic Volume (veh/hr) glc Offset Cases (Case 1 is Synchro Offset)

Thru Turning | Total 1 2 3 4 5 6
1800 0| 1800 0.67 51 71 91 111 11 31
1350 450 | 1800 18 38 58 78 98 118

900 900 | 1800 117 17 37 57 77 97
1350 0| 1350 0.50 51 71 91 111 11 31
1013 338 | 1351 38 58 78 98 118 18

675 675 | 1350 17 37 57 77 97 117

900 0 900 | 0.33 51 71 91 111 11 31

675 225 900 57 77 97 117 17 37

450 450 900 62 82 102 2 22 42
1200 0| 1200 0.67 51 71 91 111 11 31

900 300 | 1200 44 64 84 104 4 24

600 600 | 1200 26 46 66 86 106 6

900 0 900 | 0.50 51 71 91 111 11 31

675 225 900 45 65 85 105 5 25

450 450 900 39 59 79 99 119 19

600 0 600 | 0.33 51 71 91 111 11 31

450 150 600 47 67 87 107 7 27

300 300 600 51 71 91 111 11 31

600 0 600 | 0.67 51 71 91 111 11 31

450 150 600 51 71 91 111 11 31

300 300 600 51 71 91 111 11 31

450 0 450 0.50 51 71 91 111 11 31

338 113 451 51 71 91 111 11 31

225 225 450 51 71 91 111 11 31

300 0 300 | 0.33 51 71 91 111 11 31

225 75 300 51 71 91 111 11 31

150 150 300 51 71 91 111 11 31
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Table 7-3 Offset Values for 3000 Feet Link- 150 Seconds Cycle

Traffic Volume (veh/hr) glc Offset Cases (Case 1 is Synchro Offset)

Thru Turning | Total 2 3 4 5 6
1800 0| 1800 | 0.67 51 76 101 126 1 26
1350 450 | 1800 7 32 57 82 107 132

900 900 | 1800 132 7 32 57 82 107
1350 0| 1350 | 0.50 51 76 101 126 1 26
1013 338 | 1350 34 59 84 109 134 9

675 675 | 1350 7 32 57 82 107 132

900 0 900 | 0.33 51 76 101 126 1 26

675 225 900 58 83 108 133 8 33

450 450 900 64 89 114 139 14 39
1200 0| 1200 | O0.67 51 76 101 126 1 26

900 300 | 1200 42 67 92 117 142 17

600 600 | 1200 32 57 82 107 132 7

900 0 900 | 0.50 51 76 101 126 1 26

675 225 900 44 69 94 119 144 19

450 450 900 36 61 86 111 136 11

600 0 600 | 0.33 51 76 101 126 1 26

450 150 600 46 71 96 121 146 21

300 300 600 51 76 101 126 1 26

600 0 600 | 0.67 51 76 101 126 1 26

450 150 600 51 76 101 126 1 26

300 300 600 51 76 101 126 1 26

450 0 450 | 0.50 51 76 101 126 1 26

338 113 451 51 76 101 126 1 26

225 225 450 51 76 101 126 1 26

300 0 300 | 0.33 51 76 101 126 1 26

225 75 300 51 76 101 126 1 26

150 150 300 51 76 101 126 1 26
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Table 7-4 Offset Values for 1000 feet Link-90 Seconds Cycle

Traffic Volume (veh/hr) glc Offset Cases (Case 1 is Synchro Offset)

Thru Turning | Total 2 3 4 5 6
1800 0| 1800 | 0.67 17 32 47 62 77 2
1350 450 | 1800 26 41 56 71 86 11

900 900 | 1800 36 51 66 81 6 21
1350 0| 1350 | 0.50 17 32 47 62 77 2
1013 338 | 1351 6 21 36 51 66 81

675 675 | 1350 83 8 23 38 53 68

900 0 900 | 0.33 17 32 47 62 77 2

675 225 900 22 37 52 67 82 7

450 450 900 5 20 35 50 65 80
1200 0| 1200 | 0.67 17 32 47 62 77 2

900 300 | 1200 11 26 41 56 71 86

600 600 | 1200 62 77 2 17 32 47

900 0 900 | 0.50 17 32 47 62 77 2

675 225 900 13 28 43 58 73 88

450 450 900 8 23 38 53 68 83

600 0 600 | 0.33 17 32 47 62 77 2

450 150 600 14 29 44 59 74 89

300 300 600 10 25 40 55 70 85

600 0 600 | 0.67 17 32 47 62 77 2

450 150 600 17 32 47 62 77 2

300 300 600 17 32 47 62 77 2

450 0 450 | 0.50 17 32 47 62 77 2

338 113 451 15 30 45 60 75 0

225 225 450 17 32 47 62 77 2

300 0 300 | 0.33 17 32 47 62 77 2

225 75 300 17 32 47 62 77 2

150 150 300 17 32 47 62 77 2

142




Table 7-5 Offset Values for 1000 Feet Link-120 Seconds Cycle

Traffic Volume (veh/hr) glc Offset Cases (Case 1 is Synchro Offset)

Thru Turning | Total 1 2 3 4 5 6
1800 0| 1800 0.67 17 37 57 77 97 117
1350 450 | 1800 103 3 23 43 63 83

900 900 | 1800 83 103 3 23 43 63
1350 0| 1350 0.50 17 37 57 77 97 117
1013 338 | 1351 0 20 40 60 80 100

675 675 | 1350 103 3 23 43 63 83

900 0 900 | 0.33 17 37 57 77 97 117

675 225 900 23 43 63 83 103 3

450 450 900 28 48 68 88 108 8
1200 0| 1200 0.67 17 37 57 77 97 117

900 300 | 1200 9 29 49 69 89 109

600 600 | 1200 112 12 32 52 72 92

900 0 900 | 0.50 17 37 57 77 97 117

675 225 900 11 31 51 71 91 111

450 450 900 5 25 45 65 85 105

600 0 600 | 0.33 17 37 57 77 97 117

450 150 600 13 33 53 73 93 113

300 300 600 17 37 57 77 97 117

600 0 600 | 0.67 17 37 57 77 97 117

450 150 600 17 37 57 77 97 117

300 300 600 17 37 57 77 97 117

450 0 450 0.50 17 37 57 77 97 117

338 113 451 17 37 57 77 97 117

225 225 450 17 37 57 77 97 117

300 0 300 | 0.33 17 37 57 77 97 117

225 75 300 17 37 57 77 97 117

150 150 300 17 37 57 77 97 117
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Table 7-6 Offset Values for 1000 Feet Link-150 Seconds Cycle

Traffic Volume (veh/hr) glc Offset Cases (Case 1 is Synchro Offset)

Thru Turning | Total 1 2 3 4 5 6
1800 0| 1800 | 0.67 17 42 67 92 117 142
1350 450 | 1800 123 148 23 48 73 98

900 900 | 1800 98 123 148 23 48 73
1350 0| 1350 | 0.50 17 42 67 92 117 142
1013 338 | 1350 145 20 45 70 95 120

675 675 | 1350 123 148 23 48 73 98

900 0 900 | 0.33 17 42 67 92 117 142

675 225 900 24 49 74 99 124 149

450 450 900 30 55 80 105 130 5
1200 0| 1200 | 0.67 17 42 67 92 117 142

900 300 | 1200 8 33 58 83 108 133

600 600 | 1200 148 23 48 73 98 123

900 0 900 | 0.50 17 42 67 92 117 142

675 225 900 10 35 60 85 110 135

450 450 900 2 27 52 77 102 127

600 0 600 | 0.33 17 42 67 92 117 142

450 150 600 11 36 61 86 111 136

300 300 600 17 42 67 92 117 142

600 0 600 | 0.67 17 42 67 92 117 142

450 150 600 17 42 67 92 117 142

300 300 600 17 42 67 92 117 142

450 0 450 | 0.50 17 42 67 92 117 142

338 113 451 17 42 67 92 117 142

225 225 450 17 42 67 92 117 142

300 0 300 | 0.33 17 12 67 92 117 142

225 75 300 17 42 67 92 117 142

150 150 300 17 42 67 92 117 142

144




7.3.2 Statistical Testing
Analysis of variance was conducted to test for the significance of the factors
discussed above on the skewness model. In order to properly test for significance, it was
necessary to define to estimate the expected Mean Squares (EMS) tables. The experiment

conditions are discussed below.

7.3.2.1 Blocking

Blocking design is used when the experiment is not completely randomized, i.e.,
when only a limited number of observations can be taken per day. However, it only
applies when the blocked factor might introduce other confounding factors not accounted
for in the experiment. In that case, the blocked factor is used as a block to eliminate the
effect of the other factors. Although this experiment was conducted over several days, it
was obvious that no blocking was needed since the computer simulation would produce

the same results regardless of the sequence by which each individual file was run.

7.3.2.2 Nested Factors

Nested models in factorial design are generally used when for two levels A and
B, different levels of factor B are not the same under different levels of factor A. In such
a case, factor B is said to be nested within factor A. The traffic volume factor in the
experiment has three different levels: high, medium, and low. Each level has a different
value under a different level of the green split. Recall that the volume is determined from

the equation v=x*g/C, where x= 1350 for the high level, x= 900 for the medium level,
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and x= 450 for the low level respectively. Therefore, the volume factor is nested within
the green split factor. Similarly the split factor is also nested within the cycle length. This
is due to the difference in the effect of a 0.5 split in a 90-seconds cycle length from that
of a 0.5 split in a 150-second cycle length. The difference in the effect is due to the
different duration of red interval in the two cases that can cause different shockwave

strengths.

7.3.2.3 Split-Plot Factorial Design

The split plot design is another case of incomplete randomization in the
experiment design. This type of design is typically recognized when different treatments
are applied to the same subject without changing the other experiment factors when
applying the different treatments. Typically, the within subject variation is much less than
the between subject variation since the between subject variation might include some
confounding factors that are not accounted for, where the within subject part is very

controlled. Testing afactor in the plot part will generally give more accurate results.

Both the offset and detector location factors were tested in the within plot part of
the split plot design. Although the computer ssimulator generates traffic randomly, the
same traffic pattern is generated again when the computer simulation is rerun (for a given
number seed). Randomness in the simulation run can be observed in the cycle length (due
to uncalled actuated phases) or in the green split (due to early-return-to-green). Traffic
pattern and behavior also change from cycle to cycle because every time a random
number seed is used, another random number seed is generated. However, when the

simulation was rerun, the same random number seeds sequence was reused and the same
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set of factor levels are repeated exactly, except for the offset factor. Since detector
actuations at different detectors were collected for the same sample, the detector location

factor was also tested in the within plot part of the experiment.

7.3.3 Expected Mean Squares and Testing for Significance

In order to test for the effect of the previous factors, a statistical model with the
above factors and their interactions were used. The complete model is attached in
Appendix C. The expected mean Squares were derived in Table 7-7. Note that an
additional factor, rep, was added to the model to represent the replicate of each run. The
addition of this factor allows for the split plot testing of factoria effects. By comparing
the EMSin Table 7-7, it is apparent that the length, cycle, split, volume, and turn factors
and their interactions should be tested by the replicate residuals. while the offset and
detector location factors, and their interactions with the above five factors, should be
tested by their interaction with the replicate factor. The interactions of the offset and
detector location factors and their higher level interactions are to be tested by the three-

way interaction of offset, detector location, and the replicate factor.
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Table 7-7 Expected Mean Square Derivation for Nested Split-Plot Design (Table 1 of 6)

2 /313 |3 (3|5 |5 |6 |1

FIF|F|F|F|R |F |F R
Num | Source DF |1 [J |K|L |m|r [N |o | |EMS Frestby
1 L 1/ 0| 3| 3| 3| 3| 5| 5| 6| 1|3750¢+300°R+c’ 20
2 C 2| 2| o| 3| 3| 3| 5| 5| 6| 1|8100¢C+300°R+0° 20
3 Spx 2| 2| 1| 0| 3| 3| 5| 5| 6| 1|2700¢S+300°R+0 20
4 Vi 6| 2| 3| 1| 0| 3| 5| 5| 6| 1|2700¢V+300R+d’ 20
5 T 2| 2| 3| 3| 3| 0| 5| 5| 6| 1|8100¢T+300°R+a’ 20
6 LC; 2| 0| ol 3| 3| 3| 5| 5| 6| 1|4050@.C+300°R+a’ 20
7 LSiok 2/ 0| 1| 0| 3| 3| 5| 5| 6| 1|1350@LS+300°R+d’ 20
8 LVig 6| 0| 3| 1| 0| 3| 5| 5| 6| 1|1350qLV+300°R+0° 20
9 LTim 2| 0| 3| 3| 3| 0/ 5| 5| 6| 1|4050LT+300c°R+0° 20
10 | CVj 12| 2| 0| 1| 0| 3| 5| 5| 6| 1]|900¢CV+300°R+d’ 20
11 | CTj, 4/ 2| 0| 3| 3| 0| 5| 5| 6| 1]2700¢CT+300°R+0’ 20
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Table 7-8 Expected Mean Square Derivation for Nested Split-Plot Design (Table 2 of 6)

12 | STjm 4| 2| 1| 0| 3| 0| 5| 5| 6| 1]|900¢ST+300°R+a’ 20
13 | VTigm 12| 2| 3| 1| 0| 0| 5| 5| 6| 1]|900¢@VT+30a°R+c’ 20
14 | LCVj 12| 0| o 1| 0| 3| 5| 5| 6| 1|450@LCV+300°R+0 20
15 | LCTjm 4/ 0| 0| 3| 3| 0| 5| 5| 6| 1]1350¢L.CT+300°R+0° 20
16 | LSTijm 4 0| 1| 0| 3| 0| 5| 5| 6| 1]|450¢@.ST+300°R+0° 20
17 | LVTigm 12| 0| 3| 1| 0| 0| 5| 5| 6| 1]|1450@LVT+300°R+a’ 20
18 | CVTiwm 8/ 2| 0/ 1| o] 0| 5| 5| 6| 1]300¢CST+300°R+0 20
19 | LCVTigom 8/ 0| 0/ 1| o] Of/ 5| 5| 6| 1]150¢.CV +300a°R+0° 20
20 | Rjumyr 4 1| 1| 1| 1| 1| 1| 5| 6| 1]|300°R+0’ -

21 | O, 5( 2| 3| 3| 3| 3| 5| 5| 0| 1]4050@O+50°0OR+0’ 41
22 | OL 5/ 0| 3| 3| 3| 3| 5| 5| 0| 1|2025¢@L+5G0’°0OR+0” 41
23 | OC;, 10| 2| 0| 3| 3| 3| 5| 5| 0| 1|1350@0C+50°0OR+a” 41
24 | OSg 10| 2| 1| 0| 3| 3| 5| 5| 0| 1] 450@0S+5G0°0OR+0’ 41
25 | OV 30| 2| 3| 1| 0| 3| 5| 5| 0| 14500V +50°OR+0° 41
26 | OTmo 10| 2| 3| 3| 3| 0| 5| 5| 0| 1]1350@OT+50’°0OR+0” 41
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Table 7-9 Expected Mean Square Derivation for Nested Split-Plot Design (Table 3 of 6)

27 | OLCy, 10| 0/ 0| 3| 3| 3| 5| 5| 0| 1|675@0LC+50°0OR+0” 41
28 | OLSigko 10| 0| 1| 0| 3| 3| 5| 5| 0| 1]|225@0LS+50°0OR+0” 41
29 | OLVigo 30| 0| 3| 1| 0| 3| 5| 5| 0| 1|225@OLV+5G0°OR+0? 41
30 | OLTimo 10| 0/ 3| 3| 3| 0| 5| 5| 0| 1|675¢0LT+50°OR+0° 41
31 | OCVjii 60| 2| 0| 1| 0| 3| 5| 5| 0| 1|150@OCV +50°0OR+0” 41
32 | OCTjmo 20| 2| 0| 3| 3| 0| 5| 5| 0| 1]|450¢OCT+5Gc°0OR+0’ 41
33 | OSTgumo 20| 2| 1| o| 3| 0| 5| 5| 0| 1]|150¢OST+50°OR+0? 41
34 | OVTgimo 60| 2| 3| 1| 0| 0| 5| 5| 0| 1|150@OVT+50°0OR+0’ 41
35 | OLCVio 60| 0| 0| 1| 0| 3| 5| 5| 0| 1|75¢@OLCV+50°0OR+0’ 41
36 | OLCTjmo 20| 0| 0| 3| 3| 0| 5| 5| 0| 1|225@OLCT+50°0R+a® |41
37 | OLSTigmo 200 0| 1| o| 3| 0| 5| 5| 0| 1|75@OLS+50°OR+0° 41
38 | OLVTigmo 60| 0| 3| 1| 0| 0| 5| 5| 0| 1|75@0LVT+50°0OR+0” 41
39 | OCVTwmo 40| 2| 0| 1| 0| 0| 5| 5| 0| 1|50¢@OCVT+50°0OR+0 41
40 | OLCVTigmo 40| 0| 0| 1| 0| O| 5| 5| 0| 1|25@LCVT+5G0°0OR+0? 41
41 | ORjumyo 25| 1| 1| 1| 1| 1| 1| 5| 0| 1|50°R+d -
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Table 7-10 Expected Mean Square Derivation for Nested Split-Plot Design (Table 4 of 6)

42 | D, 4| 2| 3| 3| 3| 3| 5| 0| 6| 1|4860@D+60’DR+a’ 62
43 | LDy, 4| 0| 3| 3| 3| 3| 5| 0| 6| 1]2430¢LD+60’DR+0’ 62
44 | CDj, g| 2| 0] 3/ 3] 3 5| 0| 6| 1|1620¢CD +60’DR+0’ 62
45 | SDgyn g| 2| 1| 0] 3| 3| 5| 0| 6| 1]|540¢SD+60’DR+0” 62
46 | VDyyn o4| 2| 3| 1) 0] 3] 5| 0| 6| 1|540¢VD+60°DR+0’ 62
47 | TDmn g| 2| 3] 3/ 3/ 0/ 5| 0| 6| 1|1620¢TD+60°DR+0’ 62
48 | LCDy, g| 0| 0/ 3| 3| 3| 5| 0| 6| 1|810¢LCD+60°DR+c" 62
49 | LSDjjun g| Ol 1/ 0| 3| 3| 5| 0| 6| 1|270¢LSD+60’DR+0" 62
50 | LVDign o4| O 3| 1 0| 3] 5| 0| 6| 1|270¢LVD+60’DR+0’ 62
51 | LTDimn g| Ol 3/ 3| 3/ 0| 5/ 0| 6| 1|810¢LTD+60’DR+0’ 62
52 | CVDjn 4| 2| 0| 1) 0] 3| 5| 0| 6| 1|180¢CVD +60°DR+0’ 62
53 | CTDjm 16| 2/ 0/ 3| 3/ 0| 5| 0| 6| 1|540¢CTD+60’DR+0” 62
54 | STDgmn 16| 2| 1/ 0| 3] 0| 5| 0| 6| 1]|180¢STD+60DR+c’ 62
55 | VTDgimn 4g| 2| 3| 1| 0] 0| 5| 0| 6| 1]|180¢VTD+60°DR+0° 62
56 | LCVDjun 4g| O] O] 1) 0/ 3| 5| 0| 6| 1|090@CVD+60’DR+0’ 62
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Table 7-11 Expected Mean Square Derivation for Nested Split-Plot Design (Table 5 of 6)

57 | LCTDjmn 16| 0| 0| 3] 3] 0] 5| 0| 6| 1|270¢CTD+60°DR+0" 62
58 | LSTDigkmn 16| 0| 1/ 0| 3] 0| 5| 0| 6| 1]|90@LSTD+60 DR+0" 62
59 | LVTDigyimn 4g| O] 3| 1) 0] 0| 5| 0| 6| 1|90¢@VTD+60’DR+0’ 62
60 | CVTDjgmn 32| 2] 0| 1/ 0] 0| 5| 0| 6| 1|60¢CVID+60’DR+0’ 62
61 | LCVTDjjgoimn 3o O O 1| 0| 0| 5| 0| 6| 1|30¢@CVID+60’DR+0’ 62
62 | DRumym 200 1| 1| 1| 1| 1| 1| O] 6| 1|60°DR+d’ -

63 | ODy, 20| 2| 3| 3| 3| 3| 5| 0| 0| 1]810@OD+c’ODR+d” 83
64 | LODjo 20| 0| 3| 3| 3| 3| 5| 0| 0| 1] 405@OD+c°ODR+0* 83
65 | CODjo 40| 2| 0| 3| 3| 3| 5| 0| 0| 1| 270¢COD+c°ODR+0’ 83
66 | SODgno 40| 2| 1| 0| 3| 3| 5| 0| O| 1|90@SOD+c’ODR+c” 83
67 | VODgino 120 2| 3| 1| 0| 3| 5| 0| 0| 1|90@vOD +c°ODR+0? 83
68 | TODmno 40| 2| 3| 3| 3| 0| 5| 0| O| 1]270¢TOD +0°ODR+d” 83
69 | LCODjyo 40| 0| O 3| 3| 3| 5| 0| 0| 1]135@.COD+c°ODR+c” 83
70 | LSODjgmo 40| 0| 1| 0| 3| 3| 5| 0| 0| 1|45@.SOD+c’0ODR+0 83
71 | LVODjkyino 120 0| 3| 1| 0| 3| 5| 0| 0| 1|45¢.VOD +0°0ODR+0’ 83
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Table 7-12 Expected Mean Square Derivation for Nested Split-Plot Design (Table 6 of 6)

72 | LTODjmno 40| 0| 3| 3| 3| 0| 5| 0| O| 1]135@.TOD +0°ODR+0” 83
73 | CVODjiino 240 2| 0| 1| 0| 3| 5| 0| 0| 1|30¢CVOD +c°ODR+0” 83
74 | CTODjmno 80| 2| 0| 3| 3| 0| 5| 0| 0| 1|90@CTOD +0°ODR+0? 83
75 | STODmno 80| 2| 1| 0| 3| 0| 5| 0| O| 1|30@STOD +c°ODR+0” 83
76 | VTODyyimno 240 2| 3| 1| 0| 0| 5| 0| O| 1|30¢VTOD +0°ODR+0" 83
77 | LCVODjino 240 0| 0| 1| 0| 3| 5| 0| 0| 1|15@.CVOD +c’ODR+0” 83
78 | LCTODjjmno 80| 0| 0| 3| 3| 0| 5| 0| 0| 1|45@.CTOD +0°ODR+0” 83
79 | LSTODigmno 80| O 1| O 3| 0| 5| O] O| 1|15.STOD +0°ODR+0" 83
80 | LVTODjgyimno 240 0| 3| 1| 0| 0| 5| 0| O| 1]15¢.VTOD +c?ODR+0” 83
81 | CVTOD|wymno 160| 2| 0| 1| 0| 0| 5| 0| O| 1|10¢CVTOD +0°0ODR+c*> |83
82 | LCVTODjimno 160| 0| O| 1| 0| 0| 5| 0| 0| 1|5@CVTOD+c’0ODR+d? 83
83 | ODRjmnor 80| 1| 1| 1| 1| 1| 1| 0| 0| 1| c’ODR+d? 84
84 | Egumnone o 1| 1| 1| 1| 1| 1| 1| 1| 1|¢° --
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Table 7-13 shows the F statistic for the skewness model with an F value of 5.77.
Most of the interaction terms were found significant at the 0.05 significance level and
therefore the cell means were analyzed further. An interesting output to look at is the
interaction between the offset and traffic volume and the offset and turn percentage

shown in Table 7-14 and Table 7-15 respectively.

Table 7-14 shows that there were only four significant groups. offset class 4 with
a high traffic volume; offset class 4 with medium volume and offset class 3 with a high
volume; and offset class 3 with medium volume; and the remaining combinations formed
afourth group. The largest differential skewness was obtained with the case of the worst
offset class and high volume (strongest shockwave) and was significantly different from
al other group. The differential skewness obtained from the second worst offset class and
high volume, or the worst offset class and medium volume, were not significantly
different from each other (assigned the same letter under the SNK grouping column), but
were significantly different from other groups. The second worst offset class and medium
volume case was significantly different from all other cases. The results also showed that
the rest of the offset-volume combinations were not found to be significantly different
from one another, which means that the skewness model will not be able to distinguish
between offset class 1, offset class 2, offset class 3 with low volume, or offset class 4

with low volume.

Table 7-15 shows a case where several groups were not found significantly

different from the others. The trend in Table 7-15 is that if the turning percentage
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increases, the offset classification is insignificantly different with the lower offset

classification with less turning percentage.

Table 7-13 Skewness Model’s ANOV A

The GLM Procedure

Dependent Variable: diff_skw

Sum of
Source DF Squares Mean Square FVaue Pr>F
Model 809 5473.4 6.76568 577 <.0001
Error 23490 27536.1 1.17225

Corrected Total 24299 33009.5

R-Square Coeff Var Root MSE  diff _skw Mean

0.165814 583.9568 1.082704 0.185408
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Table 7-14 Offset Volume Interactions for the Skewness Model

Means with the same |etter are not significantly different.

SNK Grouping Mean N off_vol
A 0.83695 1350 41

0.68626 1350 42

00w ™

0.58699 2700 31

0.39955 2700 32

0.11003 1350 43

0.02549 2700 33

-0.01599 2700 22

-0.02362 1350 12

-0.03007 2700 23

-0.03465 1350 13

-0.05531 2700 21

vAvivivAvivavAvavivavAvEUAUA WG]

-0.05896 1350 11
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Table 7-15 Offset Turn Interaction for the Skewness Model

Means with the same letter are not significantly different.

SNK Grouping Mean N off_turn

A 0.83415 1350 41
B 0.53374 1350 42
B
B 0.51314 2700 31
C 0.36356 2700 32
C
C 0.26536 1350 43
D 0.13533 2700 33
D
ED 0.09503 1350 11
ED
ED F 0.03378 2700 21
E F
EG F -0.03167 2700 23
G F
G F -0.07253 1350 12
G F
G F -0.10348 2700 22
G
G -0.13973 1350 13

74 TheF Modd
The F Modd is named after the F statistics testing approach in ANOVA. The
philosophy behind this approach is to test for the effect of the shockwave created by the
red light facing the platoon at the downstream signal using the detector actuation. The F
test in ANOVA compares the F value obtained by dividing the Mean Square Error (MSE)
of the model by the MSE of the error term to test whether the resulting value follows the

F distribution. If the resulting value exceeds the F value predicted by the F distribution,
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this is interpreted as a significant existence of the tested factor variance in the model
variance (versus the effect of the error term variance alone). Through the use of count and
occupancy profile, one can calculate the MSE of each as an estimate of their variance.

Equation (7-1) shows how the occupancy relates to vehicle speed and length.

[(In |_v
E -1 7-1
[occ] = EZ g (7-1)

where:
I: interval length over which occupancy is calculated (bin width)

L/ : length of vehicle ]
L®: length of detector
S’ speed of vehicle|

Let’sdefine avariable x; such that:

L+l 7-2
X = _
T vs (7-2)
The occupancy equation can be written as:
N
E[occ] = vargz X, H (7-3)
S

And since;
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var(occ) = var@i X Ez var(N)E[x*] + (E[N])? var(x) (7-4)

(summation of variance of random number of random variables) then the F value

defined as the var (occ)/var(count) can be calculated as:

var(occ) Va@; 5 E

F'Value = = (7-5)
var(count) var(N)
or aternatively:
2
F'Value = E[x*] + (EIND” var(x) (7-6)
var(N)
Since:
L+ L
X =
| * S

Assuming a small variation in vehicle length compared to vehicle speed, as well

as no change in the variance of vehicle length in relation to the offset.

where L is a constant
substituting in Equation (7-6)

F'Value = L*E[ Slvz] + (\I/EaErlzllll))z L? var(é)

or aternatively
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, _y20 1 (EIND? 10
F'Value=L BE[ SIV2]+ var(N) var(g)g (7-7)

Equation (7-7) suggests that the F value increases as the variance of the
reciprocal of the speed increases, which can be used to test whether there is an effect of
the shockwave in the F value. Figure 7-8 illustrates the effect of offset on speed
variance. Note that when the offset is well designed, vehicle platoons continue through
the signal without interruption. When the offset is not performing well, some vehicles
experience a delay or even come to a complete stop. This tends to increase the variation

of speed in the platoon, a phenomenon that can be used to identify a bad offset.

a) Low Speed Variance Due to a Good Offset

b) High Speed Variance Due to a Bad offset
Figure 7-8 Effect of offset on Speed variance

741 ANOVA Results of the F Model
An ANOVA was conducted for the F Model to test for its sensitivity for different

parameters and the ANOVA output is attached in Appendix C. Table 7-16 shows the F
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model ANOVA output. The Table shows an F value higher than that of the Skewness
model (7.03), which means that the F model has higher significance than the skewness
model. As can be seen in the output, most of the interaction terms were found to be
significant with P values less than 0.05. Table 7-17 shows an interesting output, the
interaction between the offset class and the turn percentage. The table shows that most of
the offset classes were grouped together regardiess of the turn percentage (assigned the
same letter under the SNK grouping column). Note that the significant effect of turning
percentage was a major drawback in the Skewness model. This result show a promising

advantage of the F model.

Table 7-16 F Model’s ANOVA
The GLM Procedure

Dependent Variable: fvalue

Sum of
Source DF Squares Mean Square FValue Pr>F
Model 809 1103.9 1.364508 7.03 <.0001
Error 23490 4556.5 0.193978

Corrected Total 24299 5660.4
R-Square Coeff Var  Root MSE fvalue Mean
0.195018 105.0454 0.440429  0.419275
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Table 7-17 Offset Turn Interactions of the F Model

Means with the same |etter are not significantly different.

SNK Grouping Mean N off_turn

A 062917 1350 41

A
A 061900 1350 42
A

BA 057820 1350 43

B

BC 053232 2700 31

BC

BC 052248 2700 32
C
C 050607 2700 33
D 036017 2700 23
D

ED 031353 1350 13

ED

ED 031097 2700 22

E

E 0.28576 2700 21
F 020180 1350 12
F
F 016971 1350 11

7.5 Discriminant Analysis

Discriminant analysis was used to develop threshold values by which offsets can
be classified into four different groups, namely, level 1 for a good offset, level 2 for 1/6
of a cycle deviation from the good offset, level 3 for 2/6 deviation from the good offset,
and level 4 which is %2 a cycle away from the good offset. PRO-TRACTS compares the
F values calculated from the occupancy and count profiles to these thresholds to
determine the class of the current cycles's offset. This information is used in determining

the magnitude of offset shift needed to fine tune the offset.
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7.5.1 Overview of Discriminant Analysis
Classificatory discriminant analysis is used to classify observations into known
groups on the basis of one or more quantitative variables. The method used can be either
parametric, for approximately normal within-class distribution, or non-parametric for a
non-normal within class distribution. Discriminant analysis also provides error rates

(probability of misclassification) that can be used as a measure of performance.

Unlike cluster analysis, discriminant analysis requires prior knowledge of the
observations' classes. Discriminant analysis makes use of the posterior probabilities of
observations to determine the groups to which the observations belong, using maximum

likelihood rules.

