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Abstract

The quality of service in urlpatransportation networks is determined mainly by the
performance of the intersections. In particular, signalized intersections play a significant role
in regulating the traffic in urban transportation networks. As a result, it is essential for
transportabn authorities to have a system, which can locate poorly operating intersections in
the network and rank them for potential improvements.

In practiceintersection performance is typically evaluatiebugh the use ahodelssuch as

HCS (Highway CapacitySoftware) or Synchro. These models estimate measures of
performance (e.g. average vehicle delay, queue length, or level of service) on the basis of
determinist and/or stochastic queueing theory.

Another approach is to directly estimate intersection padioce on the basis of delays
experienced by vehicles. One source for such data is public transit bus fleets which are
equippedwith automatic vehicle location (AVL) systems and automatic passenger counting
(APC) systems. These systems use GPS to recom\ahd when a bus stops anddheation

of the stop.

The purpose of this research was to compare the intersection performance measures produced
by Synchro and those estimated from archived AVL and APC data.

An empirical evaluation was conducted using 2fersections in the Region of Waterloo.
Average delay and queue length were estimated using Synchro and estimated from archived
AVL/APC data. The results show that the estimation of mean delay from the two methods are
highly correlated. The estimation otieue length show larger differences, and in general,
Synchro underestimated the queue length when compared to the AVL/APC data.
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Chapter 1

l ntroducti on

1.1 Background

The quality of service in urban transportation networks is determined mainly by the
performance of the intersections. In particutagnalized intersections play a significant role

in regulating the traffic in urban transportation networks. A poorly performing signalized
intersection adversely affects the traffic conditions beyond its proximities, which may
eventually disrupt overaltraffic conditions in the networkMoreover, intersectionswith
improved traffic conditions such as reduced delay, increased travel speed, and alleviated traffic
congestion are preferréor commutersAs a result, it is essential for transportation authorities

to have a system, which can locate such poorly operating intersections in the network and rank
them for potential improvements ranging from adjustment of signalization parameters to
modificationof intersection geometry

The performance of signalized intersections is generally determined through evaluation of
well-established performance measures of effectiveness such as delay and queue length.
Measures of effectiveness play an important md¢hey are measures not only the level of
service that is offered to the drivers but also the fuel consumption and air pollution linked to
traffic operations.

Control celay at a signalized intersection constitutes the larger part of the travel time on an
arterial link.It is the component of total delay that accounts for traffic signal operation at a
signalized intersection. tepresentshe difference between the travel timiea road segment
without an intersection, and the travel tiofadhe same roadegmentvith a traffic signal.

There are different terms used in the literature to describe queues at signalized intersection
These terms include maximum queue length and queue extents (queueQeaab)length is
the distance from the stop limé anintersectionto the rear of the queued vehickisthe end
of the red intervaMWhereas queue extent is the distance from the stop line at an intersection to
the rear of the queued vehicles at the time when the queue disslpyagieally, queue extent
is larger than queue length.

Control delay and queue length are key measures in evaluating intersection performance.
However, direct measurement of delay and queue length at every intersection in the network
is impractical due to the time consuming and laibtensive field data cadlctionand analysis
procedures.

Alternatively, delay and queue length at signalized intersections can be estimated using
analytical models such as Highway Capacity Maiflielnsportation Research Broa2@00)
Synchro(Trafficware, 2011js aHCM basedcomputer package for intersection design and
performance evaluation widely used trgffic engineersand transportation planners in the
industry. Synchro applies HCM analytical models (with some adjustments) to estimate the
delay and queue length at signalized intersections. Intersection performance evaluation using
Synchro still requires some field data suah traffic volumes for all the movements and
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signalization parameters. Transportation agencies often conduct periodic traffic count surveys
and keep records of the signal timing schemes for the intersections in the network, which can
serve as inputs foniersection performance evaluation using Synchro. However, depending
on the timing of the data collection and the performance evaluation analysis, traffic count data
provided by the agencies might be outdated. In addition, detailed signalization data for
intersections with actuated or adaptive signal controls are seldom available. Synchro provides
a feasible solution for largecale network wide intersection performance evaluation;
nonetheless, the reliability of the analysis heavily depends on the acofitheyinput data.

In recent years, availability of new data collection technologies has provided the opportunity
to estimate the intersection performance measures directly from autonomously collected
empirical data. Examples of such technologies are rAatic Vehicle Location (AVL) and
Automatic Passenger Count (APC) data collection systems. AVL/APC data are collected
autonomously and continuously by transit vehicles and have several applications in transit
planning and operations. A recent study by gl et al.(2011) demonstrated potential
application of AVL/APC data for the estimation of the delay and queue length at signalized
intersections with fasided bus stops. The methodology applies archived AVL/APC data to
evaluate the performance of signalized intersections over an extended period. Therefore, it
eliminates the assumptions, approximations, and additional data collection efforts involved in
the majority of analytical models such as Synchro.

Although differen traffic models and technologies that estimatersection performance
measures have been developed, their definition of the measures and validity of the results
varies. Some approaches are theoretical asddon simulating intersectexvhile others ee
based on real life observations. The objective of this study is not to develop another method to
estimate thesperformancaneasures but to understand how they are estimated by Synchro
and AVL/APC dataThis research demonstrates the feasibility of gigiwL/APC data and
Synchro for largescale performance evaluation of intersections in urban transportation
networks. The analysis methods, calibration effort and data requirements are compared and the
accuracy of the estimated delay and queue length bghByrs evaluated by comparing the
results with corresponding values derived using AVL/APC data based on the methodology
proposed by Hellinga et gR011)

1.2 Motivation

Software packages haweade it easiefor traffic ergineers to perform complartersection

performance analysisSynchro is a software package that is able to perform macroscopic
intersectionanalysis and optimization. It is widely wseamong traffic practitioner#\ great

ded of research in the literateaddresesthe use oSynchroasthe referencéo evaluate the

performance of othesoftware package$he literature does not provide sufficient research in
comparingestimated intersection performance measures by Synchro with the values measured
inthefield.l n ot her words, few studies are centered
real life data. Thgapin the literature reflects the need for additional research éffestaluate

the accuracyand validity of Synchrointersection analysis ressl Transit AVL/APC data
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provides another opportunity to estimate performance measures at signalized intersection
which can be used as a benchmark to evaluate Synchro analysis results.

Moreover, AVL/APC data has not beetypically stored or processed faonsequent
analysis, and its main application has been for-tigad traffic monitoring andtransit
operations(Furth etal., 2006. Hellinga et al (2011) proposéd a methodology to estimate
delays to transit vehicled aignalized intersectiong.he proposed methodologg new and
needs to be endorsed by comparing its estimates to estimates from another approach of
estimating the measures of effectiveness.

1.3 Goals and Objectives

This thesis seeks to answer the following research questions

1. Can the delay and queue length estimates obtained from AVL/APC data be used as a
reliable estimate of intersection performance?

Traffic engineering agencies widely accept using macroscopic models such as Synchro
in evaluating integection performance. This reseaattempsto examindhe potential

of usingdelay and queue length estintifeom AVL/APC datain order toprovide
alternative approach foestimatingintersection performanceneasuresfor traffic
engineering purposes.

2. Canthe results from Synchro be used as a reliable estimate of the delay that transit
vehicles are expected to experience at signalized intersections?

When planning new bus routes, traregencies commonly dispatch test bus trips to
estimate the delay expericed by transit vehicles at signalized intersections. Such
practice is time consuming and not cost effective. This resatisrhps to explore the
possibility of usinglelay and queue length estimates obtained from Syfahvarious
transit planning awvities including

a. within a transit route planning tool to estimate route travel times; and

b. to identify intersections at which to implement transit priority measures.

To answer these research questions, this thesthéésllowingobjectives
1. Understand how delay and queue length are estimated by Synchro and AVL/APC data.

2. Investigate the correlation between intersection performameasuregstimate using
AVL/APC data and Synchro

3. Find a way in which both approaches can be used interchangeablgfine the
measures of effectiveness for the same interse¢tiather wordsinvestigate whether
both approaches can be used interchangeatal\findwhich approach imore suitable
for estimating certain intersection performance measurddlay estimation or queue
estimaion.



4. Discusshe similarity andliscrepancies the results and@hateachapproach can and
cannot capture.

5. Investigaethe causes of the differenceimersections performance measures obtained
from Synchro androm AVL/APC.

6. Provide recommendations based on the analysis results abobust andeliable
methodfor estimating intersection performance measures.

1.4 Thesis Outline

This thesishasfive chapters. Aftea brief introducton in the first chapterChapter Zorovides

a literature review on previous work atelay and queue lengtbstimationat signalized
intersections and how they are determifétk Iterature review on préaus work on Synchro
and AVL/APC systems are also presentedChmapter 2 The methodologiefor estimating
delay and queukengthusing HCM, Synchro, and AVL/AP@ata are present i@hapter 3
The analysisresults are presented @hapter 4as well as discussintpe possible causes of
inconsistency in the analysis results performed by Synchro and AVL/APC data
Finally, Chapter Soncludes the study and provides some recommendations.



Chapter 2

Literature Review

This chapter reviews the previous work on delay and queue lengdsurements and
estimationat signalized intersections and how they are typically estimated. Furthermore,
previous work on Synchrevaluationand its uses in estimatingeasures of effectiveness is
reviewed. The implementation of AVL/APC data in traffic and transit operation is reviewed as
well.

2.1 Intersection Performance Measures

The performance of the intersectialeng road segments highly affects the quality of servic
in urban transportation network8he deterioration in urban mobility resulting from traffic
congestion has become a major condernransportation community and tigeneralpublic.
Measurementsf intersectionlevel of performanceés significant fortransportation planners
for evaluating and improving traffic operations in arteri@llelay, queue length, volume to
capacity ratio, and number dopsare the major measures of effectiveness (MOE) used for
evaluating the performance of signalized intetisas.

2.1.1 Delay at Signalized Intersections

Delayat signalized intersectioris defined in the Highway Capacity Manual as the difference
between the actual travel time along a road segmiéimintersectiorand the travel tima the
absere ofany intersetton. TheHCM uses average control delay for determining the level of
service at signalized intersectiofi@ansportation Research Broard, 20dD¢lay is directly
related to what motorists experience while attempting to emogstersection, which increase

its practicalityasa performance indicator afignalized intersectianThree types of delay are
commonly used by enginegiSharma et al2007) Namely: sopped delay, which is the delay
incurred while the vehicle is completedtationary approach delay, which is the delay incurred
upstreamof the stop line due to deceleration and stopping; and control delay, which is the
delay incurred from the start okdeleration until the vehicle reaches the free flow speed
downrstream of the stop lin€igurel illustrates thesdifferent types of delay.

Delay isprobablythe primay parameter used traffic engineering industrio evaluate the
performance of signalized intersectio#s.great deal of research has been conducted in
developing methods for estimating control dedagignalized intersectionSach method used
for estmating delay has its own definitioior delay components and its own approach.
Methods of estimating delay at signalized intersections are typically categorized into three
types(Abdy, 2010) Field measurementsnicroscopic snulation and aalytical modelsfor
quantifying delayNonetheless, it is challenging to determine delay at an intersection.



control delay ly

~

v approach delay acceleration
ends

/ stopped delay

deceleration
begins

time

Figure 1: Graphical representation of different nuances of delay used by traffic engineers

Field measurement of delay can be conducted traditionally in which observers are used to
record delays at signalized intersections. However, it is labor intensive and time consuming. It
is also difficult to control measurement errors since it dependsecskilis and attentiveness
of the observer. Mazloumi et &2010) used observers to track theajectoriesof some
vehicles. To overcome the difficulty of capturing all vehicles at the intersection, observers only
considered vehicles witla specific color. Giving the difficulty of the traditional technique,
advanced technologlyasbeen developed to collect field data. GPS equippaicles can
capturehigh-resolutionspeed profile. Ko et a{2008) used this technique to automate delay
measurement. Deceleration, stopped, and acceleration delay can then be calculated by
observes precisely.

Microscopic traffic simulation models are progressiviegcoming a important tool for
traffic engineeringanalysis and managemehitsing microscopic traffic simulation models,
trying and testing antroversialandnew technique$or improving intersectionperformance
can be conductedithout any interruption to traffic in a real netwqgdidas, 2002) Traffic
flow theory algorithms can be modelledingcomputer softwar@ackagesuch as VISSIM
and Paramicsvhich enable the analyst to simulate the movement of vehicles. Vehicle delay
can be easily obtained because ofahidity to trace simulated vehicle movement.

VISSIM is a microscopic model developed to analyze roadways and public transit
operations. Iprimarily consistf a simulatothat generatgtraffic anda signal state generator
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that emulatethe type and pameters of controller. VISSIM is ante step and behawo-based
microscopic model that can estimate intersection performance measures.

Paramics is a microscopic stochastic simulatimuel that has the potential for application
and modellingnetworksituations Every aspect of the transportation network can potentially
be examined including integrated urban and freeway networks including signal control and
transit operation. Intersection performance measures at network level, on a link by link basis,
or at specific location can be estimated using Paramics.

Mousa(2003)developed anicroscopic stochastic simulation modelemulate the traffic
movement at signalized intersectiohte examined the effect of cycle length, approach speed,
and degree of saturation on vehicular delays. 3iheulation was applied to an existing
signalized intersectioand then the simulated delay was validated by comparingisei of
field observeddelay It was found thathe proposed simulation model produces estimates of
delay that are similar to those observed in the figlithough very effectivemicro simulation
modelsgenerallyrequirecalibration andextensive data collectiobefore coding anetwork,
which limits the spatial scope that can be considédedes et al2004)

Analytical modelsare commonlysedto estimate delay at signalized intersectidtegpular
capacity references such as the HCM @adadian Capacity Guide (CC&k soley based on
such expressiondransportation Research Broard, 2QQ0kply et al., 2008) The original
work by Websterand Cobbeg1966) forms the basis of most signalized intersection delay
modelsused in these referenc@he mathematical expressiomassume vehicles arrive at the
intersection according to the Poisson process and service times are detern3oishi
expressions are easily programmed into software packages; for instance SyncH@Sand
These software packages expeditedhleulation of delayshowever, theyequire initial data
collection efforts and professional software expertise

In most casest is unexpected to find perfect match between delay measured at the field and
delay estimated using analytical formuléBeply, 1989) Dion et al.(2004) state that it is
similarly unexpected to find perfect match between delays estimated from different delay
models.To address this problenthe authos conducted a comparative study of the delay
estimatedy differentanalytical delay models, including deterministic queuing, shock wave,
steady state stochastic, and tidependent stochastic delay modé&lgrthermorethe authors
comparedhese estimateto the delays that are produced by a microscopic traffic simulation
model Theyobserved that there is a genesianilarity between all the analytical delay models
considered when these are applied to the analysiaddr saturatedignalizedintersections
However,consistencyof resultsfor more complex situations should be evaldagmce the
study only considered simple intersections

2.1.2 Queue Length at Signalized Intersections

Queue length is artherimportant measure @ignalizedintersectons performance. Queues
that overflow the available storage sp&meturning movementadverselyaffectthe overall
operation of the intersectioBeveral terms are used in the literature to describe queues such
as queue length and maximum extent of guén one handhe Highway Capacity Manual
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(2000) defines the queue size as the number of vehicles that are queued depending on the
arrival patterns of vehicles and on the number of vehicles that do not clear thectraars
during a given green phase and overflowed to the next cycle. Consequently, the queue length
is the distance from the stop line to tail of the queue arideofthered intervalOn the other

hand, queue extent or queue reach represents the distancthe stop line to the tail of the

last vehicle when the queue dissipates.

Queue length is a measwethe quality of service offered tmotoristsas well as the air
pollution and fuel consumptiorQueue extent, on the other hand, is used to deterthe
adequacy of the available storage. The difference between the two definitions is because
vehicles continue to join the back of the queue after the end of the red phase and a shockwave
is formed and moving backwards.

Queue lengthat signalized intesectionscan beobtained from field measurements, or it can
beestimated usingnalytical procedures or micro simulation models. Field measurements are
typically resource intensivehereforejt is widely accepted in the industry to usienulation
or analytical procedures to obtain queue lengidmy models have been developed to estimate
gueue length at signalized interseciohowever, their estimates may vary based ragirt
definition of each measu(¥iloria et al, 2000) Some model use the terms queue length and
gueue extents interchangeably without distinguishing the difference between them.

Microscopic simulation can calculate the average queue and the maximum queue at
signalized intersection by tracing the vehicle path and stéasg (2000) compared queue
extent estimates from a microscopic simulation mddeTEGRATION, to analytical models
and found a consistency in the predictions for hwithersaturated and oversaturated signalized
intersestions

Analytical models generally utilizeuguing analysis or shockwave analysis. Queuing
analysis, also known as point queue or stacking queuelvescomputing the queue length
assuming vertical queuehere vehicles arassumed to bstackng on topof each other at the
intersection stop line. On the other hand, shockwave analysis takes into consideration the
physical space occupied by each vehicle, i.e., vehicles are queued horizbfitaily.et al.

(2000) compmared several analytical models estimates of queue length and found that the
majority of themprovide estimates that aneore analytically defensible than thge®vided

by the simpler theoretical modeSimple theoretical models are unjustifiably optimistic when
demand approaches capacity.

2.1.2.1 Queuing Theory Analysis

Stacking queue is considered as a deterministic queuing analysis. It is relatively simple
macroscopic approach ist eishn,j miaitn iIlg quttd esy etngHt
gueue in order to compute the estimates of the queue length.

Figure2 illustrates the concept of the stacking queue in tsadlerated condition. A vertical
gueue is assumed to form at the approach stop line, which matches the number of arriving
vehicles throughout the red interval. At the beginning of the green interval, vehicles at the front
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of the queue start to dischargela saturation flow rate, while at the back of the queue, new
vehicles start to join the queueatival flow rate until the queue dissipates after the saturated
green time. Saturated green tirgg,is the time required to serve the accumulated queie wh

the remainder of the green time is called the unsaturated greeg.ifiee number of vehicles
arriving during red interval equals the maximum queue size in vehicles. The maximum queue

length can be expressed in distance units after multiplyingtitdogiverage space occupied by
one vehicle.
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Figure 2: Vertical deterministic queuing diagram for undersaturated condition

When the demand exceeds the capacity of a lane group, a remainingsquailerservedt
the end of the gen interval. For demonstratidrigure 3 shows two cycles. A residual queue
at the end of a cycle is caused by the difference between the arrival flow rate and the capacity
of the lane group. The peaks of the triangles represent the queue length at the end of the red
interval in each cycle. Theomts where triangles meet represents the residual queue at the end
of each cycle. In oversaturated intersectiatithe green time becomes a saturated green time,
and it is not sufficient to serve the accumulated queue.

Furthermore, queuing theory asses that vehicles accelerate and decelerate
instantaneously. This assumption consequently results in underestimation of the delay and
maximum queue as the vehicles are assumed to arrive tailtbEthe queue later than they
would in reality. Since queng theory does not account for the arriving vehicles during the
saturated green time, shockwave theory can be used to estimate more accurate measures of
effectiveness.
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Figure 3: Vertical deterministic queuing diagram for oversaturated condition

2.1.2.2 Shockwave Theory Analysis

While queuing theory estimates the maximum queue size only, shockwave theory can provide
more realistic estimates in terms of the maximum queue extent. Shockwave theory uses the
relation betweetraffic flow and density to describe the upstream or downstream propagation
of traffic status

In reality, vehicles stop away from the stop line further than the queue size. Shockwave
theory observes the maximum reach ofdlieue, whichs more useful in tersof planning
or designing traffic signaland intersection infrastructurigure 4 shows the creation and
dissipation of shockwaves resultirfgppm the traffic signal operation iundersaturad
condition. SW represerd the back of thequeue, whichis the edge between theriging
vehicles and the stopped vehicles. S#érts to form at the beginning of the red interval and
moves backward. At the beginning of the green time, two shockwaves start to form. Ose move
downstreanmand it represesthe first vehicle that leavesdhntersection. The other one, 3W
represents the edge between departing vehicles and stopped vehicles. It moves backward until
it reaches SWwhen the queue dissipates. S®¥arts to form after the last stopped vehicle
accelerates.