7.5.2 Offset Warrant Thresholds

Discriminant analysis was used to develop thresholds to identify offset classes
using the data from the previous experiment. The SAS Discrim procedure was used to
develop the thresholds that divide different groups of offset classes. The SAS code and
sample results are attached in Appendix C. Figure 7-9 shows the linear discriminant
functions for different classes of offset. For any observation value of F', the discriminant
function with the highest value determines the class to which the observation belongs.
The point at which any two lines intersect identifies a threshold value for a higher offset
class. For example, Figure 7-9 shows that the offset class 1 has the highest value of
discriminant function until the point where offset class 1 line intersects with offset class 6

line. This point defines a threshold beyond which observations are classified into offset
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class 6. The threshold can be calculated by solving for the intersection point of the two

offset class line equations shown in Table 7-18. By solving for X in the equation:

—1.958 + 1.794 X = -2.373 + 3.355 X, the threshold between class 1 and class 6
was found to be 0.26. Note that both offset class 2 and offset class 6 denote a 1/6

deviation from the good offset, only in a different direction.

By solving the line equations for the intersection points, the three thresholds
(rounded) were found to be 0.25,0.75, and 1.0 to identify a deviation of 1/6, 2/6, and 1/2

of the cycle length from the good offset, respectively.

Table 7-18 Linear Discriminant Function Equations

Offset Class 1 2 3 4 5 6
Constant -1.958 -4.415 -6.629 -6.411 -4.998 -2.373
Variable Coeff | 1.794 7.127 9.677 9.457 7.879 3.355
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Linear Discriminant Function of Maximum Likelihood

F’ value

Figure 7-9 Linear Discriminant Functions for Different Offset Classes

Offset 1 Offset2 ------ Offset 3 —-—- Offset4 —--— Offset 5 — — — Offset 6 ‘

calculating a value related to the speed variance from the occupancy and count profiles.
The effects of factors such as traffic volume and the percentage of turning traffic on the
performance of offsets were also discussed. Analysis of variance was conducted for both
the skewness and the F models, under different conditions, with the conclusion that the
F model was found to be less sensitive to turning traffic percentage than the skewness
model. The skewness model was found to be insensitive to offset changes with low traffic

volume, or if the change was relatively small, with no significant difference found

7.6 Chapter's Conclusion

This chapter introduced the F model, which captures the shockwave effect by
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between class 1 and class 2. Discriminant analysis was used to develop thresholds to
which the F values could be compared, to estimate the performance of the current
cycle's offset. These values will be used in the following chapters to activate PRO-
TRACTS and to determine the amount of change that needs to be applied to the current

offset.
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CHAPTER 8- CASE STUDY: SR 26, LAFAYETTE, INDIANA

This chapter discusses the results of the application of PRO-TRACTS to SR26 in
Lafayette, Indiana during the am. and p.m. peak periods. The studied network consists of
seven intersections between Earl Avenue and Creasy Lane, as shown in Figure 8-1. The
intersection layout, ring structure, timings, detector configuration, phase parameters,
traffic volumes, and turning percentages are listed in Appendix A. Transitioning in offset

and cycle length are also discussed at the end of each section.

‘4—786’—ﬂ471188’—ﬂH674'—ﬂ4—618’—ﬂ<—1100‘%471933'4ﬂ

| @9 L@@ | @ e | @9 | @9
J.JLL»LJ.JLL»L J.JiuLJ.JiL»LJ.JiL»L J.JLL»L J.JLL»L
(o= (D (Dm0 (B (D e B = (6 (1=
<= <= <1 <1 <1 <= <=
@ m w om @ )]

EARL Us 52 POST FARABEE 36TH SHENENDOAH CREASY

AVENUE (SAGAMORE) OFFICE DRIVE STREET DRIVE LANE

Figure 8-1 SR 26 (South) Network — Earl Avenueto Creasy Lane

8.1 Phase Timings

Phase timings were designed with Synchro for both the am. and p.m. peak

periods. The best cycle length for the am. peak (COS=111) was found to be 75 seconds,
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while the optimum cycle length for the p.m. peak (COS=311) was found to be 120

seconds. Table 8-1 lists the offsets and phase splits for the seven studied intersections.

Table 8-1 SR 26 (South) Coordination Plans and Splits

INT | COS | CYC | OFF 1 2 3 4 5 6 7 8
1 111 | 75 0 4 30 3 18 3 31 5 16
1 311 120 | O 10 44 3 43 4 51 14 32
2 111 | 75 2 13 18 7 17 6 26 9 15
2 311 | 120 | 108 |19 33 17 33 15 36 20 30
3 111 | 75 40 13 26 - 21 8 32 - 21
3 311 | 120 | 36 6 82 - 18 14 74 - 18
4 111 | 75 37 9 25 - 27 9 25 5 17
4 311 | 120 |30 14 50 - 42 10 54 5 32
5 111 | 75 31 3 22 - 15 3 22 - 15
5 311 | 120 |38 5 61 - 17 9 57 - 17
6 111 | 75 20 5 28 5 17 6 28 5 17
6 311 | 120 |23 5 74 5 17 8 71 5 17
7 111 | 75 69 11 17 11 17 6 22 13 15
7 311 | 120 | 84 11 34 31 25 14 31 28 28

8.2 PRO-TRACTS Parameters

The test of PRO-TRACTS was run with the CORSIM internal control logic
through CORSIM’s real-time extension DLL. PRO-TRACTS detectors were set 150 feet
upstream of each traffic signal. The incremental thresholds used for the activation for
PRO-TRACTS were set at 0.25, 0.75, and 1.0 as discussed in Section 7.4.3 in Chapter 7.
The agorithm was configured to evaluate the cycle profiles at the end of every cycle.
Maximum offset step was set to 35 seconds to minimize the frequency of activating the

unpredictable CORSIM’ sinternal cycle transitioning mechanisms.
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8.3 Simulation Results

CORSIM simulations were run with varying demand volumes over a four hours
period for both am. and p.m. peak periods (6-10 am. and 2-6 p.m. respectively). The
simulations were run with five different random number seeds to account for the
stochastic nature of traffic. Table 8-2 shows the entry volume to intersection approaches
by the period. These volumes were obtained from actual INDOT turning movement
counts and tube counts. Note that the volumes were considerably higher in the p.m.

period.
The following three scenarios were studied:

* A base case with the traffic network operating with Synchro’s timing
plans, except that the offsets were changed such that they provided poor
progression for the eastbound traffic. This case was run with normal

CORSIM simulation run without activating PRO-TRACTS.

* A scenario similar to the base case, but with PRO-TRACTS running to

improve the coordination of eastbound traffic.

» A scenario with the network operating with offsets designed by Synchro,

which was included as a benchmark for comparison purposes.
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Table 8-2 SR 26 (South) Entry Volumes per Period (VPH)

INT | BEG | 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
1| EB| 311 | 342| 460 530| 654| 674| 563| 706 | 813| 705| 709 | 575
1| WB| 590 | 620 605 551 690 | 712 | 692 | 758 | 604 | 695| 696 | 548
1| NB| 406 | 334 | 388 | 351 478 457 382 506 713 | 433 536 316
1| SB| 292 | 341 | 453 429 | 538 | 565| 437 | 544| 608| 552 | 515| 356
2| EB| 425 | 456 | 582 | 665 864 857 669 904 | 1050 905 910 715
2| WB| 690 | 867 | 785 | 717 880 889 845 933 788 899 816 729
2| NB| 735] 600 | 676 | 817 | 1060 | 1134 | 1057 | 1254 | 1228 | 1117 | 1251 | 883
2 SB| 765| 615| 768 | 783 | 1000 | 1063 | 1024 | 1049 962 909 | 1099 784
3| EB| 590] 573 | 700 | 744 | 1060 | 1080 | 901 | 1042 | 1096 | 1003 | 1178 | 912
3| WB| 657 ] 843 746 | 648 | 836 | 820| 861 | 933 | 842 | 972 794| 788
3] NB| 11 6| 20| 10[ 40| 120 66| 40| 12| 28| 49| 31
3] SB[ 180] 191 | 186| 203 | 219| 207 | 205| 216 | 155| 232 | 274| 220
4| EB| 530 559 | 685 | 718 | 961 | 1012 | 873 | 979 994 | 959 | 1132 | 940
4] WB| 743 957 | 757|669 | 905| 806 | 830| 959 | 930 | 1019 | 803 | 777
4] NB| 197 | 215| 212 | 237 | 336 | 304 | 247| 258 | 381 | 348 | 367 | 231
4] SB| 49| 53| 106| 133 158 | 194| 176| 186 | 130 | 180 | 186 | 174
5| EB| 607 | 649 | 738 810 | 1095 | 1135 | 956 | 1040 | 1172 | 1134 | 1339 | 1057
5| WB| 737 | 948 | 736 | 635 | 869 790 850 933 857 952 778 761
5/ NB| 49| 30| 18| 26| 32| 24| 25| 77| 102| 61| 28| 23
5| SB| 71] 169| 91| 104| 141 165| 142 | 107 | 147 | 191| 174| 102
6| EB| 560 661 | 705 | 787 | 1102 | 1150 | 954 | 1048 | 1176 | 1166 | 1374 | 1074
6| WB| 768 872 | 716 | 599 | 811 | 730| 799 | 897 | 829 | 890 | 736| 769
6| NB| 59| 23| 11| 8| 24| 18| 22| 16| 177| 72| 51| 21
6| SB| 8] 55| 72| 80| 73| 111] 126| 122| 114| 111| 125] 114
7] EB| 600] 655| 694 | 770 | 1083 | 1123 | 953 | 1122 | 1314 | 1206 | 1392 | 1072
7] wB| 860 991 | 794 | 599 | 846 | 752 | 824 | 868 | 833| 732| 654 | 778
7] NB| 635| 600| 514 | 572 759 | 606 | 830 | 1180 | 1220 | 1555 | 1423 | 1179
7] sB| 715] 641 | 572 | 575| 799 | 622 712| 726 | 707 | 994 | 1094 | 898

8.3.1 A.M. Travel Time, Stops and Delay

Figure 8-2 and Figure 8-3 show the cumulative travel time through the arterial for

eastbound and westbound traffic, respectively. The three different lines in the figures

represent the results from the three different scenarios discussed above. Figure 8-2 shows

that PRO-TRACTS reduced the eastbound travel time by 4%, approaching the

performance of Synchro (6%). Figure 8-3 shows only a minor improvement of 1% in

westbound cumulative travel time with PRO-TRACTS, while Synchro improved the

cumulative travel time by 9%. This result was expected since PRO-TRACTS was only
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configured to improve the eastbound signal coordination. Figure 8-4 and Figure 8-5 show
the cumulative number of east and westbound stops respectively. Figure 8-4 shows that
PRO-TRACTS reduced the cumulative number of eastbound stops during the four hours
of simulations by 10%, 9%, 13%, and 13 % respectively. Figure 8-5 shows a minor
increase in the cumulative number of westbound stops of 1% and 2 % during the last two
hours. Figure 8-6, which shows the total delay and number of stops on an hour-by-hour
basis, indicates a reduction in the total number of stops and system delay of 3% and 1 %,
respectively, with PRO-TRACTS during the four hours. These results can be further
explained by studying the offset and cycle transitioning graphs discussed in the next

section.
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8.3.2 A.M. Offset and Cycle Transitioning

Figure 8-7 shows the transitioning in the offsets and cycle length for each of the
seven intersections studied. Figure 8-7-a shows the transitioning in the offset values. An
interesting pattern is the continuous decrease in node 6's offset during the course of
simulation. Studying Figure 8-7-a more closely, one can observe that node 7’ s offset (the
uppermost line from the left) continues to decrease at a lower rate than node 6’s offset.
The effect of node 6's offset at node 7’ s offset is caused by PRO-TRACTS coordination
logic that references all offsets to their immediate upstream intersection. When the
upstream intersection goes through an offset change, al downstream intersections change
their offsets accordingly, such that they do not lose coordination. Other nodes show a

fairly stable transitioning throughout the course of simulation.

Instability in offset transitioning can be explained by two factors, the first of
which is the arrival type at the intersection. For example, looking at node 6's traffic
pattern in Table 8-4, there is a very high turning percentage of traffic into the eastbound
(from north bound right and southbound left). This high percentage trandates into a
continuous arrival of vehicles at node 7, both from the through and turn traffic from node

6. This phenomenon negatively affects the benefit of coordinating node 7 with node 6.

The other factor is the low traffic volume at nodes 3, 5, and 6 side streets that can
be observed by studying Table 8-2. Low side street volumes cause side street phases to be
skipped, allowing the eastbound traffic to continue through the extended green and arrive
with the downstream signal at a different pattern than if the side street phases were not

skipped. This situation isillustrated in Figure 8-8 and Figure 8-9. Figure 8-8 shows three
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cycles, where the side street phase is skipped during the first cycle but not during the
second cycle for node 5. During the first cycle, the low traffic volume turning from the
side street at node 4 (traffic condition A) arrives at node 5 during the red interval and
waits for the main street green interval to be released. At that time, the main street
through-movement (traffic condition B) arrives and the two traffic streams travel together
to reach node 6 at the start of the green. Note that in such a case, the offset at node 6 does
not need to be changed. However, during the following cycle, the low traffic volume at
node 5 causes a phase skip, allowing the low traffic volume (traffic condition A) turning
from the side street to continue through the uninterrupted green and arrive at the
downstream node 6 earlier than it did in the previous cycle. When the main street
through-movement (traffic condition B) arrives at the downstream node 6, it faces
volume A queues, forming a different traffic pattern from that of the previous cycle. If
the green window at node 6 was wide enough to fit the new traffic pattern without
inducing delays, PRO-TRACTS would shift the offset such that the queues of traffic

condition A would pass before the arrival of traffic condition B, as shown in Figure 8-9.

Since PRO-TRACTS is a reactive algorithm, it adjusts the offset such that it
adapts to the current cycle's pattern. If the side street phases were not skipped at the next
cycle, the offsets would not be appropriate and PRO-TRACTS would adjust them
accordingly. This process will cause PRO-TRACTS to fluctuate around the optimum
value of the offset without reaching it, which can degrade its performance. The phase
skips can be observed by studying Figure 8-7, which shows cycle lengths approaching up

to 360 seconds at node 5.
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Table 8-3 SR 26 (South) Turning Movements (Percentages — Table 1 of 2)

INT BEG | 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END 8AM 9AM 10A 11A 12P 1PM 2PM 3PM 4PM 5PM 6PM 7PM
EBLT | 13 11 10 10 6 10 9 7 7 5 6 5
5 | EBTH |81 [8 |8 |8 |[8 |8 |83 8 |8 |90 |87 92
e EBRT | 6 7 8 8 9 7 8 9 8 5 7 3
S | waBLT |13 14 12 14 15 18 14 15 | 16 16 17 19
o | weBTH [70 |68 73 68 67 65 68 69 |71 68 |70 |72
g WBRT | 17 18 15 18 18 17 18 16 | 13 16 13 9
] NBLT |5 5 15 10 6 7 7 7 9 6 6 7
<>( NBTH | 69 | 73 66 66 69 70 71 67 |68 |71 |69 |69
B NBRT |26 | 22 19 24 | 25 23 22 26 |23 |23 |25 |24
o SBLT |23 |30 29 |34 |35 |34 |27 3 |3 31 |31 |31
) SBTH | 72 65 60 60 60 62 67 50 |64 |64 |65 |59
SBRT |5 5 11 6 5 4 6 8 4 5 4 10
EBLT [19 [ 20 18 16 18 18 19 18 |19 16 14
EBTH | 70 | 67 68 65 62 62 60 62 |62 64 |69 |67
EBRT | 11 13 14 19 20 20 21 20 |19 |20 15 19
& | WBLT [20 |24 |22 27 27 27 26 28 |27 24 |24 |28
Q [ WBTH |57 54 |55 |49 |48 |48 51 50 | 47 51 |55 |51
© | WBRT |23 |22 23 24 |25 25 23 2 |26 |25 |21 |21
~ | NBLT |9 11 12 12 13 13 15 14 |12 13 11 12
" NBTH | 72 65 68 69 63 62 62 66 | 69 |67 67 63
) NBRT |19 |24 |20 19 24 | 25 23 20 |19 |20 |22 25
SBLT |20 |20 22 20 27 25 25 2 |2 22 25 |27
SBTH | 63 | 66 66 67 60 62 65 67 |69 |68 |65 |64
SBRT | 17 14 12 13 13 13 10 1 |9 10 10 |9
EBLT | 19 14 10 11 9 11 15 14 |15 14 13 10
__ | EBTH |80 |8 [8 |87 |8 [8& |83 8 |8 |83 |84 |87
@ | EBRT |1 1 2 2 7 7 2 3 |2 3 3 3
8 WBLT |1 1 1 1 6 5 2 1 0 2 3 5
S ["weTH |85 |88 |87 |89 83 85 82 85 |84 |79 |81 |80
H TwerT | 14 11 12 10 11 10 16 14 |16 19 16 15
o NBLT | 55 17 |3 |80 60 |48 |42 38 |3 |32 |45 13
O NBTH | 9 0 10 |o 0 4 2 4 9 4 10 |3
n NBRT |36 |83 55 20 |40 |48 56 58 |58 |64 |45 |84
Q SBLT |30 |35 |31 |3 |25 |33 |43 42 |50 |47 |44 |55
SBTH | 0 0 0 1 1 2 3 0 1 0 1 2
SBRT |70 | 65 69 65 74 | 65 54 58 |49 |53 |55 |43
EBLT [3 6 8 8 9 9 8 9 9 7 5 7
S | EBTH [8 [8 |84 |8 |[8 [8 |85 8 |84 |87 9 |89
% EBRT | 11 9 8 7 6 6 7 6 7 6 5 4
£ | waLT |18 14 11 12 12 12 13 13 |17 12 13 |9
g WBTH |81 [8 |8 |81 81 83 81 8 |78 |8 |8 |85
& | WBRT |1 4 5 7 7 5 6 6 5 8 7 6
a) NBLT | 17 15 21 17 17 19 23 20 |13 19 18 16
L NBTH | 7 8 10 15 12 13 11 18 |9 11 8 15
) NBRT |76 | 77 69 68 71 68 66 62 |78 |70 |74 |69
& SBLT |4 17 16 29 25 |35 29 26 |31 31 |26 |35
X [ sBTH [53 [34 |22 [22 |16 [17 [19 18 [17 |19 |28 |13
SBRT | 43 | 49 62 50 29 | 48 52 56 | 52 50 |46 |52
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Table 8-4 SR 26 (South) Turning Movements (Percentages —Table 2 of 2)

T | BEG [7AM [8AM [9AM [ 10A [ 11A [ 12P [ 1PM [ 2PM [ 3PM [ 4PM | 5PM | 6PM
END | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT | 13 | 8 9 7 6 6 6 6 7 6 5 5
& | EBTH [8 |90 [o [o2 |o4 [o3 |03 [o04 |93 |03 |04 |05
o | EBRT |1 2 1 1 0 1 1 0 0 1 1 0
§ WBLT | 1 1 1 1 1 1 1 1 1 0 0 0
= |wBTH |9 [89 [o4 [o [o3 [o1 [o2 [o2 [02 |93 [03 |9
ly | WBRT | 9 10 |5 7 6 8 7 7 7 7 7 5
= | NBLT |90 |63 |44 |65 |66 |63 |56 |69 |61 |69 |54 |39
th | NBTH | 2 17 |6 6 |6 20 |4 13 |20 |8 25 | 4
- | NBRT | 8 20 |50 |19 |28 |17 |40 |18 |19 |23 |21 |57
5 [ SBLT |48 |42 |35 |35 |45 |55 |39 |53 |45 |51 |63 |56
® ["SBTH | 1 2 2 0 1 1 2 2 1 1 0 0
SBRT |51 |5 |63 |65 |54 |44 |59 |45 |54 |48 |37 |44
4 4 5 6 5 6 5 5 5 6 6 7
EBTH | 9% |95 |94 |94 |95 |93 |9 |9 |9 |94 |9 |93
EBRT | 0 1 1 0 0 1 1 0 0 0 0 0
To|[WBLT [10 |3 2 1 2 1 1 2 5 1 1 0
OL WBTH |8 |94 [94 |94 |94 |94 |94 |94 |91 |95 |93 |@2
g 2| WBRT | 1 3 4 5 4 5 5 4 4 4 6 8
O NBLT |7 22 |18 |38 |13 |17 |23 |9 7 7 12 |10
Z|NBTH |10 [8 9 2 |16 |16 |13 |9 6 10 |12 |9
&O|NBRT |8 |70 |73 |50 |71 |67 |64 |8 |87 |8 |76 |81
SBLT |15 |20 |32 |33 |27 |37 |3 |25 |38 |45 |49 |49
SBTH | 16 |7 1 1 0 2 1 1 1 2 1 0
SBRT |69 |73 |67 |66 |73 |eL |e6 |74 |61 |53 |50 |51
6 8 9 8 7 9 8 8 7 9 7 9
—~ | EBTH [69 [70 |63 [63 |63 |61 |63 |64 [67 |62 |67 |65
o [EBRT [25 [22 |28 |29 |30 [30 [29 |28 |26 |29 |26 |26
S [WBLT |14 |13 |19 |18 |21 |19 |20 |20 |17 |18 |18 |20
o |WBTH |65 |61 |59 |57 |56 |59 |54 |5 |57 |54 |52 |51
Z |WBRT 21 [26 |22 [25 |23 |22 |2 |25 [26 |28 |30 |29
S |NBLT |25 |35 |36 |36 |35 |38 |3 |3 |25 |28 |24 |27
> | NBTH |56 |48 |46 |48 |46 |51 |47 |50 |5 |54 |5 |52
% NBRT | 19 |17 |18 |16 |19 |11 |18 |20 |20 |18 |20 |21
W ["sBLT [35 |40 [38 |34 |42 |42 |41 |37 |45 |42 |43 |45
O | SBTH |58 |51 |51 |57 |49 |49 |5 |54 |48 |52 |52 |49
SBRT |7 9 11 |9 9 9 9 9 7 6 5 6
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8.3.3 P.M. Travel Time, Stops and Delay

Figure 8-10 and Figure 8-11 show the cumulative travel time through the arterial
for eastbound and westbound, respectively. The figures show a significant reduction of
13%, 16%, 17%, and 16% in eastbound cumulative travel time during the four simulation
hours and only and increase of 7% and 8% in the westbound cumulative travel time
during the first hour and the last three hours respectively with PRO-TRACTS, while
Synchro plans improved the eastbound travel time by 26%, 25%, 24%, and 22 % during
the four simulation hours respectively and increased the westbound travel time by 3%,
1%, 1%, and 2% during the four simulation hours respectively. Figure 8-12 and Figure
8-13 show the cumulative number of stops on east and west bound respectively. PRO-
TRACTS significantly reduced the cumulative number of stops on the eastbound by 30%,
39%, 43%, and 43 % respectively while it only increased the number of stops by 8% and
6% for the westbound during the first two hours and the last two hours respectively.
These figures illustrate that PRO-TRACTS had higher impacts on the eastbound number
of stops, closely approaching Synchro’s performance of 50%, 51%, 51%, and 49% during
the hour hours respectively. Figure 8-14 shows the total delay and number of stops on an
hour-by-hour basis and indicates a reduction in the total number of stops with PRO-
TRACTS of 7%, 9%, 12%, and 11% and an increase in the total delay of 3%, 9%, 8%,

and 2% during the four hours of simulation.
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8.34 P.M. Offset and Cycle Transitioning

Figure 8-15 shows the transitioning in the offsets and cycle length for each of the
seven studied intersections. Note that although the offset values continued to decrease
during the first three hours of simulation, they became fairly stable during the fourth
hour. Figure 8-15-b explains this, whereby somewhat less transitioning in cycle length
can be observed during the fourth hour. When comparing Figure 8-15-b with Figure 8-7-
b, one should note that the p.m. peak cycle length was 120 seconds where the am. cycle
length was only 75 seconds. Despite the larger cycle length, Figure 8-15-b shows a

maximum cycle of 257 seconds, compared to 360 seconds in the am. period.

Table 8-2 shows that the side street volumes increased during the p.m. period,
causing less frequency in phase skips. This has an effect on the stability of PRO-
TRACTS since cycle profiles are more reliable in estimating the next cycle profile when

few phase skips occur.
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8.4 Chapter's Conclusion

This chapter studied the performance of PRO-TRACTS on the SR 26 network in
Lafayette, Indiana. The study showed that, when started with a scenario of offsets that
provided poor progression, PRO-TRACTS consistently resulted in an improvement in
both the travel time and the number of stops in the arterial direction to which was
applied, but without reaching Synchro’s performance. It was observed that PRO-
TRACTS had a greater impact in reducing the number of stops, however, PRO-TRACTS
caused an increase in total network delay compared to Synchro’s timing plans. These
results were not surprising since favoring a directional movement is an additional
constraint in the system optimization function. Timing plans obtained with Synchro are
assumed to be optimum plans that produce minimum delay of the total network. When
enforcing a constraint such as favoring a certain traffic movement, the best that can be
achieved in the overall system objective function is to keep it constant. However, the
overall delay could be expected to degrade unless the origina plans were not optimum

plans for the current traffic patterns.

An important factor on the performance of PRO-TRACTS was the frequency of
phase skips, which is mainly because PRO-TRACTS is areactive algorithm and therefore
assumes that the next cycle's arrivals are comparable to the current cycle’ s arrivals. With
phase skips, the discrepancy in arrival patterns of succeeding cycles causes PRO-
TRACTS offsets to fluctuate, reducing its efficiency. Subsequent research could take

phase skips into consideration.
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CHAPTER 9- HARDWARE-IN-THE-LOOP SIMULATION WITH NTCIP

COMPLIANT CONTROLLERS

Chapters 6 through 8 discussed the integration of PRO-TRACTS with CORSIM’ s
internal control model to provide a preliminary evaluation tool. However, the ultimate
objective of the development of PRO-TRACTS is to implement it in the field with real
traffic controllers, such that the controllers have the ability of adaptively tuning their
offsets in response to changes in traffic patterns. Prior to field implementation of PRO-
TRACTS, two steps were necessary. The first step was to evaluate the performance of
PRO-TRACTS with actual controllers to fully understand its effect on the controller
transitioning algorithms and to examine whether actual controllers would benefit from
PRO-TRACTS applications. The second step was to define an NTCIP object for
capturing detector actuations at the controller level to provide efficient low bandwidth

communications for field implementation.

This chapter provides an overview of hardware-in-the-loop simulation and
illustrates its concept in addition to an overview of NTCIP and how it was integrated with
the hardware-in-the-loop simulation. Finally, a section is provided to describe the
proposed field implementation and define a new NTCIP object for capturing detector

actuation at the controller level.
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9.1 Overview of Hardware-in-the-Loop Simulation

9.1.1 Motivation of Hardware-in-the-Loop Simulation

As described in Chapter 2, there have been extensive efforts in the development
of adaptive control systems over the last few years, both nationally and internationally.
Adaptive control systems such as OPAC, RHODES, SCOOT, and SCATS are currently
deployed in several cities and regions around the world. Meanwhile, emerging algorithms
and severa improvements to existing ones are evolving. In this development process,
several vendors are implementing unique proprietary features in their signal systems.
Most of those features do not exist in traffic evaluation or simulation software. Hence
came the need for a method or an environment in which such new and proprietary
features could be evaluated prior to deployment, or aternatively what is called Hardware-

in-the-loop simulation [Bullock and Catarella, 1998].

Hardware-in-the-loop simulation allows rigorous evaluation of new features in
traffic signals and technologies by 1) using both the ability of traffic simulation software
to provide stochastic traffic variation and summarizing useful measures of effectiveness

(MOEs), and 2) using the new features that are only available in actual traffic controllers.

The concept behind the hardware-in-the-loop simulation is to use the detector
actuation provided by the traffic simulators (which aso generate the traffic patterns) to
stimulate controllers that determine the status of signal indications according to the logic
provided by actual control algorithm. The signal indications provided by the traffic
controllers are then presented to the traffic simulation software, and with the software

provision of MOEs at the end of the simulation run, the engineer or the analyst can
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evaluate the performance of the actual traffic signal logic or feature and perhaps compare

it to other logics.

Hardware-in-the-loop simulation can also be used to train personnel on new
hardware features and help them fine tune systems before actual implementation in the

field.

9.1.2 Basic Concepts of Hardware-in-the-Loop Simulation
There have been several efforts in the United States to integrate microscopic
simulation programs with the traffic control hardware in a hardware-in-the-loop
environment [Bullock and Catarella, 98; Engelbrecht et al., 99; Huch, 1999]. A typica
hardware-in-the-loop architecture is shown in Figure 9-1. The three main components of

a hardware-in-the-loop environment are:

1. A controller interface device (CID) (Figure 9-2) that provides the interface
between the traffic controller and the computer running the microscopic

simulation.

2. A software interface module that provides the interface between the CID
and the microscopic simulation program, typically a Dynamic Link

Library (DLL).

3. A microscopic simulator that generates and models the traffic and is also

used to tabulate MOE’ s at the end of the simulation.

In this research the traditional hardware-in-the-loop environment is integrated

with the NTCIP communication protocol to provide a simulation environment where
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PRO-TRACTS' performance can be evaluated with field controllers, as shown in Figure

9-3. The next section provides an overview of the NTCIP.

Shared Memory Microscopic
Interf Simulation
e ace\ Model
Discrete
X Phase Detector
Signal Interface States States
(5, 12, or 24v)

Detector States
Controller CID
Phase States

CID Interface
DLL

Detector States . .
Controller CID Simulation
Phase States Software
Detector States
Controller CID
Phase States / \
| 1

[—;%
Central Computer

Figure 9-1 Schematic of the Hardware-in-the-Loop Simulation Environment [Source:
Bullock and Urbanik 2000]

Figure 9-2 Controller Interface Device (CID)
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Figure 9-3 Hardware-in-the-Loop Concept
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9.2 Overview of NTCIP

Theinitial TEA 21 legidation [Fischer, 1998] is quite aggressive in specifying the
use of standards for ITS projects (Table 9-1 and Table 9-2). However, the NTCIP
standard supporting traffic signal control has been evolving at a relatively slow rate.
According to the NTCIP guide [NEMA, 1999A], the 1998 interim guidance appeared to
soften the standards’ requirement to conditions "where applicable," presumably because
the standards were continuing to evolve. In 1999, the NTCIP standard suites begin to see
their first implementations [NEMA, 1999B; NEMA, 1999C; NEMA, 1999D]. These
initial deployments have demonstrated that the standard is viable. However, they have
also indicated that many of the interchangeability goals of NTCIP cannot be achieved
without very carefully planning the data objects. |If these data objects are not precisely
defined, essential data objects must be defined by implementing vendors in a proprietary
object. Such proprietary objects defeat the interchangeability of an NTCIP system. In
the case of traffic signal systems, interchangeability is an extremely important goal in
growing a system in an orderly manner over several years where individual phases are

competitively bid.
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Table 9-1 TEA21 Requirements for Conformity with National Architecture [Source:
Fischer, 1998]

“SEC. 5206. NATIONAL ARCHITECTURE AND STANDARDS.