As Figure4 shows, the maximum queue reach is more realistic than the maximum queue
size since what happens in reality follows the explanation of the shockwave theonyore
complicded to compute the maximum reach of queue in oversaturated conditions; however, it
is important particularly for planning the storage ldoe turning movementso prevent
spillback.
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Figure 4: Horizontal shock wavediagram for undersaturated condition

2.2 Synchro

Synchro Plus suite includes:

1 Synchro: a macroscopic analysis and optimization program.

1 SimTraffic: a powerful, easy to use traffic simulation application.

1 3D Viewer: a three dimensional view of SimTraffic simulations, and

1 SimTraffic Cl: an application that interacts with controller interface (Cl) device
connected to a controller to simulate the operation of the controller with simulated
traffic.

According to Synchro 8.0 Users Guidé&rafficware, 2011) Synchro implements the
Intersection Capacity Utilization (ICU) 2003 method for determining the intersexajmacity
This method is very straightforward to implement since it compares the current volume to the
intersection ultimate capacity. Synchi® a macroscopic traffic software program that
replicates the signalizedtersection capacity analysis as specified inHighway Capacity
Manual 000 and(2010. Macroscopidevel models represent traffic in terms of aggregate
measures for each movent at the intersectionEquations are used to determine measures of
effectiveness such as delay and queue leltgthould be noted that Synchioesnot account
for Abottl enecko scapadtyadfidiencres reduwde the amountpeffic r e a m
reaching downstream intersections.

Synchrois widely usedby traffic practitionersto evaluate the performance of signalized
intersections(Yang, 2001) A number of studies compared Synchro with other traffic
simulation models in terms of the abiltty estimate the performance measures at signalized
intersections. Most of these studies adntitat estimated performance measures through
different software might significantly vary and highlight the important factors that should be
considered when compag the results.
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Benekohal et al2002) compared control delays computed by HCM methodology (using
HCS software), Synchro and other traffic simulation software for an urban arterial with several
signalized intersectits. Estimated control delays from Synchro were significantly different
from HCS results considering different operating conditions and signal timing schemes.
Authors discussed certain precautionsataken into account when comparing analysis results
betveen HCS and Synchro.

Washburn and Larsorf2002) compared the control delay, estimated by Synchro,
TRANSYT-7F (TRC, 1999) and HCS. They concluded, even with identical input data,
differencesbetween HCS, TRANSY-F'F and Synchro are expected. The only situation in
which the results were identical was a-preed intersection with random arrivals on all
approaches, and protected movementgy claim thaino single models ideal for every
situaton; Synchro is the best fit for intersections that are actuated. Hova¢tee, timepublic
agencieglid not accept its method of delay calculation for traffic impact stu@ésshburn
andLarson, 2002)

Mulandi et al (2010)evaluated the performance of signal timing plans calculated by several
macroscopic and microscopic traffic simulation tools including Synchro, TRANBY,T
CORSIM and VISSIM. They found obvious differences in the performance of the signal timing
plans optimized using these simulation tools. The optimization of signal timing plans is
generally achievable through minimization of the intersection performance measures such as
delay, queue length and number of stops. The differences observed irzegtaiginal timing
plans by different software indicate the significance of the approaches used by different
software for estimating intersection performance measdies. authors indicate that the
highest quality of signal timing was produced by VISSIM &yhchro software packages.
They statd exceptionally similar performance was delivered by these programs

2.3 Transit AVL/APC Data

Recently, AVL/APC systems have become a prominent method for data collection by transit
agenciesAVL/APC systems are able toatkequipped vehicles in a fleet and record a variety
of information for each vehicJevhichallows for numerous applications of the data

The main applications of AVL/APC data are in r&ale transit operations monitoring and
control (Furth et al. 200). Typically, AVL data has not been stored or processed for
consequent analysibowever it has a substantial potential in improving service planning,
scheduling, and performance analysis practices at transit agencies. AVL /APC systems can
collect largeamount of data atlaw cost with ability to inégrate with other data sources.

AVL/APC data have been used by researchers for different applications suchtaseeal
traveler informationFarhan et al2002) transit signal priority(Lin, 2002;Liu et al, 2007)
transit route performance measureméno and Liy 2010) and ridership and operational
performance analys{&olani, 2007)
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Furth et al (2006) provided an insightful descriptio of AVL/APC systemsandquantified
some of the benefits of AVL and APC implementation compreheysivdey developed
guidance for the effective collection and use of archived AVL/APC igdatader to improve
decisionmaking and managg transit fleetsThese technologies can be use@nprove route
design and scheduling

Farhan et al(2002)used AVL/APC data in developing a travel time model able to provide
real time traveler information services. Their goal wadeweelop and compare performance
of several procedures for modelling bus arrival modéigy used three techniques to develop
bus travel time prediction models that were able to update the model based on new data that
reflect the changing characteristidgioe transioperating environment

Transit AVL/APC datecan also be used to estimatepped delays and queue lengtrs]
can be used tmvestigae the effect ofTransit Signal Priority(TSP)for determinng areas
whereTSPis beneficial Liao et al.(2010)proposed a data processing framework to analyze
transit performance on stqfoading and disembarking efficienc@nd route(travel time
monitoring)levels based on time point records.

Lin (2002) indicated that implementing TSP technologies could reduce delay at
intersections, although knowledge of the existing delay of an intersection must be considered
to determine the possible reduction in delaytheir analysis using AVL/APC dathiao and
Liu (2010)determined areas that would benefit from TSP, andréengnize theprospective
for AVL data to be used for retime TSPimplementation Liu et al. (2007) conducted a
simulationstudythatdemonstratethe potential of using redgime AVL data and how it can
facilitatetheimplementatiorof TSP by determining the bus arrival time.

TransitAVL/APC datasystems can be appliddr performance analysis oidership and
transitoperation In a study by Golanj2007) AVL/APC data was proven to be of great help
in improvingtransit service since it provides huge amount of datativhbility to automate
the process of analysis. AVL/APC data was used to visualize the boarding, alighting, and delay
at each bus stop.

Given the challenges involved in the field measurement of delay and queue length at
signalized intersections, Hellinga et@011)proposed a methodology for direct measurement
of delay and queue lengthsatinalizedntersections using AVL/APC data collected by transit
vehicles.The proposedmethodologyis suitable to be applied to most AVL/APC databases,
and it is able to explainp t096% of the variation in dela§Hellingaet al, 2011) It provides
new opportunities to apply archived AVL/APC data for performance evaluation of signalized
intersectionswhich will be discussed in the nesttapter

2.4 Conclusion

There are few studies centered upon comparing estimated intersection performance measures
by Synchro with the values measured in the fiPletraglia, 1999)0n the otler handaccurate
measurement of delay and queue length at signalized intersections is costly and challenging,
as it requires application of advanced technologies and analysis metkamsgll, there is no
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widely accepted standard methodology for field soeament of delay and queue length at
signalized intersections. As a result, field measurements of delay and queue length depend on
the technology and the methodology applied. Consequently, majority of the existing research
in this area revolve around coarmg Synchro with other widely used computer packages and
traffic simulation software.

Although AVL/APC has a great potential in signalized intersection performance analysis,
the literature is focused on its applications in transit operation and camdrdbas not provide
sufficient research in implementing AVL/APC ddta estimating intersection performance
measuresin other word, the literature shows thatpturing transit delay usirgVL/APC
systems arpossible; however, does not provide any nolusive studies that demonstrate the
ability to estimate transit vehicle delays caused by signalized intersections from\R@L
data(Hellinga et al. 2011)
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Chapter 3
Anal ysis Met hod

This chapter presents th@alysismethodologes applied in this researdnd the description
of available data

1 The methodology foobtaining stopped delay and queue length suggested by the
Highway CapacityManual(2000)

T Synchr ods fareobtairong stdpped gelay and queue lengthigratized
intersections

Demonstration of@ding asignalized intersection in Synchro.

The proposed method for determining transit vehicle péoidelays at signalized
intersections from archived AVL and APC déittellinga et al. 2011)

1 An analysis to dmonstrate the relationship between stopped delay and control delay
in transit vehicles

1 Descriptionof the available data for this research.
3.1 Analysis Method Overview

In this research, the methodology proposed by Hellinga é2@il1)is applied to estimate
the delay and queue length at signalized intersections from archived AVL/APC data and
compared the results with the values computed by Synchro. The analysis covers a considerable
number of intersections in a relatiydarge urban transportation netwofkflowchart of the
work is presented iRigureb.

Estimated delay and queue length from AVL/APC data realistically represent average delays
and queues experienced by the road users at signalized intersections over an extended period.
Therdore, it provides a robust benchmark for evaluating the performance of Synchro in
computing delay and queue length at signalized intersections.

Synchro uses basic HCM models to estimate delay and queue length at signalized intersections.
However , s Behodolbgy maudes some additional procedures and modifications,
which are addressed in this section. The proceeding sections briefly review HCM and Synchro
methodologies for estimating delay and queue length at signalized intersections followed by a
brief introduction of the methodology used for estimating intersection delay and queue length
using AVL/APC data.
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Figure 5: Work flow of the research.

3.2 HCM Methodology

HCM methodology for analyzing the capacity and level of semvicg#gnalized intersections

is described irChapterl6 of theHCM. The methodology addresses the capacity, level of
service, and other performance measures for lane groups and intersection approaches and the
level of service for thevhole intersection. Thenethodology does not take into account the
potential impact of downstream congestion on intersection operation. Nor does the
methodology detect and adjust for the impacts of patket overflows on through traffic and
intersection operatio(irransportation Research Broard, 2000)is section, describes delay

and queue length calculation in the HCM.

3.2.1 Delay Calculation

The Highway Capacity Manual p pl i es We b st er §Vebsttrarid&@opbef or mul a1
1966)for calculating average control delay for a lane group at signalized intersections. Control

delay represents the additional travel time experienced by vehicles at slower speeds as well as

the vehicles that stop at intersection approaches as they mowequpue position or slow

down upstream of a signalized intersectidhe values derived from the delay calculations

represent the average control detperienced by all vehicles that arrive in the analysis

period, including delays incurrebeyond the argsis period when the lane group is
oversaturatedAs shown byEquation (1), the control delay per vehicld®) encompasses

uniform delay D1), incremental delaylY?), and the initial queue delaipf).
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D=D,® PF+D,+D, 1)

Uniform delay is the delay caused assuming uniform arrivals, stable flow, and no initial
queuel t i s based on the first term of Webster:{
an accurate depiction of delay for the idealized case of uniform arriMagsprogressions
factor PF) accounts for the effects of coordination on uniform dekood signal progression
will result in a high proportion of vehicles arrivirduring the greeninterval Poor signal
progression will result in a low proportion of vehicles arrivithgring the greeninterval.

Progression primarily affects uniform delaygddor this reason, the adjustment is applied only
to D1. Uniform delay componenof control delay at signalized intersectiosigstimated using
Equation(2).

The incemental delay includes the delay due to-naiform arrivals and temporary cycle
failures (random delay) as well as the delay caused byirsedtperiods of oversaturatiol.
is sensitive to the degree of saturation of the lane gdyphe duration ofhe analysis period
(T), the capacity of the lane group),(and the type of signal contrdncrementaldelay
component of control delay at signalized intersections is estimated Ecpiragion (3). The
equation assumes that there is no unmet demand that causes initial queues at the start of the
analysis period, which causestial queue delay

2
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Where,C is the cycle length in secondsis the duration of analysis in hougsis effective
green time in secondx,is volume to capacity ratiw/c), cis the capacity in vehicle per hour,
k is the incremental delay factor, ahds the upstream filtering factor. Chapter 16 of HCM
(2000) provides additional instructions for estimating the progression f&gtpriicremental
delay factor K) and upstrearfiltering factor (). The duration of analysisT) is typically 15
minutes (0.25 hr) unless when volume to capacity ratio is greater than 1.0. For oversaturated
conditions, HCM(2000)recommends to prolong the analysesiod to account for the period
of oversaturation assuming that the average flow during analysis period is constant.

3.2.2 Queue Length Calculation

HCM (2000)defines the back of queue as the number of vehicles that aredqdepending
on the arrival patterns of vehicles and on the number of vehicles that do not clear the
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intersection during a given green interval. HCM (2000) provides procedures to calculate the
average back of queue as well as 70th, 85th, 90th, and 98#npler back of queue.

The average back of queue is the number of vehicles in the queue that is estimated using
Equation(4) by combing uniform queu€){) and incremental queu€y).

=Q+Q 4)

Uniform queue is the average back of queue, determined th&mgition(5) assuming a
uniform arrival pattern and then adjusting for the effects of progressiorgiee lane group
using a progression factd?k2). Incremental queue is associated with randomness of flow and
overflow queues that may result because of temporary failures, which can occur even when
demand is below capacity. HCK2000) providesEquation (6) for estimating incremental
gueue. Initial queue at the start of the analysis period is also considered in calculation of
incremental queue.

vC4 9@
36000 C2
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Where,PF is the adjustment factor for effects of progressipiis lane group flow rate per
lane (veh/h)¢. is the lane group capacity per lane (veh¥a)is vi to ¢, ratio, ks is the second
term adjustment factor related to early arrivals, @adis the initial queue at start of analysis
period (veh). Other parameters are similar to those already defined in eq(@tiand (3).
Appendix G in Chapter 16 of HCR0OO0O)provides additional equations and instructions to
estimate progression factd?Kz) and secondierm adjustment factoks).

The percentile back of queu@«) is computed usingquation(7) by applying the percentile
back of queue factofgy) to the average back of queue estimated fEopnation(4).

Qy =Q2 foy, (1)

The percentile back of queue factor is calculated usttion(8).

-Q
foo = P+ P~ ®)
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Where p1, p2 andps are first, second, and third parameter for percentile back of queue factor,
respectively. HCM(2000) provides default values for parameters of back of queue fer pre
timed and actuated signals (Chapter 16, Appendix G).

3.3 Estimation of Intersection Delay and Queue Length Using Synchro

In this research, Synchro 8i6 used to estimate delay and queue lengdttsignalized
intersections.This section provides in depth details regarding the underlying calculations
found within SynchroSoftware features described in this section pertain to Synchro 8.0.

3.3.1 Delay Calculation

Synchro is capable of computing average tadndelay for a lane group at signalized
intersections. Synchro computes control delay by adding up uniform, incremental, and initial
gueue delays in a similar fashion as described thr&gghation(1).

Synchro computes uniform delay using Percentile Delay Method. The uniform delay
formula in HCM(2000)assumes uniform arrivals when estimating volumeajoacity ratio
(X). However, it is very likely that traffic do not arrive at an intersection uniformly during the
analysis period. Moreover, HC{2000)calculates uniform delay using a single value for green
times. Howeve green times may vary significantly in actuated traffic signals during analysis
period. To account for variations in traffic flow, and variable green times in actuated signals,
Synchro models traffic volume by considering five different percentiles sosnaand
computes uniform delay by taking a voluiweighted average of estimated delays for each
percentile traffic flow ¥p). The five scenarios are the (o), 30" (vs0), 53" (vs0), 70" (v70),
and 90" (voo) percentile traffic flows assuming aiBson distribution with average arrival rate
ofawhi ch i s the hourly demand divided by the
manual(Trafficware, 2011)providesEquation(9) for estimating the traffic flow for a given
percentile.

v, =/ +2r)e 3600

(9)

Where,z is the number of standard deviations needed to reach a percentilth&onean,
and} is the standard deviation, which is the square ro@assuming Poisson distribution.
Values of-1.28,-. 052, 0 , 0.52, and 1.28 are ®uggest ed
30" (va0), 50" (vs0), 70" (v70), and 98" (veo) percentile traffic flows. Each traffic flow scenario
represents 20% of the cycles actually occurring duhegnalysis period.

For actuated signals, Synchro estimates the green time for a particular traffic flow scenario
by determining the probability of skipping or gapping out each phase during analysis period.
Synchro skips a phase if the possibility that no vehicle arrivesgltire red interval is greater
than 50%. On the other hand, phase gap out occurs when the possibility that no vehicle is going
to be detected during the effective gap time is greater than 50%. Effective gap time is set by
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signal controller to define the miamum headway between successive vehicles that warrants
the phase gap o(trafficware, 2011)

The uniform delay corresponding to each percentile traffic flow is estimated by applying the
first term of Weohasipresenied Eqdatidn(2).yAvelagerunifarin detay
in Percentile Delay Method is estimated udtogation(10).

VD, +VD; +VDy, VD, +VD,,

3600 (10)
(V10 +V30 +V50 + V70 +V90)3 T

D, =

Where,VD1o, VD30, VDso, VD70, andVDgo represent 10, 30", 50", 70", and 98 percentile
delays, respectively. The progression fact¥)(is used inEquation(l) to account for the
effects of coordination on uniform delay. Synchro calculates the progression factor explicitly
by comparing uniform delays with and without coordination. Traffic flow variations can be
modelled more reasonably using five traffic flonesarios for estimating uniform delay.
However, Synchro user can choose to estimate uniform delay using HCM methodology
without considering traffic flow scenarios.

Synchro applies HCM2000) methodology to compute incremtal delay D2) using
Equation(3). Incremental delay factor and upstream filtering factor are calculated using HCM
(2000)instrudions.

3.3.2 Queue Length Calculation

Synchro does not consider vehicles delayed by less than 6 sdodmelpart of the queue
becaustaccor di ng t o ,®BeseveHiclosibw dowrebat deanbt stop completely
(Trafficware, 201) Synchro computes %0and 94" percentile queues. The B@ercentile
queue represents the average queue length while thep@Sentile queue defines the
maximum queue length. The'Spercentile queue lengtl)) is estimated in feet usirayerage
arrival flow rate ) throughEquatiors (11) and(12) for under and wer saturated conditions,
respectively.

_ VvV s 1 g L Vv
= R- 6)° < ~<1

Q= 3500° (R~ ©) §l+ siv-1H (n° f.,) c (1
_Svs(C- g)+hy. 8 908, C gL Vaq

Q S(V ( ))J? & c® 36004 n (12

Where,Ris duration of red interval in secondds saturation flow rate in vehicle per hour,
vis arrival rate in vehicle per hour,s length of vehicles including the space between in feet,
nis number of lanes, arfd, is lane utilization factor, respectively. Other variables are similar
to those dfined in equation$l) and(2). If volume to capacity ratiov(c) exceeds om for
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extended period, the queue length is mathematically infinite. Thus, Synchro calculates the
gueue length as the maximum queue after two cycles for oversaturated lane groups.

To account for the impact of traffic volume fluctuations on queue lengtth8yecalculates
95" percentile queue length by increasing the arrival rate'tgp8fcentile traffic volumevgs).
The 93" percentile arrival rate is estimated ustguation(13).

e v. 9
Vog = V3 PHE@L+1.64ﬁg (13)
6 Ve )

Where,v is arrival rate in vehicle per hol®HFx is the minimum of peak hour factd?KiF)
or 0.9, andr is vehicle arrival per cycleu® 3600/ ¢). It should be noted that the arrival rate
(v) is unadjusted by peak hour fact®HF) because the 95percentile traffic volumevgs)
accounts for traffic fluctuations. The ©percentile queue is computed usind"§ercentile
traffic volume {/95) through equationgl1) and(12) considering volume to capacity ratio.

3.3.3 Queue Interactions

Queue interactions is a traffic analysis looking at how queue can reduce capacity through
spillback, starvation, and storage blocking between lane grQugsie interactiamhave the
potential to reduce capacity and increase delay even on movements that are undersaturated.
In other words, less storage space than one full cycle worth of traffic causes higher delays
along with reduction in capacit@pillback and starvation atightly interrelated. Depending

on which intersection is more capacity constrained, reduction in capacity due to starvation
will eventually lead to spillback upstregifrafficware, 2011)

Spillback is caused when a qudoemed downstream intersection uses all the space on a
link and prevents vehicles from entering the upstream intersection on gigene6.a shows
consecutive intesections with a spillback problem.

Starvation, on the other hand, occurs when a downstream signal is green, but the signal
cannot service full capacity efficiency because the upstream signal Bigade6.b shows
consecutive intersections withstarvationproblem.

Storage bay blocking occurs at an intersection where one movement is blocking other
movement. Spillback and starvation concept is applied on blockeémamts.Figure 6.c
shows the storadeayfor the right turn movement blocked by the through movement.

The gueue interactions calculations generally begins by deiegnf the ratio of volume
per cycle to distance is critic®ueue interactions cause a reductiooapacity only when the
storage space is less than one cycles worth of traffic.

To determinereduction caused by gueue interactioBynchro definesapDist as the
distance per lane used by one cycle capaaitglyolDist as the distance per lane used by one
cycle of the 98 percentile volumew@0). volDist andcapDistare given byEquation(14) and
(15) respectively
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WherelL is the average vehicle lengthjs the cycle lengthg is the lane group capacity, and
nis the number of lanes. A link is subjected to spillback and starvation whenever the minimum
of volDistandcapDistis larger than the downstream link distance. A storage bay is subjected
to blocking whenever the minimumwdlDistandcapDistis larger than the storage bay length.

The time that the movement is blocked or stargdten determined. For storage bloakin
and spillback, the capacity duritigis time iszero. For starvation, thane groupcapacity
during this time is reduced to the upstream saturation flow rate active at the time. The reduced
capacity is then used to find the incremental delay giveadogtion(3).
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3.3.4 Coding Intersections in Synchro

In this section, the procedure obding an intersection in Synchro is presented. Input
parameters that should be fed to the madekxplained andllustrated througtcodingof a
simple hypothetical intersection that will be used for sensitivity analysis later in the next
chapter.

One of the most appealing features of Synchro is its user interface. It is very easy to use and
the majority of required input is sedikplanatory. The analyst creates a network by drawing
links and nodes on a given pallet.

The hypothetical example &ssmple 4leg pretimed signalized intersectidor which each
approachconsists ofa single laneand only through movements are permitt€te links are
first drawn using the pallet as crossing §n@nce the intersection is drawn, single lane on
each apprach is created by defaulEigure 7 shows the intersection coded in Synchro.
Changing lane characteristics takes place in the lane settings wiktbsvwindows in the
program are activated when a link is selected. It should be noteHighéighted numbers
using blue coloin all windowsare calculated based on the indatother wordsthe analyst
should nobverride them unledse or shdnas goodreasons.

File Edit Transfer Options Optimize Help

=8 EIJ :’jﬂ __IUhr3min4ﬁsec/11h|21mxn2?sec
7] St . 2 2

o

Figure 7: Hypothetical intersection coded in Synchro.
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The mandatory parameters to be input in the lane settings window for each approach include
lanes number and configuration, traffic volume, ideal saturation flow rate, lane width, area
type, and number of storage lanes and their length. Other parameters such as link speed and
right turn curb radius are optionfar isolated intersectiongigure8 shows the lane settings
window in Synchro.

LANE SETTINGS a = 1Pl A il e K115
EBL EBT EBR | WBL WBT WBR | NBL NBT  NBR SBL SBT SBR

Lanes and Sharing (HRL) + + $ f
Traffic Volume (vph) 0 500 0 0 500 0 0 500 0 0 500 0
Street Name EB |WB |NB SB
Link Distance (m) — 2655 — — 3750 —| - 2303 — — 2572
Links Speed (km/h) - 50 - - 50 - B 50 - - 50 -
Set Arterial Name and Speed — EB - — WB —| — NB - — SB -
Travel Time (s) - 181 — - 270 —| - 16.6 - - 185 -
Ideal Satd. Flow (vphpl) 1900 1900 1900 1900 1900 19000 1900 1900 1900/ 1900 1900 1900
Lane Width (m) 36 36 36 36 36 36 36 36 38 36 36 3B
Grade (%) — 0 - — 0 —| - 0 - - 0 -
Area Type CBD - O - - O - - g - - O -
Storage Length [m) 0.0 — 0.0 0.0 — 00 0.0 - 0.0 0.0 - 0.0
Storage Lanes (#) - -
Right Tumn Channelized - - None| - - None| - - None, - - None|
Curb Radius (m) |
Add Lanes (#) - - - - - —| - - - - - -
Lane Utilization Factor 1.00 1.00 1000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Right Tum Factor — 1o | — qew | — oo | — 1o —
Left Tum Factor (prot) — 1006 7 — 1000 =] — 1 UUU = — 1 DUU =]
Saturated Flow Rate [prot] - 1900 - 1900 - 1900 - 1900 -
Left Tum Factor [perm] - 1.000 - 1.000 - 1.000 - 1.000 -
Right Ped Bike Factor —  1.000 — —  1.000 —| —  1.000 — — 1.000
Left Ped Factor - 1.000 - - 1.000 - 1.000 - - 1.000
Saturated Flow Rate (perm) — 1900 — — 1900 — — 1300 - - 1300 -
Right Tum on Red? = = == = = = = =
Saturated Flow Rate (RTOR) - 1] - - a =] - 0 - — 1] -
Link Is Hidden — O — — O — — O — — O —
Hide Name in Node Title = 1@ = O = 1@ O

Figure 8: Lane settingswindow in Synchro.

The volumesettings window shasssome parameters withelane settingwindow such as
number oflanes, laneconfiguration andtraffic volume Other mandatory parameters include
conflicting pedstrians conflicting bicycles, peak hour factor, heavy vehichass blockage,
adjacent parking lane, amérking maneuverdnput parameters in lane settings window and
volume settings window are useddetermine the adjusted saturation flow retgure9 shows
the volume settings window in Synchro.

In the node setting part of timing setting window, the only patanto be entered is the
control type. Other fields are automatically filled based on input in different setting windows.
The mandatory parameters to be input irtilnéng settings window for each approach include
turning type ( pr o)tamdcphasedassigmpnent. Mext, the spi tined are
entered (Total Split = green + yellow + all red time). The minimum and maximum spkt time
are needdonly be provided for actuated signal contrghich is not the case in this example.
The lost time adjusent equals the yellow time reduced by the movement lost time. Lagging
Phase is used to decide phase order for protected phase and protected + permiti&liiophase.
Lead/ Lag Optimization is checked if the analyst would like to optimize phase order later.
Figure10shows the timing settings window in Synchro.
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WVOLUME SETTINGS 4 — "y = k ‘\ T ,’ \’ l J
EBL EBT EBR | WBL ‘WBT WBR | NBL NBT  NBR SBL  SBT SBR
Lanes and Sharing (HAL)
Traffic Volume [vph) 0 500 0l 1] 500 0 0 500 0] 1] 500 0
Conflicting Peds. (#7hr) 0 - 0 0 - 0 0 - 0 0 - 0
Conflicting Bicycles (#7h1) | i = = [ = = i = = 0
Peak Hour Factor 1.00 1.00 1.00| 1.00 1.00 1.00 1.00 1.00 1.00| 1.00 1.00 1.00
Growth Factor 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Heavy Vehicles (%) 0 o 0 0 0 0 o 0 0 0 0 0
Bus Blockages (#/hr) 1] i} 0 0 1] 0 1} 0 0 1] 1] 0
Adj Parking Lane? H H BB B BB B H.H H [H
Parking Maneuvers (#/hr) — - — — — — - — — — — -
Traffic from mid-block (%) - 0 - - 0 — - 1] - - 0 —
Link 0D Volumes = == = = = = == == = == ==
Adjusted Flow (vph) 0 500 0 1] 500 0| 0 500 0| 1) 500 0
Traffic in shared lane (%) - - - - - - - - - - - -
Lane Group Flow [vph) a 500 0 0 500 0 1] 500 0 0 500 0

Figure 9: Volume settings window in Synchro.

Timing settings window and phasing set8ngndow share several fields attitesedo not
need to be filled agairDther parameters to be entered include walk time, flash do not walk
time, and pedesan calls, which ighe sunmationof thepedestrian volume fdheassociated
phase Pedestrian calls is important for actuated sigoakrol which is not the case for this
exampleFigurell shows phasing settings window in Synchro.

Simulation settings are mostly used for thdgmensional animation, which is a nice feature
of Synchro. Typically, these settinde not affect the estimation of measures of effectess.
Detector settings are beyond the scope of this example; however, they are important for
actuated signals. Most of the fields to be filledated tothe detector settings are self
explanatory.

TIMING SETTINGS HEENPAEE RN tE AL B TR @
EBL EBT EBR | WBL WBT WBR | NBL NBT NBR | SBL  SBT  SBR | PED | HOLD

Lanes and Sharing (#RL) 4 | 4 4 4 — —
Traffic Volume (vph) 0 500 0 0 500 q 0 500 q 0 500 0 - =
Tum Type — — — — — = — — — — — — — =
Protected Phases — - - 4 — — 3 — — 3 —
Permitted Phases
Detector Phases = & = = & = = B E B E E
Switch Phase — 0 - — 0 - — 0 - — 0 - - —
Leading Detector (m) — 10— s - 10— s = =
Traiing Detector (m) = 00 = = 00 = = 00 — = 00 = = =
Miimum Irital (5] = W = = W = = W = = W = = =
Minimum Spit (5] — W0 - — W0 - — w0 - — W0 - — —
Total Spit (5] — 300 = @0 - — a0 — — W0 = =
Yellow Time (5] — 30— — 30— — 30— - 30— - —
AlRed Time (5] = 10 10 10 , 10
Lost Time Adust (5] — o — - 00— - 00— - 00 - = =
Lagging Phase? = = = - E = = = = = = E =
Allow Lead/Lag Optimize? = = — = — — = — — — — — — —
Fecall Mode — Maw - — Ma — — Ma — — Ma = B
Actuated Effct, Green (5] — %0 - — %0 - — %0 - - ®0 - = =:
Actuated o/C Ratio — o4 — — o3 - — o3 - — o043 — = =
Volume to Capacity Riatio — sl — — 08l — — 08l — — 08l — - —
Control Delay (s) = S = e = = e = = E E
Queue Delay [5) 00 00 00 00
Total Delay [5) — 170 i = = = = =
Level of Service — B — B — — B — — B — — —
Appioach Delay (5] s s = = = = E E
Approach LOS = B — — B = — B — = B = = —|
Queue Length 50th (m) - 23 - - @23 - - @23 - - w23 - = E
Queue Length 35th (m) — w2 — — 72— - w2 — - w2 — - —
Stops (vph) — ;™ - — ;™ - — ;. - — ;. - = =
Fuel Used (Vh) — 7 - — i - % — - 7 - - .
Dilerma Vehicles (#/hr) = 0 = = 0 = = 0 = = 0 = = =

Figure 10: Timing settings window in Synchro.
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PHASING SETTINGS s lT
4-EBWB | 6-NBSB
Minimum Initial (5] 1.0 1.0
Minimum Split (s) 300 300
Maxirum Split s] 300 300
Yellow Time (s) 2.0} 30
All-Red Time (s) 1.0 1.0
Lagaing Phase? - -
Allow Lead/Lag Optimize? — —
Vehicle Extension (s) 3.0 3.0
Minimum Gap [s] 30 30
Time Before Reduce [s) 0.0 0.0
Time To Reduce [s) 0.0/ 0.0
Recall Mode Max| Max
Pedestrian Phase [
Walk Time (5] 5.0 5.0
Flash Dont Walk [s] 11.0| 11.0
Pedestrian Calls (#/hr) 0 0
Dual Entry?
Fized Force Off?
90th Zile Green Time (s) 26mif 26 cd
70th Zile Green Time [s) 26mr  26cd
50th %ie Green Time (s) 2%6m| 26cd
30th Zile Green Time (s) %6m| 26cd
10th Zile Green Time (3] 26m  26cd

Figure 11: Phasing settings window in Synchro.

3.4 Estimation of Intersection Delay and Queue Length Using AVL APC Data

Hellinga et al(2011)proposed a methodology tetamatedelay and queue lengéxperiencd

by transit vehicle at signalized intersections using AVL/APC data collected by transit vehicles.

It is assumed that the delay experienced by transit vehicles is representative of the delay
experienced by all vehicldgecaise the location and the duration of time that vehicles stop in

the queus caused by traffic signaége independent of vehicle typésxcept when a transit

vehicle makes an stapnly to serve the passengershe methodology is applicable only to
intersetions which do not have a near side transit stbpe methodology is refined and
explained with mor 01d)et ai |l s in Yangods thesi s

AVL/APC data contain the time and location of stop event data. Stop events areizategor
into scheduled and unscheduled stops. Scheduled stops occur at the bus stop or its close
proximity for serving passengers. Unscheduled stops may occur due to several reasons such as
traffic signals, congestion, estreet parking maneuvers by otherieéds, and road geometry.
However, AVL/APC data do not provide any information regarding the type and cause of the
unscheduledtop event.

Considering an urban transportation network with AVL/APC data available for each bus
route, AVA/APC data points were allocated to certain segments along corridors, and the
distance from the downstream stop line was associated to each stop point. A boundary line is
fitted for each segment to differentiate unscheduled stops caused by downstifeasignal
control from other unscheduled stops affected by other causes. The delay measurements are
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then estimated for the stops caused by downstream traffic signal cohedbllowing steps
were proposed by Hellinga et dR011)to estimate the delay and queue length at each
signalized intersection using AVL/APC data:

Step 1: Define route segments. Each route segment is bounded by a signalized intersection
at upstream and downstream ends.

Step 2: For each stogvent withinthe defined segment, obtain the stopped delay and its
associated distance frotime downstream intersection.

Step 3: Plot stopped delay versus distance for each route segment as in the schematic diagram
in Figure12. Then remove the scheduled stops.

Step 4:Definefimilepost® and fit boundary line candidates connecting the mileposthe
diagram obtained in Stepa3 inFigurel3.

Step5: Choosehe optimunmboundary lindrom the candidatesbtained in Steg to divide
stop events into unscheduled stops due to downstream traffic signal, and other types of
unscheduled stops ashigurel4.

Step6: The delay envelop boundary identifies unscheduled stop ebentecurred due to
the traffic signal downstream of a padiar route segment. Once relevant unscheduled stop
events are identified, various performance measures such as average delasrceftile
delay, and maximum gqueue length can be estimated for a particular approach of an intersection.

Stopped Delay
Stopped Delay

o ® o *° o
0“00":’""““ 2000
¢ .
000060000000 000000000
0“““‘0““00“00“0
*

*
e
.

| |
: A. Oversaturated Conditions : B. Undersaturated Conditions
| | Scheduled stop o Unscheduled stop @ |

Figure 12 Recorded stops along defined road segment.
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Figure 13: Boundary line candidates connecting mileposts.
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Figure 14: Selected boundary line divding stop events into stops due to traffisignal and due to

other causes.

As shown inFigurel4, the delay envelope boundary in Skep represented by a pieegse
linear function with interceptimax Which is the maximum stopped delay that occurs when a
vehicle stops at the stop line at the end of the green interval. Eq(i#jatefines the locus of

the delay envelop himdary.

dmax

d= a+bx

—_—':

X> X,

0¢X¢ X,

(16)

Where,d andx are delay and the distance to the stop line, respectivety; #quals zero,
the intersection is undesaturated and the delay envelope boundary is linear. Howe¥gt, if

is greater than zero, the intersection is oversaturated and the delay boundary envelope is piece

wise linear. A series of candidate boundary lines conneingnd Xp2 within the feasible

region are evaluated. Candidate boundary lines are createdryecort i n g
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as demonstrated figure13. For each candidate boundary line, the density of stopped delay
event DY) is defined as the cumulative numioé stopped delay observationss) divided by
the area defined by the delay envelope boundaryAheq. DS= N_/ A.

The optimum delay envelop boundary line is the one which minimizes the change in the
density of stopped delay observatiamtained within the boundary lin¥p. represents the
maximum queue length, and average delay is calcuttdbdesummation of stopped delay
observations contained within the optimum boundary line dividedhbyotal number of
service trippassing the intersection approathringtheanalysis period.

The GPS unit otboard the transit vehicle is designed essentially for use in transit scheduling
and route planmg. For these applications, tl&PS estimates are likely accurate enough.
However here it is usedo estimate delays and queues in-teéak, and depending on the
nature of the oiboard GPS unjerror in location can occur. This is especially important where
enroute land usandtraffic conditions affect the number and positionatidlites in view (e.g.
tall buildings near the intersection, vehicle occlusion, éitthneous GPS data will appear as
outliers in AVL dataThe proposed methodologgcounts for outliers by fittinthe envelope
boundary lineto observations foeach itersectionwhich filters out unscheduled stopsd
outliersthat are not legible or not acceptable.

3.5 The Relationship between Stopped Delay and Control Delay

Synchro calculates control deldy)(at signalized intersections. However, the delay estimated
using AVL/APC data represents stopped del®g).( To compare analysis results, it is
necessary to apply a factaw)(to convert stopped delay to control delay or vice versa as
presented ifcquation(17).

D=r,3 D, 17)

Figure 15 demonstrates the difference between control delay and stopped delay. Stopped
delay refers to additional travel time experienced by a vehicle when stopping in the queue
upstream of a signalidentersection (e.g.2Ro Ps). Control delayonsists othe stopped delay
and the additional travel times due to deceleration and acceleration before and after stopping
in the queue (e.g.1Ro P).

30



160

140 g
120 control delay 4
100 940,

80 P, P, o

Distance, m

60 Pl/"l stopped dela)

4
40 g

20

0 10 20 30 40 50
Time, sec

Figure 15: Control delay and stopped delay defined on a vehicle trajectory.

In Figurel5, points before Prepresents the trajectory of the vehicle when it fseat flow
speed and thereforeghrajectoryhasa constant slope. Points betwearafd B represent the
trajectory of the vehicle when it is decelerating and therefore the trajdeaydecreasing
slope. Points between Bnd R represent the trajectory of the vehicle when it ismoting
and therefore the trajectomasa zero slope. Points betweeydPd R represent the trajectory
of the vehicle when it is accelerating and therefore the trajeetsan increasing slop@.oints
afterPs represents the trajectory of the vehicleen it is afree flow speed aga@nd therefore
the trajectoryhasa constant slope.

Synchro user manuélrafficware, 2011suggests that control delay is generally 1.3 times
the stopped delay. However, as denoted by other resear@etsa, 2002) control delay
might be up to 2 times the stopped delather studieound that this factor should be variable
rather than just a constant val@szewski, 1998 (QuirogaandBullock, 1999)

The stopped delay estimated from AVL/APC data is based on the movements of transit
vehicles in the network. Transit vehicles have different acceleration and deceleration
capabilities compared to other vehicles. Limaas in the performance and maneuverability
of transit vehicles influence the relationship between the control delay and stopped delay
estimated from AVL/APC.

The stopped delay obtained from AVL/APC data is assumed to be representative of the
whole trafficincluding heavy vehicles and passenger cars. However, control delay differs
based on the physical characteristics of the vehielhich is adjusted by applying the
conversion facto(rg) in equation (1) Figure 16 illustrate the trajectories of a bus and a
passenger car. Although control delay is clearly different for each vehicle, the stopped delay is
the same.
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A study was conducted to collect field data to reauiestvehicle trajectories at signalized
intersections to investigate the relationship between stopped delay and control delay estimated
using different vehicle types. GPS loggers were used to collect the time and location data of
different vehicle types wile traveling through signalized intersections. GPS loggers record the
time stamp and location coordinates at every second.