(a) IN GENERAL .-

(1) DEVELOPMENT, IMPLEMENTATION, AND MAINTENANCE.-Consistent with section 12(d) of
the National Technology Transfer and Advancement Act of 1995 (15 U.S.C. 272 note; 110 Stat. 783),
the Secretary shall develop, implement, and maintain a national architecture and supporting standards
and protocols to promote the widespread use and evaluation of intelligent transportation system
technology as a component of the surface transportation systems of the United States.

(2) INTEROPERABILITY AND EFFICIENCY .-To the maximum extent practicable, the national
architecture shall promote interoperability among, and efficiency of, intelligent transportation system
technologies implemented throughout the United States.

(3) USE OF STANDARDS DEVELOPMENT ORGANIZATIONS.-In carrying out this section, the
Secretary may use the services of such standards devel opment organizations as the Secretary determines
to be appropriate.

(b) REPORT ON CRITICAL STANDARDS.-Not later than June 1, 1999, the Secretary shall submit a
report to the Committee on Environment and Public Works of the Senate and the Committee on
Transportation and Infrastructure and the Committee on Science of the House of Representatives
identifying which standards are critical to ensuring national interoperability or critical to the
development of other standards and specifying the status of the development of each standard identified.

(e) CONFORMITY WITH NATIONAL ARCHITECTURE.- (1) IN GENERAL .-Except as provided in
paragraphs (2) and (3), the Secretary shall ensure that intelligent transportation system projects carried
out using funds made available from the Highway Trust Fund, including funds made available under
this subtitle to deploy intelligent transportation system technologies, conform to the national

ar chitecture, applicable standards or provisional standards, and protocols devel oped under
subsection (a).”
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Table 9-2 TEA21 Requirements for NTCIP [Source: NEMA, 1999A]

“The Transportation Equity Act for the 21st Century (known as "TEA-21") requires that federally
funded I TS projects "conform™ with the National I TS Architecture. Asdefined in TEA 21, the term
"intelligent transportation system" means " electronics, communications, or information processing used
singly or in combination to improve the efficiency or safety of a surface transportation system”. The
National ITS Architecture defines both the functions performed in implementing ITS, and the
information flows between transportation subsystems. In its October 2, 1998 report entitled "Interim
Guidance on Conformity with the National ITS Architecture and Standards’, the US DOT stated
"Highway Trust Fund recipients shall take the appropriate actions to ensure that devel opment of the
project(s): (a) engages awide range of stakeholders, (b) enables the appropriate el ectronic information
sharing between shareholders, (c) facilitates future ITS expansion, and (d) considers the use of
applicable ITS standards.” The terms interchangeability and interoperability are used throughout the
TEA-21 legislation, but interoperability is used extensively. While the simple view of NTCIP often
focuses on interchangeability, interoperability is actually far more important, for two reasons. First,
since the communications infrastructure is usually the most costly element in anew system, using this
infrastructure for multiple purposes lowers the overall cost of the system. Second, and more important in
terms of the TEA-21 legidation, interoperability suggests the sharing of data, thereby enhancing the
operators ability to efficiently manage these transportation systems, even to the extent of sharing data
across jurisdictional boundaries.”

The following sections of this chapter describe a proposed extension to NTCIP to
facilitate the implementation of a new algorithm in an open architecture environment that
would permit competitive procurement of traffic control hardware and software. The
significance of this definition is that it is based upon the NTCIP standard and provides a
mechanism for a public agency to precisely define the functions and associated protocol
necessary for supporting new systems functions. The resulting specification is directly
usable by al vendors who conform to the NTCIP standard. In the past, specifying new
system functions was not practical, as competitive procurement would require unique

specifications for each possible vendors’ proprietary protocol and menu screens.

A communications protocol is a set of standards for how messages are coded and
transmitted between electronic devices [NEMA, 1999A]. In order to communicate

successfully, the equipment at each end of a data transmission must use the same
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protocol. The use of NTCIP alows future expansion of transportation systems and
provides both interchangeability and interoperability. The term interchangeability reflects
the ability to use multiple brands of a device on the same communications channel, where
the term interoperability reflects the ability to use many different types of devices on the

same communications channel [NTCIP TS3.1...TS3.5, 1996].

NTCIP consists of awhole suite of protocols covering the spectrum, from simple
point-to-point command/response protocols to quite sophisticated object-oriented
techniques. NTCIP supports continuous, automated data transmissions with no human in

the loop, but it can aso involve a human operator making requests or issuing instructions.

NTCIP provides communications standards for two different types of ITS
communications: center-to-center and center-to-field. An example of the center-to-center
communication, also called peer-to-peer communication, is communication between two
traffic management centers exchanging information. This *“center-to-center”
communication can involve communication between any number of systems in a
balanced, many-to-many network. It is important to note that NTCIP specifies the data
objects and precisely defines the data to be communicated, but it does not completely

define the functionality of the central or field devices to which it applies.

The center-to-field type of communication includes the communication between
traffic signal management systems and field traffic signals controllers, where the center
continuously polls each field device in an unbalanced one-to-many network. Another
example is a freeway management system communicating with detectors on the freeway.

This type of communication is recommended for the field implementation of PRO-
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TRACTS to avoid the complications of peer-to-peer communications and allow for

system monitoring at the control center.

9.2.1 NTCIP Protocolsfor Center to Field Communications
Center-to-field applications, such as Simple Transportation Management Protocol
(STMP) [NTCIP TS3.3, 1996], and several sets of new standard data elements called
“objects,” were the first NTCIP standards developed. The initial NTCIP center-to-field
protocol used two existing standards — the Simple Network Management Protocol
(SNMP) [Stallings, 1995] standard at the application level, and the High-level Data Link

Control (HDLC) standard at the subnetwork level.

The SNMP protocol is based on the Internet protocol for managing networking
equipment and computers [Stallings, 1995]. It is a simple, but bandwidth-inefficient,
protocol for center-to-field applications; SNMP is suitable only for networks with high
bandwidth or low volumes of messages. An extenson of SNMP, the STMP, uses
dynamic composite objects to send center-to-field messages more efficiently. STMP is
better suited to networks with low bandwidth and high volumes of messages, including
traffic signal systems. Table 9-3 summarizes the services offered by the two protocols

and their implementation requirements.
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Table 9-3 SNMP and STMP Comparison [Source: NEMA, 1999A]

9.21.1.1.1.111 Table3.1 SNMP and STMP Comparisons

SNMP STMP
Can send any base object? Yes Yes
Bandwidth Efficiency — inverse of packet overhead Worst Best
Y P (uses dynamic composite objects)
Supports routing & dial-up Options Options
Message Set Supported Limited to 13
Ease of implementation Easiest Hardest

Different devices with unique addresses can share the same communications line
with other devices using the same subnetwork, e.g., a traffic signal and a dynamic
message sign. The management system can communicate with only one of the devices on
the line or channel at a time, by sending a message addressed to that device. The NTCIP
protocols can also broadcast messages to al devices, e.g., a time clock update, but no

device can reply to a broadcast message.

9.2.2 Application Message Bits and Bytes
The Tag-Length-Value representation method defined in 1SO 8825, Basic
Encoding Rules (BER) is used to define the actual bits and bytes of an SNMP message.
All objects can be expressed as Tag (or Type) of either SEQUENCE, INTEGER, OCTET
STRING, or OBJECT IDENTIFIER. The Tag indicates whether the Value component is
anumber, string (or text), or an identifier. It can also indicate that what followsis a series

of data that is expressed as a Tag-Length-Value. The Length component of the object
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represents how many bytes it takes to store the object in memory. The third component of

an object isits Value, which is stored in a hexadecimal form [NEMA, 1999A].

An SNMP message is defined as a SEQUENCE and Length of two predefined
fields, one of which describes the protocol and the other defines the data carried by the
protocol. A data field that follows it describes the operation that is to be performed.
Figure 9-4 shows an SNMP message. Note how the SetRequest PDU (protocol data unit)
field at the end of arow is expanded in the row below. An expanded field starts with the
Tag of the operation, followed by the Length of the data and consists of Values of three
Tag-Length-Value fields. From a communications perspective, each of the objects
defined in one of the Object Definitions Standards, such as TS 3.4 or TS 3.5, has two

components. an identity and avalue [NEMA, 1999A].

The fixed overhead of SNMP messages that are used to get or set one or more

objectsis 26 bytes, as shown in Figure 9-4.
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Figure 9-4 SNMP Bits and Bytes [Source: NEMA, 1999A]

The actual bits and bytes of an STMP message are defined using Octet Encoding
Rules (OER), as described in NTCIP 1102 — NTCIP Octet Encoding Rules (OER). The
STMP message is defined prior to being sent, and hence it is possible to eliminate a
number of fields and reduce overhead significantly. In STMP, if the Tag, Length, or

Value is known, the component is eliminated. Since al data are expressed as a
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SEQUENCE, al SEQUENCE Tags and SEQUENCE Lengths are eliminated [NEMA,

1999A]. Thisreduces alot of overhead as shown in Figure 9-5.

PMPP Frame Fields

[ Flag | Address | Control | Infermatien | FCS | Flag |
TE FF co o W 7E

broadeast Ul Frame CRLC

address Foll=0

Information Field

Initial STMPF Messare
Protocol ID
[E]
IPl = SHMF
STMP
STMP Message Fields
and Set Request PDU
FOU Header | Predefined Binding |
7107 R R
SetRequest Dynamic hdsg 1
- MoRephy [Time)
Binding
37 3194828
Time Walue =
Q25997508

Figure 9-5 STMP Bits and Bytes [Source: NEMA, 1999A]

9.3 Hardware-in-the-Loop Simulation with NTCIP Offset Download

Hardware-in-the-loop simulation is used to evaluate PRO-TRACTS' performance
prior to its deployment for safety and efficiency reasons. Using simulation will eliminate
the inconveniences to real traffic real traffic of the experimenting with new agorithms,

while using the real traffic controllers will provide more realistic results. The schematic
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presented in Figure 9-1 illustrates how PRO-TRACTS was integrated with the traditional
hardware-in-the-loop simulation. In this schema, the CORSIM simulation package was
used for two objectives: 1) to generate the detector calls caused by the simulated traffic
and 2) to gather the output statistics and MOEs. The CIDs shown in Figure 9-2 transfer
the detector calls from the CORSIM simulation to the actual controllers and then transfer
back the phase indicators from the controllers to the CORSIM simulation. PRO-TRACTS
uses the detector actuation from the CORSIM simulation and the phase indications to
fine-tune the offsets and send the updated offsets values to the database of a traffic
management software, such as ICONS database. The updated offsets are downloaded to
the controllers using the SNMP protocol functions provided by Siemen’'s Gardner

Systems ICONS software.
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Figure 9-6 Hardware-in-the-Loop with NTCIP Offset Download
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Serial Analyzer

NTCIP Controllers S

Figure 9-7 Sample of NTCIP Lab Equipment

Figure 9-7 shows the actual lab equipment used for the PRO-TRACTS evaluation.
The NTCIP controllers models ASC 2S'S were provided by Econolite. The seria
analyzer was used to study the NTCIP messages during the development process. Table
9-4a shows the ASCII code of the message observed from the Data Terminal Equipment
(DTE) and Data Communications Equipment (DCE), while Table 9-4b shows the DTE
and DCE messages bytes for offset download. The downloaded offset value is shown

with a black background in the figure.
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Table 9-4 Example NTCIP message for Download an Offset Change of 10 Secondsto
Controller

a) Equivalent ASCII Code for DTE and DCE Message Bytes

DTE

= . 0 . 7 a [d [m [i n i S

T |r a |t 0 r # . 0 0
6

DCE

= . 0o |. 7 a |[d |m |i n |i S

t r a |t o |r # . 0 0
6

b) DTE and DCE Message Bytes for Offset Download

DTE

7E]05/33 [ C1[30 |82 |00 [37]02[01[00]/04][0D[61]64]|6D]69]6E]|69]73

74 | 72|61 |74 |6F [ 72 |A3[23|02[01|00]02]01 [00][02|01[00]|30]18]30

82 /00|14 |06 |OF | 2B |06 | 01|04 01|89 (36|03 [05/01|04 |16[01[04]01

02 [o1 [ 29 | D3| 7E

DCE

7E|05]13 |C1[30 [82]00[37]02|01]/00|04|0D|61|64|6D|69]|6E]| 69|73

74 |72]61 |74 |6F [72 |A2] 23] 0201|0002 01 N 0201 JEGN 30 | 18| 30

82 /00|14 |06 |[OF [2B |06 [01|04|01[89[36/03 |05|/01][04 16|01 |04]01

02 |01 [ A8 | EE | 7E

PORT 101

OFFSET =10

COLOR CODES:

Black: byte contains offset value
Dark Grey: download ok
Bold: CRC or FCSvalue
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9.4 Proposed NTCIP Object

9.4.1 Proposed Field Implementation

In order to implement PRO-TRACTS in the field, a new set of NTCIP objects for
capturing detector actuations needed to be defined. The proposed NTCIP object will
enable the exchange of the data required to fine-tune the offsets in real-time. Figure 9-8
shows a schematic proposal of the anticipated deployment where PRO-TRACTS is
deployed on a system level using center-to-field communication. The circled
intersections in the figure are controlled by NTCIP traffic signal controllers that
communicate their detectors actuation to the computer running the ICONS software or
its equivalent. The proposed NTCIP object will enable the transfer of the actuation
information to PRO-TRACTS through a TCP/IP protocol, and PRO-TRACTS will then
calculate the offset adjustment and download the updated offsets to the NTCIP

controllers.

The proposed NTCIP object will capture the information from the actuation
profiles introduced in Figure 6-2. The proposed object will enable the tabulation of
critical detector information at the controller level as well for possible future
implementation of the algorithm on the actual controller. Although local implementation
Is still a possibility, activating PRO-TRACTS at the system level will probably be the
preferred approach to avoid the complication of peer-to-peer communications when

Implementing the coordination logic discussed in Section 6.3.6.
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Figure 9-8 Schematic Proposal of PRO-TRACTS Implementation
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9.4.2 NTCIP Object Definitions for PRO-TRACTS Application Support

One approach would be to transmit detector information to a central system every
time a PRO-TRACTS detector is activated. However, such an approach would consume a
tremendous amount of bandwidth. Alternatively, storing and processing detector
actuation at the controller level will enable a significantly lower bandwidth demand while
using NTCIP. Tabulating the detector information at the controller level aso allows the
controllers to work independently if necessary. For example, controllers at the
coordination system boundaries can “fine-tune’ themselves to the arrival pattern if

vehicle platoons at the boundaries existed.

This section defines the proposed new NTCIP object for capturing detector
actuation at the controller level, patterned on the NTCIP TS 3.5 standards. The attributes
of the new object are described and the abstract syntax notation (ASN) for each attribute
is provided. The X label at the beginning of the defined ASN is the node to which the
object is attached. Most likely, X will be 8 in section 2.3 of TS 3.5 object definition
hierarchy shown in Table 9-5. In such a case, all “X” labels in the following section shall
be replaced by the notation “2.3.8". Table 9-6 shows a table of tables that provides the
reader with a link between this chapter’s ASN definitions and example data for the new
object’s attributes. Note that supporting PRO-TRACTS implementation is optional and
therefore the PRO-TRACTS detectors object is optional. However, if the controller
supports PRO-TRACTS implementation, it must support all of the object attributes of

PRO-TRACTS, and therefore all of the attributes are mandatory.
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Table 9-5 TS 3.5 Object Definition Hierarchy

TS 3.5 Section Object Definition

2.1 MIB Header

2.2 Phase Parameters

2.3 Detector Parameters
231 Maximum Vehicle Detectors
232 V ehicle Detector Parameter Table
233 Maximum V ehicle Detector Status Group
234 Vehicle Detector Status Group Table
235 V olume/Occupancy Report
2.3.6 Maximum Pedestrian Detectors
2.3.7 Pedestrian Detector Parameter Table

24 Unit Parameters

25 Coordination Parameters

2.6 Time Base Parameters

2.7 Preempt Parameters

2.8 Ring Parameters

2.9 Channel Parameters

2.10 Overlap Parameters

2.11 TS2 Port 1 Parameters

Table 9-6 Table of Tablesfor New Object’s ASN Definitions and Example Data

ASN Definition Example Data
Table 9-7 Table 9-8
Table 9-9 Table 9-10
Table9-11, Table 9-12, and Table 9-13 Table9-14
Table 9-15 Table 9-16
Table 9-17 Figure 9-12
Table 9-18 Figure 9-13

NTCIP TS 3.5 standards define the detectors objects for NTCIP compliant
controllers. From those detectors, only a limited number need to support PRO-TRACTS
implementation. Although current implementation of PRO-TRACTS requires only one

detector per device (controller), future work might need more than one detector. For
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example, to account for two-way coordination, a PRO-TRACTS detector will be required

on at least two different approaches.

The maximum number of PRO-TRACTS detectors, along with the number of
PRO-TRACTS detectors currently activated in the controller is determined by the
maxPRO-TRACT SDetectors and activePRO-TRACT SDetectors parameters respectively
as described in Table 9-7. Example values of maxPRO-TRACTSDetectors and

activePRO-TRACT SDetectors are shown in Table 9-8.

Table 9-7 PRO-TRACTS Detectors Object

X PRO-TRACTS detectors
PRO-TRACT SDetector OBJECT IDENTIFIER
::={ detector X}
-- This node contains the object necessary to support PRO-TRACTS application
X.1 Maximum PRO-TRACTS detectors
maxPRO-TRACT SDetectors OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-only
STATUS mandatory
DESCRIPTION
“The maximum number of PRO-TRACT S detectors supported in this device. Thisvalue
indicates how many rows are in the physical Channel sT abl e object”
X.2 Active PRO-TRACT S detectors
activePRO-TRACT SDetectors OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
STATUS mandatory
DESCRIPTION
“The number of PRO-TRACTS detector in this device. This object value multiplied by
the value of cyclesSaved object indicates how many rows are in the occcupancyProfileTable and
countProfileTable objects”

Table 9-8 Example of PRO-TRACTS Detectors

MaxPRO-TRACT SDetectors 10
ActivePRO-TRACT SDetectors 3
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Since PRO-TRACTS detectors are basically advanced detectors, they possess all
of the attributes of the ordinary detectors plus some specia attributes. The relationship
between PRO-TRACTS detectors and the advanced detectors is specified in the physical
channels table (Table 9-9). This table maps PRO-TRACTS detectors to the controller
detectors object. Table 9-10 shows an example of a PRO-TRACTS detectors assignment
to the controller’s detectors of the intersection shown in Figure 9-9. In the figure,
controller detector number 2 is declared as the first PRO-TRACTS detector, while
controller detector number 10 is declared as the second PRO-TRACTS detector. The

third detector is shown to include both detectors 2 and 10.

In general, the PRO-TRACTS agorithm uses just one lane. However, Table 9-8

shows alternate detector configurations that may be considered.
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Table 9-9 PRO-TRACTS Physical Channel Table
X.3 Physical Channels Table

physicalChannelsTable OBJECT-TY PE
SYNTAX SEQUENCE OF physical ChannelsEntry
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“A table containing physical channel definitions for PRO-TRACTS detectors’
physical ChannelsEntry OBJECT-TY PE
SYNTAX physical Channel sEntry
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“The physical channel address for one of PRO-TRACTS detectors’
INDEX {PRO-TRACT SDetectorNumber}
physical ChannelsEntry::= SEQUENCE{
PRO-TRACTSDetectorNumber  INTEGER,
PRO-TRACT SDetectorChannel  INTEGER}

X.3.1 PRO-TRACTS Detector Number

PRO-TRACT SDetectorNumber OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-only
Status mandatory
DESCRIPTION
“PRO-TRACTS Detector Number for this entry. This value shall not exceed activePRO-
TRACT SDetectors object value’

X.3.2 PRO-TRACTS Detector Channel

PRO-TRACT SDetectorChannel OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“PRO-TRACTS detector channel for this entry. This value shall not exceed
vehicleDetectorNumber* object value”

* Defined in TS 3.5 section 2.3.2
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Figure 9-9 PRO-TRACTS Detectors Assignment

Table 9-10 PRO-TRACTS Detectors Assignment

PRO-TRACTS | Intersection Detectors (2.3)

Detectors

%9 123456789 10[11]12]13]14]15] 16
1 X

2 X

3 X X

All PRO-TRACTS parameters necessary for the algorithm to function properly
are specified in the PRO-TRACTS parameter table (Table 9-14). The ASN definitions for

those parameters are defined in Table 9-11 through Table 9-13 and example data are
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shown in Table 9-14. The PRO-TRACTS parameters table lists the thresholds needed for
activation of PRO-TRACTS. As discussed in Chapter 7, PRO-TRACTS is activated at
three different levels, depending on the value of the calculated F'. The default values for
the three F' thresholds are 0.25, 0.75, and 1.0, respectively. These values were developed
and discussed in Section 7.4.3 of Chapter 7. The first level moves the offset by the value
of the offsetStepl parameter; the second level moves the offset by the value of the
offsetStep2 parameter; and the third level moves the offset by the value of the offsetStep3
parameter. Although the F thresholds were developed using increments of 1/6 of the
cycle, it is recommended that the offset steps be of smaller values based on the fact that
PRO-TRACTS is areactive algorithm that uses previous cycle’ s information to adjust the
offset. Since the next cycle’ s information might not be the same, it is better not to commit
to high offset shifts. The default values for these parameters are 5 seconds, 2/12, and 3/12
of the cycle length. A small value is recommended for the offsetStepl parameter so that a
higher resolution of offset tuning can be achieved. Table 9-14 shows example default

values calculated for a 90-second cycle length.

Once the agorithm is activated, the offset shift direction is determined by
calculating the occupancy profile's areas to the left and to the right of the green window
and the offset is moved in the direction of the largest area. The summation threshold
determines how much the occupancy profile’'s area in one side of the green window has
to exceed the occupancy profile's area at the other side of the green window for the
algorithm to move the offset. This threshold is needed for stability purposes. PRO-
TRACTS will not move the offset unless the difference in areas exceeds the threshold.

The default value for this parameter is five seconds.
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The binSize parameter determines the duration in seconds over which the
occupancy and count values are averaged. Averaging occupancy and count over bin sizes
greater than one second helps to filter noise in data. However, averaging over too-large
bin sizes causes the algorithm to smooth out detector actuation that may be important in
determining the performance of the current offset. The default value for this parameter is

five seconds.

The numberOfCycles parameter determines the number of cycles over which the
actuation profiles are averaged. It should be noted that averaging the profiles over severa
cycles introduces stability into the algorithm performance, by averaging out the effect of
the noise in the traffic pattern data. However, the algorithm responds slower to the
changes in traffic patterns in this case. The default number of the numberOfCycles

parameter is one cycle.

The shiftValue parameter specifies the width of the abscissa of the occupancy
profile’s area to either side of the green window that is used in determining the direction
of the offset shift. This is not necessarily the shift in the offset applied by the algorithm,

which is only affected by the cycle length and the maxStep parameters.

The updateFrequency parameter determines how frequently PRO-TRACTS
evaluates the performance of the current offsets. This parameter should be coupled with
the numberOfCycles parameter, such that the algorithm uses the information of the ‘n’
previous cycles if it is activated every ‘n’ number of cycles. However, this is not
mandatory, rather it is an option for the operator of the system. Activating PRO-TARCTS

every two or three cycles, instead of every cycle, could be useful to minimize or avoid the
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effects introduced by cycle transitioning. For example, in Figure 9-10-a, the
updateFrequency was configured to be 1. In Figure 9-10-b, the update frequency was
configured to be 5. If cycle transitioning introduces instabilities to the system, it might be
beneficial to delay evaluating the performance of the offset until the system stabilizes.
However, if the cycle transitioning does not significantly affect the system state,
evauating PRO-TRACTS every few cycles might lead to sluggishness in the algorithm

performance by not responding to changes in traffic demand instantaneously.
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Figure 9-10 Effect of the updateFrequency Parameter on Offset Transitioning
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The maxStep parameter determines the maximum vaue the offset can be
incremented or decremented at the controller. The parameter needs to be set to a
maximum value that will not trigger the plans' transitioning algorithms. This parameter is
only provided to control the plan transitioning algorithms in the controller. If the
transitioning algorithms are not activated or the offset download does not activate them,

which could be the case, then this parameter need not be set.

Figure 9-11 shows a conceptual illustration of some of PRO-TRACTS

parameters.
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Figure 9-11 PRO-TRACTS Parameters
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Table 9-11 PRO-TRACTS Parameters (table 1 of 3)

X.4 PRO-TRACTS Parameter Table
PRO-TRACT SParameters OBJECT-TY PE
SYNTAX PRO-TRACT SParameters
ACCESS not-accessible
STATUS mandatory
DESCRIPTION

“PRO-TRATCS control parameters’
PRO-TRACT SParameters.:= SEQUENCE{

F-Thresholdl INTEGER,
F-Threshold2 INTEGER,
F-Threshold3 INTEGER,
sumThresh INTEGER,
binSize INTEGER,
numberOfCycles INTEGER,
shiftValue INTEGER,
updateFrequency INTEGER,
offsetStepl INTEGER,
offsetStep2 INTEGER,
offsetStep3 INTEGER,
maxStep INTEGER}

X.4.1 F-Threshold1
F-Thresholdl OBJECT-TYPE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“ F threshold multiplied by a 100 to invoke PRO-TRACTS and apply an offset change
determined by offsetStepl parameter. This value should range between 0 and 100 ”
X.4.2 F-Threshold2
F-Threshold2 OBJECT-TYPE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“ F threshold multiplied by a 100 to invoke PRO-TRACTS and apply an offset change
determined by offsetStep2 parameter. This value should range between 0 and 100 ”
X.4.3 F-Threshold3
F-Threshold3 OBJECT-TYPE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“ F threshold multiplied by a 100 to invoke PRO-TRACTS and apply an offset change
determined by offsetStep3 parameter. This value should range between 0 and 100 ”
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Table 9-12 PRO-TRACTS Parameters (table 2 of 3)

X.4.4 sumThreshold
sumThreshold OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“ Sum threshold. Determines the difference between occupancy profile areasto the right
and left of the current green window to invoke PRO-TRACTS. This value should range between 0
and 255"
X.4.5Bin Size
binSize OBJECT-TYPE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“Bin size measured in seconds over which count and occupancy are averaged in each
cycle’
X.4.6 Number of Cycles
numberOfCycles OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“Number of cycles over which count and occupancy profiles are to be aggregated”
X.4.7 Shift Value
shiftValue OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“A parameter that specifies how many seconds PRO-TRACTS uses to estimate the
potential benefit if offset was moved in either direction”
X.4.8 Update Frequency
updateFrequency OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“A parameter that specifies how often (in cycles) PRO-TRACTS evaluates and updates
the offsets”
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Table 9-13 PRO-TRACTS Parameters (table 3 of 3)

X.4.9 Offset Stepl
OffsetStepl OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“A parameter that specifies by how many seconds PRO-TRACT S increments or
decrements the offset once the calculated F' value exceeds F-Thresholdl but not F-Threshold2”
X.4.10 Offset Step2
offsetStep OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“A parameter that specifies by how many seconds PRO-TRACTS increments or
decrements the offset once the calculated F' value exceeds F-Threshold2 but not F-Threshold3”
X.4.11 Offset Step3
offsetStep OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“A parameter that specifies by how many seconds PRO-TRACT S increments or
decrements the offset the calculated F' value exceeds F-Threshold3”
X.4.12 Max Offset Step
maxStep OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“A parameter that specifies the maximum number of seconds PRO-TRACTS can
increment or decrement the offset once offset transitioning is warranted. This value overrides the
fraction of the cycle suggested by the F thresholds’

226



Table 9-14 Example of PRO-TRACTS Parameters

PRO-TRACTS Parameter Value
F-Threshold1 0.25
F-Threshold2 0.75
F-Threshold3 1.0
sumThresh 5
binSize 5
numberOfCycles 1
shiftValue 10
updateFrequency 1
offsetStepl 5
offsetStep2 15
offsetStep3 30
maxStep 40

PRO-TRACTS saves the actuation of several previous cycles to use in its
evaluation of the offset performance. The number of cycles' actuation needed for
evaluation purposes depends on the numberOfCycles and the updateFrequency
parameters discussed in the previous section. Although several cycles' actuation could be
used, controllers that support PRO-TRACTS implementation should define how many
cycles could be stored. The maxCycleSaved parameter determines how many cycles
actuation can be saved in this controller where the cycleSaved parameter determines the
actual number of cycles actuation saved as determined by the user. The ASN for saved
cycles attributes is shown in Table 9-15. An example value for cyclesSaved is shown in

Table 9-16.
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Table 9-15 PRO-TRACTS Saved Cycles

X.5 Max Number of Saved Cycles
maxCyclesSaved OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-only
Status mandatory
DESCRIPTION
“Maximum number of cycles over which count and occupancy profiles can be saved”
X.6 Number of Saved Cycles
cyclesSaved OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-write
Status mandatory
DESCRIPTION
“The number of cycles over which latest count and occupancy profiles are saved. This
number is not to exceed the value of maxCycleSaved object”

Table 9-16 Example of PRO-TRACTS Saved Cycles
| cyclesSaved |5 |

The occupancy table stores the occupancy profiles over al saved cycles and for

all PRO-TRACTS detectors. Each entry in the table is the occupancy profile of one PRO-
TRACTS detector over a previous cycle. The table is laid out such that each entry is a
PRO-TRACTS detector number, a cycle number, and an occupancy profile. The
combination of the PRO-TRACTS detector number and the cycle number form the

primary key in the table. The occupancy profile is a sequence of occupancy values

averaged over the bin size, as defined earlier.

Figure 9-12 shows a conceptual occupancy profile’s table. The ASN for the

occupancy profileisshown in Table 9-17.
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Occupancy Profile Number of Saved

Cycle Number (X.7.1) Cycles (X.6) Occupancy Profile

Bin Data (X.7.2.1)

PRO-TRACTS | cycle Occup Profile

DetectorNumber | Numper
Biyf Bin2 }ms Bin 4

1 1 1‘/6.52 021 * o064 0.25

1 2 0.42 053 | 074 0.23
NG %

: 4

2 1 0.42 0.52 0.67 0.24

2 2 0.52 0.62 1 0.19

Primary Key

Occupancy Profile for binSize (X.4.5)
Current Cycle (X.7.2)

Figure 9-12 Occupancy Profile Table
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Table 9-17 PRO-TRACTS Occupancy Table

X.7 Occupancy Table
occupancyProfileTable OBJECT-TY PE
SYNTAX SEQUENCE OF occupancyProfileEntry
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“A table containing occupancy profile collected for all PRO-TRACTS detectors over the
cycles saved in this unit. The number of rows in thistable is equa to the active PRO-
TRACT SDetectors object value multiplied by cyclesSaved object value”
occupancyProfileEntry OBJECT-TY PE
SYNTAX occupancyProfileEntry
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“The occupancy profile data over the bins collected for one of the PRO-TRACTS
detectors in the device over one of the saved cycles’
INDEX { PRO-TRACT SDetectorNumber, cycleNumber}
occupancyProfileEntry::= SEQUENCE{
cycleNumber INTEGER,
occupancyProfileBins occupancyProfileBins}
X.7.1 Occupancy Profile Cycle Number
occupancyCycleNumber OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-only
Status mandatory
DESCRIPTION
“Cycle number for objectsin thisrow. The value shall not exceed the cyclesSaved object
value”
X.7.2 Occupancy Profile
occupancyProfileBins OBJECT-TY PE
SYNTAX occupancyProfileBins
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“The occupancy profile data over the bins collected for one of the PRO-TRACTS
detectors in the device over occupancyCycleNumber object value’
occupancyProfileBins.:= SEQUENCE{
occupancyBin  INTEGER}
X.7.2.1 Occupancy Profile bin data
occupancyBin  OBJECT TYPE

SYNTAX INTEGER (0..255)
ACCESS read-only
STATUS mandatory
DESCRIPTION

“Average PRO-TRACTS detector occupancy collected over binSize object value. This
value should range from 0 to 100.”
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The count table stores the count profiles over all saved cycles and for al PRO-
TRACTS detectors. Similar to the occupancy table, each entry in the table is a PRO-
TRACTS detector number, a cycle number, and a count profile as shown in Figure 9-13.