Using collected GPS data, trajectories of 30 buses and 30 passenger cars were reconstructed.
The timespace diagram iRigurel7 shows sample bus and passenger car trajectories. Control
delay and stopped delay were estimated for each vehicle trajectory considering the definitions
provided using the schematic vehicle trajectorffigurel5. Consequently, the ratio of control
delay to stopped delayp(Ds) was estimated for each vehicle trajectorgble 1 shows the
total delay, the stopped delay, and the ratio of control delay to stopped DAy for each
trajectory.

Table2 shows the average and varianceDdDs ratios estimated for buses and passenger
cars. The averade/Ds ratio for passenger cars is 1.3 while for buses the average ratio is 1.4.
As shown inTable 2, statistical tests were applied to demonstrate whether the difference
between averadge/Ds ratio for passenger cars and buses was statistically significant.

The Ftest results show that two samples have equal variance at 95% confidence level.
However, Ftest results demonstrate that two samples have different means at 95% confidence
level. Consequenth)/Dsratio of 1.4 was used in this study.

Passenger car control del

< »
< »

. bus control delay

\ 4

Bus

distance, m
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>
stopped delay for bus
and passenger car

Time, sec

Figure 16: Control delay and stopped delay for bus and passenger car
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Table 1. Observedtotal delay and stopped diay for trips using passenger cars and buses.

# Passenger Cars Bus

D Ds r«=D/Ds D Ds rq=D/Ds
Sec. Sec. Sec. Sec.

1 29 21 1.3810 38 27 1.4074
2 31 23 1.3478 46 31 1.4839
3 27 23 1.1739 87 66 1.3182
4 112 96 1.1667 29 19 1.5263
5 9 6 1.5000 48 34 1.4118
6 57 40 1.4250 57 40 1.4250
7 25 18 1.3889 48 36 1.3333
8 99 84 1.1786 59 45 1.3111
9 31 25 1.2400 34 24 1.4167
10 39 30 1.3000 49 36 1.3611
11 19 16 1.1875 73 56 1.3036
12 9 7 1.2857 39 28 1.3929
13 39 37 1.0541 40 28 1.4286
14 98 68 1.4412 61 45 1.3556
15 27 21 1.2857 44 35 1.2571
16 27 19 1.4211 59 45 1.3111
17 25 14 1.7857 26 17 1.5294
18 44 41 1.0732 46 34 1.3529
19 48 45 1.0667 47 32 1.4688
20 23 21 1.0952 60 44 1.3636
21 58 42 1.3810 19 10 1.9000
22 25 18 1.3889 37 28 1.3214
23 99 84 1.1786 43 32 1.3438
24 27 21 1.2857 61 47 1.2979
25 39 30 1.3000 43 33 1.3030
26 15 11 1.3636 37 28 1.3214
27 16 10 1.6000 42 31 1.3548
28 39 37 1.0541 35 24 1.4583
29 98 90 1.0889 46 33 1.3939
30 30 21 1.4286 29 19 1.5263
Average 1.2956 1.3993
STD 0.7228 0.1199
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Table 2: Evaluation of the relationship between control delay and stopped delay considering

different vehicle types

Passenger Car Trips Bus Trips
Mean ofD/Ds 1.296 1.399
Variance 0.030 0.014
Number of samples 30 30
Two-tailed F-test Two-tailed T-test (equal variance))
Confidence level= 95%E0.05) Confidence level: 95%4£0.05)
Degree of freedom of the first samptH:j= 29 Degree of freedom of the first samptH)& 58
Degree ofreedom of the second samptbj= 29 T(1- U2, df)=-2.002
F(1- U2, dfy, df; )= 0.476 T(U2, df)= 2.002
F(U2, dfy, df;)= 2.101 Rejection regionF> 2.002 orF< -2.002
Rejection regionF> 2.101 o0rF<0.475 Test Statistics = 2.707
Test Statistics 2.065
* The F test statistics is not in rejection are@ikerefore, no evidence to conclude that variances are
different
" The T test statistics is in rejection ara@adicating thetwo samples have different means at 95%
confidence level.

3.6 Available Data

The study was conducted on 28 major signalized intersections in the Region of Waterloo in
Southern OntarioGrand River Transit (GRTwho is the provider of transit services in the
Region of Waterlopprovided the AVL/APC data for this remeh. Thesedata included
AVL/APC records collected in Septemb@&gtober Novemberand December 2011 and 2013.
The delay and queue lengivere estimated foR9 approacheat theseselected signalized
intersections using AVL/APC data by applying the mdtilogy proposed by Hellinga et al.
(2011) The analysis period was the PM peak period (4:30 PM to 6:00 PM) chatiolay
weekdays.Table3 shows AVL/APC data records and estimated mean delay and maximum
gueue lengthFigure 18 shows a map fothe Region of Waterloo with the considered
intersections highlighted. Each intersection is marked with its unique identification number
from Table3.

As shown inFigure19for two sample intersectionaseries of candidate boundary lines were
considered to separate unscheduled stop events caused by traffic signals from eshef typ
stop events. The optimum boundary line was selected considering the change in the density of
stop events contained within the boundary line.
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Table 3;: AVL/APC data records

c [$] — (8] %]

k=] c % c * 'c_) $ o "6 E 8 % (&) 3] % 8' %
c E S S9 2 2 > & cwow O g0 2 E . B2
S g S35 £ T § & o 5° £4,8% S$- F 55,
S 3 5% w2 E 5 8 ; E58 S5Se2 5 0% ©w 28¢
g & z O c? g 5 2 P g5 Es58& <2 o §:o=
= 29 =9 <) = wn o = Q c o < P
g S E o E s g s 2 S g0 =2 3 E3
= o 8 = eF 2 = &S
1 52 DUNDAS AT Easton HESPELER And WATER AT Coronation And Dunda T 2011 50.2 38 852% 102 127.0 127 325 98.5%
2 52 KING AT River FAIRWAY AT King L 2013 394 35 69.9% 249 91.0 106 142 97.2%
3 11 OTTAWA AT Alpine OTTAWA AT Homer Watson T 2011 39.1 24 845% 64 189.0 189 268 81.0%
4 51 PINEBUSH AT Walmar®& Home Depot HESPELER AT Eagle And Pinebush L 2011 39.0 44 57.6% 101 102.0 102 280 92.9%
5 5 ERB AT Beechwood And Gateview FISCHER HALLMAN AT Thorndale R 2011 378 33 75.6% 87 76.0 76 258 65.1%
6 16 HOMER WATSON AT Doon South Rd  HOMER WATSON ATConestoga College L 2011 36.6 41 57.2% 98 121.0 121 134 94.8%
7 10 DOON VILLAGE AT Pioneer HOMER WATSON AT Manitou And Doon Village T 2011 344 25 80.6% 69 91.0 91 201 88.6%
8 10 WILSON AT Kingsway FAIRWAY AT Wilson T 2011 321 28 71.0% 65 120.0 120 258 60.5%
9 8  Terminal FAIRWAY AT Fairview Park Mall L 2011 321 28 34.0% 258 162.0 162 194 59.3%
10 15 LACKNER AT Keewatin VICTORIA AT Natchez L 2011 31.7 28 76.6% 73 76.0 76 234 70.9%
7 10 MANITOU AT Wabanaki HOMER WATSON AT Manitou And Doon Village T 2013 28.2 28 56.1% 157 66.0 106 73  51.2%
11 200 SHELDON AT Conestoga PINEBUSH AT Conestoga T 2011 26.0 31 55.0% 77 91.0 91 463 72.4%
12 7  Terminal KING AT Conestoga Mall L 2013 185 21 37.3% 427 83.4 107 102 96.0%
13 51 HOLIDAY INN AT Groh QUEEN AT Goebel L 2011 231 22 66.1% 53 164.0 164 389 77.1%
14 23 Terminal CHARLES AT Ontario T 2011 211 21 51.7% 145 54.2 76 65 60.3%
15 35 BRIDGEPORT AT Ellis WEBER AT Bridgeport T 2011 198 19 58.9% 45 74.0 74 160 90.8%
16 5 ERB AT Roslin WESTMOUNT AT Erb T 2011 193 20 73.0% 125 56.8 118 75 48.8%
17 9 WEBER AT Albert WEBER AT Parkside L 2011 181 20 51.9% 46 76.0 76 201 60.2%
18 53 MAIN AT Elgin DUNDAS AT Main T 2011 176 21 547% 52 90.0 90 131 94.7%
19 21 KING AT Home Depot KING AT Northfield T 2011 256 21 77.4% 54 119.0 119 147 93.9%
20 8 HIGHLAND AT Belmon VICTORIA AT Belmont T 2011 91 11 26.8% 220 30.0 76 70 63.6%
21 5 ERB AT Amos ERB AT Fischer Hallman R 2013 9.0 1 21% 146 455 30 50 70.0%
22 200 WEBER AT Parkside NORTHFIELD AT Parkside R 2013 40 9 21.4% 393 17.0 76 46  73.0%
23 200 HESPELER AT CaAmeraand YMCA HESPELER AT Dunbar R 2013 3.9 9 19.6% 393 17.6 103 45 82.8%
24 35 BRIDGE AT Lexington NORTHFIELD AT Bridge L 2011 109 13 62.0% 32 91.0 91 328 43.3%
25 29 FISCHER HALLMAN AT Keatsway UNIVERSITY AT Keatsway L 2011 275 26 71.1% 67 106.0 106 207 90.3%
26 13 WESTMOUNT AT Columbia FISCHER HALLMAN AT Columbia T 2011 268 19 75.7% 51 273.0 91 250 69.6%
27 13 FISCHER HALLMAN AT Columbia WESTMOUNT AT Columbia T 2011 25.7 21 74.0% 57 91.0 273 185 94.6%
28 201 FISCHER HALLMAN AT Thorndale FISCHER HALLMAN AT University T 2011 236 23 68.7% 63 89.0 89 226  97.8%

* T: Through movement; L: Left turn; R: Right turn.
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Figure 18: Intersections considered in the study(Source: GPSVisualizer.com)

The Transportation and Environmental Services at the Regional Municipality of Waterloo
provided the necessary data for modeling the selected intersaasiog Synchro for the same
analysis periods in 2011 and 20T®e povided data included the turnimgovement counts
traffic signal timing parameters, ratio of heavy vehicles, conflicting pedestrian caleds,
saturation flow rategnd peak hour factors. Intersection geometries were assessed using Google
Maps and through site visits. The delay and queue length at selected approaches of the
signalized intersections were computed using Synchro and the results were compared with
correponding values estimated from AVL/APC data.
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Appendix Aprovidesintersection information such as name, defined segment, and the bus
route. It alsoincludeslane configuration, turning movemeabunts, year in which counts
collected pedestrian counts, geaour factors, ratio of heavy vehicles, and ideal saturation
flow rate. Considered movement (lane group) is highlighted for each intersection. Appendix B
includes signatiming settings for each intersection.

Similar to other jurisdictions, the region doeot collect turning movement counts data for
an intersection each year. Consequently, the year of collection of the turning movement counts
data varies across the intersections. In order to provide an unbiased compaeigeiay and
gueue length estiates wereelectedrom either the 2011 or 2013 AVL/APC datduich ever
most closelycorrespondedvith the year at which the turning movement counts data were
collected.

Appendix C and Dprovidesthe associatedAVL/APC data. Appendix C includes the
recordel unscheduled stop events for each defined segment plotted against the distance from
the downstream intersection. The selected boundary line is also fitted for each defined segment.
Appendix D includes visual representation of the recorded stop evenite anap of each
defined segment.
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Figure 19: Recorded stop events and different candidate boundary lines for sample

intersections
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Chapter 4

Results and Discussi on

In this chapter, the results from this study are presented and discu$bedmean stopped
delay and the maximum queue length obtained from AVL/APC data and from Synchro for the
studied interseatns are compared and analyzed. Discussion of the causes of differences in
results are also presented in this chapter.

4.1 Analysis Results

Table4 provides the delay and queue length estimates obtained from the AVL/APC data and
the Synchro analysig he table is divided into four groups of columns. The first group of
columns is the IDname, and turning movement of the subject lane group of the intersection
approach.

The second group of columns is associated with estimates of mean stopped delay (MSD).
The mean stopped delay is obtained directly from the AVL/APC data using the method
disaussed irSection3.4.

The mean stopped delay from Synchro is obtained Equation 17 as:

DS :2
r.d

WhereD is the control delay provided by Synchralaa= 1.4 as calibrated from field data
(Section3.5).

Percentage of changs computed as:

MS I:%ynchro_ MSD,

%change AVLIAPC 3 10006 (19)
IVISI:%ynchro
Differenceis computed as:
Difference= MS0QQ ., MSD\ apc (19

The third group of columns is associated with the maximum extent of the queue. The
estimates from the AVL/APC data represexyss definedn Sectior3.4. The estimates from
Synchro are the $5percentile queue length.
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The fourth group pf columns is associated with level of service (LOS). The HCM defines
LOS in terms of control delay éble5). Control delay was estimated from the AVL/APC data
usingEquation 17 as:

D =MSD,, apc® Iy

Whererq = 1.4.

Figure20andFigure21 compare the mean stopped delay (MSD) and maximum queue length
estimated using AVL/APC data and Synclfre. the data fronTable4). In Figure 20, the
approaches are sorted in ascending order of the difference between the mean stapgped de
estimated from the AVL/APC data and Synchro.

The absolute differences range from almost zero to a maximum of 17 seconds. The
approaches with largest differences BagwayRd. @ King St,, OttawaSt. @ Homer Watson
Blvd., and Homer WatsoBlvd. @ Manibu Dr. andDoon VillageRd. southbound.

The average estimated stopped delay for all intersections were 25.2 and 26.6 seconds for
AVL/APC data and Synchro, respectively. However, estimated maximum queue length from
AVL/APC data and Synchro varies drastigaht different intersectian The difference in
estimated maximum queue length ranges fior@meter ta68.7meter withlargestifferences
observed at Hespeld®d. @ DunbarRd. Fairway Rd. @ Wilson Dr., and King St. @
Conestoga Mall.
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* 2013 data;approaches without an asterisk based on 2011 data.

Figure 20: Comparison of stopped delay estimated using AVL/APC data and Synchro.
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Figure 21: Comparison of maximum queue length estimated using AVL/APC data and
Synchro.
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Table 4: Summary of intersection performance measures estimated from AVL/APC data and Synchro

A Mean Stopped Delay Maximum Queue Length Level of Service
T c
g . I o 5 g o o =S 0 o
0 Intersection Name (GIS Lay) % % g 5S¢ s 6 g %: & < & 3 S ¢ < é
s = ; 2 g0 O L0 E s O g = >
= < @ 8 a < @ s fa < @
1 | HESPELER/WATER @ Coronation/Dundas Through 50.2 44.6 -12.58% -5.6 93.8 89.3 -R.02% -4.5 E E
2 FAIRWAY @ King * Left 39.4 56.5 30.34% 17.1 80.8 148.0 45.40% 67.2 E E
3 | OTTAWA @ Homer Watson Through 39.1 51.9 24.56% 12.7 166.1 178.5 5.96% 12.4 D E
4 HESPELER @ Eagle And Pinebush Left 39.0 454 14.22% 6.5 82.0 44.7 -83.49% -37.3 D E
5 FISCHERHALLMAN @ Thorndale Right 37.8 30.2 -24.96% -7.5 63.9 97.3 34.32% 33.4 D D
6 | HOMER WATSON @ Conestoga College Left 36.6 35.9 -1.84% -0.7 100.1 46.0 117 6% -54.1 D D
7 | HOMER WATSON@Manito&& Doon VillageNb Through 34.4 29.1 -18.09% -5.3 70.9 49.3 -43.87% -21.6 D D
8 FAIRWAY @ Wilson Through 32.1 27.1 -18.76% -5.1 100.4 54.4 -84 58% -46.0 D D
9 FAIRWAY @ Fairview Park Mall Left 32.1 33.7 4.93% 1.7 148.0 1114 -32.84% -36.6 D D
10 | VICTORIA @ Natchez Left 31.7 32.1 1.46%: 0.5 60.1 29.7 -102.4% -30.4 D D
7 HOMER WATSON@Manitou&Doon Village S* Through 28.2 45.1 3751% 16.9 85.7 98.6 13.06% 12.9 D E
11 | PINEBUSH @ Conestoga Through 26.0 20.3 -28.13% -5.7 71.6 105.2 31.94% 33.6 D C
12 | KING @ Conestoga Ml Left 18.5 30.5 39.44%; 12.0 82.0 46.8 -75.21% -35.2 C D
13 | QUEEN @ Goebel Left 23.1 23.1 -0.18% 0.0 155.6 135.4 -14.90% -20.2 C C
14 | CHARLES @ Ontario Through 21.1 16.0 -3 -5.1 76.0 22.3 -240.8% -53.7 C C
15 | WEBER @ Bridgeport Through 19.8 20.4 2.85% 0.6 63.7 62.1 -2.58% -1.6 C C
16 | WESTMOUNT @ Erb Through 19.3 28.0 30.96% 8.7 95.0 93.1 -2.04% -1.9 C D
17 | WEBER @ Parkside Left 18.1 17.8 -1.86% -0.3 63.3 54.4 -16.35% -8.9 C C
18 | DUNDAS @ Main Through 17.6 20.8 15.33% 3.2 75.6 42.8 -7/6.68% -32.8 C C
19 | KING @ Northfield Through 25.6 25.4 -0.82% -0.2 98.6 75.5 -30.60% -23.1 D D
20 | VICTORIA @ Belmont Through 9.1 14.4 374% 5.4 60.9 63.3 3.82% 2.4 B C
21 | ERB @ Fischer Hallman Right 9.0 4.4 -102.7% -4.6 8.0 10.5 23.81% 25 B A
22 | NORTHFIELD @ Parkside Right 4.0 8.0 50.25% 4.0 66.8 85.8 22,092 19.0 A B
23 | HESPELER @ Dunbar Right 3.9 4.1 3.96% 0.2 84.5 15.8 -435.1% -68.7 A A
24 | NORTHFIELD @ Bridge Left 10.9 15.5 29.70% 4.6 71.5 49.4 -44 82% -22.1 B C
25 | UNIVERSITY @ Keatsway Left 27.5 22.2 -23.68% -5.3 84.8 58.0 -46.17% -26.8 D C
26 | WESTMOUNT @ Columbia Through 26.8 23.3 -15.08% -3.5 61.4 62.1 117% 0.7 D C
27 | FISCHERHALLMAN @ Columbia Through 25.7 21.1 -21.60%: -4.6 262.4 272.0 3.62% 9.6 D C
28 | FISCHERHALLMAN @ University Through 23.6 23.9 1.19% 0.3 70.4 136.4 45.40% 66.0 C C
Average 25.2 26.6 21.846" 5.1 89.8 80.6 58.3%6" 27.1
Maximum 50.2 56.5 103%* 17.1+ 262.4 272.0 435.%%0* 68.7"
Minimum 3.9 4.1 0.2%" 0.04* 8.0 10.5 1.2%" 0.73*

* 2013 data; approaches without an asterisk based on 2011 data.
* The average, maximum and minimum are based on the absolute relative error.
** The average, maximum and minimum are based on the absolute error.
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As shown inTable 6, estimated LOS for 16 out of 29 approacl®s%) were identical
regardless of the methodology used for computing the control #ela§of the 29approaches
(27%) the LOS estimated by Synchro was worse than the LOS estimated from the AVL/APC
data. For 5 of the 29 approaches (17%) the LOS estimated by Synchro was better than the LOS
estimated from the AVL/APC data. As evidenceTaple6, at most the LOS estimated from
the two methods differed by only a single level.

Table 5: LOS criteria for signalized intersections Source: HCM (2000)

LOS Control Delay, sec
O 10

> 107 20

> 207 35

> 351 55

> 551 80
>80

Mmoo w >

Table 6: Comparison of the level of service estimated from AVL/APC data and Synchro

AVL/APC Synchro LOS Total
LOS A|/B|C|D|E]|F
A 1|1 2
B 1 2 3
C 6 | 2 8
D 4 17| 3 14
E 2 2
F 0
Total 2111219 |50 29

Figure22illustrates the correlation between estimated average stopped fielaysynchro
and AVL/APC data. Figure 23 illustrates the correlation between estimated and maximum
gueue lengthfrom Synchro and AVL/APC datdn Figure22, the dashed line is the line of
perfect orrelation. The Pearson correlation coefficiéhtis equal to 0.86Table 7)suggesting
a relatively strong positive correlation between the stopped delay estimated from Synchro and
stopped delay estimated from the AVL/APC data.

A least squares lineargeession was also fit to the data in which the independent variable is
the stopped delay from Synchro and the dependent variable is the delay form the AVL/APC
data.

DAVL/APC = aDSynchro+ b (20)
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Table7 shows that both andb are statistically significant at the 95% level. The fact éhat
is not equal to zero artglis not equal to 1.0 suggests some bias in the estimates such that an
averageAVL/APC delays are larger than Synchro delays when delays are small and less than
Synchro delays when delays are large.

Table 7: Results of stopped delay linear regression

Coefficients Value Standard Error P-value
b 5.461sec. 2.591 0.044
a 0.742 0.088 4.67x10°°

Pearson correlation coefficient, R = 0.851
Coefficient of determination, R2= 0.725

A similar analysis is done for queue length estimd&gife23). The correlation (R =0.797)
is not as strong as for stopped delay. A least squares linear regression was fit to the data in
which the independent variable is the queue length from Synaldrtha dependent variable
is the queue length form the AVL/APC data.

QAVL/ APC = a(%ynchro-*- b (21)

Table 8 shows that the regression results indicate lachdb are statistically significant.
Similar to results for stopped delay, these results indechias. When queue length is short,
the AVL/APC estimates are larger than the Synchro estimates. When queue length is larger
than approximately 150 m (as indicated by Synchro), the AVL/APC data estimates are smaller
than the Synchro estimates.

Table 8: Results ofqueue lengh linear regression

Coefficients Value Standard Error P-value
b 36.71m 9.3112 5.157x10*
a 0.658 0.096 2.278x107

Pearson correlation coefficient, R = 0.797
Coefficient of determination, R2= 0.635
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Figure 24 and Figure 25 illustrate the relationship between stopped delay and maximum
gueue length for the AVL/APC data and Synchro respegtiddeast squares linear regression
was fit to theAVL/APC data in which the independent variable is the queue length and the
dependent variable is tis¢opped delay

Davisapc =aQuy1 apc +b (22

The coefficienb was found to be insignificant; as a result, it was set to Z&ecoefficient
ais statistically significant as shownTiable9. The Pearson correlation coefficteR, is equal
to 0.87 suggesting a relatively strong positive correlation between the stopped detpyeaed
lengthestimated from the AVL/APC data.

Table 9: Results of linear regressiorfor AVL/APC data

Coefficients Value Standard Error P-value
b 0 N/A N/A
a 0.238 0.02% 5.379x10™1°

Pearson correlation coefficient, R = 0.868
Coefficient of determination, R2= 0.753

Similarly, a least squares linear regression was fit toSyrechro analysis resulis which
the independent variable is the queue length and the dependent variable is the stopped delay.

DSynchro: a(%ynchro+ b (23)

Similar to AVL/APC data, the coefficiettwasalsofound to be insignificant; as a result, it
was set to zero. The coefficiemts statistically significant as shownTrable10. The Pearson
correlation coefficient, Ris equal to 0.8 suggesting a relatively strong positive correlation
between the stopped delay and queue length estimated from the AVL/APC data.

Table 10: Results of linear regression fofSynchro analysis results

Coefficients Value Standard Error P-value
b 0 N/A N/A
a 0.2%4 0.02 1.053x10™

Pearson correlation coefficient, R = 0.834
Coefficient of determination, R2= 0.695

It should be noted that the expected relationship between delay and queue length is not linear.
The sensitivity analysis in Sectiof.2.1.1 demonstrates theelationship between these
measured-igure29illustrates the relationship mean delay and maximum queue length as the
degree of saturation (v/c) increases.
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4.2 Discussion

Comparison of estimated average stoppeldy and maximum queue length from AVL/APC

data and Synchro shows marginal to significant differertiess. section discusses some of
possible reasons for the differences in the analysis results. For better understanding of the
impact of different traft parameters on average stopped delay and queue, ldng#ection
investigateghe sensitivity of Synchro estimates of mean stopped delay and maximum queue
length to degree of saturation, cycle length, and(gf€en interval duration to cycle length)

ratio and validatethe results usinglCM (2000)methodology

4.2.1 Sensitivity Analysis

A hypothetical isolated intersection with four sindd@e approachess shown irFigure26.a

was used to investigate the sensitivity of Synchro estimaibs intersectiorserves only
through movement with equal demand on each approach. The saturation flow rate was assumed
1900 vph and the average vehicle occupancy is eight meters. The duration for analysis period
is assumedo bel5 minutes; however, when lane group is oversaturated, Synchro considers
the maximum queue length aftewa cycles. For comparison reason, the analysisop
considered in HCM queue length calculation is adjusted to be the equivalent of two cycles only
when the lane group becomes oversaturdatbd.intersection is controlled by pretimed signal

with two phases onlys shown inFigure 26.b. Section3.3.4 of this thesis describes the
modelling of this intersection.

— o=

--------- TTTTTTTTTo Phase @ 1 Phase @ 2

a. intersection layout b. signal phasing diagram

Figure 26: Intersection layout and phasing diagram for sensitivity analysis.

4.2.1.1 Sensitivity to Degree of Saturation

Sensitivity of mean delay to degree of saturation is illustrateture27. In this analysis, the
mean delay was calculated for different values of degree of saturation. However, all other
parameters are kept unchanged.

The results are shown Figure 27 for three different cycle lengths with g/C ratio of 0.46.
Although delay is sensitive to cycle length as discuss&eation4.2.1.3 the results for the
specified cycle lengths iRigure27 are very close. That is because the cyehgths used are
in the linear part as iRigure32.
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Delay is almost insensitive to demand until the demand approaches 80% of the capacity. At
v/cof 0.8, delay sligtly shows an increase as the demand increases and rapidly increases once
the demand reaches the capacity. dbservedrendis consistentith the sensitivity analysis
shown in the HCM2000) Synchro and HCM resultsarelatively identical in terms of delay
sensitivity to volume to capacity ratio.

350
—@— HCM, C=100
—&— Synchro, C=100
300 HCM, C=120 2
- =& --Synchro, C=120 A/
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

v/c

Figure 27: Sensitivity of mean delay to degree of saturation.

Sensitivity ofqueue lengtho degree of saturation is illustratedRigure28. Queue length
increass as thedegree of saturation increassnd he rate of increase escalates/gpasses
0.8.However, queue length rate of increagera¥/c of 1.0 is not as rapid as delay increase.

The relationship between mean delay and maximum queue length for increasing degree of
sat is illustrated irFigure 29. The mean delay increases slightly as maximum qlength
increases until the degree of saturation reaches 0.2. When degree of saturation surpasses 0.2,
the rate of mean delay increase escalates higher the rate of maximum queue length increase.
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Figure 28 Sensitivity of queuelength to degree of saturation.
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Figure 29: Relationship between mean delay and maximum queue length for increasing v/c
52



4.2.1.2 Sensitivity to g/C Ratio

Figure 30 illustrates the sensitivity of mean delay green interval duration to cycle length
(9/C) ratio. When demand exceeds 80% of capacity, delay becomes sensitive to signal control
parameters. Small values of g/C can cause excessive delay betaliee g/C valuelo not
provide sufficient capacity to serve the demand. However, if there is soffig@ to serve the
demand, delay becomkss sensitivéo g/C.

Figure31lillustratesthe sensitivity of maximum queue length to g/C raQueue length is
expectedto follow the same trend as in delay sensitivity if the analysis period remains
unchanged. However, Syncheonsiders the maximum queue length afier tyclesfor over
saturated lane groupJherefore, HCM calculationswere adjusted to follow the same
procedure. The irregularity in the queue length trend occurs when the lane group becomes
oversaturated and therefore the analysis period is reduced.
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Figure 30: Sensitivity of delay to g/C ratio.
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Figure 31: Sensitivity of queue length to g/C ratio.

4.2.1.3 Sensitivity to Cycle Length

Figure32 shows the sensitivity of mean delay to cycle length. The results shown are for three
different demand levels with g/C ratio of 0.4hort cycle lengths do not provide sufficient
capacityresultin much larger delays/ery long cycle lengths also increaselay; however,

the increase is relatively smalinaller as compared to short cydadths
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Figure 32: Sensitivity of mean delay to cycle length

Figure 33 shows the sensitivity of maximum queue length to cycle ler@tleue length
results from Synchro and HCM are relatively identical when demand exceeds capacity;
however, a slight difference mde observed when the lagiupis undersaturated. A distinct
break point can be observed in the trertew demand reaches capacity. Tikislue to the
change applied tthe duration of analysis perioll should be noted th&he analysis period is
adjusted to be equivalent to two cycles omllgen v/c exceeds 1.0anes with small g/C values
or short cycle lengths are most likely to be oversaturétea result, the ueues accumulated
in short duration of two cycles are by far less th@gueus accunulated in a 15 minutes
interval This explains the short queues even for oversaturatesl lane
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Figure 33: Sensitivity of maximum queue length to cycle length

4.2.2 Impact of Demand Variation

The delay and queue length estimated using AVL/APC data are representative of what has
been experienced by road users over time. However, Synchro calculations are based on a single
peak period demand. The peak period demand is measured through perfidicdrant

surveys. It is well documented in the literature that the peak period demand may vary
significantly on daily basis. However, traffic count surveys do not considetoeldsy
variation of the peak hour demand.

Hellinga and Abdy(2008) showed that the impact of d&y-day variations in peak hour
demand is significant and should not be ignored. They used Coefficient of Variation (COV) to
analyze dayto-day variation in peak hour traffic in the city of Waterlodeir observations
showed that peak hour traffic COV varies within the range of 5.4% to 13.1% with the mean of
8.7%.

A sensitivity analysiswas conducted to demonstrate the impact of peak hour traffic
variations on intersection performance. The signalimegtsection at Homer Wats@&ivd. @
Manitou Dr. & Doon Village Rd. was considered for the sensitivity analysis.movement
of interest is the southbound through movem&ht average peak hour volume for through
traffic on the considered approach at thiersection was 480 vpRther parameters such as
signal timings were kept unchanged.
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Considering the mean COV of 8.78tggested byiellinga and Abdy2008) Monte Carlo
(MC) simulationwas usedo generate a range of feasible traffic volumes for the peak period
traffic. HCM (2000) methodology was applied to estimate the average stopped delay and
maximum queue length for each simulation trial. For oversatupeedds, the queue length
was estimated only for two cycles.

Based on 100 simulation ryramalysis results for average delay and maximum queue length
are demonstrated througigure 34 andFigure 35, respectivelySynchro andiC simulation
producedrelatively similar stopped delay because they use the same computational process,
and they are based on a fixed peak demand. On the other hand, AVL/APC data capture the real
life experienced delay over long period and averaged based on the number of trips.

By considering 8.7% variation in peak hour traffic, the average delagnaronum queue
length varied from less than 40 seconds to 70 seconds and from 75 meters to 120 meters,
respectively. The analysis results imply that even slight fluctuations in peak hour traffic can
result in significant variations in average delay and maxn queue length.
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Figure 34: Impact of day-to-day demand variation on stopped delay.
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Figure 35: Impact of day-to-day demand variation on queue length

4.2.3 Limitation of Synchro

Synchro has limited capaliiks in modelling some complex intersection geometiies.
instance, there are limited modeling optiamsSynchrofor intersections with midblock left
turn lanes immediately downstream or upstream of the intersethierlimitation of Synchro
in modelirg such intersections creates the possibility Syichromight underestimate the
intersection performance.

Figure36 shows the intersection at Hespeler Rd. @ Dunbar Rd. The movement of interest
at this intersection is the northbound right turning movemtet.bus route providing the
AVL/APC dataat this irtersectiorperformsa left turn just 50 meters after turning right at the
intersection. Queues may form frequently and reach the intersection as buses are waiting for a
gap to turn left downstream of intersectidrhis scenario cannot be captured by Syachr
however, AVL/APC data record stgventsat that location as if it is caused by the sigRat.
this particular movement, Synchro computed the maximum queue length of 15 meters, while
the maximum queue length estimated from AVL/APC data was 85 meters.
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Figure 36: Impact of the left turn downstream of intersection

The laneconfigurationof midblock turning movementsgpstreanof theintersection cannot
be modelled in Synchro, which might lead to intersection performance unchextasti.Figure
37 shows the intersection at Fairway Rd. @ King St., where the movement of interest is the
northbound left turning movement. There are two midblock left turns immediately upstream
of the intersetion. The vehicles waiting for a gap to turn left may cause queues and additional
delays for through traffic, which cannot be modelled realistically in Synchro. Fortunately, these
complex situations can be addressed if AVL/APC data are used for estinmaérsgpction
performance measures.
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Figure 37: Impact of the left turn upstream of intersection

4.2.4 Delay and Queue Length Estimation Methodology in Synchro

Based on the definitions of maximum queue length and maximum queue gxtemtin
section2.1.2 queue length is essentially less than queue eXtehicles arriving at the end of

red interval and before the queue completely dissspailéaccumulate at the rear of the queue.

While the queue size is decreasing, the rear of the queue moves backward and the queue extent
is increasing. Shockwave theory is more realistic in term of queue length since it captures not
the maximum queue sifmit the maximum queue reach.

The methodology implemented in HC000)and Synchro for estimating delay and queue
length at signalized intersections is based on queuing theory, which considers the cumulative
arrival and departure curves to estimate delay and queue |€ugghing theory does not
consider the physical queurchassumes that queuing vehicles stack on top of each other at
the head of the queue, which is also known as point queue. It is well understood that point
gueue methodology generally underestimates the queue ldngtiher words, Synchro
estimates the e length not the queue extent.

On the other hand, AVL/APC data reflect real life traffic conditions including the
shockwaves and physical queues experienced by road Beses joining the queue after the
traffic signal has turned to greevill stop even though the queue size is decreadmmugn
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downstream Simultaneously, the queue reach is moving further away from the stop line.
AVL/APC data take into account the queue extent while Synchro does not, and therefore
Synchro underestimatghe queue reaclihis suggests thastimation of delay and queue
length at signalized intersections using AVL/APC datenore realistic and accurate since it
captures the queue extent not the queue length.

The difference between queue length and queue extent shouldnbglezed when
comparing intersections performance measures estimated using AVL/APC data and Synchro.

4.2.5 Delay and Queue Length Estimation Methodology Using AVL/APC Data

Considering the large volume of AVL/APC data, a GPS softigareed to find the stop ents
that correspond to the bus routes going through each signalized intersection. Some
intersections were used by more than one bus route.

The defined road segments dius routes were modeled using intersection midpoints as
reference. As a result, the &imon of stop events were always estimated in reference to
intersection center points. In other words, the maximum queue length was estimated as the
distance from the queue tail to the middlerafintersection. However, Syho computes the
gueue lengtihased on the distance between the back of queue and the stop line. The difference
between estimated queue using AVL/APC data and Synchro is at least equal to the distance
between the stop line and the midpoints of the intersection.

The boundary line fittedor each road segment defines the average stopped delay and the
maximum queue lengthmprecision of choosing the beft boundary line might result in
inaccurateestimatesln other wordsestimated delay and queue length from AVL/APC data is
sensitiveto the shape of the boundary line fittedthe stop event data to identify the delay
envelop.

The boundary line fitting process is based on the minimization of the change in the density
of the points contained within the candidate boundary line. Alththuglprocedure yields the
optimum solution in most cases, occasionally it may find a local optimum solution rather than
the global optimum solution.

Figure 38 provides an example using the stop event data collected at King Street @
Conestoga Mall. The selected optimum boundary line (boundary candidate 1) yields the
maximum queue length of 107 meters. The distance from the stop line to the middle of the
intersection i25 meters. As a result, the maximum queue length estimated using AVL/APC
data is 82 meters. The maximum queue length computed by Synchro is 47 meters, which is
much smaller than the queue length estimated using AVL/APC data. If boundary candidate 2
is congdered ashe optimum solution, the maximum queue length will be 76 meters. The
adjusted queue length considering the distance from the stop line to the middle of the
intersection will be 51 meters, which is vesiynilarto what is computed by Synchro.

This suggests that it may be possible to improve the accuracy of the AVL/APC estimation
method by changing the boundary fitting method. Though the development of an improved
method is outside the scope of this thesis, it is hypothesized that the serditiveéymethod
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results fromdiscretization of distance in order to define the set of finite candidate boundary
lines. A method that avoids this discretization may provide more robust performance.

It should be noted thahe queue lengthgstimates from thAVL/APC data andoresented
in Section4.1 are adjusted by subtracting the distance from the middle of the intersection to
t he appr oafooméequauelength | i ne

King St. @ Conestoga Mall
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Figure 38: Impact of alternative candidate boundarylines on delay and queue length
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Chapter 5

Concl ussiaoonond Recommendati ons

The feasibility of using AVL/APC data and Synchro for lasgale performance evaluari of
intersections in urban transportation networks was evalu@terievaluation of intersection
performance using estimates from AVL/APC data and from Synchro was compared and
analyzed to find the correlation between the two methods.

Intersection perfanance evaluation using Synchro heavily relies on empiingalt data,
and therefor@stimated delays and queue lengths are sensitive to variations or eth@sein
input data such asrning movement coungnd signal timing parametets.particular, f input
data, which are typichl observed on a single day, are not representative of conditions
experienced over tHarger period of interest (i.e. several moths), then the Synchro estimates
may not be accurat€On the other hand, AVL/APC data reflecttwal traffic conditions
experienced by road users owrextended period. Therefore, the delay and queue length
estimated using AVL/APC data are more robust, reliable and less sensitive to occasional
variations in traffic conditions.

Overall, astrong corelation was observedetween estimates frodVL/APC data and
Synchro Over the 29 intersection approaches examined, the mean absolute relative error
(MARE) was 21.6% and 58.3% for stopped delay and maximum queue length respectively.
The absoluteelative error (ARE) ranged from a minimum of 0.2% to a maximum of 103%
for stopped delay and from a minimum of 1.2% to a maximum of 435% for maximum queue
length.

Possible reasons for differences in delay and queue length estimations from Synchro and
AVLUAPC data were discussed i ncluding Synchr
intersection geometries and limitations of the queuing theory implemented in Synchro for
estimating delay and queue length at signalized intersections.

Based on the findings ohis study, using AVL/APC data for estimating performance
measures for signalized intersecti@msecommendd where applicableThe most significant
advantages of this approach are:

1. The estimates are based on actual observation of delay and queues.

2. Theestimates automatically reflects variations (day to day as well as time of day) in
traffic demands.

3. There is no need to collect additional data (i.e. turning movement counts).
The most significant limitations are:

1. Can only be used to estimate conditionsdpproaches and lane groups on which
bus routes currently exists.

2. The methodology is not applicable for approaches with nearside transit stops.
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Onthe basis of the worgarried out in this thesis, the following recommendations are made:

1. Agencies with acas to archived transit AVL/APC data can use these data to
estimate intersection measures of performance.

2. These estimates are consistent with estimates form standard signalized intersection
analysis methods such as Synchro. However, these estimates lenahdoe robust
as they reflect actual observations.

3. Estimates of delay and queue length can be obtained from methods such as Synchro
when AVL/APC data are not available (e.g. transit route planning).