The ASN definition is shown in Table 9-18.

Count Profile Cycle Number of Saved

Number (X.8.1) Cycles (X.6) Count Profile Bin

Data (X.8.2.1)

PRO-TRACTS | cycle Count Pydfile

DetectorNumber | Numper
Bi}f Bin2 }ms Bin4
‘2.4

1 1 3.1 25 1.8
L
1 2 29 15 3.2 1.9
J — J
: 5
2 1 39 3.2 1.8 / 2.6

2 4.9 1.8 2.}( 2.3
% /__J

Primary Key

Count Profile for binSize (X.4.5)
Current Cycle (X.8.2)

Figure 9-13 Count Profile Table
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Table 9-18 PRO-TRACTS Count Table

X.8 Count Table
countProfileTable OBJECT-TY PE
SYNTAX SEQUENCE OF countProfileEntry
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“A table containing count profile collected for all PRO-TRACTS detectors over the
cycles saved in this unit. The number of rows in thistable is equa to the active PRO-
TRACT SDetectors object value multiplied by cyclesSaved object value”
countProfileEntry OBJECT-TY PE
SYNTAX countProfileEntry
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“The count profile data over the bins collected for one of the PRO-TRACTS detectorsin
the device over one of the saved cycles’
INDEX { PRO-TRACT SDetectorNumber, cycleNumber}
countProfileEntry::= SEQUENCE{
cycleNumber INTEGER,
countProfileBins countProfileBins}
X.8.1 Count Profile Cycle Number
countCycleNumber OBJECT-TY PE
SYNTAX INTEGER (0..255)
ACCESS read-only
Status mandatory
DESCRIPTION
“Cycle number for objectsin thisrow. The value shall not exceed the cyclesSaved object
value”
X.8.2 count Profile
countProfileBins OBJECT-TY PE
SYNTAX countProfileBins
ACCESS not-accessible
STATUS mandatory
DESCRIPTION
“The count profile data over the bins collected for one of the PRO-TRACTS detectorsin
the device over countCycleNumber object value”
countProfileBins::= SEQUENCE({

countBin INTEGER}
X.8.2.1 Count Profile bin data
countBin OBJECT TYPE
SYNTAX INTEGER (0..255)
ACCESS read-only
STATUS mandatory
DESCRIPTION

“Average PRO-TRACTS detector count collected over binSize object value in a scale of
0 to 100 where 100 to 1 vehicle/second”

232



9.4.3 Memory Requirements

The occupancy and count profile tables are the most demanding PRO-TRACTS
parameters in terms of memory. The memory size needed for both tables would
obviously depend on the maxCyclesSaved and maxPRO-TRACTSDetectors parameters.
A memory requirement estimate is shown in Table 9-19. Note that the calculation takes
into account the extreme case of the user selecting a binSize of 1, which will require 255
bins in the occupancy and count profiles. It was also assumed that each of the
occupancyBin and countBin values can be stored in one byte. In the example, one can see
that the memory required would be 12,750 bytes plus a few hundred additional bytes to
hold the information defined in Table 9-7, Table 9-9, Table 9-11, Table 9-12, Table 9-13
and Table 9-15. Alternatively, if a bin size of five seconds was selected, the memory

required would be a more modest 2,550 bytes for the occupancy and count profiles.

Table 9-19 Example Memory Requirements

maxPRO-TRACT SDetectors | 10

maxCyclesSaved 5

Occupancy Table 10 (detectors)* 5(cycles)* 255(bins)* 1(byte)=6,375 Bytes
Count Table 10 (detectors)* 5(cycles)* 255(bins)* 1(byte)=6,375 Bytes

9.5 Chapter's Conclusion

This chapter provided an overview of hardware-in-the-loop simulation and
NTCIP communication and described how hardware-in-the-loop simulation is integrated

with NTCIP compliant controllers to evaluate PRO-TRACTS performance prior to field
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implementation. Finally, a new NTCIP object was defined for capturing detector
actuation at the controller level. These objects were defined in ASN.1 and example data
screens were presented. The chapter concluded by showing that the memory demands of
new PRO-TRACTS detectors would be on the amount of 3,000 to 13,000 bytes,
depending upon the hinSize (X.4.5) selected, which are relatively modest memory

requirements given the capabilities of most controllers.

Finally, for conceptual simplicity “binSize” was defined instead of the minimum
number of bins. In a future deployment, the minimum number of bins may be a better

method of specifying the Spacing of the count and occupancy tables.
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CHAPTER 10- CASE STUDY: US31, KOKOMO, INDIANA

This chapter discusses the results of the application of PRO-TRACTSto US 31 in
Kokomo, Indiana both with CORSIM’ s internal Model and hardware-in-the-loop with the
NTCIP controllers described in the previous chapter in section 9.3. The studied network
consists of seven intersections in US31 between Lincoln Street and Sycamore Drive,
shown in Figure 10-1. The intersection layout, ring structure, timings, detector
configuration, phase parameters, traffic volumes, and turning percentages are listed in
Appendix B. The impacts of applying PRO-TRACTS during the am. and p.m. peak
periods will be discussed. The application of the hardware-in-the-loop with NTCIP

controllers and offset transitioning will be given special emphasis.
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Figure 10-1 US 31 — Lincoln Street and Sycamore Drive

236



10.1 Phase Timings

All phase timings and parameters were obtained from INDOT. Those timings
were designed with Synchro for both the am. and p.m. peak periods. Table 10-1 lists the

offsets and phase splits for the seven studied intersections.

Table 10-1 US 31 Coordination Plans and Splits

OFFSET
INT | TIME | CYC | COR | CON 1 2 3 4 5 6 7 8
1 Am 92 0 37 15 37 15 19 15 37 - 34
1 Pm 116 | O 99 15 64 16 21 23 56 - 37
2 Am 92 55 83 14 46 14 18 24 36 14 18
2 Pm 116 | 64 46 14 65 14 23 33 46 14 23
3 Am 92 13 44 26 31 -- 35 14 43 14 21
3 Pm 116 | 18 112 | 29 50 -- 37 14 65 14 23
4 Am 92 3 34 14 43 14 21 14 43 - 35
4 Pm 116 | 107 | 90 26 53 15 22 15 64 - 37
5 Am 92 10 44 24 33 14 21 17 40 14 21
5 Pm 116 | 67 55 22 54 21 19 17 59 21 19
6 Am 92 48 80 20 36 15 21 14 42 15 21
6 Pm 116 | 24 10 20 56 16 24 15 61 16 24
I Am 92 77 6 18 51 -- 23 16 53 - 23
7 Pm 116 | 50 25 17 66 -- 33 12 71 - 33
8 Am 92 38 47 24 52 -- 16 11 65 - 16
8 Pm 116 | 12 98 23 70 -- 23 16 77 - 23
9 Am 92 68 12 16 36 15 25 14 38 19 21
9 Pm 116 | 68 72 19 39 32 26 15 43 26 32
10 Am 92 31 52 16 53 -- 23 16 53 - 23
10 Pm 116 | 28 7 14 68 -- 34 20 62 - 34
11 Am 92 83 22 14 43 14 21 14 43 14 21
11 Pm 116 | 11 113 | 22 53 14 27 14 61 14 27

10.2 PRO-TRACTS Parameters

PRO-TRACTS was run with both CORSIM’s internal control logic and hardware-
in-the-loop in order to 1) to test the NTCIP offset download procedure, and 2) compare

and contrast the results obtained with CORSIM’s internal model to the results obtained
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with hardware-in-the-loop simulation. PRO-TRACTS detectors were set 150 feet
upstream of each traffic signal. The incremental thresholds used for the activation for
PRO-TRACTS were set at 0.25, 0.75, and 1.0 as discussed in Chapter 7, Section 7.4.2.
The agorithm was set to evaluate the cycle profiles at the end of every cycle. Offsets
were set to change by 5, 15, and 35 seconds, respectively, depending on the threshold

exceeded.

10.3 Simulation Results

CORSIM simulations were run to evaluate the performance of PRO-TRACTS for
both am. and p.m. peak periods, 6-10 am. and 2-6 p.m., respectively, with five different
random number seeds. Traffic volumes during the am. and p.m. peak periods covered a
wide range of traffic demand. Table 10-2 through Table 10-4 show the detailed entry

volumes to intersection approaches by the period.

Simulations were conducted with the existing traffic patterns and offsets to study
the effect of traffic pattern variation on the performance of PRO-TRACTS. Aswell asto
compare and contrast the results obtained by internal CORSIM’ s logic and hardware-in-

the-loop. PRO_TRACTS was run to coordinate the northbound traffic.
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Table 10-2 US 31 Detailed Traffic Volume (vph Table 1 of 3)

\NT | BEG [7AM [ 8AM [9AM [10A [ 11A [ 12P [ 1PM [ 2PM [ 3PM [ 4PM [ 5PM [ 6PM
END | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT | 188 | 184 | 159 |96 |97 | 113 | 122 | 122 | 148 | 116 | 127 | 127
EBTH |66 |81 |72 |60 |5 |5/ |79 |53 |78 |97 |107 | 116
EBRT |98 |58 |60 |46 |60 |44 |47 |62 |45 |61 |83 |73
WBLT |57 |70 |57 |40 |36 |37 |37 |31 |37 |65 |52 |44
WBTH | 72 | 108 | 101 |71 |75 |70 |73 |67 |90 |133 |113 | 114

Q& WBRT |56 |81 |77 |73 |68 |102 |77 |98 |68 |83 |63 |66

% [ NBLT |57 |100 |82 |53 |53 |61 |40 |64 |58 |68 |8 |9
NBTH | 798 | 982 | 762 | 590 | 551 | 521 | 526 |58l | 631 | 532 | 684 | 726
NBRT |45 |36 |53 |37 |41 |26 |28 |45 |20 |54 |41 |71
SBLT |38 |59 |52 |49 |51 |77 |84 |78 |88 |114 |95 | 124
SBTH | 485 | 654 | 533 | 503 | 478 | 540 | 563 | 585 | 757 | 921 | 993 | 948
SBRT |41 |78 |62 |68 |100 |126 | 115 | 109 | 153 | 230 | 207 | 193
EBLT |44 |63 |53 |66 |8 |123 [130 [112 [110 |86 |97 | 108
EBTH |35 |79 |62 |51 |87 |103 |149 | 125 | 119 | 144 | 153 | 145
EBRT | 8 21 |27 |15 |32 |43 |57 |45 |46 |60 |73 |47
WBLT |59 |56 |68 |55 |44 |45 |62 |72 |53 |93 |72 |67

8 [WBTH |48 [78 |69 |62 |54 |88 |91 |94 [107 [131 |82 | 165

@ |WBRT | 112 | 173 | 199 | 158 | 150 | 227 | 227 | 181 | 231 | 162 | 183 | 175

& [NBLT |26 |43 |45 |53 |41 |63 |99 |75 |79 |58 |88 |73

§ NBTH | 1042 | 1326 | 1105 | 838 | 776 | 887 | 829 | 833 | 1016 | 787 | 1008 | 916
NBRT | 49 |43 |43 |31 |31 |36 |40 |33 |42 |33 |52 |64
SBLT |72 | 135 | 159 | 182 | 218 | 322 | 418 | 256 | 331 | 335 | 364 | 358
SBTH | 568 | 726 | 606 | 657 | 723 | 790 | 796 | 869 | 1102 | 1315 | 1507 | 1409
SBRT |13 |35 |42 |42 |59 |104 | 105 | 95 | 104 | 131 | 133 | 116
EBLT |16 |36 |25 |40 |43 |47 |55 |50 |48 |41 |40 |45
EBTH |31 |46 |8 |70 |105 | 121 | 158 | 113 | 119 | 113 | 160 | 151
EBRT | 1 6 4 6 11 |10 |14 |20 |18 |18 |24 |20
WBLT |35 |64 |59 |48 |62 |73 |92 |88 |93 |99 |125 | 110

5 |WBTH |43 |68 [105 |91 |91 [122 [129 [121 [101 [ 135 | 135 | 126

S [WBRT |34 [47 [43 |34 |44 |48 |71 [43 |46 |40 |40 |57

o | NBLT | 121 | 255 | 273 | 275 | 264 | 317 | 386 | 361 | 301 | 362 | 361 | 386

< | NBTH | 1093 | 1490 | 1124 | 772 | 718 | 864 | 846 | 720 | 1014 | 860 | 959 | 931
NBRT |64 |9 |64 |57 |55 |75 |50 |25 |94 |45 |83 |56
SBLT |15 |37 |59 |63 |65 |110 | 118 |61 |52 |42 |69 | 131
SBTH | 425 | 673 | 601 | 536 | 660 | 789 | 877 | 711 | 1138 | 1326 | 1363 | 1203
SBRT | 6 20 |46 |58 |66 |71 |76 |50 |60 |48 |64 |57
EBLT | 117 | 162 | 125 | 109 | 121 | 185 | 197 | 184 | 182 | 129 | 185 | 190
EBTH | 36 | 83 | 126 | 114 | 123 | 200 | 200 | 156 | 153 | 227 | 263 | 376
EBRT | 8 3 6 16 |22 |33 |35 |3 |39 |54 |5 |57

© [WBLT[16 [23 [31 [14 |22 [55 |23 |30 |29 [49 [55 |63

Z |WBTH[63 |[101 [151 |121 | 150 | 199 | 205 | 166 | 190 | 231 | 233 | 210

> |WBRT |22 [45 |59 [39 |44 [49 [100 [96 |72 |88 |50 |87

2 | NBLT |7 21 |37 |37 |37 |52 |49 |60 |66 |55 |69 |70

S | NBTH | 1015 | 340 | 1088 | 848 | 761 | 856 | 863 | 800 | 1073 | 869 | 953 | 907

@ | NBRT |16 |36 |34 |25 |10 |36 |29 |33 |34 |29 |44 |54
SBLT |15 |14 |36 |48 |60 |122 | 152 | 108 | 107 | 115 | 164 | 164
SBTH | 408 | 678 | 711 | 666 | 789 | 969 | 894 | 862 | 1098 | 448 | 297 | 465
SBRT |33 |78 |93 |63 |116 |218 | 122 | 130 | 141 | 175 | 173 | 168
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Table 10-3 US 31 Detailed Traffic Volume (vph Table 2 of 3)

INT BEG | 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END | 8AM | 9AM | 10A | 11A | 12P | 1IPM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT | 56 82 99 113 | 146 | 186 | 204 | 175 | 236 |25 | 178 | 278
EBTH | 280 | 339 | 240 |137 | 164 |184 | 416 | 281 | 367 |323 | 2% | 301
EBRT | 45 89 63 60 |101 | 78 110 | 145 162 | 296 | 136 | 235
WBLT | 41 29 73 55 |96 137 | 121 | 93 141 | 241 | 280 | 320
g WBTH | 230 | 182 | 199 |128 | 213 | 140 | 239 | 166 |446 | 343 | 395 | 327
@ WBRT | 85 158 | 124 | 100 | 151 | 253 | 175 |95 191 | 234 | 192 | 146
g |NBLT | 252 | 209 | 119 |122 | 102 | 272 | 114 | 123 | 236 | 122 |97 137
_5 NBTH | 709 | 1119 | 950 | 868 | 770 | 1016 | 970 | 934 | 1026 | 1056 | 1118 | 1146
NBRT | 232 | 407 | 210 |63 |68 41 138 | 129 | 106 | 79 51 90
SBLT | 140 189 122 |94 |91 206 | 219 | 179 | 147 | 127 | 117 | 144
SBTH | 416 | 698 | 695 | 771 | 763 | 1132 | 934 | 1053 | 1012 | 1237 | 1175 | 1269
SBRT | 83 91 53 54 |100 | 83 80 117 183 | 121 | 97 99
EBLT | 58 121 | 61 42 |77 84 107 |71 208 | 180 | 95 89
EBTH | 157 | 237 | 139 |107 | 110 | 262 | 266 |205 |389 |395 |239 | 216
EBRT | 47 107 | 119 | 115 | 120 | 236 | 193 | 217 | 216 | 302 | 229 | 259
s | WBLT | 86 99 60 57 | 66 120 | 87 76 189 | 118 | 99 87
3; WBTH | 276 | 293 | 192 |144 | 207 | 395 | 249 | 170 | 590 | 403 | 338 | 165
g WBRT | 35 43 38 25 | 65 176 | 52 40 92 64 56 34
g | NBLT | 80 191 | 149 | 164 | 135 | 263 | 225 | 160 | 231 | 211 | 159 | 153
3 | NBTH | 721 | 985 | 909 | 853 | 1010 | 1306 | 1200 | 1034 | 1217 | 1284 | 1311 | 1214
M0 | NBRT | 97 90 86 47 | 68 103 | 36 74 80 80 69 67
SBLT | 85 68 50 36 |44 176 | 138 | 95 152 | 83 61 62
SBTH | 572 | 778 |823 |[828 | 768 | 988 | 1074 | 963 | 1145 | 1173 | 1113 | 1185
SBRT | 96 49 58 50 | 66 102 | 66 102 | 77 116 | 54 55
EBLT | 33 52 63 78 119 | 228 | 198 | 235 | 204 | 204 | 197 | 197
EBTH | 6 30 22 28 |16 37 32 25 26 31 32 32
EBRT | 57 45 49 73 |77 152 | 115 | 186 | 130 | 146 | 119 | 119
WBLT | 2 7 6 18 |15 39 20 18 15 17 13 13
675. WBTH | 2 13 15 14 |15 34 27 24 35 24 26 26
5 WBRT | 5 15 27 28 |40 39 38 29 29 27 33 33
& | NBLT | 50 95 98 69 | 56 117 | 121 | 138 | 103 | 114 | 110 | 110
I | NBTH | 680 | 897 | 813 | 805 | 826 | 1104 | 1095 | 1185 | 1287 | 1245 | 1163 | 1163
NBRT | 5 21 17 14 |8 15 14 13 15 13 9 9
SBLT | 12 18 42 37 |33 41 42 24 31 24 33 33
SBTH [ 819 | 761 | 772 |810 | 779 | 1231 | 1040 | 1256 | 1129 | 1212 | 1162 | 1162
SBRT | 41 65 84 107 | 99 276 | 168 | 213 | 148 | 208 | 151 | 151
EBLT |1 0 7 12 | 36 89 53 98 76 67 60 83
EBTH | O 4 6 6 15 19 15 16 17 17 25 27
EBRT | 3 5 25 14 | 60 100 | 60 88 82 103 | 86 103
WBLT | 5 20 17 23 |16 12 9 20 25 18 10 14
< | WBTH | 7 13 14 12 |19 23 16 17 17 25 21 28
a WBRT | 8 24 30 27 | 26 21 9 25 17 35 33 32
(% NBLT | 7 13 32 63 | 94 218 | 101 | 157 | 121 | 133 | 126 | 148
NBTH | 741 | 968 | 792 | 865 | 1039 | 1247 | 626 | 1134 | 1161 | 1487 | 1337 | 1306
NBRT | 6 1 8 4 5 7 3 8 1 12 6 5
SBLT | 4 12 7 15 |24 38 17 25 31 28 66 61
SBTH | 970 | 937 | 973 | 857 | 1085 | 1265 | 646 | 1156 | 1471 | 1291 | 1342 | 1265
SBRT |1 8 3 22 | 56 93 49 94 89 63 76 89
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Table 10-4 US 31 Detailed Traffic Volume (vph Table 3 of 3)

INT BEG | 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT | 55 78 83 105 | 107 | 160 | 188 | 177 | 204 | 298 | 215 | 324
EBTH | 103 | 164 | 214 | 294 | 390 | 488 | 435 | 440 |514 | 620 | 567 | 602
EBRT | 37 38 47 68 |66 |130 |76 79 73 106 | 76 107

o | WBLT | 88 102 | 133 | 154 | 238 | 240 | 241 | 245 | 286 | 376 | 253 | 270
3: WBTH | 133 | 258 | 242 | 222 | 351 | 408 | 457 | 382 | 500 |525 | 467 | 471
T |WBRT | 104 | 133 | 135 |121 | 149 | 215 | 200 | 164 | 220 | 278 | 227 | 246
_—é NBLT | 55 96 100 |90 |106 | 151 | 159 | 117 | 142 | 189 | 158 | 150
@ | NBTH | 645 | 689 |614 |614 | 651 | 734 | 749 | 688 | 948 | 1067 | 933 | 964
= | NBRT | 70 116 | 103 | 201 | 171 | 299 | 213 | 259 | 219 | 282 |25 | 301
SBLT | 88 106 | 132 | 176 | 215 | 238 | 197 | 204 | 231 | 270 | 288 | 258
SBTH | 726 | 712 | 741 | 598 | 640 | 755 | 644 | 664 | 939 | 986 | 798 | 868
SBRT | 49 83 109 | 109 | 110 | 119 | 114 | 87 113 | 107 | 92 119
EBTH | 22 59 65 41 |73 115 |81 105 | 133 | 151 | 182 | 194
EBRT | 26 38 30 45 |50 |67 98 58 65 57 71 87
WBLT | 6 23 23 16 |8 22 45 39 27 42 28 32
= | WBTH | 24 55 70 45 |58 |79 125 | 115 | 123 | 111 | 105 | 97
2 WBRT | 58 89 59 50 |40 |67 72 96 122 | 139 | 124 | 103
g [NBLT 18 35 27 49 |44 1100 |77 63 72 94 65 56
O | NBTH | 731 | 923 | 732 | 730 | 768 | 976 | 994 | 1003 | 1203 | 1428 | 1265 | 1236
NBRT | 5 10 13 4 10 | 25 27 28 15 16 19 28
SBLT | 52 61 78 33 |54 115 |79 94 102 | 132 | 141 | 125
SBTH | 924 | 1035 | 999 | 851 | 853 | 1092 | 1058 | 1075 | 1141 | 1223 | 1035 | 1150
SBRT | 15 24 31 23 |48 | 52 31 38 39 45 37 55
EBTH | 27 48 41 36 |3 |57 61 62 51 115 | 116 | 106
EBRT | 56 51 62 89 |83 114 |94 102 | 85 173 | 124 | 128
5 LWBLT | 33 56 105 |67 |67 |73 86 76 59 80 97 106
© | WBTH | 53 92 101 |54 |60 |74 65 55 73 102 | 93 98
g WBRT | 25 26 15 21 |18 |10 33 46 14 15 20 21
% NBLT | 55 108 | 120 |98 |129 | 148 | 169 | 158 | 205 | 188 | 186 | 133
o NBTH | 946 | 853 | 688 | 622 | 762 | 941 | 922 | 980 | 1430 | 1253 | 1370 | 1174
NBRT | 46 56 61 36 |48 |64 55 72 52 74 73 69
SBLT |3 15 8 8 10 |15 14 10 25 28 25 12
SBTH | 1030 | 927 | 829 | 825 | 847 | 960 | 838 | 921 | 1153 | 1089 | 1113 | 1105
SBRT | 48 58 44 53 |55 |70 79 65 64 64 69 65
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10.3.1 A.M. Travel Time, Stops, and Delay

10.3.1.1 CORSIM’s Interna Model Simulation

The performance of the algorithm during the am. period with the internal model
is documented in Figure 10-2 to Figure 10-4. Figure 10-2 shows the northbound
cumulative travel time through the arterial, while Figure 10-3 shows the southbound
cumulative travel time. Both figures were obtained with CORSIM’s internal logic
simulation. The two lines in the figure represent the results from the case with Synchro
timing plans and the case with PRO-TRACTS running for the north bound direction.
Figure 10-2 shows a reduction of 7%, 4%, and 3% in the northbound travel time during
the first hour, second hour, and last two hours, respectively. Figure 10-3 shows a
reduction of 2% in southbound travel time during the first hour of simulation and an
increase of 1% during the last two hours of simulation. The total system delay shown in
Figure 10-4 decreased by 28% during the first hour and then increased by 16%, 65%, and
10% during the last three hours respectively. The total number of stops decreased by 27%
during the first hour and increased by 2%, 17%, and 4% during the last three hours.
These results show that PRO-TRACTS performed better than Synchro’s plans during the
first hour only. It should be emphasized that these results were obtained using CORSIM’ s
internal simulation model, which has a very primitive offset transitioning algorithm.
Subsequent sections will discuss the significance of the offset transitioning algorithm.
However, the impact of just changing the offset can have on a system isillustrated in the

third hour in Figure 10-4. The delay with the offset seeking increased by 65%.
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10.3.1.2 Hardware-in-the-Loop Simulation

The performance of the algorithm with hardware-in-the-loop simulation during
the am. period is shown in Figure 10-5 through Figure 10-7. Hardware-in-the-loop
simulation did not show a difference in travel time during the four hours of simulation, as
shown in Figure 10-5 and Figure 10-6. Nevertheless, hardware-in-the-loop simulation
resulted in a reduction of 1% in cumulative travel time during the first hour, followed by
2% during the last three hours respectively. The overall system delay averaged to zero,
with a decrease of 1% and 2 % during the first and last hours and about 1% and 3 %

during the second and third hours respectively.
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10.3.2 A.M. Offset and Cycle Transitioning

Figure 10-8 shows the transitioning in the offsets and cycle length for each of the
seven studied intersections evaluated using CORSIM’s internal model. Figure 10-8-a
shows the transitioning in the offset values with the interna model’s run. Figure 10-8-a
shows a stable transitioning during the first hour, with a continuous decrease in offset
during the remainder of the simulation. Figure 10-9 shows the transitioning for each of
the seven studied intersections, evaluated using hardware-in-the-loop. Unlike the
CORSIM internal model’s offset transitioning, hardware-in-the-loop simulation showed a
more stable transitioning because it uses the actual offset transitioning provided by
Econolite controllers. An interesting pattern that can be observed in Figure 10-9-a is the
cyclic offset transitioning at node 9 instead of the continuous decrease in offset that the
node went through in Figure 10-8-a. Figure 10-8-b shows a higher fluctuation in the cycle
length with CORSIM’s internal model than with the Econolite controller depicted in

Figure 10-9-b.
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10.3.3 P.M. Travel Time, Stops, and Delay
Figure 10-10 and Figure 10-11 show the cumulative travel time for northbound
and southbound, respectively, with the internal model’s ssimulation. Figure 10-10 shows a
reduction of 1%, 2%, 2%, and 3 % in northbound cumulative travel time, while Figure
10-11 shows an increase of 12% during the four hours of ssmulation. The overall system
delay increased by about 14% during the four hours of simulation, as shown in Figure
10-12. The figure also shows an increase in the total number of stops of 4% during the

first three hours and 2% during the last hour.

Figure 10-13 to Figure 10-15 show the performance of the algorithm during the
p.m. period for the hardware-in-the-loop simulation. Hardware-in-the-loop performed
much better than the internal model during the p.m. period. The reduction in cumulative
travel time was 7% during the four hours as shown in Figure 10-13 while the increase in
travel time for the south bound stayed at 2% during the first three hours and increased

during the last hour to 6%.

The overal system delay was reduced by 10%, 14%, 11 % and 9 % respectively
as shown in Figure 10-15. The total number of stops was reduced by 4%, 2%, 1% and

11% respectively.

Note that Figure 10-10 and Figure 10-13 show larger error bars at the nodes
outside of the hardware-in-the-loop system in Figure 10-11 and Figure 10-13. The offset
values at these nodes remained fixed and were not adjusted to reference the upstream
node’s offset during the simulation because only seven controllers were available in the

lab.
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Figure 10-10 US 31 North Bound Cumulative Travel Time-P.M. Period, Interna Model
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Figure 10-11 US 31 South Bound Cumulative Travel Time-P.M. Period, Internal Model
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Figure 10-14 US 31 South Bound Cumulative Travel time-P.M. Period with Hardware-in-the-loop
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10.3.4 P.M. Offset and Cycle Transitioning

Figure 10-16 and Figure 10-17 show the transitioning in the offsets and cycle
length for each of the seven studied intersections for CORSIM’ s internal model’ s run and
the hardware-in-the-loop simulation respectively. Note that the offset transitioning
patterns are different in the two cases. Looking more closely, it can be seen that nodes 6,
7, and 8 had amost the same transitioning pattern in both figures, while nodes 9, 10, and
11 transitioned quite differently. Figure 10-18 provides an insight into the reason for this
phenomenon, whereby it shows the main street green during a normal simulation run
(without PRO-TRACTYS). Note the cyclic pattern of early-return-to-green at node 9
compared to node 8. Figure 10-16-b and Figure 10-17-b also show a more stable cycle

transitioning with the hardware-in-the-loop simulation.
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Loop

262



Main Street Green

100
90
80
70 O e S S o BVl S R Vo
. ATy CoaA T e e N

G DTNV N ] YN 1 WA IS N

NTVVV L VIN YN LA YN UL

30
20
10

Main Street Green (sec)

0 TTTTTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TTTTTTT

T © «+H © «d © «d O «d O «d © «d © «+H O «H © «H © « © « O

Cycle Number

\— Node 8 ----- Node 9\

Figure 10-18 Main Street Green at Nodes 8 and 9

Some spill back and lane blockage were observed when looking at CORSIM’s
animation file, especially at node 9 which explains in part the cyclic early return to green

pattern, these conditions are shown in Figure 10-19.
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10.4 Chapter's Conclusion

This chapter studied the adaptation of PRO-TRACTS to changes in traffic
patterns of US31 in Kokomo, Indiana. Simulations were run with both CORSIM’s
internal model and hardware-in-the-loop. The study found that PRO-TRACTS
consistently resulted in an improvement in travel time in the arterial direction to which it

was applied.

Although PRO-TRACTS running with CORSIM’s internal model showed some
reduction in travel time, the internal transitioning mechanism in CORSIM had a negative
effect on PRO-TRACTS stability. On the other hand, the hardware-in-the-loop simulation
was found to be more stable than CORSIM’s internal model. The hardware-in-the-loop
simulation was also found to be more robust than CORSIM’ s internal model for unstable
on oscillatory traffic patterns. The benefits averaged to 7 % savings in travel time for the
northbound direction over Synchro’s timing plans with an average saving of 11% in the

total network delay.
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CHAPTER 11- CONCLUSION AND FUTURE RESEARCH

Over the last few decades, several efforts have been made in the development of
adaptive and responsive traffic control systems that can account for short and long-term
changes in traffic patterns in their real-time optimization of traffic network. However,
adaptive control systems typically require an extensive input of system parameters and
weighting factors for favoring individual traffic movements, plus a large number of

vehicle detectors to collect movement-specific traffic data.