4. The methodology is sensitive to the shape of the boyrohar fitted to stop event
data. Additional research and analysis is necessary for extending the AVL/APC
methodology for intersections with nearside bus stops and refining the existing
boundary line fitting methodology.
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Appendix A
Intersections Information
Appendix A encloses intersections information such as intersection name, defined segment,
and the bus route. I't also encloses | anes conf

counts, peak hour factors, ratio of heavy vehicles, and ideal saturation #owilratmovement
of interest is highlighted with yellow color for each intersection.
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Intersection Information

Intersection:

HESPELER Rd. /WATER St. @ Coronation Blvd. /Dundas St

Bus Route:

52

Segment:

DUNDAS @ Easton®tfESPELER/WATER @ Coronation/Dundas

Dates of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 50.2 102 127
2013 37 95.2 135
Synchro Input Data
Street Water St. Hespeler Rd. Coronation Blvd. Dundas St.
NBL | NBT NBR SBL| SBT| SBR| EBL| EBT| EBR| WBL | WBT | WBR
Lanes CC | b | Shared | CC | hib | @ ¢ B | @ & HhH | @
Traffic Volume 331 | 694 7 381 | 1071 | 107 | 153 | 604 | 461 73 406 | 230
Pedestrians 4 = 17 17 - 4 5 - 14 14 - 5
PHFE 0.95 | 0.93 0.58 091|091 | 076 | 098 | 0.88| 0.84 | 0.91 | 0.88 | 0.86
Heavey Veh. % 3 6 29 2 2 2 1 2 1 1 1 3
|deal Sat. Flow 1775 | 1775 1775 1775 | 1775 | 1775 | 1775| 1900 | 1750 | 1775 | 1900 | 1750
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Intersection Information

Intersection:

FAIRWAY Rd. @ Kifg.

Bus Route:

52

Segment:

KING St. @ River St. to FAIRWAY Rd. @ King St.

Dates of used Data

AVL/APC data:

2013

Turning Movement Counts:

2013

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 41 83.9 106
2013 39.4 91 106
Synchro Input Data
Street King St. King St. Fairway Rd. Fairway Rd.
NBL | NBT | NBR SBL| SBT| SBR| EBL| EBT| EBR | WBL| WBT| WBR
Lanes CC 13) Shared| C 1y @ CC | mm | Shared| C M | Shared
Traffic Volume | 287 | 413 27 43 | 299 | 591 | 552 | 934 368 21 | 669 63
Pedestrians 12 - 63 63 - 12 37 - 14 14 - 37
PHF 0.77 | 0.77 0.6 0.68 | 096 | 0.87 | 0.87 | 0.73| 0.86 | 0.42| 0.89 | 0.61
Heavey Veh. % 1 1 4 2 0 3 1 2 2 0 3 18
Ideal Sat. Flow | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900
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IntersectionInformation

Intersection: Ottawa St. @ Homer Watson Blvd. Bus Route: 11

Segment: OTTAWA St. @ Alpine St. to OTTAWA St. @ Homer Watson Blvd.

Dates of used Data

AVL/APC data: 2011 Turning Movement Counts: 2011

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 39.1 64 189
2013 39.3 74.6 175

Synchro Input Data

Street Homer Watson Blvd.| Homer Watson Blvd. Ottawa St. Ottawa St.
NBL | NBT | NBR| SBL| SBT| SBR| EBL| EBT | EBR| WBL | WBT WBR
Lanes c HH @ G HH @ ® Hh @ ® M | Shared
Traffic Volume 319 | 584 | 693 | 719 | 774 33 291 | 909 | 284 | 210 | 655 29
Pedestrians 3 - 10 10 - 3 1 - 0 0 - 1
PHFE 085| 09 | 088|089 | 088 | 083 | 0.76 | 0.97 | 0.76 | 0.89 | 0.88 0.73
Heavey Veh. % 1 1 3 1 2 0 0 2 2 0 2 10
|deal Sat. Flow 1775 | 1900 | 1750 | 1775| 1900 | 1750 | 1775 | 1900 | 1750 | 1775 | 1775 1775
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Intersection Information

Intersection: Hespeler Rd @ Pinebush Rd & Eagle S Bus Route: 51

PINEBUSH Rd. @ Walmart & Home Depot to HESPELER Rd. @ Eagle St. & Pinebush

Segment:
Dates of used Data
AVL/APC data: 2011 Turning Movement Counts: 2011
AVL/APC Data
Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 39 101 102
2013 64.3 107 102
Synchro Input Data
Street Hespeler Rd. Hespeler Rd. Eagle St. Pinebush Rd.
NBL | NBT | NBR| SBL| SBT SBR EBL| EBT| EBR | WBL| WBT| WBR
Lanes C bbb | @ CC | bbb | Shared| CC | b | Shared| CC | hb | Shared
Traffic Volume| 128 | 928 | 305 | 408 | 1317 343 406 | 363 174 197 | 339 223
Pedestrians | 3 - 2 2 - 3 6 - 5 5 - 6
PHF 0.73| 083 | 09 | 0.89 | 0.95 0.96 | 096 | 0.87 | 0.89 | 0.84| 0.91 | 0.79
Heavey Veh, % 1 3 1 3 2 8 8 2 1 2 2 5
Ideal Sat. Flow| 1775| 1900 | 1750 | 1775| 1775 | 1775 | 1775| 1775 | 1775 | 1775| 1900 | 1750

72



Intersection Informatio

n

Intersection:

FischerHallman Rd. @ Thorndale Dr.

Bus Route: 5

Segment:

ERB St. @ BeechwoodGateview to FISCHERALLMAN Rd. @ Thorndale Dr.

Dates of used Data

AVL/APC data:

2011 ‘ Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 37.8 87 76
2013 Not Available Not Available Not Available
Synchro Input Data
Street Fischer Halman Rd. Fischer Halman Rd. Thorndale Dr. Thorndale Dr.
NBL | NBT NBR SBL | SBT SBR EBL EBT | EBR WBL WBT WBR
Lanes C M | Shared Cc by | Shared | Shared | m @ Shared ™ Shared
Traffic Volume | 163 | 579 19 5 653 142 52 4 88 7 2 7
Pedestrians 6 } 3 3 i} 6 9 i} 2 2 i} 9
PHF 0.85 | 0.86 0.95 0.63 | 0.93 0.85 0.87 0.5 0.73 0.58 0.5 0.88
Heavey Veh. %| 1 2 5 0 3 1 4 0 5 0 0 14
1775 | 1775 1775 1775 | 1775 1775 1775 1650 | 1650 1550 1550 1550

Ideal Sat. Flow
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Intersection Information

Intersection:

Conestoga College Blvd. @ Homer Watson Blvd.

Bus Route: 16

Segment:

HW Blvd. @Doon South Rd & Monarch Tr to HW Blvd. @ Conestoga College Blvd.

Dates of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 36.6 98 121
2013 21.7 72.5 98
Synchro Input Data
Street Homer Watson Blvd.| Homer Watson Blvd.| Conestoga College Blvg Conestoga College Blvg
NBL | NBT | NBR| SBL| SBT| SBR| EBL | EBT EBR WBL | WBT | WBR
Lanes G b | @ CC | mhH | @ ¢ b | Shared ¢ 1} @
Traffic Volume | 220 | 1724 | 125 | 245 | 1315| 20 | 119 | 69 105 477 | 132 | 281
Pedestrians 0 - 1 1 - 0 3 - 65 65 - 3
PHF 096 | 097 | 0.82| 0.89 | 097 | 0.71 | 0.93 | 0.78 0.85 0.89 | 0.85 | 0.85
Heavey Veh. %| 17 4 6 3 3 0 0 0 8 1 2 2
Ideal Sat. Flow | 1775 | 1900 | 1750 | 1775 | 1900 | 1750 | 1775 | 1775 | 1775 | 1775 | 1900 | 1750
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Intersection Information

Intersection: Homer Watson Blvd. @ Manitou Dr. Doon Village Rd. Bus Route: 10

Segment: DOON VILLAGE Rd. @ PioneétOMER WATSON Blvd. @ Manitou Dr. & Doon Village H

Dates of used Data

AVL/APC data: 2011 Turning Movement Counts: 2011

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 34.4 69.4 91
2013 35.4 83.3 90

Synchro Input Data

Doon Village Rd. Manitou Dr. Homer Watson Blvd.| Homer Watson Blvd.

Street
NBL | NBT NBR SBL| SBT| SBR| EBL| EBT| EBR| WBL | WBT | WBR
Lanes c b | Shared| CC | My @ c HH @ ® HhH @
Traffic Volume 240 | 240 50 561 | 479 | 181 | 112 | 810 | 439 47 820 | 340
Pedestrians 1 = 0 0 - 1 0 - 1 1 - 0
PHFE 0.88 | 0.83 0.85 087 | 094 | 0.75| 0.84 | 095 | 0.87 | 0.93 | 0.96 | 0.66

1775|1900 | 1750 | 1750 | 1900 | 1750 | 1750 | 1900 | 1750 | 1775 | 1900 | 1750

Ideal Sat. Flow
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Intersection Information

Intersection: Homer Watson Blvd. @ Manitou Dr. Doon Village Rd. Bus Route: 10

Segment: MANITOU Dr. @ Wabanaki to HOMER WATSON Blvd. @ Manitou Rd. & Doon Village R

Dates of used Data

AVL/APC data: 2013 Turning Movement Counts: 2013

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 28.6 68 197
2013 28.2 66 106

Synchro Input Data

Homer Watson Blvd. | Homer Watson Blvd.| Conestoga College Blvd Conestoga College Blvg

Street
NBL | NBT NBR SBL | SBT | SBR EBL EBT EBR | WBL | WBT | WBR
Lanes c b | Shared| CC | Mhh @ ® HH @ ® HhH @
Traffic Volume | 246 | 238 | 51 557 | 481 | 182 | 111 | 804 | 441 45 821 | 341
Pedestrians 1 - 0 0 = 1 0 - 1 1 - 0
PHFE 0.88| 0.83| 085 | 087|094 | 0.75| 084 | 095 | 0.87 093 | 0.96 | 0.66

Ideal Sat. Flow| 1775| 1900 | 1750 | 1750 | 1900 | 1750 | 1750 | 1900 | 1750 | 1775 | 1900 | 1750
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Intersection Information

Intersection:

Fairw

ay Rd. @ Wilson Ave.

Bus Route:

10

Segment:

WILSON Ave. @ Kingsway Dr. to FAIRWAY Rd. @ Wilson Ave.

D

ates of usedata

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 32.1 64.7 120
2013 23 61 105
Synchro Input Data
Street Wilson Ave. Wilson Ave. Fairway Rd. Fairway Rd.
NBL | NBT| NBR| SBL| SBT| SBR | EBL| EBT| EBR | WBL| WBT | WBR
Lanes C s} @ C b | Shared| C by | Shared| C b | @
Traffic Volume 121 | 260 | 193 | 111 | 204 245 310 | 616 78 307 | 711 | 140
Pedestrians 35 - 31 31 - 35 31 - 28 28 - 31
PHE 08 | 084| 086|087 |08L| 082 |09 |09 | 081 |094]| 096 | 09
Heavey Veh. % 2 1 5 4 2 2 1 3 6 6 1 5
Ideal Sat. Flow | 1775| 1900 | 1750 | 1775 | 1775| 1775 | 1775| 1775| 1775 | 1775| 1900 | 1750
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Intersection Information
Intersection: Fairway Rd. @ Fairview Mall Bus Route: 8
Segment: Terminal to FAIRWAY Rd.Ra@irview Park Mall
Dates of used Data
AVL/APC data: 2011 Turning Movement Counts: 2011
AVL/APC Data
Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 32.1 74.1 162
2013 17.2 124 16
Synchro Input Data
Street Fairview Mall Fairview Mall Fairway Rd. Fairway Rd.
NBL | NBT | NBR SBL| SBT| SBR EBL| EBT| EBR | WBL| WBT | WBR
Lanes C 1y Shared| C n | Shared| C b | Shared| C 113 @
Traffic Volume 26 20 31 282 | 13 105 116 | 872 15 147 | 1130| 139
Pedestrians 6 - 5 5 - 6 6 - 0 0 - 6
PHE 0.65| 056 | 0.78 | 097 | 065| 0.88 | 0.88| 0.87| 054 | 09 | 0.98 | 0.83
Heavey Veh. % | O 5 0 9 15 0 3 4 0 1 3 12
Ideal Sat. Flow | 1775| 1775| 1775 | 1775 | 1775| 1775 | 1775| 1775| 1775 | 1775| 1900 | 1750
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Intersection Information

Intersection:

Natchez Rd. & Driveway @ Victoria St.

Bus

Route:

15

Segment:

LACKNER @ Keewatin to VICTORIA St. @ Natchez Rd.

Dates of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 31.7 72.1 76
2013 33.5 71 76
Synchro Input Data
Street Nattchez Rd. Dirveway Victoria St. Victoria St.
NBL | NBT | NBR| SBL| SBT| SBR| EBL| EBT| EBR| WBL | WBT| WBR
Lanes C N/A @ C N/A @ C Hh @ C M | Shared
Traffic Volume 91 0 41 3 0 5 1584 | 151 | 145 | 2007 5
Pedestrians 0 - 0 0 - 0 - 4 4 - 0
PHFE 0.63 0 079 | 025| 025 | 05 | 042 | 098 | 0.82 | 0.88 | 0.92 0.42
Heavey Veh. % 1 0 0 0 0 0 0 2 0 1 1 0
Ideal Sat. Flow | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900
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Intersection Information

Intersection:

PinebushRd. @ Conestoga Blvd.

Bus Route: | 200

Segment:

SHELDON @ Conestoga Blvd. to PINEBUSH Rd. @ Conestoga Blvd.

Dates of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queuelength

2011 26 77 91
2013 28.2 83 121
Synchro Input Data
Street Conestoga Bilvd. Conestoga Blvd. Pinebush Rd. Pinebush Rd.
NBL | NBT NBR SBL | SBT SBR EBL | EBT| EBR| WBL | WBT | WBR
Lanes c 1y Shared| C 13 Shared| C b | @ C hHh | @
Traffic Volume 159 | 251 119 85 124 72 69 458 | 125 97 435 97
Pedestrians 5 - 0 0 - 5 0 - 2 2 - 0
PHF 09 | 087| 088 |069|079| 078 | 066 | 091 | 0.87| 0.73 | 0.91 | 0.64
Heavey Veh. % 2 2 6 0 4 8 9 3 6 4 2 3
Ideal Sat. Flow | 1775| 1775| 1775 | 1775| 1775| 1775 | 1775| 1900 | 1750 | 1775 | 1900 | 1750
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Intersection Information

Intersection: King St. @ Conestogo Rd. Bus Route: 7
Segment: Terminal to KING St. @ Conestogo Rd.
Dates of used Data
2013 Turning Movement Counts: 2013

AVL/APC data:

AVL/APC Data

Mean Stopped Delay

90th PercentileDelay

Maximum Queue Length

2011 24.7 56 143
2013 18.5 83.4 107
Synchro Input Data
Street King St. King St. Conestogo Rd. Conestogo Rd.
NBL| NBT | NBR| SBL| SBT| SBR EBL| EBT| EBR | WBL| WBT| WBR
Lanes c | @ (o4 M | Shared| C 1y Shared| CC | Shared
TrafficVolume 57 701 262 | 102 | 947 30 35 20 125 305 | 13 81
Pedestrians 3 - 30 | 30 - 3 2 - 3 3 - 2
PHF 0.75| 086 | 0.84| 085| 0.85| 0.83 | 0.67| 063 | 0.89 | 0.87 | 0.65| 0.75
Heavey Veh. %| 9 4 1 6 2 20 3 5 5 4 8 2
Ideal Sat. Flow | 1775 | 1900 | 1750 | 1775| 1775| 1775 | 1775| 1775 | 1775 | 1775| 1775| 1775
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Intersection Information

Intersection:

Queen St.

@ Goebel Ave.

Bus Route: 51

HOLIDAY INN @ Groh to QUEEN St. @ Goebel Ave.

Segment:
Dates of used Data
AVL/APC data: 2011 Turning Movement Counts: 2011
AVL/APC Data
Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 23.1 53 164
2013 9 28.4 92
Synchro Input Data
Street Goebel Ave. N/A Queen St. Queen St.
NBL | NBT| NBR | SBL| SBT| SBR| EBL| EBT | EBR | WBL | WBT | WBR
Lanes C | NA| @ NA | NA|NA|[NA| m @ C i N/A
Traffic Volume 546 0 252 0 0 0 405 181 | 103 | 292
Pedestrians 0 - 0 - - 1 1 -
PHE 0.98 0 0.88 0.93 | 0.84 | 0.66 | 0.94
Heavey Veh. % 5 0 2 2 2 7 0
1775 | NJA | 1750 | N/A | N/A | N/A | N/A | 1900 | 1750 | 2500 | 1900 | N/A

Ideal Sat. Flow
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Intersection Information

Intersection: Charles St. @ Ontario St. Bus Route: 23
Segment: Terminal to CHARLES St. @ Ontario St.
Dates of used Data
2011

AVL/APC data:

2011

Turning Movement Counts:

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 21.1 54.2 76
2013 16.8 46.6 62
Synchro Input Data
Street Charles St. Charles St. Terminal Otario St.
NBL | NBT NBR SBL | SBT SBR EBL EBT EBR WBL | WBT| WBR
C Share C Share | Share Share | Share Share
Lanes o d i d d k d d o d
Traffic 69 | 365 | 35 | 21 | 421 | 58 11 | 45 | 54 20 | 23| 14
Volume
Pedestrians | 37 - 28 28 - 37 122 - 100 100 - 122
PHF 0.78 | 0.93| 0.67 | 0.66 | 0.94 | 0.85 0.69 | 0.75| 0.79 0.63 | 0.72| 0.44
Hea";)y Veh-| 14 | 6 0 0 6 31 0 18 | 35 0 0 0
Ideal Sat. 177 | 177 177 177 155 155
Flow 5 5 1775 5 5 1775 1550 0 1550 1550 0 1550
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Intersection Information

Intersection:

Bridgepo

rt Rd. @ Weber St.

Bus Route: 35

Segment:

BRIDGEPORT Rd. @ Ellis to WEBER St. @ Bridgeport Rd.

Dates of used Data

AVL/APC data:

2011

Turning MovementCounts:

2011

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 19.8 45 74
2013 Not Available Not Available Not Available
Synchro Input Data
Street Weber St. Weber St. Bridgeport Rd. Bridgeport Rd.
NBL | NBT | NBR| SBL| SBT SBR | EBL| EBT| EBR| WBL WBT WBR
Lanes Cc b | N/A | N/A | iy | Shared | N/A | N/A | N/A | Shared| rbbb | Shared
Traffic Volume | 208 | 818 864 208 0 93 857 169
Pedestrians 15 - - 15 - 9 - 14
PHE 0.88 | 0.81 0.93 0.95 0.8 0.87 0.92
Heavey Veh. % | O 1 1 0 1 1 3
Ideal Sat. Flow | 1775| 1900 | N/A | N/A | 1775| 1775 | N/A | N/A | N/A | 1735 1735 1735
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Intersection Information

Intersection:

Erb Street @ Westmount Ro

ad

Bus Route:

5

Segment:

:ERB St. @ Roslin to WESTMOUNT Rd. @ Erb St.

Datesof used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 19.3 56.8 118
2013 Not Available Not Available Not Available
Synchro Input Data
Street WestmountRd. Westmount Rd. Erb St. Erb St.
NBL | NBT | NBR SBL| SBT| SBR EBL | EBT EBR | WBL | WBT | WBR
Lanes C M | Shared| C b | Shared| C M | Shared| C M @
Traffic Volume 240 | 608 46 104 | 771 75 78 | 462 84 89 684 | 73
Pedestrians 15 - 18 18 - 15 18 - 31 31 - 18
PHE 0.87 | 093 | 068 | 0.79| 096 | 069 | 0.65| 0.82| 0.78 | 0.79 | 0.96 | 0.76
Heavey Veh. % | 1 2 4 3 3 3 1 2 5 1 1 0
Ideal Sat. Flow | 1775 | 1775 | 1775 | 1775| 1775| 1775 | 1775| 1775| 1775 | 1775| 1900 | 1775

85



Intersection Information

Intersection:

Weber St. @ Parkside Dr.

Bus Route: 9

Segment:

WEBER St. @ Albert St. to WEBER St. @ Parkside Dr.

Dates of used Data

AVL/APC data:

2011 Turning Movement Cou

nts:

2011

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 18.1 46 76
2013 14 35 76
Synchro Input Data
Street Parkside Dr. Parkside Dr. Weber St. Weber St.
NBL | NBT | NBR SBL | SBT SBR EBL EBT EBR WBL | WBT| WBR
C Share C Share | Share Share | Share Share
Lanes K d i d d || ¢ d | P ¢
Traffic 58 | 552 | 271 | 22 | 424 | 75 77 | 346 | 46 149 | 272 | 53
Volume
Pedestrians | 8 - 5 5 - 8 3 - 0 0 - 3
PHFE 076 | 0.93| 0.74 | 061 | 0.88| 0.75 0.69 | 0.95| 0.77 0.75 | 0.85| 0.66
Hea";)y veh.| 1 1 14 | 1 3 3 3 11 1 2 2
Ideal Sat. 177 | 165 177 | 165 165 165
Flow 5 0 1650 5 0 1650 1650 0 1650 1650 0 1650
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Intersection Information
Intersection: DUNDAS St. @ Main St. Bus Route: 53
Segment: MAIN St. @ Elgin St. to DUNDAS St. @ Main St.
Dates of used Data
AVL/APC data: 2011 Turning Movement Counts: 2011
AVL/APC Data
Mean Stopped Delay 90th Percentile Delay Maximum QueuelLength
2011 17.6 51.6 90
2013 19.5 48 78
Synchro Input Data
Street Dundas St. Dundas St. Main St. Main St.
NBL | NBT NBR SBL| SBT| SBR| EBL| EBT | EBR| WBL | WBT| WBR
Lanes C by | Shared| C b | @ G b | @ C by | Shared
Traffic Volume 188 | 321 25 118 | 453 | 39 71 | 307 | 193 | 73 | 434 132
Pedestrians 7 - 4 4 - 7 5 - 5 5 - 5
PHF 092 | 0.8 0.69 | 092|083| 07 | 074|089 | 08 | 0.83] 092 | 0.92
Heavey Veh. % | 4 2 4 0 1 0 0 3 3 1 1 2
Ideal Sat. Flow | 1775 | 1775| 1775 | 1775| 1900 | 1750 | 1775 | 1900 | 1750 | 1775 | 1775 | 1775
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IntersectionInformation
Intersection: King St. @ Northfield Dr. Bus Route: 21
Segment: KING St. @ Home Depot to KING St. @ Northfield Dr.

Da

tes of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th PercentileDelay

Maximum Queue Length

2011 25.6 54 119
2013 23.4 46 103
Synchro Input Data
Street Knig St. Knig St. Northfield Dr. Northfield Dr.
NBL | NBT | NBR| SBL| SBT| SBR| EBL| EBT EBR | WBL| WBT| WBR
Lanes G b | @ ¢ b | @ & b | Shared| C b | Shared
Traffic Volume 208 | 373 | 254 | 139 | 542 | 206 | 95 | 690 78 283 | 771 92
Pedestrians 31 - 10 10 - 31 2 - 13 13 - 2
PHF 0.87| 091|087 | 025| 09| 09 | 082|094 | 072 |086| 0.88| 0.77
Heavey Veh. % 5 3 2 1 2 0 4 2 9 2 3 2
Ideal Sat. Flow | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900
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Intersection Information

Intersection:

VICTORIA St. @ Belmont Ave.

Bus Route:

Segment:

HIGHLAND Rd. @ Belmon Ave. to VICTORIA St. @ Belmont Ave.

Dates of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 9.1 3 76
2013 10.5 55.6 106
Synchro Input Data
Street Belmont Ave. Belmont Ave. Victoria St. Victoria St.
NBL | NBT | NBR SBL SBT| SBR EBL| EBT| EBR| WBL| WBT| WBR
Lanes C | @ Shared| iy | Shared| C 1) @ C | Shared
Traffic Volume 56 452 75 144 760 122 92 735 37 124 | 1020 108
Pedestrians 9 - 16 16 - 9 3 - 5 5 - 3
PHF 0.88| 09 | 069 | 082 | 088| 085 |0.85| 094 | 0.84| 0.82| 094 | 0.89
Heavey Veh. % 0 1 3 1 1 2 1 3 0 2 2 3
Ideal SatFlow 1775| 1900 | 1750 | 1775 | 1650 | 1000 | 1000 | 1775| 1750 | 1000 | 1650 | 1000
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Intersection Information

Intersection: ERB St. @ Fischer Hallman Rd. Bus Route: 5
Segment: ERB St. @ Amos Ave to ERB St. @ Fischer Hallman Rd.
Dates of used Data
AVL/APQata: 2013 Turning Movement Counts: 2013
AVL/APC Data
Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 3.9 17 197
2013 45.5 30
Synchro Input Data
Street Fischer Hallman Rd.| Fischer Hallman Rd. Erb St. Erb St.
NBL| NBT| NBR | SBL| SBT| SBR | EBL| EBT| EBR | WBL| WBT | WBR
Lanes C M | Shared| C b | Shared| C M | Shared| C | @
Traffic Volume 148 | 417 90 123 | 615 159 115 | 316 73 118 | 918 | 128
Pedestrians 21 - 9 9 - 21 54 - 16 16 - 54
PHE 092|092 | 092 | 092|092 | 092 | 084 | 093 | 0.84 | 0.96 | 0.97 | 0.79
Heavey Veh. % 1 2 2 1 2 1 2 2 1 2 1 3
Ideal Sat. Flow | 1775| 1775| 1775 | 1775| 1775| 1775 | 1775| 1775| 1775 | 1775| 1775| 1775
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Intersection Information

Intersection:

Hespeler Rd. @ Dunbar Rd.

Bus Route:

200

Segment:

HESPELER Rd. @ Can Amera Pk C&YDriveway to HESPELER Rd. @ Dunbar Rd

Dates of used Data

AVL/APC data:

2013

Turning Movement Counts:

2013

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 3.3 14 210
2013 3.9 17.6 103
Synchro Input Data
Street Hespeler Rd. Hespeler Rd. Dunbar Rd. Dunbar Rd.
NBL | NBT | NBR| SBL| SBT| SBR| EBL| EBT | EBR| WBL | WBT | WBR
Lanes c b | @ © b | @ © b @ C 1 @
Traffic Volume 147 | 1021 | 198 139 | 1424 | 29 226 150 33 247 138 75
Pedestrians 2 - 5 5 - 2 1 - 1 1 - 1
PHE 095 | 0.88 | 0.89 | 0.7 0.97 | 089 | 077 | 0.79 | 0.74 | 0.81 | 0.84 | 0.73
Heavey Veh. % 3 3 7 6 3 0 0 5 0 5 4 10
Ideal Sat. Flow 1775| 1820 | 1000 | 1775 | 1900 | 1750 | 1775 | 1900 | 1775 | 1775 | 1900 | 1775
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Intersection Information

Intersection:

Northfield Dr. @ Bridge St.

BusRoute: 35

Segment:

BRIDGE St. @ Lexington Rd. to NORTHFIELD Dr. @ Bridge St.

Dates of used Data

AVL/APC data:

2011

Turning Movement Counts:

2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 10.9 32 91
2013 N/A N/A N/A
Synchro Input Data
Street Northfield Dr. Northfield Dr. Bridge St. Bridge St.
NBL | NBT | NBR| SBL | SBT SBR EBL | EBT EBR | WBL | WBT | WBR
Lanes C 1) @ (o4 1y Shared| C 1) Shared| C 1) @
Traffic Volume 28 | 474 | 327 | 59 | 393 20 82 | 404 47 191 | 120 | 43
Pedestrians 0 - 0 0 - 0 0 - 0 0 - 0
PHF 078 09 | 095| 074|091 | 063 | 0.76| 0.77| 056 | 094 | 0.75| 0.6
Heavey Veh. % 0 3 1 0 3 10 2 1 0 3 5 2
Ideal Sat. Flow | 1775| 1900 | 1750 | 1775 | 1650 | 1775 | 1900| 1750| 1000 | 1775| 1650 | 1000
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Intersection Information

Intersection: University Ave. @ Keatway Bus Route: 29

Segment: FISCHER HALLMAN Rd. @ Keatsway to UNIVERSITY Ave. @ Keatsway

Dates of used Data

AVL/APC data: 2011 Turning Movement Counts: 2011

AVL/APC Data

Mean Stopped Delay 90th PercentileDelay Maximum Queue Length
2011 27.5 66.8 106
2013 34.7 72.4 91

Synchro Input Data

Street Keatsway Keatsway University Ave. University Ave.
NBL| NBT| NBR| SBL | SBT| SBR EBL EBT | EBR| WBL | WBT | WBR

Lanes N/A | N/A | N/A (6% N/A Q@ (64 M | NJA | N/A M @
TrafficVolume N/A | N/A | N/A 193 | N/A 8 14 342 | N/A | N/A 824 432

Pedestrians N/A | N/A | N/A 0 N/A 0 0 - N/A | N/A - 0
PHE N/A | N/A | N/A | 0.85 | N/A| 0.66 | 0.7 | 0.94 | N/A | N/A | 0.94 | 0.91

Heavey Veh. % N/A | N/A | N/A 4 N/A 25 0 1 N/A | N/A 0 2
|deal Sat. Flow N/A | N/A | N/A | 1775 | N/A | 1750 | 1775 | 1900 | N/A | N/A | 1900 | 1775
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Intersection Information

Intersection:

Westmount Rd. @ Columbia St.

Bus Route: 13

Segment:

FISCHERALLMAN Rd. @ Columbia St. to WESTMOUNT Rd. @ Columbia St.

Dates of used Data

AVL/APC data:

2011

TurningMovement Counts: 2011

AVL/APC Data

Mean Stopped Delay

90th Percentile Delay

Maximum Queue Length

2011 26.8 56.6 91
2013 23.8 58 121
Synchro Input Data
Street Westmount Rd. Westmount Rd. Columbia Rd. Columbia Rd.
NBL | NBT NBR SBL| SBT| SBR| EBL| EBT | EBR| WBL| WBT| WBR
Lanes G | mm | Shared| C | b | @ C | mh| @ C | mm | Shared
Traffic Volume 339 | 253 87 22 336 | 110 | 117 | 419 48 306 | 1109 16
Pedestrians 5 - 9 9 - 5 9 - 16 16 - 9
PHF 0.86 | 0.9 0.91 069| 09 | 056 | 055| 091 | 0.86 | 0.88 | 0.93 0.57
Heavey Veh. % 0 2 1 14 1 1 4 1 0 0 1 0
Ideal Sat. Flow 1775 | 1775| 1000 | 1775| 1900 | 1750 | 1775| 1900 | 1750 | 1775| 1775| 1000
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Intersection Information
Intersection: FISCHERALLMAN Rd. @ Columbia St. Bus Route: 13
Segment: WESTMOUNT Rd. @ Columbia St. to FISBAHBMAN Rd. @olumbia St.
Dates of used Data
AVL/APC data: 2011 Turning Movement Counts: 2011
AVL/APC Data
Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 25.7 51.1 273
2013 0.3 0 90
Synchro Input Data
Street Fischer Hallman Rd.| Fischer Hallman Rd. Columbia St. Columbia St.
NBL | NBT | NBR| SBL| SBT| SBR| EBL| EBT | EBR| WBL | WBT | WBR
Lanes G bbb | @ ¢ b | @ c b | @ C s} @
Traffic Volume 77 | 241 | 101 | 191 | 525 | 157 | 110 | 235 | 5 | 418 | 75 | 443
Pedestrians 10 - 4 4 - 10 | 37 - 2 2 - 37
PHF 0.66 | 0.85 | 0.68 | 0.75 | 092 | 0.68 | 0.67 | 0.65 | 0.42 | 0.74 | 0.88 | 0.67
Heavey Veh. % 3 1 3 3 2 0 13 3 0 1 2 2
1775 | 1900 | 1750 | 1775 | 1900 | 1750 | 1775 | 1900 | 1750 | 1775 | 1900 | 1750

Ideal Sat. Flow
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Intersection Information

Intersection: FISCHERALLMAN RD. @ University Ave. BusRoute: 201

Segment: FISCHERALLMAN Rd. @ Thorndale Dr. to FISGHERMAN Rd. @ University Ave.

Dates of used Data

AVL/APC data: 2011 Turning Movement Counts: 2011

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 36 63 89
2013 15.7 61 91

Synchro Input Data

Fischer Hallman Rd| Fischer Hallman Rd, University Ave. University Ave.

Street
NBL | NBT | NBR| SBL| SBT| SBR| EBL| EBT | EBR| WBL | WBT WBR
Lanes c b @ © H @ © Hh @ © | Shared
Traffic Volume 300 888 145 29 957 129 133 174 147 535 548 34
Pedestrians 15 - 6 6 - 15 5 - 7 7 - 5
PHE 083 | 095|084 | 056| 094 | 0.85| 09 | 0.87 | 0.92 | 0.98 | 0.96 0.61
Hea\/ey Veh. % 1 2 1 0 2 1 0 0 1 0 0 0

1775 | 1775| 1000 | 1775 | 1775 | 1000 | 1775 | 1900 | 1750 | 1775 | 1775 | 1000

Ideal Sat. Flow
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Intersection Information

Intersection:

Northfield Dr. @ Parkside Dr.

Bus Route:

200

Segment:

WEBER St. @ Parkside Dr. to NORTHFIELD Dr. @ Parkside Dr.

Dates of used Data

AVL/APC data:

2013

Turning Movement Counts:

2013

AVL/APC Data

Mean Stopped Delay 90th Percentile Delay Maximum Queue Length
2011 25.7 51.1 273
2013 0.3 0 90
Synchro Input Data
Street Parkside Dr. Parkside Dr. Northfield Dr. Northfield Dr.
NBL | NBT| NBR| SBL| SBT| SBR | EBL| EBT| EBR | WBL| WBT| WBR
Lanes Shared| @ C 1y Shared| C M | Shared| C M | Shared
Traffic Volume 26 0 375 16 1 1 1154 29 314 | 1516 18
Pedestrians 1 - 3 3 - 1 - 3 3 - 4
PHE 0.85 | 0.25| 092 | 0.8 | 0.65| 0.69 05 | 0.9 0.58 | 097 | 094 | 0.72
Heavey Veh. % 6 50 1 0 8 0 100 3 2 3 2 12
Ideal Sat. Flow | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900 | 1900
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Appendix B
Signal Timing for Intersections
Appendix B. includes signal timing for the intersections used in this study. It also includes the

phasing and splitting settings for different approaches.
Note: Time ofthe day that the signal timing is in effect is represented in 24 hour format.
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Intersection: WEBER STREET at Bridgeport Road
Fixed time operation with actuated northbound protected left turn phase.

Time in effect 14:00-19:00Monday-Friday
Weber Street
WBL Green Arrow Min. 5.0
Ext. 3.0
Max. 11.0
WBL Amber Arrow 3.0
All Red 1.0
Green 30.0 Walk 20.0
Amber 4.0 FDW 10.0
All Red 2.0

Bridgeport Road

Green 23.0 Walk 12.0
Amber 4.0 FDW 12.0
All Red 2.0
Total Cycle 80.0
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Intersection: CHARLES STREET & ONTARIO STREET

Fixed time operation

Time in effect 14:00-19:00, Monday to Frida

CHARLES STREE

Green 42.0
Amber 4.0
All Red 2.0

ONTARIO STREE

Green 26.0
Amber 4.0
All Red 2.0
Total Cycle 80.0

100

Walk
FDW

Walk
FDW

36.0
6.0

19.0
7.0



Intersection:
Fixed time operation.

Actuated protected/permissive leturn phases in all directions.

Time in effect

N/S Green Arrow Min.
Ext.

Max.

N/S Amber
Arrow

All Red
Green

Amber
All Red

COLUMBIA STREET
E/W Green
Arrow Min.

Ext.

Max.

E/W Amber
Arrow

All Red
Green
Amber

All Red
Total Cycle

14:00-19:00 MondayfFriday
FISCHERALLMAN ROAD

5.0
3.0
14.0

3.0
1.0
34.0
4.0
2.0

5.0
3.0
14.0

3.0
1.0
38.0
4.0
2.0
120.0
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FDW

Walk
FDW

FISCHERALLMAN ROAD & COLUMBIA STREET

13.0
21.0

17.0
21.0



Intersection:

SemiActuated Operation.

COLUMBIA ST. & WESTMOUNT RD.

Actuated protected/permissive leturn phases in all directions.

Time in effect  15:00- 19:00 Monday to Friday

COLUMBIA STREET

EB Green Arrow  Min.
Ext.
Max.

E/W Amber Arrow

All Red

Green

Amber

All Red

WESTMOUNT ROAD
SBGreen Arrow Min.
Ext.

Max.

E/W Amber Arrow
All Red

Green

Amber

All Red

Total Cycle

5.0 WB Green Arrow Min.
3.0 Ext.

8.0 Max.

3.0
1.0

48.0 Walk 24.0
4.0 FDW 24.0
2.0

5.0 NB Green Arrow Min.
3.0 Ext.

7.0 Max.

3.0
1.0
37.0 Walk 7.0
4.0 FDW 20.0
2.0 SDW 10.0
130.0
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5.0
3.0
14.0

5.0
3.0
11.0



Intersection: HOMER WATSON BLVD. at Conestoga College Blvd.
Semiactuated operation with actuated northbound, southbound, eastbound and westbound
protected left turn phases

Time in effect  14:0019:30 Monday Friday
HomerWatson Boulevard

SBL Green Arrow Min. 5.0 NBL Green Arrow Min. 5.0
Ext. 3.0 Ext. 3.0
Max. 15.6 Max. 9.2

SBL Amber Arrov 4.0 NBL Amber Arrow 3.0

All Red 2.0 All Red 1.0

Green 37.6

Amber 4.2 Walk 18.6

All Red 1.6 FDW 19.0

Conestoga College Boulevat

EBL Green Arrow Min. 5.0 WBL Green Arrow Min. 5.0
Ext. 3.0 Ext. 3.0
Max. 11.0 Max. 13.6

EBL Amber Arrov 3.0 WBL Amber Arrow 3.0

All Red 1.0 All Red 1.0

Green 31.0

Amber 3.7 Walk 7.0

All Red 2.7 FDW 24.0

Total Cycle 120.0
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Intersection: HESPELER RD/WATER ST at Coronation Blvd/Dundas St
Fully-Actuated operation with protected right turrfer eastbound and westbound vehicles
overlapping the northbound and southbound left turn phases respectively

Time in effect 15:00:19:00 Monday to Friday

Hespeler Road/Water Street
SBL Green Arrow  Min.

Ext.
Max.
SBL Amber Arrow
All Red
Green
Amber
All Red

Dundas Street/Coronation Blvd
EBL Green Arrow Min.
Ext.
Max.
EBL Amber Arrow
All Red
Green
Amber
All Red
Total Cycle

7.0 NBL Green Arrow Min. 7.0
3.0 Ext. 3.0
22.9 Max. 22.9
3.3 NBL Amber Arrow 3.3
5.3 All Red 5.3
51.9 corssing Coronation corssing Dundas
3.3 Walk 18.6 Walk 18.6
4.8 FDW 19.0 FDW 19.0
7.0 WBL Green Arrow Min. 7.0
3.0 Ext. 3.0
14.2 Max. 8.2
3.3 WBL Amber Arrow 33
3.5 All Red 35

28.4 Crossing Water
3.3 Walk 7.0
5.8 FDW 20.0
150.0
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Intersection:
Fixed time operation

Northbound/southbound protected/permissive leftirn phases on Dundas St
Eastbound/westbound protected/permissive lgfirn phases on Main St

15:00- 19:00 Monday to Friday

Time in effect

DUNDAS STREET

N/S Green Arrow Min.
Ext.