In a parallel track, coordinated-actuated systems continued to be deployed in
arterial systems to provide efficient operation with their ability to respond to cycle-by-
cycle variations in traffic demand, while still being able to provide progression for the
arterial movement. Traffic signals with a variable actuated-phases demand operating
under actuated logic, save a significant amount of delay in arterial systems when
compared to fixed-time systems. However, since only the coordinated phase’s end of
green is deterministic under actuated operations, the same logic that provides efficient
operation of intersections also creates what is know as the early-return-to-green
phenomenon, a phenomenon that is caused by the stochastic nature of traffic flow on

individual intersections.

An adaptive rea-time offset transitioning agorithm (PRO-TRACTS) was
developed in this research. PRO-TRACTS can be viewed as an integrated optimization

approach designed to work with traditional coordinated-actuated systems and adds to the
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controllers the ability to adaptively change their offsets in response to changes in traffic
patterns. This algorithm provides an intermediate solution between traditiona

coordinated-actuated control systems and adaptive control systems.

11.1 Theoretical Contribution

The report introduced a new metric by which offset performance can be
evaluated. The new metric, namely the F model, makes use of the fact that bad offsets at
downstream intersections generate backward shockwaves that can extend to the upstream
detector location. Figure 5-3 and Figure 5-4 illustrate this concept. The metric devel oped
in this research tests for the significance of the presence of shockwaves by calculating a
proxy to the variance of the reciprocal of the speed at the upstream detector. The
philosophy behind this procedure is that a large variance in speed suggests that a
shockwave has a significant effect on the traffic flow. This procedure is modeled after the
analysis of variance F distribution testing. Discriminant analysis is used in Chapter 7 to
develop thresholds to which the F' value is compared to determine the amount of offset

adjustment needed.

The algorithm uses a unique cycle-based tabulation of occupancy and count
profiles at the upstream detector to calculate the F' value. The effect of shockwaves
generated due to the offset on the occupancy and count profile can be clearly seen in

Figure 6-2 and Figure 6-6.
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11.2 Deployment Contribution

A new NTCIP object for capturing a cycle-based detector actuation profile at the
controller level was defined in this report (Figure 9-12 and Figure 9-13). The defined
object will enable the implementation of PRO-TRACTS in the field by allowing real-time

exchange of the data required to fine-tune the offsets.

11.3 Case Studies

Two simulation case studies were conducted on two traffic networks: SR 26 in
Lafayette, Indiana and US31 in Kokomo, Indiana. The studies showed that for a network
with poor or sub-optimal offsets, PRO-TRACTS consistently resulted in an improvement
in both the travel time and the number of stops in the arterial direction to which it was
applied, with a greater impact in reducing the number of stops. In the SR26 case study,
PRO-TRACTS achieved a performance level close to that of Synchro’s timing plans,
while it achieved a better performance than Synchro’s plansin the US 31 case study. The
magnitude of such an improvement depends on the existing performance of the network
offsets. Obvioudly, if there is only minor room for improvement, one can only expect that
much. On the other hand, when starting with a system with poor offsets, computer
simulations revealed up to 16% savings in the total travel time and up to 43% savings in

the total number of stops for the coordinated movement.

11.4 Limitations and Future Research

It was found that in some situations, PRO-TRACTS caused an increase in total

network delay compared to system-optimum timings when activated with optimum
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timing plans. These results were not surprising since favoring a directional movement is
an additional constraint in the system optimization function. When enforcing a constraint
such as favoring a certain traffic movement, the best that can be achieved in the overall
system objective function isto keep it constant. However, if the current timing plans were
not the system optimum plans, PRO-TRACTS can result in a reduction in total system

delay aswell.

Adjusting offsets in rea-time caused some stability problems when PRO-
TRACTS was run with CORSIM’s internal control model. The hardware-in-the-loop
simulations of the US 31 traffic network in Kokomo, Indiana revealed that field traffic
controllers are more stable than CORSIM’s internal model in responding to real-time
offset adjustment. For example, compare Figure 10-16 and Figure 10-17. Table 11-1
shows a summary of MOES, comparing the results obtained with the internal model and
the hardware-in-the-loop simulations. The table shows better performance obtained with

the hardware-in-the-loop simulation, which provides a more realistic results.
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Table 11-1 Summary of PRO-TRACTS Improvements Using Internal and Hardware-in-

the-Loop Simulation on US 31

MOE Hour | A.M. Period P.M. Period
Hardware- Internal Hardware- Internal
in-the-Loop | Model in-the-Loop | Model
Simulation Simulation

NB (PRO-TRACTS) 1 0% 7% 6 % 1%
Cumulative Travel 2 0% 4% 6 % 2%
Time in Comparison 3 0% 3% 7% 2%
to Synchro’s Plan 4 0% 3% 7% 3%
SB Cumulative Travel | 1 0% 2% 2% -12 %
Time in Comparison 2 0% 0% -3% -12 %
to Synchro’s Plan 3 0% -1% -2 % -12 %

4 0% -1% -6 % -12 %
Total System Delay in | 1 -1% 28 % 10% -15%
Comparison to 2 1% -16 % 14 % -16 %
Synchro’s Plan 3 3% -65 % 11 % -13%

4 2% -10 % 9% -13 %
Total Number of Stops | 1 1% 27 % 4% -4 %
in Comparison to 2 2% 2% 2% -4 %
Synchro’s Plan 3 2% -17% 1% 2%

4 2% -4 % 11% -2%

The platooning phenomenon has an effect on al coordination schemes since
platoon dispersion can make it impossible to fit the whole platoon within a downstream
green window (Figure 7-4). The platooning phenomenon was found to have significant
impacts on the performance of PRO-TRACTS. When the traffic turning from the side
streets is a low percentage compared to the arterial’s through-movement, a good
coordination scheme would align the arterial through-movement with the green window,
leaving the turning traffic from the side streets to face the red window. This situation
causes only aweak shockwave resulting from the turning traffic (Figure 5-4) compared to
the strong shockwave that results from a bad offset that align the platoon with the red

window (Figure 5-3). However, if the side street traffic volume approaches that of the
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arteria’s through, even the turning traffic from the side streets will generate a strong

shockwave (Figure 5-6) that could cause PRO-TRACTS activation.

The ideal location for a PRO-TRACTS detector is between the termination of the
shockwave generated by the side street turning traffic and the shockwave generated by
the arterial’s traffic (Figure 7-6). The algorithm is best suited for arterials with primarily

through-traffic since awider separation is provided between the two shockwaves.

Another factor that affected the stability of PRO-TRACTS was the frequency of
phase skips and oscillatory traffic patterns caused by certain situations, such as spillbacks
or lane blockages. Since PRO-TRACTS is a reactive algorithm, it assumes that the next
cycle’'s arrivals are comparable to the current cycle's arrivals. With phase skips (Figure
8-8), the discrepancy in arrival patterns of succeeding cycles causes PRO-TRACTS

offsets to fluctuate, reducing its efficiency. Future research should address thisissue.

The case studies, summarized in Table 11-1, investigated in this research found
that PRO-TRACTS has always caused an improvement in the direction to which it was
applied. However, the impact on the other direction was typically an increase in the travel
time. Although coordination usually takes place during the peak period when traffic is
typically at its highest in one direction, there might be situations when the two direction
of traffic are amost equal, in which a case, it is difficult to decide which direction to
coordinate. Future research should also consider this situation by expanding the algorithm

to work in two directions.
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Appendix A- SR 26 Study Network and Controller Parameters
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b) Node 2: SR 26 & US 52 (Sagamore)

¢) Node 3: SR 26 & Post Office d) Node 4: SR 26 & Farabee Drive

e) Node 5: SR 26 & 36" Street f) Node 6: SR 26 & Shenendoah Drive

g) Node 7: SR 26 & Creasy Lane

Figure A- 2 SR 26 Geometries
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Table A- 1 Intersection Pocket Lengths and Detector Locations

SR 26 (SOUTH POCKET STOP BAR DETECTOR RACEWAY
ST) LENGTHS (FT) LENGTHS (FT) DETECTORS (FT)
INT | MOVE LEFT RIGHT LEFT THRU RIGHT THRU DIST
1 EB 100 -- 36 -- -- 6 300
1 WB 150 -- 36 36 -- 6 300
1 NB 70 -- 36 36 36 -- --
1 SB -- - 36 36 -- -- -
2 EB 205 -- 36 -- -- 6 300
2 WB 550 -- 36 -- -- 6 300
2 NB 390 305 36 -- -- 6 300
2 SB 380 275 36 -- -- 6 300
3 EB 315 55 36 -- -- 6 300
3 WB 200 140 36 -- -- 6 300
3 NB -- -- -- 36 -- -- --
3 SB -- -- -- 36 -- -- --
4 EB 180 95 36 -- -- 6 300
4 WB 200 140 36 -- -- 6 300
4 NB -- -- 36 36 -- -
4 SB -- - 36 36 -- -- -
5 EB 140 -- 36 -- -- 6 300
5 WB 110 -- 36 -- -- 6 300
5 NB 50 - - 36 36 -- -
5 SB -- -- -- 36 -- -- --
6 EB 200 -- 36 -- -- 6 300
6 WB 250 200 36 -- -- 6 300
6 NB -- -- 36 36 -- -- --
6 SB -- -- 36 36 -- -- --
7 EB 200 170 36 -- -- 6 300
7 WB 180 160 36 -- -- 6 300
7 NB 350 190 36 -- -- -- --
7 SB 500 -- 36 -- -- -- --

NOTE: “PREV” DENOTES THAT THE TURNING BAY BEGINS AT THE PREVIOUS INTERSECTION.
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Table A- 2 Intersection Detector Configuration (CID Logic Only)

INT MOVE- | DET | STAT PUL INT MOVE- | DET | STAT PUL
MENT | NUM ID PRS MENT | NUM ID PRS
1 EBLT 5 121 PRS 2 EBLT 5 205 PRS
1 EBTH 2 118 PRS 2 EBTH 2 202 PRS
1 WBLT 1 117 PRS 2 WBLT 1 201 PRS
1 WBTH 6 122 PRS 2 WBTH 6 206 PRS
1 NBLT 3 119 PRS 2 WBRT 14 214 PRS
1 NBTH 8 124 PRS 2 NBLT 3 203 PRS
1 NBRT 16 132 PRS 2 NBTH 8 208 PRS
1 SBTH 7 123 PRS 2 SBLT 7 207 PRS
1 SBTH 4 120 PRS 2 SBTH 4 204 PRS
INT MOVE- | DET | STAT PUL INT MOVE- | DET | STAT PUL
MENT | NUM ID PRS MENT | NUM ID PRS
3 EBLT 5 305 PRS 4 EBLT 5 405 PRS
3 EBTH 2 302 PRS 4 EBTH 2 402 PRS
3 WBLT 1 301 PRS 4 WBLT 1 401 PRS
3 WBTH 6 306 PRS 4 WBTH 6 406 PRS
3 NBTH 8 308 PRS 4 NBTH 8 408 PRS
3 NBTH 16 316 PRS 4 NBRT 16 416 PRS
3 SBTH 4 304 PRS 4 SBLT 7 407 PRS
3 SBTH 12 312 PRS 4 SBTH 4 404 PRS
INT MOVE- | DET | STAT PUL INT MOVE- | DET | STAT PUL
MENT | NUM ID PRS MENT | NUM ID PRS
5 EBLT 5 505 PRS 6 EBLT 5 605 PRS
5 EBTH 2 502 PRS 6 EBTH 2 602 PRS
5 WBLT 1 501 PRS 6 WBLT 1 601 PRS
5 WBTH 6 506 PRS 6 WBTH 6 606 PRS
5 NBTH 8 508 PRS 6 NBLT 3 603 PRS
5 NBRT 16 516 PRS 6 NBTH 8 608 PRS
5 SBTH 4 504 PRS 6 SBLT 7 607 PRS
5 SBTH 12 512 PRS 6 SBTH 4 604 PRS
INT MOVE- | DET | STAT PUL
MENT | NUM ID PRS
7 EBLT 5 705 PRS
7 EBTH 2 702 PRS
7 WBLT 1 701 PRS
7 WBTH 6 706 PRS
7 NBLT 3 703 PRS
7 NBTH 8 708 PRS
7 SBLT 7 707 PRS
7 SBTH 4 704 PRS
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Table A- 3 General Phase Parameters (SR 26 — South)

IN DESCRIPTION (SEC) 1 2 3 4 5 6 7 8

1 MINIMUM GREEN 4 15 4 8 4 15 4 8

1 VEHICLE EXTENSION 1.5 3 1.5 2 1.5 3 15 2

1 MAXIMUM GREEN 20 40 20 30 20 35 20 30

1 | YELLOW CLEARANCE 35 [35 |35 |35 |35 |35 [35 |35

1 | RED CLEARANCE 15 [20 |15 |15 [15 |20 [15 [15

1 MINIMUM GAP TIME 15 3 15 2 1.5 3 15 2
MINIMUM GREEN

2 VEHICLE EXTENSION 15 35 1.5 4 15 3.5 2 3.5

2 MAXIMUM GREEN 50 90 40 60 50 90 60 60

2 YELLOW CLEARANCE 35 3.5 3.5 3.5 3.5 3.5 3.5 3.5

2 | RED CLEARANCE 15 |20 |15 |20 [15 [20 |15 [20

2 MINIMUM GAP TIME 1.5 3.5 1.5 4 1.5 3.5 2 3.5
MINIMUM GREEN

3 VEHICLE EXTENSION 1.5 4 - 3 1.5 4 - 3.0

3 MAXIMUM GREEN 40 70 - 40 40 70 - 40

3 | YELLOW CLEARANCE 35 [35 |35 |35 |35 |35 [35 |35

3 RED CLEARANCE 1.5 2.0 - 1.5 15 2.0 - 15

3 MINIMUM GAP TIME 1.5 4 - 3 1.5 4 - 3.0
MINIMUM GREEN

4 VEHICLE EXTENSION 15 35 - 2 1.5 3.5 15 2

4 MAXIMUM GREEN 40 70 - 70 50 70 40 70

4 YELLOW CLEARANCE 35 3.5 35 3.5 3.5 3.5 3.5 3.5

4 | RED CLEARANCE 15 [20 |- 15 [15 |20 [15 [15

4 MINIMUM GAP TIME 1.5 35 - 2 1.5 3.5 15 2
MINIMUM GREEN

5 VEHICLE EXTENSION 2 4.5 2 2.5 2 4.5 0 0

5 MAXIMUM GREEN 40 70 60 60 40 70 0 0

5 YELLOW CLEARANCE 3.5 35 35 35 35 3.5 0 0

5 | RED CLEARANCE 15 [20 |15 |15 [15 |20 |0 0

5 MINIMUM GAP TIME 2 4.5 2 2.5 2 4.5 0 0
MINIMUM GREEN

6 | VEHICLE EXTENSION 25 | 50 | 25 | 50 | 25 | 50 | 25 | 50

6 MAXIMUM GREEN 35 80 35 45 35 80 35 45

6 | YELLOW CLEARANCE 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35

6 | RED CLEARANCE 15 [ 20 | 15 | 15 | 15 [ 20 [ 15 | 15

6 MINIMUM GAP TIME 2.5 5.0 2.5 5.0 2.5 5.0 2.5 5.0
MINIMUM GREEN

7 VEHICLE EXTENSION 1.5 5 1.5 3.5 1.5 5 15 3.5

7 MAXIMUM GREEN 40 40 35 60 40 40 45 15

7 | YELLOW CLEARANCE 35 [35 |35 |35 |35 |35 [35 |35

7 | RED CLEARANCE 15 |2 15 |2 15 |2 15 |2

7 MINIMUM GAP TIME 15 5 1.5 35 15 5 15 35
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Table A- 4 SR 26 (South) Coordination Plans and Splits

INT | COS | CYC | OFF |1 2 3 4 5 6 7 8
1 111 |75 0 4 30 3 18 3 31 5 16
1 211 120 | O 8 51 3 38 3 56 13 28
1 311 120 | O 10 44 3 43 4 51 14 32
2 211 | 95 114 |21 30 18 33 14 36 22 29
2 311 [ 120 |108 |19 33 17 33 15 36 20 30
3 211 | 95 37 6 80 - 20 13 73 - 20
3 311 | 120 |36 6 82 - 18 14 74 - 18
4 211 |95 51 13 57 - 36 11 59 5 26
4 311 | 120 |30 14 50 - 42 10 54 5 32
5 211 | 95 41 5 61 - 17 9 57 - 17
5 311 1120 | 38 5 61 - 17 9 57 - 17
6 211 | 95 54 5 74 5 17 8 71 5 17
6 311 | 120 |23 5 74 5 17 8 71 5 17
7 211 | 95 95 19 34 26 22 12 41 28 20
7 311 | 120 |84 11 34 31 25 14 31 28 28

NOTE: Offsets are referenced from the beginning of the first coordinated phase. COS 111 represents timing plan for morning peak,
COS 211 for mid-day, and COS 311 for after-noon peak traffic
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Table A- 5 Entry Volumes per Period (VPH)

INT | BEG | 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM

1| EB| 311| 342| 460 | 530| 654| 674 563 | 706 | 813 | 705| 709 | 575
1] wB| 590 | 620 605| 551 690 712 | 692 | 758 | 604 | 695| 696 | 548
1 NB | 406 | 334 | 388 | 351 | 478 | 457 | 382 | 506 | 713 | 433 | 536 | 316
1| SB| 292 341 453 | 429| 538 | 565| 437 | 544| 608 | 552 | 515| 356
2 EB| 425| 456 | 582 | 665| 864 | 857 | 669 | 904 | 1050 | 905 | 910 | 715
2| WB| 690| 867 | 785 | 717 | 880 | 889 | 845 | 933 | 788 | 899 | 816 | 729
2| NB| 735| 600| 676| 817 | 1060 | 1134 | 1057 | 1254 | 1228 | 1117 | 1251 | 883
2 SB| 765| 615| 768 | 783 | 1000 | 1063 | 1024 | 1049 | 962 | 909 | 1099 | 784
3] EB| 590 | 573| 700| 7441060 | 1080 | 901 | 1042 | 1096 | 1003 | 1178 | 912
3] WB| 657 | 843 | 746| 648 836 | 820 | 861 | 933 | 842 | 972 | 794 | 788
3] NB| 11 6| 20| 10| 40| 120] 66| 40| 12| 28] 49| 31
3] SB| 180| 191] 186| 203 219| 207 | 205| 216 | 155| 232| 274 220
4] EB| 530] 559 685| 718 961 | 1012 | 873 | 979 994 | 959 | 1132 | 940
4] WB| 743] 957 757 | 669 | 905 | 806 | 880 | 959 | 930[ 1019 | 803 | 777
4] NB| 197| 215| 212| 237 | 336 | 304 | 247 | 258 | 381 348 | 367 | 231
4] SB| 49| 53| 106| 133| 158| 194| 176 | 186 | 130| 180 | 186 | 174
5| EB| 607 | 649 | 738 | 810 | 1095 | 1135 | 956 | 1040 | 1172 | 1134 | 1339 | 1057
5| WB| 737 | 948 | 736 | 635| 869 | 790 | 850 | 933 | 857 | 952 | 778 | 761
5/ NB| 49| 30| 18] 26| 32| 24| 25| 77| 102| 61| 28| 23
5| SB| 71| 169| 91| 104 141 165| 142 | 107 | 147 | 191| 174| 102
6| EB| 560| 661] 705| 7871102 | 1150 | 954 | 1048 | 1176 | 1166 | 1374 | 1074
6| WB| 768 | 872| 716| 599 | 811 | 730| 799 | 897 | 829 | 890 | 736| 769
6] NB| 59| 23] 11 8] 24| 18| 22| 116] 177 72| 51| 21
6] SB| 8| 55| 72| 80| 73] 111 126| 122] 114| 111] 125] 114
7] EB| 600| 655| 694 770] 1083 | 1123 | 953 | 1122 | 1314 | 1206 | 1392 | 1072
7] WB| 860 991 794 599 | 846 | 752 | 824 | 868 | 833 | 732| 654 | 778
7 NB| 635| 600| 514 | 572 | 759 | 606 | 830 | 1180 | 1220 | 1555 | 1423 | 1179
7] SB| 715| 641 | 572| 575 799 | 622 712 | 726 | 707 | 994 | 1094 | 898
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Table A- 6 Turning Movements (Percentages — Table 1 of 2)

TA [ BA [ o, 19p 2P [ 3P [ 4P [ 5P | 6P
NT | BEG | M | M | T 10A LA ST IPM M M | M| M| M
END | 8A | 9A | o | 11A | 12P | " | 2PM | 3P | 4P | 5P | 6P | 7P

M | M M| M |M | M|[M

EBLT | 13 | 11 | 10 | 10 | 6 [ 10 | 9 | 7 | 7 | 5 | 6 | &
EBTH | 81 | 82 | 82 | 82 | 85 | 83 | 83 | 84 | 8 | 90 | 87 | 92

, | EBRT [ 6 [ 7 [ 8 | 8 | o[ 7 [ 8 [9]8]5][7]3
S |WBLT | 13 | 14 | 12 | 14 | 15 | 18 | 14 | 15 | 16 | 16 | 17 | 19
& |[WBTH| 70 | 68 | 73 | 68 | 67 | 65 | 68 | 69 | 71 | 68 | 70 | 72
> |WBRT | 17 | 18 | 15 | 18 | 18 | 17 | 18 | 16 | 13 | 16 | 13 | 9
< [NBLT| 5 | 5 [ 15 [ 10 [ 6 | 7 | 7 | 7] 9 | 6 | 6 | 7
T |NBTH | 69 | 73 | 66 | 66 | 69 | 70 | 71 | 67 | 68 | 71 | 69 | 69
S [NBRT | 26 | 22 [ 19 | 24 | 25 | 23 | 22 | 26| 23 | 23 | 25 | 24
SBLT | 23 | 30 | 29 | 34 | 35 [ 34 | 27 [ 33| 32 | 31 | 31 | 31
SBTH | 72 | 65 | 60 | 60 | 60 | 62 | 67 | 59 | 64 | 64 | 65 | 59
SBRT | 5 | 5 [ 11 [ 6 | 5 | 4 [ 6 | 8| 4 | 5 | 4 | 10
EBTH | 70 | 67 | 68 | 65 | 62 | 62 | 60 | 62 | 62 | 64 | 69 | 67

@ | EBRT | 11 | 13 | 14 | 19 | 20 [ 20 | 21 | 20 | 19 | 20 | 15 | 19
& |WBLT | 20 | 24 | 22 | 27 | 27 [ 27 | 26 | 28 [ 27 | 24 | 24 | 28
= |WBTH | 57 | 54 | 55 | 49 | 48 | 48 | 51 | 50 | 47 | 51 | 55 | 51
S [WBRT | 23 | 22 [ 23 [ 24 | 25 | 25 | 23 | 22| 26 | 25 | 21 | 21
< [ NBLT | 9o | 11 [ 12 | 12 | 13 [ 13 | 16 | 14| 12 | 13 [ 11 | 12
< | NBTH | 72 | 65 | 68 | 69 | 63 | 62 | 62 | 66 | 69 | 67 | 67 | 63
> |NBRT | 19 | 24 [ 20 | 19 | 24 | 25 | 23 | 20| 19 | 20 | 22 [ 25
S5 [ SBLT [ 20 | 20 [ 22 [ 20 | 27 | 25 | 25 |22 | 22 | 22 | 25 | 27
SBTH | 63 | 66 | 66 | 67 | 60 | 62 | 65 | 67 | 69 | 68 | 65 | 64
SBRT | 17 | 14 | 12 | 13 | 13 | 13 [ 10 [ 11| 9 [ 10 | 10 | 9
EBTH | 80 | 85 | 88 | 87 | 84 | 82 | 83 | 83 | 83 | 83 | 84 | 87
EBRT | 1 | 1 | 2 | 2 | 7 | 7 | 2 | 3] 2 | 3| 3|3

w WBLT| 1 [ 1 [ 1 [1[6[5][2([1]0]2]3]s:s
T |WBTH| 8 | 8 | 87 | 89 | 83 | 85 | 82 |8 | 84 | 79 | 81 | 80
& |WBRT | 14 | 11 [ 12 [ 10 [ 11 | 10 | 16 [ 14 | 16 | 19 | 16 | 15
NBLT | 55 | 17 | 35 | 80 | 60 | 48 | 42 | 38 | 33 | 32 | 45 | 13

L NBTH| 9 [ 0 [ 10| 0 | 0 | 4 | 2 | 4| 9 | 4| 10/ 3
£ [NBRT | 36 | 83 | 55 | 20 | 40 | 48 | 56 | 58 | 58 | 64 | 45 | 84
SBLT | 30 | 35 | 31 | 34 | 25 [ 33 | 43 | 42| 50 | 47 | 44 | 55
SBTH| 0 [ 0 | o[ 1 [ 1| 2] 3 o] 1[0/ 1]?2
SBRT | 70 | 65 | 69 | 65 | 74 | 65 | 54 | 58 | 49 | 53 | 55 | 43
EBTH | 86 | 85 | 84 | 85 | 85 | 85 | 8 | 85 | 84 | 87 | 90 | 89

w |EBRT | 11 | 9 | 8 | 7 | 6 | 6 | 7 | 6| 7 [ 6 | 5| 4
> |WBLT | 18 | 14 | 11 | 12 | 12 | 12 | 13 |13 | 17 | 12 | 13 | 9
@ WBTH | 8 | 8 | 84 | 8 | 81 | 83 | 81 | 8L | 78 | 80 | 80 | 85
w | WBRT| 1 | 4 | 5 | 7 | 7 | 5| 6 |6/| 5| 8/ 7/]6®6
W NBLT | 17 | 15 | 21 | 17 | 17 | 19 | 23 [ 20 | 13 | 19 | 18 | 16
< [NBTH| 7 [ 8 [10 [ 15 [ 12 [ 13| 11 [18[ 9 [ 11 [ 8 |15
< [ NBRT | 76 | 77 | 69 | 68 | 71 | 68 | 66 | 62 | 78 | 70 | 74 | 69
W SBLT | 4 | 17 [ 16 [ 29 | 25 | 35 | 29 | 26 | 31 | 31 | 26 | 35
SBTH | 53 | 34 | 22 [ 21 | 16 | 17 | 19 [ 18 | 17 | 19 | 28 | 13
SBRT | 43 | 49 [ 62 | 50 | 29 | 48 | 52 [ 56| 52 | 50 | 46 | 52
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Table A- 7 Turning Movements (Percentages —Table 2 of 2)

TA T 8A | gy op| P 2P [ 3P [ 4P [ 5P| 6P
T | BEG | M | M | TN 10A 1A | ST M | M| M| M| M| M
END | 8A | OA | 0\ | 1A | 12P | | 2P | 3P | 4P | 5P | 6P | 7P

M | M M| M| M| M| M|M

EBLT [ 13 | 8 [ 9 [ 7 [ 6 | 6 | 6 | 6 | 7 | 6 | 5 | 5
EBTH | 86 | 90 | 90 | 92 | 94 | 93 | 93 | 94 | 93 | 93 | 94 [ 95
EBRT | 1 [ 2 | 1 [ 1 ] o[ 1] 1] o0of[o0o] 1] 1]o0
polwelt| 1 | 1 [ 1 | 1 [ 1 [ 1 [ 1[1][1]o0o] o]0
@ |WBTH| 90 | 89 | 94 | 92 [ 93 [ 91 | 92 | 92 | 92 [ 93 | 93 | 5
L IWBRT[ 9 | 10| 5 | 7 [ 6 [ 8 [7 |7 [ 7 [7 ][7]5
- | NBLT | 90 [ 63 [ 44 [ 65 [ 66 [ 63 [ 56 | 69 | 61 | 69 | 54 | 39
i |[NBTH[ 2 [ 17 [ 6 | 16 | 6 [ 20 [ 4 | 13 | 20 [ 8 [ 25 | 4
® | NBRT | 8 | 20 | 50 | 19 | 28 | 17 | 40 | 18 | 19 | 23 | 21 | 57
SBLT | 48 | 42 [ 35 [ 35 | 45 | 55 | 39 | 53 | 45 | 51 | 63 | 56
SBTH| 1 | 2 | 2 [ o 1122 ]1][1]o0ofo0
SBRT | 51 | 56 | 63 | 65 | 54 | 44 | 50 | 45 | 54 | 48 | 37 | 44

w | EBTH | 96 | 95 | 94 | 94 | 95 | 93 | 94 | 95 | 95 | 94 | 94 [ 93
> |EBRT | 0 [ 1 | 1 | 0] 0] 1[1][o0of[]of[o]ofoO
L lweT| 10 | 3 [ 2 | 1 [ 2|11 2|5 ][1]1][0
- |WBTH| 89 | 94 | 94 [ 94 | 94 | 94 | 94 | 94 | 91 | 95 | 93 | 92
< |[WBRT| 1 | 3 | 4 | 5 | 4|5 | 5| 4| 4] 4] 6 |8
Q [NBLT | 7 [ 22 [ 18 | 38 | 13 | 17 | 23 [ 9 | 7 | 7 | 12 | 10
Z [NBTH [ 10 | 8 [ o [ 12 | 16 [ 16 [ 13 [ 9 [ 6 [ 10 [ 12 | 9
z | NBRT | 83 | 70 | 73 | 50 | 71 | 67 | 64 | 82 | 87 | 83 | 76 | 81
‘Y | SBLT | 15 | 20 | 32 | 33 | 27 | 37 | 33 | 25 | 38 | 45 | 49 | 49
» 'seTH| 16 [ 7 [ 1 | 1 [ 0o 2 [1[1][1][2]17]o0
SBRT | 69 | 73 | 67 | 66 | 73 | 61 | 66 | 74 | 61 | 53 | 50 | 51
EBTH | 69 | 70 | 63 | 63 | 63 | 61 | 63 | 64 | 67 | 62 | 67 | 65
EBRT | 25 | 22 | 28 [ 29 | 30 | 30 | 29 | 28 | 26 | 29 | 26 | 26

Y [WBLT [ 14 | 13 [ 19 [ 18 [ 21 | 19 [ 20 | 20 | 17 | 18 | 18 | 20
< |WBTH| 65 | 61 | 59 | 57 | 56 | 59 | 54 | 55 [ 57 | 54 | 52 | 51
> [WBRT[ 21 | 26 | 22 | 25 | 23 [ 22 | 26 | 25 | 26 [ 28 | 30 | 29
?* | NBLT | 25 | 35 | 36 | 36 | 35 | 38 | 35 | 30 | 25 | 28 | 24 | 27
5 [ NBTH | 56 | 48 | 46 | 48 | 46 | 51 | 47 | 50 | 55 | 54 | 56 | 52
&% [ NBRT | 10 | 17 | 18 | 16 | 19 | 11 | 18 | 20 | 20 | 18 | 20 [ 21
SBLT | 35 | 40 [ 38 | 34 | 42 | 42 | 41 | 37 | 45 | 42 | 43 | 45
SBTH | 58 | 51 | 51 | 57 | 49 | 49 | 50 | 54 | 48 | 52 | 52 [ 49
SBRT | 7 | 9 |11 | 9 | 9] 9| 9|9 | 7] 6| 516
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APPENDIX B- US31 NETWORK and CONTROLLER PARAMETERS
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Figure B- 1 US 31 Network — US 26 to Road 450
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a) Node 1: US31 & US26

¢) Node 3: US 31 & Alto Road

b) Node 2: US 31 & Center Road

d) Node 4: US 31 & Southway Blvd.

€) Node 5: US 31 & Lincoln

g) Node 7: US 31 & Hoffer Str. h) Node 8: US 31 & Savoy Dr.
Figure B- 2 US 31 Geometries

f) Node 6: US 31 & Boulevard Ave.
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a) Node 9: US 31 & Markland Ave b) Node 10: US 31 & Carter Str.

c) Node 11: US 31 & Sycamore Dr. d) Node 12 ; US 31 & North Sir.

€) Node 13: US 31 & Morgan St.

Figure B- 3 US 31 Geometries-Continued
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g) Node 7: US 31 & Hoffer Str. h) Node 8: US 31 & Savoy Dr.
Figure B- 4 Intersection Ring Structures for US 31
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€) Node 13; US 31 & Morgan St.

Figure B- 5 Intersection Ring Structures for US 31-Continued
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Table B- 1 Intersection Pocket Lengths and Detector Locations (Table 1 of 2)

SR 26 POCKET STOP BAR DETECTOR
(SOUTH ST) | LENGTHS (FT) LENGTHS (FT)

INT | MOVE | LEFT | RIGHT | LEFT | THRU | RIGHT
1 NB 600 600 36 - -
1 SB 600 600 36 - -
1 EB 265 - 36 36 -
1 WB 230 - 36 36 -
2 NB 220 500 36 - -
2 SB 355 468 36 - -
2 EB 125 | TWR 36 36 -
2 WB 125 | PREV 36 36 -
3 NB 755 755 36 - -
3 SB 525 700 36 - -
3 EB | TwWL | TWR - 36 -
3 | wB 515 | TW/R - 36 -
4 NB_ | 550 755 36 - -
4 SB_ | 570 570 36 - -
4 EB | PREV | TWR 36 -
4 | WB |TwL |TwR 36 36 -
5 NB 670 890 36 - -
5 SB 670 670 36 - -
5 EB 155 | Tw/R - 36 -
5 | WB 310 310 - 36 -
6 NB 680 680 36 - -
6 SB 680 680 36 - -
6 EB 4200 | TWR 36 36 -
6 | WB 190 | TWR 36 36 -
7 NB 665 665 36 - -
7 SB 450 450 36 - -
7 EB PREV | TWR 36 36 -
7 WB | PREV | TWR 36 36 -

NOTE: “PREV” DENOTES THAT THE TURNING BAY BEGINS AT THE PREVIOUS
INTERSECTION. T w/ L : left turn lane is shared with through. T w/ R : right turn is shared with through
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Table B- 2 Intersection Pocket Lengths and Detector Locations (Table 2 of 2)

US 31 POCKET STOP BAR DETECTOR
LENGTHS (FT) LENGTHS (FT)
INT [ MOVE | LEFT | RIGHT | LEFT | THRU | RIGHT
8 [NB 665 430 36 - -
8 SB 450 670 36 -- --
8 EB Tw/L 180 36 36 --
8 WB Tw/L 85 36 36 --
9 NB 700 700 36 -- --
9 SB 700 & 700 36 -- --
9 EB 565 TwR 36 36 --
9 [wB 230 PREV 36 36 -
10 [ NB 450 450 36 - -
10 | SB 450 185 36 - -
10 [EB 435 Tw/ R - 36 -
10 [wB 130 TwR - 36 -
11 [ NB 550 255 36 - -
11 SB 500 500 36 -- --
1 [EB 380 TwWR 36 -
1 |[wB 140 TwR 36 36 -
12 [ NB 550 595 36 - --
12 SB 550 600 36 -- --
12 [EB 190 TwWR - 36 -
12 [wB 225 TwR - 36 -
13 [ NB 680 680 36 - -
13 | SB 470 PREV 36 - -
13 [ EB PREV [TwR 36 36 -
13 [wB 250 TwR 36 36 -
14 [ NB 550 550 36 - -
14 | SB 550 550 36 -- --
14 [EB 120 250 36 - -
14 | WB 280 180 36 -- --
15 [ NB 550 550 36 - --
15 | SB 550 550 36 - -
15 EB 150 200 36 -- --
15 [wB 250 200 36 - -

NOTE: “PREV” DENOTES THAT THE TURNING BAY BEGINS AT THE PREVIOUS
INTERSECTION. T w/ L : left turn laneis
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Table B- 3 Intersection Detector Configuration (CID Logic Only)

\NT | MOVE- [ DET [ STAT [ PUL \NT | MOVE- [ DET [ STAT | PUL
MENT | NUM | ID PRS MENT | NUM | ID PRS
5 | EBLT 6 106 | PRS 6 | EBLT 3 203 | PRS
5 | EBTH 7 107 | PRS 6 | EBTH 8 208 | PRS
5 | EBRT | 8 108 | PRS 6 | EBRT | 16 | 216 | PRS
5 | WBLT | 3 103 | PRS 6 | WBLT | 7 207 | PRS
5 | WBTH | 4 104 | PRS 6 | WBTH | 4 204 | PRS
5 | WBRT | 5 105 | PRS 6 | WBRT | 12 | 212 | PRS
5 | NBLT | 1 101 | PRS 6 | NBLT | 1 201 | PRS
5 | SBLT 2 102 | PRS 6 | SBLT 5 205 | PRS
\NT | MOVE- [ DET [ STAT [ PUL \NT | MOVE- [ DET [ STAT | PUL
MENT | NUM | ID PRS MENT | NUM | ID PRS
7 | BBLT | - - PRS 8 | EBLT | -- — PRS
7 | EBTH 8 308 | PRS 8 | EBTH 8 408 | PRS
7 | EBRT | 16 | 316 | PRS 8 | EBRT | 16 | 416 | PRS
7 [ WBLT | - - PRS 8 | WBLT | -- - PRS
7 [WBTH | 4 304 | PRS 8 | WBTH | 4 404 | PRS
7 |WBRT | 12 | 312 | PRS 8 | WBRT | 12 | 412 | PRS
7 [ NBLT | 1 301 | PRS 8 | NBLT | 1 401 | PRS
7 | SBLT 5 305 | PRS 8 | SBLT 5 405 | PRS
\NT | MOVE- [ DET [ STAT [ PUL \NT | MOVE- [ DET [ STAT | PUL
MENT | NUM | ID PRS MENT | NUM | ID PRS
9 | EBLT 3 503 | PRS 10 | EBLT | - — PRS
9 | EBTH 8 508 | PRS 10 | EBTH 8 608 | PRS
9 | EBRT | 16 | 516 | PRS 10 | EBRT | 16 | 616 | PRS
9 [ WBLT | 7 507 | PRS 10 | WBLT | - - PRS
9 [WBTH | 4 504 | PRS 10 | WBTH | 4 604 | PRS
9 |WBRT | 12 | 512 | PRS 10 | WBRT | 12 | 612 | PRS
9 [ NBLT | 1 501 | PRS 10 | NBLT | 1 601 | PRS
9 [ SBLT 5 505 | PRS 10 | SBLT 5 605 | PRS
\NT | MOVE- | DET [ STAT [ PUL
MENT | NUM | ID PRS
11 | EBLT 3 703 | PRS
11 | EBTH 8 708 | PRS
11 | EBRT | 16 | 716 | PRS
11 [ WBLT | 7 707 | PRS
11 | WBTH | 4 704 | PRS
11 [ WBRT | 12 | 712 | PRS
11 | NBLT | 1 701 | PRS
11 | SBLT 5 705 | PRS
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Table B- 4 General Phase Parameters (US 31)

NT DESCRIPTION (SEC) 1 2 3 4 5 6 7 8
1 | MINIMUM GREEN 5 10 |5 10 |5 10 |5 10
1 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
1 | MAXIMUM GREEN 99 [99 [99 |99 1[99 [99 |99 |99
1 | YELLOW CLEARANCE 35 |35 |35 [35 |35 [35 |35 |35
1 | RED CLEARANCE 15 |15 [15 |15 |15 [15 |15 |15
1 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
MINIMUM GREEN
2 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
2 | MAXIMUM GREEN 99 (99 [99 |99 99 [99 |99 |99
2 | YELLOW CLEARANCE 35 |35 |35 [35 |35 |35 |35 |35
2 | RED CLEARANCE 15 |15 [15 |15 |15 [15 [15 |15
2 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
MINIMUM GREEN
3 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
3 | MAXIMUM GREEN 99 [99 [99 |99 [99 [99 |99 |99
3 | YELLOW CLEARANCE 35 |35 [35 [35 [35 [35 |35 |35
3 | RED CLEARANCE 15 |15 [15 |15 |15 [15 |15 |15
3 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
MINIMUM GREEN
4 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
4 | MAXIMUM GREEN 99 (99 [99 |99 99 |99 |99 |99
4 | YELLOW CLEARANCE 35 |35 [35 [35 |35 |35 |35 |35
4 | RED CLEARANCE 15 |15 [15 |15 |15 [15 [15 |15
4 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
MINIMUM GREEN
5 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
5 | MAXIMUM GREEN 99 [99 [99 |99 [99 [99 [99 |99
5 | YELLOW CLEARANCE 35 |35 [35 [35 [35 [35 |35 |35
5 | RED CLEARANCE 15 |15 [15 |15 |15 [15 |15 |15
5 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
MINIMUM GREEN
6 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
6 | MAXIMUM GREEN 99 (99 [99 |99 99 |99 |99 |99
6 | YELLOW CLEARANCE 35 |35 [35 [35 |35 |35 |35 |35
6 | RED CLEARANCE 15 |15 [15 |15 |15 [15 [15 |15
6 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
MINIMUM GREEN
7 | VEHICLE EXTENSION 2 2 2 2 2 2 2 2
7 | MAXIMUM GREEN 99 [99 [99 |99 [99 [99 |99 |99
7 | YELLOW CLEARANCE 35 |35 |35 [35 [35 [35 |35 |35
7 | RED CLEARANCE 15 |15 [15 |15 |15 [15 |15 |15
7 | MINIMUM GAP TIME 2 2 2 2 2 2 2 2
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Table B- 5 US 31 Coordination Plans and Splits

OFFSET
INT | TIME | CYC COR CON 1 2 3 4 5 6 7 8
1 Am 92 0 37 15 37 15 19 15 37 -- 34
1 Pm 116 0 99 15 64 16 21 23 56 -- 37
2 Pm 116 64 46 14 65 14 23 33 46 14 23
3 Pm 116 18 112 | 29 50 - 37 14 65 14 23
4 Pm 116 107 90 26 53 15 22 15 64 -- 37
5 Pm 116 67 55 22 54 21 19 17 59 21 19
6 Pm 116 24 10 20 56 16 24 15 61 16 24
7 Pm 116 50 25 17 66 -- 33 12 71 -- 33
8 Pm 116 12 98 23 70 -- 23 16 77 -- 23
9 Pm 116 | 68 72 19 39 32 26 15 43 26 32
10 | Pm 116 | 28 7 14 68 -- 34 20 62 - 34
11 | Pm 116 11 113 | 22 53 14 27 14 61 14 27
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Table B- 6 Detailed Traffic Volume (vph — Table 1 of 3)

INT BEG 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT [ 188 [184 |159 |96 |97 |113 |122 | 122 | 148 | 116 | 127 | 127
EBTH |66 |81 [72 [60 [54 [57 [79 [53 [78 [97 [107 |116
EBRT [98 [58 [60 [46 [60 |44 [47 |62 [45 |61 [83 |73
WBLT |57 |70 |57 |40 [36 [37 [37 [31 |37 [65 |52 |44

o |WBTH |72 [108 [101 |71 [75 |70 [73 |67 [90 |133 |113 [114

< |WBRT |56 [8 |77 [73 |68 [102 [77 |98 |68 |83 [63 |66

% | NBLT |57 [100 |8 [53 |53 [61 [40 |64 |58 |68 [8 |95
NBTH | 798 | 982 [762 |590 [551 |521 [526 |581 | 631 |532 |684 | 726
NBRT [45 [36 [53 [37 |41 |26 |28 |45 |20 |54 |41 |71
SBLT |38 |59 |52 [49 |51 [77 |84 |78 |8 [114 |95 |[124
SBTH | 485 [ 654 [533 [503 [ 478 [540 [ 563 [ 585 [ 757 | 921 | 993 | 948
SBRT |41 |78 |62 [68 [100 [126 | 115 | 109 | 153 [230 [ 207 | 193
EBTH [35 [79 [62 [51 [87 [103 [149 [ 125 [ 119 | 144 [ 153 | 145
EBRT |8 21 [27 |15 [32 |43 [57 |45 |46 |60 |73 |47
WBLT [59 [56 |68 |55 |44 [45 |62 [72 |53 [93 |72 |67

® [WBTH |48 |78 [69 |62 |54 [8 |91 |94 |107 |131 |82 | 165

© |WBRT | 112 [173 [ 199 |158 | 150 | 227 | 227 |181 | 231 |162 | 183 | 175

€ [NBLT [26 |43 |45 |53 |41 |63 |99 |75 |79 |58 |88 |73

§ NBTH | 1042 | 1326 | 1105 | 838 [ 776 | 887 | 829 | 833 | 1016 | 787 | 1008 | 916
NBRT [49 [43 [43 [31 [31 [36 [40 [33 [42 [33 |52 |64
SBLT |72 |135 | 159 [182 [ 218 [322 |418 | 256 |331 [335 |364 | 358
SBTH | 568 [ 726 [606 |657 | 723 [ 790 | 796 | 869 | 1102 | 1315 | 1507 | 1409
SBRT |13 [35 |42 [42 [59 [104 [105 |95 [104 [131 [133 [ 116
EBTH [31 [46 [8 |70 [105 [121 [158 | 113 [119 [ 113 [ 160 | 151
EBRT |1 6 4 6 11 [10 |14 [20 [18 [18 [24 [20
WBLT [35 [64 |59 |48 |62 [73 |92 [8 |93 [99 [125 [110

3 |WBTH [43 [68 [105 [91 [91 [122 [129 [121 [101 [135 [135 | 126

& |WBRT |34 [47 |43 |34 |44 |48 |71 |43 |46 |40 [40 |57

o [ NBLT [121 | 255 [ 273 | 275 [ 264 | 317 [386 |361 | 301 |362 |36l | 386

< | NBTH | 1093 | 1490 | 1124 [ 772 | 718 [ 864 | 846 | 720 | 1014|860 | 959 | 931
NBRT [64 [99 [64 [57 [55 [75 [50 [25 [94 |45 |83 |56
SBLT |15 |37 |59 [63 |65 [110 [118 |61 |52 [42 [69 |[131
SBTH | 425 [673 [601 [536 660 | 789 [ 877 [ 711 [ 1138 1326 | 1363 | 1203
SBRT | 6 20 [46 |58 |66 |71 |76 |50 |60 |48 |64 |57
EBTH [ 36 [83 [126 [114 [123 [200 [ 200 | 156 | 153 | 227 | 263 | 376
EBRT |8 3 6 16 [22 |33 [35 |36 [39 |54 [56 |57

3 [WBLT |16 |23 [31 |14 |22 [55 |23 [30 [29 |49 |55 |63

& |WBTH |63 [101 [151 [121 [150 [ 199 [ 205 | 166 | 190 [ 231 |233 | 210

Z |WBRT [22 |45 [59 |39 [44 |49 [100 |96 |72 |8 [50 |8&7

= | NBLT |7 21 |37 [37 |37 [52 |49 |60 [66 |55 |69 [70

S | NBTH [ 1015|340 | 1088 | 848 | 761 | 856 | 863 | 800 | 1073 | 869 | 953 | 907

@ [ NBRT |16 [36 [34 [25 [10 [36 |29 [33 [34 [29 [44 [54
SBLT |15 |14 |36 [48 |60 |[122 |152 | 108 | 107 |115 | 164 | 164
SBTH | 408 [678 [711 [ 666 | 789 | 969 | 894 | 862 | 1098 | 448 | 297 | 465
SBRT [33 [78 |93 [63 [116 [218 [122 [ 130 | 141 [175 [ 173 | 168
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Table B- 7 Detailed Traffic Volume (vph — Table 2 of 3)

INT BEG 7AM | 8AM | 9AM | 10A | 11A 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END 8AM | 9AM | 10A | 11A | 12P | 1IPM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT | 56 82 99 113 | 146 | 186 | 204 | 175 | 236 | 256 | 178 | 278
EBTH | 280 | 339 | 240 | 137 | 164 | 184 |416 | 281 | 367 | 323 |29 | 301
EBRT | 45 89 63 60 101 | 78 110 | 145 | 162 | 296 | 136 | 235
o WBLT | 41 29 73 55 96 137 | 121 | 93 141 | 241 | 280 | 320
= |WBTH | 230 | 182 | 199 | 128 | 213 | 140 | 239 |166 |446 | 343 | 395 | 327
52 WBRT | 85 158 | 124 | 100 | 151 | 253 | 175 | 95 191 | 234 | 192 | 146
g | NBLT 252 1209 | 119 | 122 | 102 | 272 | 114 | 123 | 236 | 122 | 97 137
£ | NBTH | 709 | 1119|950 | 868 | 770 | 1016 | 970 | 934 | 1026 | 1056 | 1118 | 1146
— | NBRT [ 232 | 407 | 210 |63 68 41 138 | 129 | 106 | 79 51 90
SBLT | 140 | 189 | 122 | 94 91 206 | 219 | 179 | 147 | 127 | 117 | 144
SBTH | 416 | 698 | 695 | 771 | 763 | 1132 | 934 | 1053 | 1012 | 1237 | 1175 | 1269
SBRT | 83 91 53 54 100 | 83 80 117 | 183 | 121 | 97 99
EBTH | 157 | 237 | 139 | 107 | 110 | 262 | 266 | 205 |389 | 395 | 239 | 216
EBRT | 47 107 | 119 | 115 | 120 | 236 | 193 | 217 | 216 | 302 | 229 | 259
g WBLT | 86 99 60 57 66 120 | 87 76 189 | 118 | 99 87
< |WBTH | 276 | 293 | 192 | 144 | 207 | 395 | 249 | 170 | 590 | 403 | 338 | 165
'% WBRT | 35 43 38 25 65 176 | 52 40 92 64 56 34
g L NBLT | 80 191 | 149 | 164 | 135 | 263 | 225 | 160 | 231 | 211 | 159 | 153
3 |INBTH | 721 | 985 | 909 | 853 | 1010 | 1306 | 1200 | 1034 | 1217 | 1284 | 1311 | 1214
o | NBRT | 97 90 86 47 68 103 | 36 74 80 80 69 67
SBLT | 85 68 50 36 44 176 | 138 | 95 152 | 83 61 62
SBTH | 572 | 778 | 823 | 828 | 768 | 988 | 1074 | 963 | 1145 | 1173 | 1113 | 1185
SBRT | 96 49 58 50 66 102 | 66 102 | 77 116 | 54 55
EBTH | 6 30 22 28 16 37 32 25 26 31 32 32
EBRT | 57 45 49 73 77 152 | 115 | 186 | 130 | 146 | 119 | 119
WBLT | 2 7 6 18 15 39 20 18 15 17 13 13
55' WBTH | 2 13 15 14 15 34 27 24 35 24 26 26
o WBRT | 5 15 27 28 40 39 38 29 29 27 33 33
= NBLT | 50 95 98 69 56 117 | 121 | 138 | 103 | 114 | 110 | 110
T | NBTH | 680 |897 |813 | 805 | 826 | 1104 | 1095 | 1185 | 1287 | 1245 | 1163 | 1163
NBRT | 5 21 17 14 8 15 14 13 15 13 9 9
SBLT | 12 18 42 37 33 41 42 24 31 24 33 33
SBTH | 819 | 761 | 772 | 810 | 779 | 1231 | 1040 | 1256 | 1129 | 1212 | 1162 | 1162
SBRT | 41 65 84 107 | 99 276 | 168 | 213 | 148 | 208 | 151 | 151
EBTH | O 4 6 6 15 19 15 16 17 17 25 27
EBRT | 3 5 25 14 60 100 | 60 88 82 103 | 86 103
WBLT | 5 20 17 23 16 12 9 20 25 18 10 14
5 WBTH | 7 13 14 12 19 23 16 17 17 25 21 28
-~ | WBRT | 8 24 30 27 26 21 9 25 17 35 33 32
S [ NBLT |7 13 32 63 94 218 | 101 | 157 | 121 | 133 | 126 | 148
(ﬁ NBTH | 741 | 968 | 792 | 865 | 1039 | 1247 | 626 | 1134 | 1161 | 1487 | 1337 | 1306
NBRT | 6 1 8 4 5 7 3 8 1 12 6 5
SBLT | 4 12 7 15 24 38 17 25 31 28 66 61
SBTH | 970 | 937 | 973 | 857 | 1085 | 1265 | 646 | 1156 | 1471 | 1291 | 1342 | 1265
SBRT |1 8 3 22 56 93 49 94 89 63 76 89
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Table B- 8 Detailed Traffic Volume (vph — Table 3 of 3)

INT BEG 7AM | 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM
END 8AM | 9AM | 10A | 11A | 12P | 1PM | 2PM | 3PM | 4PM | 5PM | 6PM | 7PM
EBLT | 55 78 83 105 | 107 | 160 | 188 | 177 | 204 | 298 | 215 | 324
EBTH | 103 | 164 | 214 | 294 | 390 |488 |435 |440 |514 | 620 | 567 | 602
EBRT | 37 38 47 68 66 130 | 76 79 73 106 | 76 107
o | WBLT | 88 102 | 133 | 154 | 238 | 240 | 241 | 245 | 286 | 376 | 253 | 270
3: WBTH | 133 | 258 | 242 | 222 | 351 | 408 | 457 |382 | 500 |525 | 467 |471
T |WBRT | 104 | 133 | 135 | 121 | 149 | 215 | 200 | 164 | 220 | 278 | 227 | 246
é NBLT | 55 96 100 | 90 106 | 151 | 159 | 117 | 142 | 189 | 158 | 150
8 | NBTH | 645 | 689 |614 | 614 | 651 | 734 | 749 | 688 | 948 | 1067 | 933 | 964
= | NBRT | 70 116 | 103 | 201 | 171 | 299 | 213 | 259 | 219 | 282 | 256 | 301
SBLT | 88 106 | 132 | 176 | 215 | 238 | 197 | 204 | 231 | 270 | 288 | 258
SBTH | 726 | 712 | 741 | 598 | 640 | 755 | 644 | 664 | 939 | 986 | 798 | 868
SBRT | 49 83 109 | 109 | 110 | 119 | 114 | 87 113 | 107 | 92 119
EBTH | 22 59 65 41 73 115 | 81 105 | 133 | 151 | 182 | 194
EBRT | 26 38 30 45 50 67 98 58 65 57 71 87
WBLT | 6 23 23 16 8 22 45 39 27 42 28 32
= | WBTH | 24 55 70 45 58 79 125 | 115 | 123 | 111 | 105 | 97
g WBRT | 58 89 59 50 40 67 72 96 122 | 139 | 124 | 103
g [ NBLT 18 35 27 49 44 100 | 77 63 72 94 65 56
O | NBTH | 731 [ 923 | 732 | 730 | 768 | 976 | 994 | 1003 | 1203 | 1428 | 1265 | 1236
NBRT | 5 10 13 4 10 25 27 28 15 16 19 28
SBLT | 52 61 78 33 54 115 | 79 94 102 | 132 | 141 | 125
SBTH | 924 | 1035 | 999 | 851 | 853 | 1092 | 1058 | 1075 | 1141 | 1223 | 1035 | 1150
SBRT | 15 24 31 23 48 52 31 38 39 45 37 55
EBTH | 27 48 41 36 35 57 61 62 51 115 | 116 | 106
EBRT | 56 51 62 89 83 114 | 94 102 | 85 173 | 124 | 128
5 | WBLT | 33 56 105 | 67 67 73 86 76 59 80 97 106
x | WBTH | 53 92 101 | 54 60 74 65 55 73 102 | 93 98
g WBRT | 25 26 15 21 18 10 33 46 14 15 20 21
£ | NBLT |55 108 | 120 | 98 129 | 148 | 169 | 158 | 205 | 188 | 186 | 133
% NBTH | 946 | 853 | 688 | 622 | 762 | 941 | 922 | 980 | 1430 | 1253 | 1370 | 1174
NBRT | 46 56 61 36 48 64 55 72 52 74 73 69
SBLT |3 15 8 8 10 15 14 10 25 28 25 12
SBTH | 1030 | 927 | 829 | 825 | 847 | 960 | 838 | 921 | 1153 | 1089 | 1113 | 1105
SBRT | 48 58 44 53 55 70 79 65 64 64 69 65
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APPENDIX C- SAS CODE AND RESULTS
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data of fsets;

I NFI LE " of fsets.inp’

input length 1-6 offset 7-12 cycle 13-18 split 19-24 turn 25-30 vol 31-36 det_loc 37-42 cnt_skw 43-50
occ_skw 51-57;

di ff_skw=occ_skw cnt _skw;

| F of fset=5 THEN of f set 2=3;

run;

ELSE | F of fset=6 THEN of f set 2=2;

gp5e bEPLbi 2=0f f set ;
I NFI LE " rep.inp’

i nput rep 1-1;

data all
merge of fsets repli;

PROC GLM DATA=al | ;

class length cycle split vol turn rep

nodel diff_skw=

I ength Cycle split(cycle) vol (split) turn

| engt h*cycl e length*split(cycle) length*vol (split) length*turn
cycle*vol (split) cycle*turn turn*split(cycle) turn*vol (split)
rep(length cycle split vol turn)

of f set 2

of fset2*l ength of fset2*Cycle of fset2*split(cycle) offset2*vol (split) offset2*turn
of fset2*rep(l ength cycle split vol turn)

det | oc

det _loc*length det | oc*Cycle det_loc*split(cycle) det_loc*vol (split) det_loc*turn
det _loc*rep(length cycle split vol turn)

of f set 2*det _| oc
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of fset 2*det _| oc*rep(length cycle split vol turn);

RANDOM rep(l ength cycle split vol turn) offset2*rep(length cycle split vol turn)
det _loc*rep(length cycle split vol turn) offset2*det_| oc*rep(length cycle split vol turn)
/test;

test H=l ength E=rep(l ength cycle split vol turn);
test H=cycle E=rep(l ength cycle split vol turn);
test H=split(cycle) E=rep(l ength cycle split vol turn);
test H=vol (split) E=rep(l ength cycle split vol turn);
test H=turn E=rep(l ength cycle split vol turn);
test H=l engt h*cycl e E=rep(l ength cycle split vol turn);
test H=l ength*split(cycle) E=rep(l ength cycle split vol turn);
test H=l ength*vol (split) E=rep(length cycle split vol turn);
test H=length*turn E=rep(length cycle split vol turn);
test H=cycl e*vol (split) E=rep(length cycle split vol turn);
test H=cycl e*turn E=rep(l ength cycle split vol turn);
test H=eturn*split(cycle) E=rep(length cycle split vol turn);
test H=turn*vol (split) E=rep(length cycle split vol turn);

test H-of fset2

E=of f set 2*rep(l ength cycle split vol turn);
test H=of fset2*l ength

E=of f set 2*rep(l ength cycle split vol turn);
test H-=of f set2*Cycl e

E=of f set 2*rep(l ength cycle split vol turn);
test H=of fset2*split(cycle)

E=of f set 2*rep(l ength cycle split vol turn);
test H=of fset2*vol (split)

E=of f set 2*rep(l ength cycle split vol turn);
test H=of fset2*turn

E=of f set 2*rep(l ength cycle split vol turn);

test H=det | oc

E=det | oc*rep(length cycle split vol turn);
test H=det | oc*length

E=det | oc*rep(l ength cycle split vol turn);
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test H=det | oc*Cycle

E=det | oc*rep(length cycle split
test H=det | oc*split(cycle)
E=det | oc*rep(length cycle split
test H=det | oc*vol (split)

E=det | oc*rep(l ength cycle split
test H=det loc*turn

E=det | oc*rep(length cycle split

test H=of fset2*det | oc

E=of f set 2*det _| oc*rep(l ength cycle split vol

vol

vol

vol

vol

turn);
turn);
turn);

turn);

out put out=resplot p=pred_off r=resid;

RUN;

PROC pl ot dat a=respl ot ;
pl ot pred_off*resid;
run;
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F' Model GLM

15: 43 Sunday, March 18, 2001

Cl ass

| ength
cycle

split

vol

The SAS System
turn

??gg‘gEEEPC?HPB?mt i on
rep

| en_vol

cyc_vol

spl _turn

1

Level s
2

3

10

12

Val ues

1000 3000

90 120 150

123

123

123

12314

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503
11 12 13 21 22 23 31 32 33

11 12 13 21 22 23 31 32 33

1010 1020 1030 1040 3010 3020 3030 3040
100 110 120 130 140 150 160 170 180 190

11 12 13 21 22 23 31 32 33 41 42 43
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12 11 12 13 21 22 23 31 32 33 41 42 43

12 11 12 13 21 22 23 31 32 33 41 42 43

10 1010 1020 1030 1040 1050 3010 3020 3030 3040 3050

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
_ The SAS System
15: 43 Sunday, March 18, 2001 2
of f _vol
B)FPePH?Ht Vari abl e: fval ue
det _len
DF Squar es Mean Square F Val ue Pr
aeF_voI
3239 2156. 780494 0. 665879 4. 00
deboby" "
21060 3503. 649887 0. 166365
24299 5660. 430381
Coef f Var Root MSE fval ue Mean
Sour ce 97. 28191 0. 407879 0.419275
Model DF Type | SS Mean Squar e F Val ue Pr

>

Nurﬁber of observations

Error 312
Corrected Total



<. 0001

<. 0001

<. 0001

_off_turn
15: 43 Sunday, March 18, 2001 3

o*re(l e*cy*sp*vo*tu)

Sour ce

gff_turn
o5 86! LAYASP  NAT EH) 18, 2001 4

not under partial nul
NOTE: This test controls the Type

Sour ce
of f _turn

o*re(l e*cy*sp*vo*tu)

11 483. 287859 43. 935260
3228 1673. 492635 0.518430
DF Type 111 SS Mean Square
0 0. 000000 .
3228 1673. 492635 0.518430
The SAS System
Type |11 Expected Mean Square
0

264. 09

3.12

F Val ue

Var(Error) + 7.5 Var(o*re(le*cy*sp*vo*tu))

The

SAS System

experinentwi se error rate under the conplete nul

313

0. 05
3228
0.51843

hypot hesi s but

Pr



1800

2 3 4 5 6 7 8 9
Rnber of 16 12
umber o ans 0. 0470582 0. 0562765 0. 0616907 0. 0655068 0.0684369 0. 0708071 0.0727915 0. 0744948

. 0759842 _0.0773059 0.0784925
Itircal Range

Mean N off turn
0.62917 1350 41
0.61900 1350 42
0.57820 1350 43

. 53232 2700 31

oo >
o

0. 52248 2700 32
Har noni ¢ Mean of Cell Sizes
0. 50607 2700 33

NOTE: Cell sizes are not equal. 0.36017 2700 23

Means with the same letter are not significantly diPferent.0.31353 1350 13

D
D 0. 31097 2700 22
0. 28576 2700 21
SNK Groupi n
ping 0.20180 1350 12
314



0. 16971 1350 11
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Sat urday, March 17, 2001

C ass

| ength
cycle

split

vol

The SAS System
turn

§£§SQLE%EEPCFHPBFnation
| en_vol
cyc_vol

spl _turn

1

Level s

10

12

12

Val ues

1000 3000

90 120 150

123

123

123

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503
11 12 13 21 22 23 31 32 33

11 12 13 21 22 23 31 32 33

1010 1020 1030 1040 3010 3020 3030 3040
100 110 120 130 140 150 160 170 180 190
11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43
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12 11 12 13 21 22 23 31 32 33 41 42 43

10 1010 1020 1030 1040 1050 3010 3020 3030 3040 3050

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
_ The SAS System 23: 44
Saturday, March 17, 2001 2
Depéntient Vari abl e: fval ue
det _len
DF Squar es Mean Square F Val ue Pr
aeF_voI
809 1103. 887260 1. 364508 7.03
deboby" "
23490 4556. 543121 0. 193978
24299 5660. 430381
Coef f Var Root MSE fval ue Mean
Sour ce 105. 0454 0. 440429 0.419275
Model DF Type | SS Mean Squar e F Val ue Pr
Klurﬁber of observations
Error
317

Corrected Total



5 685. 6270772 137. 1254154 706. 91

<. 0001
804 418. 2601828 0. 5202241 2.68
<. 0001
DF Type 111 SS Mean Square F Val ue Pr
> F
0 0. 0000000 . .
804 418. 2601828 0. 5202241 2.68
<. 0001
_len vol The SAS System 23: 44
Sat urday, March 17, 2001 3
re(l e*cy*sp*vol *tur)
Type |11 Expected Mean Square
Sour ce 0

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))
l'en_vol The SAS System 23: 44
saf Leaay: sRar¥eh™ itwr) 2001 4

not under partial nul

NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but
Sour ce

0. 05

804
0. 520224

| en_vol

re(le*cy*sp*vol *tur)
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2 3 4 5

6
0. 0314619 0. 037635 0. 0412639 0. 043821
0. 0457862
Mean N I en_vol
Number of Means 0.60692 4050 30001
Critical Range 0. 60310 4050 10001

0.46659 4050 30002
0.44198 4050 10002
0.20465 4050 30003
0. 19241 4050 10003

_ The SAS System 23: 44
Sat urday, March 17, 2001 5

Means with the sanme letter are not significantly different.