Max.

N/S Amber Arrow
AllRed

Green

Amber

All Red

MAIN STREET
E/W Green Arrow Min.
Ext.

Max.

E/W Amber Arrow
All Red

Green

Amber

All Red

Total Cycle

5.0
3.0
9.2
3.0
1.0
35.0
3.3
3.5

5.0
3.0
9.2
3.0
1.0
35.2
3.3
3.3

110.0
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DUNDAS STREET & MAIN STREET

Walk
FDW

Walk
FDW

13.0
22.0

11.2
24.0



Intersection:
Fixed time operation

Actuated left turn arrows for Erb Street and Fischiallman Road

Time in effect

ERB STREET

N/S Green Arrow Min.
Ext.
Max.

N/S Amber Arrow

All Red

Green

Amber

All Red

FISCHERALLMAN ROAD

E/W Green Arrow Min.
Ext.
Max.

E/W Amber Arrow

All Red

Green

Amber

All Red

Total Cycle

15:00- 19:00 Monday to Friday

5.0
3.0
10.0
3.0
1.0
39.0
4.0
2.0

5.0
3.0
12.0
3.0
1.0
39.0
4.0
2.0
120.0
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ERB STREET & FISCHERLMAN ROAD

Walk
FDW

Walk
FDW

18.0
21.0

24.0
15.0



Intersection:
Fixed time operation

Actuated NBL and SBL on Westmount Rd. Actuated EBL and WBL on Erb. St.

WESTMOUNT ROAD & ERB STREET

Time in effect  14:30- 19:00 Monday to Friday

WESTMOUNT ROAD
NBL Green Arrow Min.
Ext.

Max.

NBL Amber Arrow
All Red

Green

Amber

All Red

ERB STREET
E/W Green Arrow Min.
Ext.

Max.

E/W Amber Arrow
All Red

Green

Amber

AllRed

Total Cycle

5.0 SBL Green Arrow Min.
3.0 Ext.
17.0 Max.
3.0 SBL Amber Arrow

1.0 All Red

36.0 Walk 26.0
4.0 FDW 10.0
2.0

5.0
3.0
7.0
3.0
1.0
30.0 Walk 17.0
4.0 FDW 13.0
2.0
110.0
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5.0
3.0
12.0
3.0
1.0



Intersection: Fairway Road at King Street

Fixed time operation with actuated westbound, eastbound and northbounetleft phasing.
Note: Westbound lefturn phase is protected/permissive. Eastbouartl northbound lefiturn
phases are fully protected. Southbound rightn arrow overlaps with the eastbound left turn
phase.

Time in effect  15:0022:00 Monday to Friday

Fairway Road

EBL Green Arrow Min. 5.0 WBL Green Arrow Min. 5.0
Ext. 3.0 Ext. 3.0
Max. 24.0 Max. 5.6
EBL Amber Arrow 4.0 WBL Amber Arrow 3.0
All Red 2.0 All Red 1.0
Green 28.8 Walk 8.0
Amber 4.0 FDW 20.0
All Red 2.0
King Street
NBLGreen Arrow Min. 5.0
Ext. 3.0
Max. 17.6
NBL Amber Arrow 3.0
All Red 1.0
Green 27.6 Walk 6.6
Amber 4.0 FDW 21.0
All Red 2.0
Total Cycle 120.0
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Intersection: Fairway Road @ Fairview Park Mall/ BBty Plaza
Semiactuated operation. Pushbuttons used to cross Fairway Road
Actuated Protected/Permissive eastbound/westboundeiitn phases on Fairway Road

Time in effect 16:00- 18:00 Monday to Friday
Fairway Road

E/W Green Arrow Min. 5.0

Ext. 3.0

Max. 19.0
E/W Amber Arrow 3.0
All Red 1.0
Green 52.0 Walk 28.0
Amber 4.0 FDW 24.0
All Red 2.0

Fairview Parkviall

Green Min. 7.0 Walk 12.0
Ext. 3.0 FDW 23.0
Max. 43.0 SDW 8

Amber 4.0

All Red 2.0

Total Cycle 130.0
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Intersection:

Time in effect
Fairway Road
E/W Green Arrow Min.

Ext.
Max.
EBL Amber Arrov
All Red
Green
Amber
All Red

Wilson Avenue
E/W Green Arrow Min.

Ext.
Max.

EBL Amber Arrov

All Red

Green Min.
Ext.
Max.

Amber

All Red

Total Cycle

7.0
5.0
29.0
3.0
1.0
36.0
4.0
2.0

5.0
3.0
9.0
3.0
1.0
8.0
3.0
36.0
4.0
2.0
130.0
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Fairway Road @ Wilson Avenue
SEMIACTUATEPushbuttons irplace to cross Fairway Road

Actuated left turn phases on Fairway Rd. are fully protected

Actuated left turn phases on Wilson Ave are protected/permissive

16:00- 18:00 Monday to Friday

Walk
FDW

Walk
FDW
SDW

19.0
17.0

7.0
25.0



Intersection: FISCHERALLMAN ROAD & UNIVERSITY AVENUE
Fixed time operation
Actuated protected/permissive leturn phases in all directions.

Time in effect 15:00- 19:00 Monday to Friday
FISCHERALLMAN ROAD

S/N Green Arrow  Min. 5.0

Ext. 3.0

Max. 7.0
S/N Amber Arrow 3.0
All Red 1.0
Green 50.0 Walk 25.0
Amber 4.0 FDW 25.0
All Red 2.0

UNIVERSITY AVENUE

E/W Green Arrow Min. 5.0
Ext. 3.0
Max. 7.0
E/W Amber Arrow 3.0
All Red 1.0
Green 36.0 Walk 14.0
Amber 4.0 FDW 22.0
All Red 2.0
Total Cycle 120.0
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Intersection: FISCHERALLMAN ROAD at Thornddbeive
Semiactuated operation with actuated northbound and southbound protected left turn phase

Time in effect  15:0019:00 Monday Friday
FischerHallman Road

NBL Green Arrow Min. 5.0 SBL Green Arrow Min. 5.0
Ext. 3.0 Ext. 3.0
Max. 10.0 Max. 7.0

NBL Amber Arrow 3.0 SBL Amber Arrow 3.0

All Red 1.0 All Red 1.0

Green 62.0 Walk 49.0

Amber 4.0 FDW 13.0

All Red 2.0

Thorndale Drive

Green Min. 8.0 Walk 15.0
Ext. 3.0 FDW 17.0
Max. 32.0

Amber 4.0

All Red 2.0

Total Cycle 120.0
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Intersection:

SemiActuated Operation.

HESPELER ROAD @ DUNBAR ROAD

Actuated protected/permissive NB/SB/WiSt-turn phases.
Intersection equipped with Transit Signal Priority.

Time in effect  14:00- 19:00 Monday to Friday

Hespeler Road
NBL Green Arrow Min.

Ext.
Max.
NBL Amber Arrow
All Red
Green
Amber
All Red

Dunbar Road
WBL Green Arrow Min.

Ext.
Max.

WBL AmbeArrow

All Red

Green Min.
Ext.
Max.

Amber

All Red

Total Cycle

7.0 SBL Green Arrow Min.
3.0 Ext.
11.6 Max.
3.0
1.0

56.4 Walk 39.4
4.0 FDW 17.0
2.0

7.0
3.0
14.0
3.0
1.0
8.0 Walk 10.0
3.0 FDW 23.0
18.0 SDW 3
4.0
2.0
120.0
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7.0
3.0
8.0



Intersection: HESPELER ROAD at Eagle StRia#bush Road
FullyActuated operates SemActuated during peak periods and is part of a coordinated signe
network along Hespeler Road, Eagle Street and Pinebush Road

Left Info Actuated SB LT - Hespeler Road Leading Fully Protected LT Phase
Actuated NB LT - Hespeler Road Lagging Fully Pl’ptected LT Phase
Actuated EB LT - Eagle Street Leading Fully Protected LT Phase
Actuated WB LT - Pinebush Road Lagging Fully Protected LT Phase
Right Info Actuated NB RT - Hespeler Road via Overlap A (Phase 3 WBLT)
14:00- 19:00 Monday to
Time in effect Friday
Hespeler Road
SBL Green Arrow Min. 7.0 NBL Green Arrow Min. 7.0
Ext. 5.0 Ext. 3.0
Max. 20.1 Max. 15.9
SBL Amber
Arrow 3.7 NBL Amber Arrow 3.7
All Red 2.8 All Red 2.8
Green 252  Walk 10.0
Amber 3.7 FDW 19.0
All Red 2.8 SDW 5.8
EAGLE STREET
EBLT Min. 7.0 Walk 8.0
Ext. 5.0 FDW 26.0
Max. 28.0
Amber 3.7
All Red 2.9
PINEBUSH ROAD
WBLT Min. 7.0 Walk 8.0
Ext. 5.0 FDW 21.0
Max. 18.0
Amber 3.7
All Red 3.0
Total Cycle 140.0
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Intersection: HOMER WATSON BOULEVARD @ Doon Villiage/Manitou Drive
Fully-actuated, semactuated during PM peak (eardinated alongHomerWatson)

Left Info Actuated WB LT
Actuated EB LT
Actuated NB LT Doon Village Drive
Actuated SB LT Manitou Drive DUAL LT (protected only)

Time in effect  14:00- 19:00 Monday to Friday
HOMER WATSON BOULEVAI

Homer Watson Blvd
Homer Watson Blvd

EBL Green Arrow Min. 5.0 WBL Green Arrow Min. 5.0
Ext. 3.0 Ext. 5.0
Max. 10.0 Max. 10.0

E/W Amber Arrow 3.0

All Red 1.0

Green 36.9 Walk 10.0

Amber 4.2 FDW 17.0

All Red 2.7

MANITOU/DOON VILLIAGE

NBL Green Arrow Min. 5.0 SBL Green Arrow Min. 5.0
Ext. 3.0 protected Ext. 5.0
Max. 12.0 Max. 30.0
NBL Amber Arrow 3.0 SBL Amber Arrow 4.0
All Red 1.0 All Red 2.0
Green Min. 15.0 Walk 10.0
Ext. 5.0 FDW 19.0
Max. 19.0
Amber 3.7
All Red 35
Total Cycle 120.0
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Intersection: KINGSTREET & NORTHFIELD DRIVE
Fixed time operation
Actuated left turn arrows on King St. & Northfield Dr.

Time in effect 14:30- 19:00 Monday to Friday

KING STREET
N/S Green Arrow Min. 5.0
Ext. 3.0
Max. 9.0
N/S Amber Arrow 3.0
All Red 1.0
Green 32.0 Walk
Amber 4.0 FDW
All Red 2.0

NORTHFIELD DRIVE

E/W Green Arrow Min. 5.0
Ext. 3.0
Max. 10.0
E/W AmberArrow 3.0
All Red 1.0
Green 39.0 Walk
Amber 4.0 FDW
All Red 2.0
Total Cycle 110.0
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13.0
19.0

17.0
22.0



Intersection: King Street @ Conestoga Mall/Conestogo Road
SemiActuated- Eastbound leg moveseparately from the westbound leg due to existing dual |
turn lanes at Conestoga Mall.

Any unused time from Phase 4 (Conestoga Rd.) is allocated to Conestoga Mall phase 8.

Time in effect 14:30¢ 19:00 Monday to Friday

KING STREET
N/S Green Arrow Min. 5.0
Ext. 3.0
Max. 10.0
N/S Amber Arrow 3.0
All Red 1.0
Green 38.0 Walk 25.0
Amber 4.0 FDW 13.0
All Red 2.0

CONESTOGO ROAD

Green Min. 7.0 Walk 7.0
Ext. 3.0 FDW 17.0
Max. 11.0

Amber 4.0

All Red 2.0

CONESTOGA MALL

Green Min. 7.0 Walk 7.0
Ext. 3.0 FDW 20.0
Max. 29.0

Amber 4.0

AllRed 2.0

Total Cycle 110.0
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Intersection:

Time in effect
Victoria Street
N/S Green Arrow Min.

Ext.
Max.

N/S Amber Arrow

All Red

Green

Amber

All Red

Natchez Road

Green Min.
Ext.
Max.

Amber

All Red

Total Cycle

14:00¢ 19:00 Monday to Friday

5.0
3.0
13.0
3.0
1.0
46.0
4.0
2.0

8.0
3.0
25.0
4.0
2.0
100.0
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VICTORIA STREET at Natchez Road
Semiactuated operation with actuated westbound protected left turn phase

Walk
FDW

Walk
FDW

39.0
7.0

11.0
14.0



Intersection:

SemiActuated Operation.
Actuatedprotected/permissive SB/WB leftirn phases.

Time in effect
NORTHFIELD DRIVE
SBL Green Arrow Min.

Ext.
Max.
SBL Amber Arrow
All Red
Green
Amber
All Red

BRIDGE STREET
WBL Green Arrow Min.

Ext.
Max.

WBL Amber Arrow

All Red

Green Min.
Ext.
Max.

Amber

All Red

Total Cycle

15:00- 19:00 Monday to Friday

5.0
3.0
7.0
3.0
1.0
31.0
4.0
2.0

5.0
3.0
9.0
3.0
1.0
10.0
3.0
33.0
4.0
2.0
100.0
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Walk
FDW

Walk
FDW

NORTHFIELD DRIVE & BRIDGE STREET

13.0
18.0

11.0
14.0



Intersection: Northfield Drive @ Parkside Drive/NCR Driveway
SemiActuated Operation.

Actuated protected/permissive westbound lefirn phase on Northfield Drive. Northbound righ
turn arrow on Parkside Dr. overlaps with westbound-tefin phase on Northfield Dr.

Time in effect 16:30- 18:00 Monday to Friday
Northfield Drive

N/S Green Arrow Min. 5.0

Ext. 3.0

Max. 19.0
N/S Amber Arrow 3.0
All Red 1.0
Green 52.0 Walk 41.0
Amber 4.0 FDW 11.0
All Red 2.0

Parkside/NCR Driveway

Green Min. 8.0 Walk 9.0
Ext. 3.0 FDW 15.0
Max. 33.0 SDW 9.0

Amber 4.0

All Red 2.0

Total Cycle 120.0

120



Intersection:

OTTAWA STREET at Hosidémtson Boulevard

Intersection operates fixetiming with actuated eastbound, westbound, and northbound
protected left turn phases. This intersection also operates with actuated northbound,
southbound, and eastbound protected right turn phases overlapping with the left turn phase
Intersection runsriee so no offsets are required.

Time in effect 15:0020:00 Monday Friday

Ottawa Street
E/W Green Arrow Min.

Ext.
Max.
E/W Amber Arrow
All Red
Green
Amber
All Red

HomerWatson Boulevard

NBL Green Arrow Min.
Ext.
Max.

NBL Amber Arrow

All Red

Green

Amber

All Red

Total Cycle

5.0
3.0
155
3.0
1.0
35.0
3.7
3.2

5.0
3.0
16.8
3.0
1.0
41.2
4.2
2.4
130.0
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Walk 14.0
FDW 21.0
Walk 21.2
FDW 20.0



Intersection: PINEBUSH RD @ CONESTOGA BLVD
Semiactuated operation. This signal operates in eocdinated traffic signal network along
Pinebush Road. East/Westotected/permissive left turn phasing on Pinebush

North/South protected/permissive left turn phasing on Conestoga. Intersection equipped wit

Transit Signal Priorityb . k { . /2y Sad23Fr . f@GR® {2f AR 52V
phase extends to thenaximum
Time in effect 12:00-20:00 MondayfFriday
Pinebush Road
SBL Green Arrow Min. 5.0
Ext. 3.0
Max. 11.4
SBL Amber Arrow 3.0
All Red 1.0
Green 58.4  Walk 41.4
Amber 4.0 FDW 17.0
All Red 2.0

Conestoga Boulevard

WBL Green Arrow Min. 5.0
Ext. 3.0
Max. 10.0

WBL Amber Arrow 3.0

All Red 1.0

Green Min. 8.0 Walk 10.0
Ext. 3.0 FDW 18.0
Max. 40.2 SDW 12.2

Amber 4.0

All Red 2.0

Total Cycle 140.0
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Intersection: QUEEN STREET & Goebel Avenue
Semiactuated operation with actuated westbound protected left turn phase

Time in effect 15:3018:00 MonFri

Queen Street

WBL Green Arrow 5.0

WBL Amber Arrow 3.0

All Red 1.0

Green 26.0 Walk 7.0
Amber 4.0 FDW 19.0
All Red 2.0

Goebel Avenue

Green Min. 10.0 Walk 10.0
Ext. 5.0 FDW 18.0
Max. 35.0 SDW 12.2

Amber 4.0

All Red 2.0

Total Cycle 82.0
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Intersection: University Avenue at Keats Way
SemiActuatedOperation.

Time in effect 14:30- 19:00 Monday to Friday
University Avenue

Green 61.0 Walk 53.0

Amber 4.0 FDW 8.0

All Red 2.0

Keats Way

Green Min. 10.0 Walk 12.0
Ext. 3.0 FDW 16.0
Max. 37.0 SDW 9.0

Amber 4.0

All Red 2.0

Total Cycle 110.0
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Intersection: VICTORIA ST & BELMONT AVENUE
Fixed time operation.

Actuated left turn arrows on Victoria Street asduthbound on Belmont Avenue.

Time in effect 15:00- 20:00 Monday to Friday

VICTORIA STREET
E/W Green Arrow Min. 5.0

Ext. 3.0

Max. 6.0
E/W Amber Arrow 3.0
All Red 1.0
Green 42.0 Walk
Amber 4.0 FDW
All Red 2.0
BELMONT AVENUE
SBL Green Arrow 5.0
SBL Amber Arrow 3.0
All Red 1.0
Green 27.0 Walk
Amber 4.0 FDW
All Red 2.0
Total Cycle 100.0
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29.0
13.0

17.0
10.0



Intersection: WEBER STREET @ Parkside Drive
FIXED TIME operation

Time in effect 16:0018:00 Monday to Frida
WEBER STREET

Green 35.6 Walk 24.6
Amber 4.0 FDW 11.0
AllRed 2.0

Parkside Drive

Green 324 Walk 22.4
Amber 4.0 FDW 10.0
All Red 2.0
Total Cycle 80.0

126



Appendix C
Fitted Delay Envelop to AVL/APC Stop Events

Appendix C includes the recorded unschedstep events for each defined segment plotted
against the distance from the downstream intersestapiine The selected boundary line is
also fitted for each defined segment.
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King @ Conestoga Mall
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Homer Watson @ Manitou and Doon
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Northfield @ Parkside
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Hespeler @ Dunbar
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Hespeler and Water @ Coronation and
Dundas

140

100 -
® \.

80 - e |
o all stops
60 ° \ —o—boundary line

Delay (Sec)

40

20 -

60 80 100
Distance (m)

Through Movement

133



100

Delay (Sec)

Ottawa @ Homer Watson

o all stops

—o—boundary line

50

100 150 200

Distance (m)

Through Movement

134



140

Delay (Sec)

Hespeler @ Eagle and Pinebush

100

Distance (m)

o all stops

—o—boundary line

Left Turn

135



FISCHERALLMAN @ Thorndale
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Homer Watson @ Conestoga College
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Delay (Sec)

Homer Watson @ Manitou and Doon
Village, NB
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Fairway @ Wilson
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Delay (Sec)

Fairway @Fairview Park Mall
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VICTORIA @ Natchez
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PINEBUSH @ Conestoga Rd.
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Charles @ Ontario
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Delay (Sec)

WEBER @ Bridgeport
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WESTMOUNT @ Erb
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Appendix D
Visual Representation of the Recorded Stop Events
Appendix D includewisual representation of thecarded stop events on the nafeach

defined segmenGoogle Maps are used to visualize the intersections. The figures presented
in this appendix are produced using the GPS Visualizer website.gpsvisualizer.com
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