SNK Gr oupi ng Level s Val ues
2 1000 3000

3 90 120 150

3 123
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vol

turn

rep

| en_vol
cyc_vol
spl _turn
vol _turn
off _len
of f _cyc

S‘F‘F“Egﬁy, March 17, 2001

of f _vol
B)fepepgpﬂt Vari abl e: fval ue
det _len
det vol

det turn

6

10

12

12

12

10

15

15

123

123

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22

11 12 13 21 22

1010 1020 1030

23 31 32 33

23 31 32 33

1040 3010 3020 3030 3040

100 110 120 130 140 150 160 170 180 190

11 12 13 21 22
11 12 13 21 22
11 12 13 21 22
1010 1020 1030
11 12 13 21 22

11 12 13 21 22

The SAS

320

23 31 32 33 41 42 43

23 31 32 33 41 42 43

23 31 32 33 41 42 43

1040 1050 3010 3020 3030 3040 3050
23 31 32 33 41 42 43 51 52 53

23 31 32 33 41 42 43 51 52 53

24300
System 23: 44



<. 0001

Sour ce

Model
> F

Error

<. 0001
Corrected Tot al

<. 0001

Sour ce
<. 0001

RYEMIGRy, March 17, 2001
be4bEoTy" SP™vol “tur)

Sour ce

cyc_vol

re(l e*cv*sn*vol *t ur)

DF Squar es Mean Square
809 1103. 887260 1. 364508
23490 4556. 543121 0. 193978
24299 5660. 430381
Coeff Var Root MSE fval ue Mean
105. 0454 0. 440429 0. 419275
DF Type | SS Mean Square
8 868. 0857904 108. 5107238
801 235. 8014697 0. 2943839
DF Type 111 SS Mean Square
0 0. 0000000 .
801 235. 8014697 0. 2943839
The SAS System
321

F Val ue Pr

7.03

F Vval ue Pr

559. 40

1.52

F Vval ue Pr

1.52

23: 44



Saturday, March 17, 2001 8

not under partial null

NOTE: This test controls the Type | experinentw se error rate under the conplete null

Sour ce

cyc_vol

re(le*cy*sp*vol *tur)

2 3

Bunber of Mean$
0. 0289865

Qr D8B8@P9Range0. 0459293

0. 0346738

St udent - Newman- Keul s Test for fval ue

The GLM Procedure

Al pha

F e o o MY v ~r~e~ ~f e ~ o~ A

Type |11 Expected Mean Square
0

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))
The SAS System

23: 44

hypot hesi s but

0.05
801
0. 294384
4 5 6 7
0. 0380173 0. 0403732 0. 0421838 0. 0436489
Mean N cyc_vol

0.69470 2700 1501
0.62149 2700 1201

0. 60733 2700 1502

322



§aturday, March 17, 2001

9

Level s

0. 49885

0. 45603

0. 29950

0. 22581

0. 19080

0. 17897

The SAS System

Val ues

1000 3000

90 120 150

123

123

123

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

2700

2700

2700

2700

2700

2700

901

1202

902

1503

1203

903

11 12 13 21 22 23 31 32 33

323

23: 44



vol _turn
of f _len
of f_cyc

S‘PF“EBPV, March 17, 2001 10

of f _vol
B)?Pe{‘ﬂ?ﬂt Vari abl e: fval ue

det _len

ae{: _vol
deboby" "

Sour ce

10

12

12

12

10

15

15

11 12 13 21 22

23 31 32 33

1010 1020 1030 1040 3010 3020 3030 3040

100 110 120 130 140 150 160 170 180 190

11 12 13 21 22

11 12 13 21 22

11 12 13 21 22

1010 1020 1030

11 12 13 21 22

11 12 13 21 22

The SAS

23 31 32 33 41 42 43

23 31 32 33 41 42 43

23 31 32 33 41 42 43

1040 1050 3010 3020 3030 3040 3050

23 31 32 33 41 42 43 51 52 53

23 31 32 33 41 42 43 51 52 53

24300
System

DF Squar es Mean Square

809 1103. 887260 1. 364508

23490 4556. 543121 0. 193978

24299 5660. 430381

324

F Val ue

7.

03

23: 44

Pr



N

. 0001

<. 0001

Sour ce
<. 0001

SRt SFHBPE March 17, 2001
bebgogy"sprvol *tur)

Sour ce

spl _turn
6af Leaay; sRareh™ ar) 2001

Sour ce

11

12

Coef f Var Root MSE

fval ue Mean

105. 0454 0. 440429 0. 419275
DF Type | SS Mean Square F Val ue
8 61. 487298 7.685912 39. 62
801 1042. 399962 1.301373 6.71
DF Type 111 SS Mean Square F Val ue
0 0. 000000 . .
801 1042. 399962 1.301373 6.71
The SAS System
Type |11 Expected Mean Square

0

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))

The SAS System

325

Pr

Pr

23:. 44

23:. 44



nRIbTEnd%l ga{ teisi’;‘I CSHIt IroI s the Type |

2
SBunber of Mean$
0. 0609451
Qr DPABAB3Range 0. 096568

Al pha
Error Degrees of Freedom

Error Mean Square
hypot heses.

0.
Means with the sanme letter are not significantly different.

SNK Gr oupi ng

experi nment w

3

0. 0729031

se error rate under the conplete null hypothesis but

0.05
801
1.301373
4 5 6 7
0. 0799327 0. 0848862 0. 0886931 0. 0917735
Mean N spl _turn

0. 48735 2700 13
0.46341 2700 23
0. 45426 2700 12
0. 44226 2700 11
0.44161 2700 22
0. 42945 2700 21
0. 36135 2700 33

34798 2700 32

326



§aturday, March 17, 2001

Cl ass

| gngt h

cycle

split

vol

turn
EggsngEEEPC?HPB?nation
| en_vol

cyc_vol

spl _turn

vol _turn

13

Level s

10

12

12

0. 34580 2700 31
The SAS System

Val ues

1000 3000

90 120 150

123

123

123

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503
11 12 13 21 22 23 31 32 33

11 12 13 21 22 23 31 32 33

1010 1020 1030 1040 3010 3020 3030 3040
100 110 120 130 140 150 160 170 180 190
11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43

327

23: 44



Saturday, March 17, 2001 14

Depéntient Vari abl e: fval ue

det _len

aeF_vm
debobt" "

Sour ce

Mode

> F .
Nunmber of observati ons
Error

Corrected Tot al

The GLM Procedure

12

10

15

15

11 12 13 21 22 23 31 32 33 41 42 43

1010 1020 1030 1040 1050 3010 3020 3030 3040 3050
11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
24300
The SAS System 23: 44
DF Squar es Mean Square F Val ue Pr
809 1103. 887260 1. 364508 7.03
23490 4556. 543121 0. 193978
24299 5660. 430381
Coef f Var Root MSE fval ue Mean
105. 0454 0. 440429 0. 419275
DF Type | SS Mean Square F Val ue Pr

328



<. 0001

<. 0001

<. 0001

—vol _turn
Sat urday, March 17, 2001 15

re(l e*cy*sp*vol *tur)

Sour ce

vol _turn
saf Leaay: sRa¥eh™ itwr) 2001 16

not under partial nul
NOTE: This test controls the Type

Sour ce
vol _turn

re(le*cy*sp*vol *tur)

801

801

Type 111

0

712. 6528282

391. 2344318

Type 111 SS

0. 0000000
391. 2344318

89. 0816035

0. 4884325

Mean Square

0. 4884325

The SAS System

Expect ed Mean Square

459. 24

F Val ue Pr

23: 44

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))
The SAS System

experinmentwi se error rate under the conplete nul

329

0. 05
801
0. 488432

23: 44

hypot hesi s but



gurber of Neags 2 3 4 S 6 7

0.0373371 0. 0446629 0. 0489695 0. 0520042 0. 0543365 0. 0562236
Qr DB78@#1Range0. 0591609

Mean N vol _turn
0.68195 2700 13
0. 59077 2700 12
0. 54232 2700 11
0. 46244 2700 21
0. 45541 2700 22
0. 44500 2700 23
0. 21275 2700 31
0.19768 2700 32

Means with the same letter are not significantly different.

0.18516 2700 33
The SAS System 23: 44

SRkucHaipi Mgrch 17, 2001 17

Level s Val ues

330



| ength

cycle
split

vol

turn

of f set 2
rep

| en_vol
cyc_vol
spl _turn
vol _turn
of f_len
of f _cyc
of f _spl

of f _vol

10

12

12

12

10

15

15

1000 3000

90 120 150

123

123

123

1234

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22

11 12 13 21 22

1010 1020 1030

23 31 32 33

23 31 32 33

1040 3010 3020 3030 3040

100 110 120 130 140 150 160 170 180 190

11 12 13 21 22

11 12 13 21 22

11 12 13 21 22

1010 1020 1030

11 12 13 21 22

11 12 13 21 22

331

23 31 32 33 41 42 43

23 31 32 33 41 42 43

23 31 32 33 41 42 43

1040 1050 3010 3020 3030 3040 3050

23 31 32 33 41 42 43 51 52 53

23 31 32 33 41 42 43 51 52 53



24300

_ The SAS System 23: 44
Saturday, March 17, 2001 18
Dependent Vari abl e: fval ue
DF Squar es Mean Square F Val ue Pr

> F

3239 2156. 780494 0. 665879 4,00
<. 0001

21060 3503. 649887 0. 166365
24299 5660. 430381
Coef f Var Root MSE fval ue Mean

Sour ce 97. 28191 0.407879 0.419275
Model DF Type | SS Mean Squar e F Val ue Pr
Klurﬁber of observations
Error 7 462. 942471 66. 134639 397.53
<. 0001
Corrected Total 3232 1693. 838023 0. 524084 3.15
<. 0001
Ih% GLM Procedur e DF Type 111 SS Mean Square F Val ue Pr
Sour ce 332
B EqligPe
Sum of

o*re(l e*cv*sp*vo*t u)



0 0. 000000 . .
3232 1693. 838023 0. 524084 3.15

<. 0001
_ The SAS System 23: 44
Sat urday, March 17, 2001 19
Type |11 Expected Mean Square
0
off len Var (Error) + 7.5 Var(o*re(l e*cy*sp*vo*tu))
- The SAS System 23: 44

84t Ak H_YCYRAPEMO1YY) 2001 20

not under partial nul
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but

Sour ce

0. 05
off _len 3237
* * * * * 0 524084
o*re(l e*cy*sp*vo*tu) 2700
2 3 4 5 6
7 8
0. 0386318 0. 0461994 0. 0506441 0. 0537769 0. 0561823
fR@BBLRBPr beanfr 8597572

Critical Range
333

St udent - Newman- Keul s Test for fval ue



Mean N off _len
0. 63703 2025 3040
0.58055 2025 1040
0. 53494 4050 3030
0.50564 4050 1030
0. 32832 4050 1020
0. 30961 4050 3020

0.23018 2025 3010

Means with the same letter are not significantly differegtosgsy 2025 1010

— The SAS System 23: 44
Saturday, March 17, 2001 21

SNK Gr oupi ng

Level s Val ues

2 1000 3000

A 3 90 120 150
B 3 123
3 123
334

10 OO0 000

ass



turn

of f set 2
rep

| en_vol
cyc_vol
spl _turn
vol _turn
off _len
of f _cyc

Seuggpy. March 17, 2001 22

of f _vol
B)fepepgpﬂt Vari abl e: fval ue
det _len
det vol

det turn

10

12

12

12

10

15

15

123

1234

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22

11 12 13 21 22

1010 1020 1030

23 31 32 33

23 31 32 33

1040 3010 3020 3030 3040

100 110 120 130 140 150 160 170 180 190

11 12 13 21 22
11 12 13 21 22
11 12 13 21 22
1010 1020 1030
11 12 13 21 22

11 12 13 21 22

The SAS

335

23 31 32 33 41 42 43

23 31 32 33 41 42 43

23 31 32 33 41 42 43

1040 1050 3010 3020 3030 3040 3050
23 31 32 33 41 42 43 51 52 53

23 31 32 33 41 42 43 51 52 53

24300
System 23: 44



<. 0001

Sour ce

Model
> F

Error

<. 0001
Corrected Tot al

<. 0001

Sour ce
<. 0001

Bhbyfipy. March 17, 2001 23

Sum of

87 580b8gcY " SPTVOTtY)

Sour ce

of f _cyc

o*re(l e*cv*sp*vo*t u)

DF Squar es Mean
3239 2156. 780494 0.
21060 3503. 649887 0.
24299 5660. 430381
Coef f Var Root MSE
97. 28191 0. 407879
DF Type | SS Mean
9 529. 571726 58.
3230 1627. 208769 0
DF Type 11 SS Mean
0 0. 000000
3230 1627. 208769 0
The SAS System
336

Squar e

665879

166365

F Val ue

4.00

fval ue Mean

0.419275
Squar e F Val ue
841303 353. 69
. 503780 3.03
Squar e F Val ue
503780 3 03

Pr

Pr

Pr

23: 44



Type |11 Expected Mean Square
0

Var(Error) + 7.4985 Var(o*re(le*cy*sp*vo*tu))
_ The SAS System 23: 44
Sat urday, March 17, 2001 24

not under partial nul

NgWE: This test controls the Type | experinmentwi se error rate under the conplete null hypothesis but
our ce

0. 05
of f_cyc 3230
* * ~uk apkyak 0.50378
o*re(l e*cy*sp*vo*tu) 2250
Nunmber of Means 2 3 4 5 6 7
8 9 10
Critical Range 0. 0414911 0. 0496189 0. 0543926 0. 0577572 0. 0603407 0. 0624305
0. 0641802 0. 0656819 0. 0669952

Mean N of f_cyc

St udent - Newman- Keul s Test for fval ue 0. 77960 1350 190

The GLM Procedure
337

Al pha
Error Degrees of Freedom



§aturday, March 17, 2001 25

o O

mmm

Level s

The SAS System

0. 64960
0. 53029
0. 43633
0. 38098
0. 36523
0. 32049
0. 31465
0. 27701
0.21816

Val ues

1000 3000

90 120 150

123

123

123

1234

338

2700

2700

2700

2700

2700

2700

2700

2700

1350

180

150

160

120

170

130

140

110

100

23: 44



5 12345

6 10001 10002 10003 30001 30002 30003

9 901 902 903 1201 1202 1203 1501 1502 1503

9 11 12 13 21 22 23 31 32 33

9 11 12 13 21 22 23 31 32 33

8 1010 1020 1030 1040 3010 3020 3030 3040

10 100 110 120 130 140 150 160 170 180 190

12 11 12 13 21 22 23 31 32 33 41 42 43

rep
12 11 12 13 21 22 23 31 32 33 41 42 43
l'en_vol 12 11 12 13 21 22 23 31 32 33 41 42 43
cyc_vol
10 1010 1020 1030 1040 1050 3010 3020 3030 3040 3050
spl_turn 15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
vol _turn 15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
off _len
24300
Sff_cyc The SAS System 23: 44
§F‘¥ uggﬁy, March 17, 2001 26
of f _vol
B){apepgpﬂt Vari abl e: fval ue
det | en
- DF Squar es Mean Square F Val ue Pr
ae{:_vol

det _turn 339



<. 0001

Model
> F

Error

<. 0001
Corrected Tot al

<. 0001

Sour ce
<. 0001

PhtyRRRy. March 17, 2001 27
B 581bsgCy " sprvortu)

Sour ce

of f _spl
o*re(l e*cy*sp*vo*tu)

3239 2156. 780494 0. 665879 4.00
21060 3503. 649887 0. 166365
24299 5660. 430381
Coeff Var Root MSE fval ue Mean
97. 28191 0. 407879 0. 419275
DF Type | SS Mean Square F Val ue
11 562. 953310 51. 177574 307.62
3228 1593. 827185 0. 493751 2.97
DF Type 111 SS Mean Square F Val ue
0 0. 000000 . .
3228 1593. 827185 0. 493751 2.97
The SAS System
Type |11 Expected Mean Square
0
340

Pr

Pr

23: 44



§aturday, March 17, 2001 28

not under partial null
NOTE: This test controls the Type |

o*re(l e*cy*sp*vo*tu)

2

&lgn‘oer of &/éans 12

8r07415 60 8354434 0. 0766015

St udent - Newman- Keul s Test for fval ue

The GLM Procedure

Al pha
Error Degrees of Freedom
Error Mean Square

h'%HPHiegeé’?a” of Cell Sizes

Var(Error) + 7.5 Var(o*re(l e*cy*sp*vo*tu))

The SAS System

experimentwi se error rate under the conplete null

3

4

341

5

Mean

0. 71015

0. 63634

0. 59111

6

1350

1350

2700

0.

7

0. 05
3228
493751
1800

of f _spl
42
41

31

23: 44

hypot hesi s but

8

0. 0459244 0. 0549206 0.0602044 0. 0639286 0.0667881 0.0691011 0. 0710378

9

0. 0727



0.57182 2700 32
0.47988 1350 43
0. 39795 2700 33
0. 35926 2700 21
0. 30160 2700 22
0. 29604 2700 23
0. 24240 1350 13
0. 23067 1350 11
0.21197 1350 12

_ The SAS System 23: 44
Sat urday, March 17, 2001 29

c Level s Val ues
2 1000 3000

3 90 120 150

D 3 123
E 3 123
E

E 3 123
F 4 1234
F

F

g ass 342

G

ength

G

eycle



5 12345

6 10001 10002 10003 30001 30002 30003

9 901 902 903 1201 1202 1203 1501 1502 1503

9 11 12 13 21 22 23 31 32 33

9 11 12 13 21 22 23 31 32 33

8 1010 1020 1030 1040 3010 3020 3030 3040

10 100 110 120 130 140 150 160 170 180 190

12 11 12 13 21 22 23 31 32 33 41 42 43

rep
12 11 12 13 21 22 23 31 32 33 41 42 43
l'en_vol 12 11 12 13 21 22 23 31 32 33 41 42 43
cyc_vol
10 1010 1020 1030 1040 1050 3010 3020 3030 3040 3050
spl_turn 15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
vol _turn 15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
off _len
24300
Sff_cyc The SAS System 23: 44
§F‘¥ uggﬁy, March 17, 2001 30
of f _vol
B){apepgpﬂt Vari abl e: fval ue
det | en
- DF Squar es Mean Square F Val ue Pr
ae{:_vol

det _turn 343



<. 0001

Model
> F

Error

<. 0001
Corrected Tot al

<. 0001

Sour ce
<. 0001

Phtyligky. March 17, 2001 31
B 581bsgCy " sprvortu)

Sour ce

of f _vol
o*re(l e*cy*sp*vo*tu)

3239 2156. 780494 0. 665879 4.00
21060 3503. 649887 0. 166365
24299 5660. 430381

Coeff Var Root MSE fval ue Mean

97. 28191 0. 407879 0. 419275

DF Type | SS Mean Square F Val ue

11 1300. 163984 118. 196726 710. 47
3228 856. 616510 0. 265371 1.60

DF Type 111 SS Mean Square F Val ue

0 0. 0000000 . .
3228 856. 6165103 0. 2653707 1.60

The SAS System

Type |11 Expected Mean Square

0

344

Pr

Pr

23: 44



§aturday, March 17, 2001 32

not under partial null
NOTE: This test controls the Type |

o*re(l e*cy*sp*vo*tu)

2

&lgn‘oer of &/éans 12

8?05436 2_0.0553088 0.0561578
Itical Range

St udent - Newman- Keul s Test for fval ue

The GLM Procedure

Al pha
Error Degrees of Freedom
Error Mean Square

h'%HPHieEeE’?a” of Cell Sizes

Var(Error) + 7.5 Var(o*re(l e*cy*sp*vo*tu))
The SAS System

experimentwi se error rate under the conplete null

3

4

345

5

Mean

0. 83899

0. 74394

0. 73900

6

1350

1350

2700

0.

7

0. 05
3228
265371
1800

of f _vol
41
42

31

23: 44

hypot hesi s but

8

9

0. 0336679 0.0402632 0.0441368 0. 0468671 0.0489634 0.0506591 0.0520789 0. 0532975



@

I Y

ITT

346

. 61303

. 48307

. 34695

. 28868

. 24345

. 20884

. 18515

. 17834

. 15975

2700

2700

1350

2700

1350

2700

2700

1350

1350

32

21

11

22

43

33

23

12

13



Skewness Model GLM

16: 00 Sunday, March 18, 2001

Cd ass

| ength

cycle

split

Vbe SAS System
EnEeS-MPEPCEAHBF et i on
of fset 2

det | oc

rep

|l en_vol

1

Level s

10

12

Val ues
1000 3000
90 120 150

123

12345

10001 10002
901 902 903
11 12 13 21
11 12 13 21
100 110 120

11 12 13 21

347

10003 30001 30002 30003

1201 1202 1203 1501 1502 1503

22 23 31 32 33

22 23 31 32 33

130 140 150 160 170 180 190

22 23 31 32 33 41 42 43



16: 00 Sunday, March 18, 2001 2

Dependent Variable: diff_skw
of f _vol

ng_turn

det vol

3ePPdirn

Sour ce

Model

> F .
Nunmber of observations
Error

Corrected Total

12

12 11 12 13 21 22 23 31 32 33 41 42 43
15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
24300
The SAS System

DF Squar es Mean Square F Val ue
4049 12073. 61178 2.98187 2.88
20250 20935. 91414 1. 03387
24299 33009. 52592

Coef f Var Root MSE di ff_skw Mean

548. 4090 1. 016795 0. 185408

DF Type | SS Mean Square F Val ue

348

11 12 13 21 22 23 31 32 33 41 42 43

Pr

Pr



<. 0001

<. 0001

<. 0001

—det _vo
16: 00 Sunday, March 18, 2001 3

d*re(l e*cy*sp*vo*tu)

Sour ce

det _vol
gEr 80! stirYa§P*NAFEH) 18, 2001 4

not under partial nul
NOTE: This test controls the Type

Sour ce
det _vol

d*re(l e*cy*sp*vo*tu)

14

4035

4035

Type 111

0

1703. 47161

10370. 14017

Type 111 SS

0. 00000
10370. 14017

121. 67654

2.57005

Mean Square

2. 57005

The SAS System

Expect ed Mean Square

117. 69

2.49

F Val ue

2. 49

Var(Error) + 6 Var(d*re(l e*cy*sp*vo*tu))
The SAS System

experinentwi se error rate under the conplete nul

349

0. 05
4035
2.570047

hypot hesi s but

Pr



7 8

oNyBBeE508f Meang 1708158

Critical Range
14

RuABBP28P Means 0.191143

Critical Range

C
Means with the sanme letter are not significantly different.

SNK Gr oupi ng

2

0.110435

9

0.1748119

3

0. 132066

10

0. 1783063

350

4

0. 14477

11

0. 1814071

Mean

0.61713

0. 53475

0.41301

0.41220

0. 39686

0. 38865

0.21822

0.11791

0. 06014

0. 05449

0. 01189

5

0. 1537241
12

0.184191

N det vol

1620 31
1620 41
1620 21
1620 22
1620 51
1620 12
1620 32
1620 42
1620 13
1620 52
1620 53

6

0. 1605989

13

0. 1867146



|vAvAvAwRw

351

0. 01057

- 0. 00951

-0.01790

-0.42728

1620

1620

1620

1620

43

33

23

11



00: 18 Sunday, March 18, 2001

Cl ass

I ength

cycle

split

VbE SAS System
EhEeS-MFEPCEAHBF et i on
rep

| en_vol

cyc_vol

cyc_turn

vol turn

1

Level s

10

12

12

12

15

Val ues

1000 3000
90 120 150
123

123

123
12345
10001 10002
901 902 903
11 12 13 21
11 12 13 21
100 110 120
11 12 13 21
11 12 13 21
11 12 13 21

11 12 13 21

352

10003 30001 30002 30003

1201 1202 1203 1501 1502 1503

22 23 31 32 33

22 23 31 32 33

130 140 150 160 170 180 190

22 23 31 32 33 41 42 43

22 23 31 32 33 41 42 43

22 23 31 32 33 41 42 43

22 23 31 32 33 41 42 43 51 52 53



00: 18 Sunday, March 18, 2001

Dependent Variable: diff_skw

<deootiurn

Sour ce

Model

> F .
Nunmber of observati ons
Error

<. 0001
Corrected Tot al

<. 0001

The GLM Procedure

Sour ce

2

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
The SAS System
DF Squar es Mean Square F Val ue
809 5473. 43852 6. 76568 5.77
23490 27536. 08740 1.17225
24299 33009. 52592
Coef f Var Root MSE di ff_skw Mean
583. 9568 1. 082704 0. 185408
DF Type | SS Mean Square F Val ue
5 389. 438307 77.887661 66. 44
804 5084. 000211 6. 323383 5.39
353

Pr

Pr



DF Type 111 SS Mean Square F Val ue Pr

0 0. 000000 . .
804 5084. 000211 6. 323383 5.39
<. 0001
_ The SAS System
00: 18 Sunday, March 18, 2001 3

Type |11 Expected Mean Square

Sour ce
0

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))
I en_vol The SAS System
be( h8* s¥nhamyvohaF Bh) 18, 2001 4

not under partial nul
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but

Sour ce

0.05
| en_vol o
re(l e*cy*sp*vol *tur) 6. 323383
2 3 4 5
6
0. 1096895 0.1312112 0. 1438631 0.1527783
0. 1596299

The G.M Procedure 354



00: 18 Sunday, March 18, 2001 5

Mean

0.31712

0. 29667

0. 24155

0. 23504

0.01288

0. 00920

The SAS System

Means with the same letter are not significantly different.

SNK Groupi ng Level s
2

W

engt h

Val ues

1000 3000

90 120 150

123

123

123

12345

355

N

4050

4050

4050

4050

4050

4050

| en_vol
10001
30001
30002
10002
10003

30003



I en_vol

cyc_vol
cyc_turn

88! +5U60nday, March 18, 2001
of f_cyc

BLbefBbnt variable: diff skw
of f _vol
gf&_turn

det _vol

éeP?Pﬁrn

Sour ce

10

12

12

12

15

15

23

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22 23 31 32 33

11 12 13 21 22 23 31 32 33

100 110 120 130 140 150 160 170 180 190

11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
The SAS System

DF Squar es Mean Squar e F Val ue

809 5473. 43852 6. 76568 5.77

490 27536. 08740 1.17225

356

Pr



<BPPéct ed Tot al
<. 0001

Sour ce
<. 0001

BySagekinday, March 18, 2001
PelbB8iyY* sp*vol *t ur)

Sour ce

Eyc_vm
be( h8™ s¥namyvohak Bh) 18, 2001

Sour ce

24299 33009. 52592

Coef f Var Root MBE di ff_skw Mean
583. 9568 1. 082704 0. 185408

DF Type | SS Mean Square F Val ue Pr
8 733.777994 91. 722249 78. 24

801 4739. 660524 5.917179 5.05

DF Type |11 SS Mean Square F Val ue Pr
0 0. 000000 . .

801 4739. 660524 5.917179 5. 05

The SAS System

Type |11 Expected Mean Square
0

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))
The SAS System

357



not under partial null

NOTE: This test controls the Type | experinentwi se error rate under the conplete null hypothesis but

2 3
Bunber of Mean$
0. 1299558 0. 1554541
Qr 2OiLE8B3Range0. 2059159

St udent - Newran- Keul s Test for diff_skw

Al pha
Error Degrees of Freedom

Error Mean Square
hypot heses.

0.05
801
5.917179
4 5 6 7
0.1704438 0.1810063 0.1891239 0. 1956923
Mean N cyc_vol

0.54656 2700 901

0. 31890 2700 1502

0. 29752 2700 1201

0. 24643 2700 1202

B 0. 14955 2700 902

0.07660 2700 1501

0. 05429 2700 1503

-0.00428 2700 1203

Means with the sanme letter are not significantly different.

SNK Gr oupi ng

358



00: 18 Sunday, March 18, 2001

g ass

| engt h
cycl e

split

vol

EEeS-MPEPCPAFBPmat i on
rep

| en_vol

cyc_vol

cyc_turn

9

Level s

10

12

12

12

-0.01690

2700 903

The SAS System

Val ues

1000 3000
90 120 150
123

123

123
12345
10001 10002
901 902 903
11 12 13 21
11 12 13 21
100 110 120
11 12 13 21
11 12 13 21

11 12 13 21

359

10003 30001 30002 30003

1201 1202 1203 1501 1502 1503

22 23 31 32 33

22 23 31 32 33

130 140 150 160 170 180 190

22 23 31 32 33 41 42 43

22 23 31 32 33 41 42 43

22 23 31 32 33 41 42 43



00: 18 Sunday, March 18, 2001 10

Dependent Variable: diff_skw

> F
det vol

3eP%Pdr n

Sour ce

Model

> F .
Nunmber of observati ons
Error

<. 0001
Corrected Total

<. 0001
The GLM Procedure

SolIr ce

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
The SAS System
DF Squar es Mean Square F Val ue
809 5473. 43852 6. 76568 5.77
23490 27536. 08740 1.17225
24299 33009. 52592
Coef f Var Root MSE di ff_skw Mean
583. 9568 1. 082704 0. 185408
DF Type | SS Mean Square F Val ue
8 2451. 221357 306. 402670 261. 38
801 3022. 217161 3. 773055 3.22
360

Pr

Pr



DF Type |11 SS Mean Square F Val ue Pr

0 0. 000000 . .
801 3022. 217161 3. 773055 3.22
<. 0001
_ The SAS System
00: 18 Sunday, March 18, 2001 11

Type |11 Expected Mean Square

Sour ce 0

Var (Error) + 30 Var(re(le*cy*sp*vol *tur))
cyc_turn The SAS System
be( h8* euhanyvohht BR) 18, 2001 12

not under partial nul
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but

Sour ce

0. 05

cyc_turn o

re(le*cy*sp*vol *tur) 3. 773055
2 3 4 5 6 7

Sunber of Mean$

361

The G.M Procedure



0. 1037731 0. 1241342 0. 1361038 0. 1445383 0. 1510204 0. 1562654

0ibbbE8b Rangg 1644203

Mean N cyc_turn
0. 77516 2700 11
0. 52115 2700 12
0.37260 2700 13
0. 34088 2700 21
0. 13693 2700 22
-0. 02952 2700 23
E -0.10452 2700 31

Means with the same letter are not significantly different:0.16739 2700 32

-0.17660 2700 33
_ The SAS System
00: 18 Sunday, March 18, 2001 13

SNK G oupi ng
Level s Val ues
2 1000 3000
A
3 90 120 150
B

362

0O00n

)



split

vol

turn

rep

I en_vol
cyc_vol
cyc_turn

88! +5U80nday, March 18, 2001 14
of f_cyc

B]:e];)eﬁ!ant Variabl e: diff_skw
of f _vol

of f _turn

det _vol

det turn

10

12

12

12

15

15

123

123

123

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22 23 31 32 33

11 12 13 21 22 23 31 32 33

100 110 120 130 140 150 160 170 180 190

11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43

11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
The SAS System

363



<. 0001

Sour ce

Mode
> F

Error

<. 0001
Corrected Tot al

<. 0001

Sour ce
<. 0001

Bgﬁﬂgﬂpanday, March 18, 2001 15
um o

DelbB8BtY* sp*vol *tur)

Sour ce

vol _turn

re(l e*cy*sp*vol *tur)

Mean Square F Val ue
6. 76568 5.77
1.17225
di ff_skw Mean

0. 185408
Mean Square F Val ue
96. 043618 81.93
5. 874019 5.01
Mean Square F Val ue
5. 874019 5. 01

DF Squar es
809 5473. 43852
23490 27536. 08740
24299 33009. 52592
Coeff Var Root MSE
583. 9568 1. 082704
DF Type | SS
8 768. 348940
801 4705. 089578
DF Type 111 SS
0 0. 000000
801 4705. 089578
The SAS System
Type |11 Expected Mean Square
364

Pr

Pr

Pr



0

Var(Error) + 30 Var(re(le*cy*sp*vol *tur))
The SAS System

00: 18 Sunday, March 18, 2001 16

not under partial null

NOTE: This test controls the Type | experimentw se error rate under the conplete null

vol _turn
re(l e*cy*sp*vol *tur)
2 3 4 5
Bunber of Mean$
0. 129481 0. 1548861 0. 169821 0. 1803449
Qr 20D4aB2Range0. 2051635
Mean N

0.47176 2700
St udent - Newran- Keul s Test for diff_skw 0. 44895 2700

A 0. 31687 2700
The GLM Procedure

365

Al pha
Error Degrees of Freedom

Me v —~ v AR A s Corut it ~

0. 05

801

5. 874019
6

0. 1884329

vol turn
11
21

12

hypot hesi s but

7

0. 1949773



0. 18949 2700 22

0. 13205 2700 13

0.09081 2700 31

O0000 O

0. 07645 2700 23
- 0. 01567 2700 32
- 0. 04202 2700 33

— The SAS System
00: 18 Sunday, March 18, 2001 17

Level s Val ues
2 1000 3000

3 90 120 150

B 3 123

D 3 123

g 3 123

D

D 4 1234

D

D 5 12345

D

O ass 6 10001 10002 10003 30001 30002 30003
| engt h 9 901 902 903 1201 1202 1203 1501 1502 1503
cycle

Y 366

split



9 11 12 13 21 22 23 31 32 33

9 11 12 13 21 22 23 31 32 33

10 100 110 120 130 140 150 160 170 180 190

12 11 12 13 21 22 23 31 32 33 41 42 43

12 11 12 13 21 22 23 31 32 33 41 42 43

12 11 12 13 21 22 23 31 32 33 41 42 43

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

cyc_turn
24300
The SAS System

8! +5YE0nday, March 18, 2001 18
of f_cyc
BLbefBbnt variable: diff skw
of f _vol
gf&_turn DF Squar es Mean Square F Val ue
det_vol 3239 11916. 03966 3. 67893 3.67
3eP%%r n

21060 21093. 48627 1. 00159

24299 33009. 52592

Coef f Var Root MSE di ff_skw Mean

Sour ce 367
Model

Nunber of observati ons



N

. 0001

<. 0001

Sour ce
<. 0001

0bf 18Y8unday, March 18, 2001 19
ogig?nggy*sp*vo*tu)

Sour ce

gff_cyc
obr 6! stirMagP* NAT EH) 18, 2001 20

not under partial nul

NOTE: This test controls the Type

Sour ce
of f _cyc

o*re(l e*cy*sp*vo*tu)

539. 7791 1. 000795 0. 185408

DF Type | SS Mean Square F Val ue Pr
9 1004. 59396 111. 62155 111. 44

3230 10911. 44570 3.37816 3. 37
DF Type |11 SS Mean Square F Val ue Pr
0 0. 00000 . .

3230 10911. 44570 3.37816 3.37

The SAS System

Type |11 Expected Mean Square
0

Var(Error) + 7.4985 Var(o*re(le*cy*sp*vo*tu))
The SAS System

experinmentw se error rate under the conplete null hypothesis but
368



Nunmber of Means 2 3 4
8 9 10
Critical Range 0.1074422 0. 1284892 0. 1408508

0. 1661959 0.1700848 0. 1734855

Al pha

Error Degrees of Freedom
Error Mean Square
Haypehhes®Ban of Cell Sizes

NOTE: Cell sizes are not equal

5

0. 1495636

Mean

0. 66530

0. 36566

0. 34408

0. 30229

0. 20905

0. 15675

0.11910

0.11717

Means with the same letter are not significantly different.

369

SNK Gr oupi ng

0. 05

3230

3. 378157

2250
6
0. 1562536

N of f_cyc
1350 190
2700 150
2700 180
2700 120
2700 160
2700 130
1350 100
2700 110

7

0. 161665



00: 18 Sunday, March 18, 2001 21

d ass

E

Eength

E

cycle

split

vol

tnEeS-MFEPCRAMBPmat i on
of fset2

rep

| en_vol

Level s

2

10

12

-0. 06633

- 0. 15222

2700 140

2700 170

The SAS System

Val ues

1000 3000

90 120 150

1

1

1

1

1

10001 10002

901 902 903

11 12 13 21

11 12 13 21

100 110 120

11 12 13 21

370

2

2

2

2

2

3

3

3

3 4

34

5

10003 30001 30002 30003

1201 1202 1203 1501 1502 1503

22 23 31 32 33

22 23 31 32 33

130 140 150 160 170 180 190

22 23 31 32 33 41 42 43



00: 18 Sunday, March 18, 2001 22

Dependent Variable: diff_skw
of f _vol

gf&_turn

det vol

3eP%Plrn

Sour ce

Model

> F .
Nunmber of observations
Error

Corrected Tot al

The GLM Procedure

12

11 12 13 21 22 23 31

12 11 12 13 21 22 23 31
15 11 12 13 21 22 23 31
15 11 12 13 21 22 23 31
The SAS System
DF Squar es
3239 11916. 03966
21060 21093. 48627
24299 33009. 52592
Coef f Var Root MSE
539. 7791 1. 000795
DF Type | SS
371

32 33 41 42 43

32 33 41 42 43

32 33 41 42 43 51 52 53

32 33 41 42 43 51 52 53

24300

Mean Square F Val ue
3. 67893 3. 67
1. 00159

di ff_skw Mean

0. 185408

Mean Square F Val ue

Pr

Pr



11 4161. 974562 378. 361324 377.76

<. 0001
3228 7754. 065095 2.402127 2. 40
<. 0001
DF Type |11 SS Mean Square F Val ue
> F
0 0. 000000 . .
3228 7754. 065095 2. 402127 2. 40
<. 0001
—off s The SAS System

I
00: 18 gunday, March 18, 2001 23

o*re(l e*cy*sp*vo*tu)

Type |11 Expected Mean Square

Sour ce 0

Var(Error) + 7.5 Var(o*re(l e*cy*sp*vo*tu))
of f _spl The SAS System
obr 6! stirMASP* XAT EH) 18, 2001 24

not under partial nul
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but
Sour ce

0.05
of f _spl 3228
. o 2. 402127
o*re(l e*cy*sp*vo*tu) 1800

372

Pr



2 3 4 5
ROnber of N .
urber of Means 0.101295 0.1211378 0.1327922 0. 1410065

9j16355 7_0.1664047 0.168959
itical Range

0.
NOTE: Cell sizes are not equal. - 0.

Means with the same letter are not significantly differenb:

- 0.

SNK Gr oupi ng - 0.

6

7

8

9

0. 1473137 0. 1524156 0. 1566873 0. 1603536

Mean

. 05657

. 90610

. 75365

. 24939

. 15692

15607

11384

12101

13642

14345

. 16031

. 17698

1350

2700

1350

2700

1350

2700

1350

2700

2700

2700

1350

1350

of f _spl
41
31
42
32
11
21
12
22
23
33
13

43



00: 18 Sunday, March 18, 2001 25

Cl ass

I ength

cycle

split

vol
EhEeS-MFEPCEAFBF et i on
of f set 2

rep

| en_vol

cyc_vol

cyc_turn

Level s

10

12

12

12

The SAS System

Val ues

1000 3000

90 120 150

123

123

123

1234

12345

10001 10002

901 902 903

11 12 13 21

11 12 13 21

100 110 120

11 12 13 21

11 12 13 21

11 12 13 21

374

10003 30001

1201 1202 1203 1501 1502 1503

22 23 31 32

22 23 31 32

130 140 150

22 23 31 32

22 23 31 32

22 23 31 32

30002 30003

33

33

160 170 180 190

33 41 42 43

33 41 42 43

33 41 42 43



00: 18 Sunday, March 18, 2001 26

Dependent Variable: diff_skw

> F
det vol

3eP%Pdr n

Sour ce

Model

> F .
Nunmber of observati ons
Error

<. 0001
Corrected Total

<. 0001
The GLM Procedure

SolIr ce

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53

24300
The SAS System

DF Squar es Mean Square F Val ue
3239 11916. 03966 3.67893 3. 67
21060 21093. 48627 1. 00159
24299 33009. 52592

Coef f Var Root MSE di ff_skw Mean

539. 7791 1. 000795 0. 185408

DF Type | SS Mean Square F Val ue

11 2143. 991901 194. 908355 194. 60
3228 9772. 047756 3. 027276 3.02

375

Pr

Pr



DF Type 111 SS Mean Square F Val ue
> F
0 0. 000000 . .
3228 9772. 047756 3. 027276 3.02
<. 0001

_ The SAS System
00: 18 Sunday, March 18, 2001 27

Type |11 Expected Mean Square

Sour ce 0

Var(Error) + 7.5 Var(o*re(le*cy*sp*vo*tu))
of f _vol The SAS System
00" e8! eliRMASP* NAT EH) 18, 2001 28

not under partial null
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but

Sour ce

of f _vol gégg
o*re(le*cy*sp*vo*tu) 3.021;83

376

The G.M Procedure

Pr



2 3 4 5

1Qunber of 1Means 12
0.1137146 0.1359902 0. 1490735 0.158295

8?18361 4_0.1868072 0.1896746
itircal Range

- 0.

Means with the same letter are not significantly differenb:

- 0.

SNK Gr oupi ng -0.

00: 18 Sunday, March 18, 2001 29
A

B 377
B
B

6

7

8

9

0. 1653755 0.1711029 0. 1758983 0.1800142

Mean

. 83695

. 68626

. 58699

. 39955

. 11003

. 02549

01599

02362

03007

03465

. 05531

. 05896
The SAS System

N

1350

1350

2700

2700

1350

2700

2700

1350

2700

1350

2700

1350

of f _vol
41
42
31
32
43
33
22
12
23
13
21

11



Level s Val ues

2 1000 3000

3 90 120 150

3 123
3 123
3 123
4 1234

5 12345

6 10001 10002 10003 30001 30002 30003

Cl ass

| ength 9 901 902 903 1201 1202 1203 1501 1502 1503
cycle 9 11 12 13 21 22 23 31 32 33

split 9 11 12 13 21 22 23 31 32 33

vol 10 100 110 120 130 140 150 160 170 180 190

t Ghass Level Information 12 11 12 13 21 22 23 31 32 33 41 42 43

of fset 2 12 11 12 13 21 22 23 31 32 33 41 42 43

rep 12 11 12 13 21 22 23 31 32 33 41 42 43

| en vol 15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
cyc_vol 15 11 12 13 21 22 23 31 32 33 41 42 43 51 52 53
cyc_turn 378

vol _turn

of f _cyc



00: 18 Sunday, March 18, 2001 30

Dependent Variable: diff_skw

<. 0001

Sour ce

Model
>NEnber of observations

Error

<. 0001
Corrected Tot al

<. 0001

The GLM Procedure
> F

Sour ce

Bf Batiar A

Crivra ~F

24300
The SAS System

DF Squar es Mean Square F Val ue
3239 11916. 03966 3.67893 3. 67
21060 21093. 48627 1. 00159
24299 33009. 52592
Coef f Var Root MBE di ff_skw Mean
539. 7791 1. 000795 0. 185408
DF Type | SS Mean Square F Val ue
11 1781. 25914 161. 93265 161. 68
3228 10134. 78052 3. 13965 3.13
DF Type Il SS Mean Square F Val ue
379

Pr

Pr

Pr



0 0. 00000 . .
3228 10134. 78052 3. 13965 3.13
<. 0001
_ The SAS System
00: 18 Sunday, March 18, 2001 31

Type |11 Expected Mean Square
0
of f _turn Var (Error) + 7.5 Var(o*re(l e*cy*sp*vo*tu))

_ The SAS System
obr 6! stirMAagP* NAf EH) 18, 2001 32

not under partial null
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but
Sour ce

0.05
of f _turn 3228
. R 3. 139647
o*re(l e*cy*sp*vo*tu) 1800
2 3 4 5 6 7 8 9

0 12
Nimber of Wans 0.1158058 0.1384912 0.1518151 0.1612062 0.1684169 0.1742496 0.1791332 0. 1833248

RnABRRRPPLA4807427 0. 1931629

380
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Means with the sane letter are not significantly difgerent. 0.
F

SNK Gr oupi ng

00: 18 Sunday, March 18, 2001 33

A

W w

Jom OO0

D 0.

D

G F

M T

- 0.

The

Level s Val ues

381

Mean N
. 83415 1350
. 53374 1350
. 51314 2700
. 36356 2700
. 26536 1350
. 13533 2700
09503 1350
03378 2700
. 03167 2700
. 07253 1350
. 10348 2700
13973 1350
SAS System

off _turn
41
42
31
32
43
33
11
21
23
12
22

13



| ength

cycle
split

vol

turn

of fset 2
rep

I en_vol
cyc_vol
cyc_turn
vol turn
of f_cyc
of f _spl

of f _vol

10

12

12

12

15

15

1000 3000

90 120 150

123

123

123

1234

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22 23 31 32

11 12 13 21 22 23 31 32

100 110 120 130 140 150

11 12 13 21
11 12 13 21
11 12 13 21
11 12 13 21

11 12 13 21

382

22 23 31

22 23 31

22 23 31

22 23 31

22 23 31

32

32

32

32

32

33

33

160 170 180 190

33 41 42 43

33 41 42 43

33 41 42 43

33 41 42 43 51 52 53

33 41 42 43 51 52 53

24300



00: 18 Sunday, March 18, 2001 34

Dependent Variable: diff_skw

<. 0001

Sour ce

Model
> F

Error

<. 0001
Corrected Tot al

<. 0001

The GLM Procedure
> F

20006¢

ReBquat e

Sum of
Gridé6b24cy*sp*vo*t u)

The SAS System

DF Squar es
821 4836. 70136
23478 28172. 82456
24299 33009. 52592
Coef f Var Root MSE
590. 8207 1. 095430
DF Type | SS
14 1703. 471611
807 3133. 229751
DF Type 111 SS
11 1086. 258206
383

Mean Square

5.89123

1.19997

F Vval ue

di ff_skw Mean

0. 185408
Mean Square F Val ue
121. 676544 101. 40
3. 882565 3.24
Mean Square F Val ue
98. 750746 82. 29

Pr

Pr

Pr



<. 0001

00: 18 Sunday, March 18, 2001 35

not under partial null

807 3133. 229751

3. 882565

The SAS System

NOTE: This test controls the Type | experinentw se error rate under the conplete null

d*re(l e*cy*sp*vo*tu)

2
7 8
0. 1358992
RurBep486 Means 0.210393
Critical Range 9
14 15
0.2153314

RuABaPOB# MeansO. 2355256

Critical Range

St udent - Newran- Keul s Test for diff_skw

The GLM Procedure

Al pha
Error Degrees of Freedom

Error Mean Square
hypot heses.

3 4
0. 1625633 0.1782382
10 11
0. 2196508 0. 2234866
Mean
0.61713
A 0. 53475
384

0.

0.

N

1620

1620

0. 05

807

3. 882565
5

1892834

12

2269267

det vol
31

41

3.24

hypot hesi s but

6

0.1977721

13

0. 2300478



B

o8]

0: 18 Sunday, March 18, 2001 36

B
B
B
B
B
B

J O 0O OO0 0 oo

Level s

2

3

O0000
o

- 0.
-0.

- 0.
The SAS System

Val ues

. 41301

. 41220

. 39686

. 38865

. 21822

. 11791

. 06014

. 05449

. 01189

. 01057

00951

01790

42728

1000 3000

90 120

385

150

1620

1620

1620

1620

1620

1620

1620

1620

1620

1620

1620

1620

1620

21

22
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split

vol

turn

of f set 2
rep

| en_vol
cyc_vol

cyc_turn
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of f_cyc
of f _spl
of f _vol
of f _turn

det vol

10

12

12

12

15

15

123

123

123

1234

12345

10001 10002 10003 30001 30002 30003

901 902 903 1201 1202 1203 1501 1502 1503

11 12 13 21 22 23 31 32

11 12 13 21 22 23 31 32

100 110 120 130 140 150

11 12 13 21

11 12 13 21

11 12 13 21

11 12 13 21

11 12 13 21

22 23 31

22 23 31

22 23 31

22 23 31

22 23 31
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32

32

32

32

32

33

33

160 170 180 190

33 41 42 43

33 41 42 43

33 41 42 43

33 41 42 43 51 52 53

33 41 42 43 51 52 53
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Dependent Variable: diff_skw

DF Squar es Mean Square F Val ue Pr
> F
821 4063. 90957 4. 94995 4.01
<. 0001
23478 28945. 61636 1.23288
24299 33009. 52592
Coef f Var Root MSE di ff_skw Mean
Source 598. 8691 1.110352 0. 185408
Model DF Type | SS Mean Square F Val ue Pr
> F
Error 14 574. 909653 41. 064975 33.31
<. 0001
Corrected Total 807 3488. 999912 4. 323420 3.51
<. 0001
DF Type 111 SS Mean Square F Val ue Pr
> F
11 313. 466410 28. 496946 23.11
20000¢
807 3488. 999912 4.323420 3.51
<. 0001
BeBquar a The SAS System
80mL8f Sunday, March 18, 2001 38
GrxiaBLaé8cy*sp*vo*t u)
387

Sour ce

det turn



not under partial nul
NOTE: This test controls the Type | experinentw se error rate under the conplete null hypothesis but

0.05
807
4,32342
2 3 4 5 6
7 8
0.1434073 0. 1715445 0. 1880854 0. 1997409 0. 2086985
RurbeP46b Means0. 2220167
Critical Range 9 10 11 12 13
14 15
0. 2272279 0. 2317859 0. 2358337 0. 2394638 0.2427573
RuAner6ép means0. 2485379
Critical Range
St udent - Newran- Keul s Test for diff_skw
Mean N det _turn
The GLM Procedure 0. 43035 1620 21

0.42777 1620 31

A 0. 36214 1620 41
Al pha A
Error Degrees of Freedom A c 0. 27866 1620 51
Error Mean Square A C

hypot heses.



0. 26282 1620 22

Arn Cc
N 0.25398 1620 32
0.19922 1620 42

Db G
S 0.18693 1620 11
c 0.14408 1620 33

C
C 0.11638 1620 52

C
C 0.11415 1620 23

C
C 0.10188 1620 43

C
C 0.06820 1620 53
D -0.01458 1620 12

- 0. 15085 1620 13

Di scrimnant Anal ysis Code
dBta of fsets;
NFI LE "n:\of fsets.inp’;
gnput length 1-6 offset 7-12 cycle 13-18 split 19-24 turn 25-30 vol 31-36 det_|oc 37-42 cnt_skw 43-50
gcc_skw 51-57;

BF of fset=5 THEN of f set 2=3;
B

| F split=1 THEN split2=0.33
BLSE I F of f set =6 THEN of f set 2=2;
BLSE of f set 2=of f set :

Dun;

D

Peeg fEr8plit=2 THEN split2=0.5;
PLSE split2=0.67;

D 389
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https://split2=0.67
https://split2=0.33

INFILE "n:\fval -trn.inp’
i nput c_SSE 1-6 o_SSE 7-15;

| F ¢c_SSE=0 THEN f val ue=0;

run;

data ftst;
ENgELEvaPuéLMaBSEﬁﬁ SBE; ;
i nput ¢c_SSE 1 o SSE 7-1

I F ¢c_SSE=0 THEN fval ue=0;
run;

data all _trn;

EeBger Ohf 68Ls BSEN: SSE;
drop cnt_skw occ_skw split o SSE c_SSE;

data all _tst;
nmerge of fsets ftst;
drop cnt_skw occ_skw split o_SSE c_SSE

proc sort data=all _trn
by length turn vol det_Ioc;
run;

proc sort data=all tst;
by length turn vol det I oc;
run;

proc discrimdata=all _trn testdata=all _tst outstat=fval stat
nmet hod=nor el

pool =yes

list;

by length turn vol det_| oc;

cl ass of fset;

priors prop;
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var fval ue;
run;

Sanpl e Di scrimnant Qut put

Monday, April 9, 2001 2

270 Qoservations

1 Vari abl es
6 C asses

OFESETI M nant Anal ysi's

1
2
@l ass Level Infornmation

Fr equency

45
45
45
45
45
45

391

269 DF Tot al
264 DF Wthin d asses
5 DF Between C asses

Wi ght

45,
45,
45,
45,
45.
45.

0000
0000
0000
0000
0000
0000

Proportion Probability
0. 166667 0. 166667
0. 166667 0. 166667
0. 166667 0. 166667
0. 166667 0. 166667
0. 166667 0. 166667
0. 166667 0. 166667

01: 09

Pool ed Covariance Matrix | nfornation

Nat ur al

Log of the Deterninant
of the Covariance Matri x



-2.2701264

--------------------------------------------- LENGTH=1000 TURNE1 VOL=1 DET_LOCS1 -------ccmmmmmmmmmeemo -

Pai rwi se Generalized Squared Di stances Between G oups

- _ -1
(X- X)-21IlnPROR
] i ] ]
1 2 3 4 5
6
3. 58352 6. 52166 10. 00334 9. 64864 7.40828
Brgas g5 FSET
Di scrim nant Analysis 6.52166 3.58352 4.25532 4. 14399 3.64189
5. 05357
10. 00334 4. 25532 3. 58352 3. 58856 3.91765
7.71293
9. 64864 4. 14399 3. 58856 3. 58352 3. 84062
GefiédP4bi zed Squared Distance to OFFSET
1 7.40828 3.64189 3.91765 3. 84062 3.58352
5.69780
3. 83516 5. 05357 7.71293 7.42945 5.69780
3. 58352
o , 01: 09
@ohuby) Apk K - 9X »00¥V 4
B e m e oo LENGTH=1000 TURN=1 VOL=1 DET_LOCS1 --------smmmmmmmmoaamms
5
Li near Discrim nant Function
6
i -1 -1
X +1In PRIOR Coefficient Vector = COV X
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6
-1.95801 -4, 41547 - 6. 62893 - 6. 41065 -4.99809
-2.37309
1.79409 7.12729 9.67748 9. 45661 7.87900
3. 35488
CONSTANT
01: 09

Moypdeg. April 9, 2001 5
--------------------------------------------- LENGTH=1000 TURNEL VOL=1 DET _LOCS1 =----c-ccmmmmmmmmmaan-

C assification Sunmary for Calibration Data:
WORK. ALL_TRN

1
: Posterior Probability of Menbership in
each OFFSET:
-1 2 2
(X-X) - 21n PROR Pr(j|X) = exp(-.5 D (X)) / SUMexp(-.5 D
(X)) . . .
J J J k k

Di scrimnant Anal ysi s )
Ceneral i zed Squared Di stance Functi on:

BRET= (x-Xo§ @l cov
44 0 0 0 0
F—'r om OFFSET 45

Resubstitution Sunmary using Linear Discrim nant Func?fs??bn

The SAS System
Nunmber of Observations and Percent O assified into OFFSET:



2.22 100. 00

4
3 45
6.67 100. 00

4
0 45
0. 00 100. 00
’ 0
1 45
37,48 100. 00
> 0
10 45
82892 100. 00
’ 26
9 45
80800 100. 00
° 78
24 270

28. 89

8. 80 100. 00
° 0. 1667
0. 1667
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BY1 95S

37.

15.

40.

31.

20.

24.

.00

17

78

56

18

00

14

11

00

65

07

0. 1667

15. 56

20

44. 44

17

37.78

10

22.22

54

20. 00

0. 1667

13.

15.

7

.00

.44

33

.89

56

.22

20

41

0. 1667

26.

17.

11.

10.

.00

12

67

78

11

.89

.00

29

74

0. 1667

01: 09



C assification Sunmary for Calibration Data:
WORK. ALL_TRN

2 3 4 5
6 Tot al
0.0222 0. 6222 0. 5556 0.9111 0.9111
8000 0. 6370
B BEeri glonant EAnal ysi s OFESET:
rror Count Estimategy {gL. : 0. 1667 0. 1667 0. 1667 0. 1667

B. le67
riors

Monday, April 9, 2001 7

01: 09

Resubstitution Sunmmary using Li near Discrim nant Fu&pgggpfi cation Summmry for Test Data: WORK ALL_TST

Posterior Probability of Menmbership in

each OFFSET:
_ -1 _ 2 2
(X-X) - 21n PROR Pr(j|X) = exp(-.5 D (X)) / SUMexp(-.5 D
(X)) _ _ _ _
i i i i k k

General i zed Squared Di stance Functi on:

Di scrim nant Anal ysis
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6 Tot al

OFI’ om OFFSET 45

0. 00 100. 00

4 45

8. 89 100. 00
45

0. 00 100. 00

2

5 45

100. 00

11. 11 100. 00

3

16 45

85896 100. 00

4

13 45

28889 100. 00

5

38 270

04007 100. 00

6

BePfen

45

27

80

29. 63

40.

17.

26.

33.

20.

.00

18

00

78

12

67

15

33

.22

54

00

396

24,

53.

44,

17.

24,

.00

11

44

24

33

20

44

78

.44

65

07

.00

. 67

. 67

. 67

. 89

.00

13

.81

11.

13.

11.

.00

11

33

11

.44

.44

20

.41



0. 1667 0. 1667 0. 1667 0. 1667 0. 1667
0. 1667

01: 09
Monday, April 9, 2001 8

“PrioF§ Tt
Cl assification Sunmary for Test Data: WORK ALL_TST
2 3 4 5
6 Tot al
0. 0000 0. 6000 0. 4667 0. 9333 0. 9556
07111 0.6111
Error Count Estimatey fap OFFSET. 0.1667 0.1667 0.1667 0.1667

ﬁ%g?gm nant Anal ysis

1
Cl assification Sunmary using Linear Discrinminant Function

The SAS System
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Appendix D-Glossary
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ATC: Advanced Transportation Controller
ASN: Abstract Syntax Notation

CORSIM: Corridor Simulation Program
DCE: Data Communications Equipment
DOT: Department of Transportation

DTE: Data Terminal Equipment

EMS: Expected Mean Squares

MSE: Mean Square Error

G/C ratio: Green per Cycle Ratio

HDLC: High-level Data Link Control

399

ICONS:. Software Package for Communicating With and Managing Traffic Signal

Controller in Rea-Time

MOE: Measures of Effectiveness

NEMA: The National Electrical Manufacturers Association

NTCIP: National Transportation Communication for ITS Protocol

OPAC: Optimized Policies for Adaptive Control

PDU: protocol data unit

PRO-TRACTS: Purdue Real-time Offset Transitioning Algorithm for Coordinating

Traffic Signals

399



RHODES: Real-Time, Hierarchical, Optimized, Distributed and Effective System
SCATS: Sydney Coordinated Adaptive Traffic System

SCOQT: Split, Cycle, Offset Optimization Technique

SNMP: Simple Network Management Protocol

STMP: Simple Transportation Management Protocol

SYNCHRO: Software Package for Optimizing Cycle, Splits, and Offsets
TEA-21: Transportation Equity Act for the 21% century

TOD: Time of Day

TRANSYT: Traffic Network Study Tool

TRP: Traffic Responsive Program

TS1: Traffic Control Systems (aNEMA standard)

TS2: Traffic Controller Assemblies with NTCIP Requirements (a NEMA standard)

UTCS: Urban Traffic Control Software

400
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