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SUMMARY

Transit Signal Priority (TSP) is an operationahttgy that can speed the movement
of in-service transit vehicles (typically bus, ltgiil, or streetcar) through traffic signals. By
reducing control delay at signalized intersectioffSP can improve schedule adherence and
travel time efficiency while minimizing impacts tmrmal traffic operations. These benefits
improve the quality of service thereby making itre@ttractive to choice riders. A TSP
system can also allow for fewer buses on the sauoeetd travel time reductions and
increased reliability, thus reducing transit op@atosts.

Much of the previous research on TSP has focusesigmal control strategies and
bus stop placement with little of it analyzing teHectiveness of the system using actual
data. This study aims to evaluate the effectiveinéshe system using a bus route corridor in
Portland, Oregon through real-time Automatic Vehicbcator data. Key measures that TSP
is promoted to improve are evaluated, includingveratime, schedule adherence and
variability. The TSP system on data was colledtedtwo weeks and is compared to an
adjacent two weeks of bus data with the TSP systened off such that there is no skewing
of data due to changes in traffic volumes or titamdership.

This research has shown, that on certain corritteese may be little to no benefit
towards TSP implementation and may possibly provsdene disbenefit. The direct
comparison for TSP on and off scenarios completedHis research yielded no significant
differences in reduction in travel time or scheda@therence performance. An additional
interesting result was that the standard deviatibthe results did not have any specific
tendencies with the TSP on or off. Based on tHiesings, recommendations are made to

increase the effectiveness of the system.
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CHAPTER 1

INTRODUCTION

Transit Signal Priority (TSP) is an operationahttgy that can speed the movement
of in-service transit vehicles (typically bus, ligfail, or streetcar) through traffic signals. It
is a tool being used extensively in other partghef world to make transit service more
reliable, faster, and more cost effective. [1] Bsducing control delay at signalized
intersections, TSP can improve schedule adherendetravel time efficiency. Another
benefit is that TSP enhances transit performandke wiinimizing impacts to normal traffic
operations, including cross-traffic and pedestriah® to the priority interaction with signal
timing plans [2].

Secondary benefits from TSP include that the im@doreliability and reduced travel
time from TSP implementation increases the qualityervice thereby making it competitive
with the automobile and more attractive to choidens. Another benefit is that fewer buses
are necessary on the same routes after TSP implatioendue to travel time reductions and
increased reliability, thus reducing transit op@@tosts. [3].

TSP is made up of four components. A detectistiesy (1) delivers vehicle data
including location, arrival time, and approach. isTsystem is commonly Global Positioning
System (GPS) based but can also be roadside datecibe detection system then requests
priority from the traffic control system through mmunicating with a priority request
generator (2). Priority control strategies (3) #wen used to process requests and decide how
to grant priority. Finally, there is TSP systemnagement software (4) that manages the

system, collects data, and generates reports. [1]



1.1 Study Overview

There has been a great deal of research in seread of TSP. Much of this research
has been focused on signal control strategies arsd shop placement with little of it
analyzing the effectiveness of the system usingahatata. This study aims to evaluate the
effectiveness of the system using a portion ofrthete 72 TriMet bus running down %2
Avenue in Portland, Oregon. Previous studies o Ti® Portland, Oregon have been
performed when the threshold for activating sigpabrity was 90 seconds late, that has
since been reduced to 30 seconds. The data isctadl using a GPS based Automatic
Vehicle Locator (AVL) system that is equipped orledus transmitting real time data to a
central control center. This AVL system allows-firet staff to actively manage the buses
and provide passenger information at key stopsutiitrout the Portland-metropolitan area
while also archiving data. [4]

This study evaluates the key measures that TSRomsoted to improve. These
measures include travel time, schedule adheremceyariability. The TSP system on data
was collected for two weeks and is compared todgacant two weeks of bus data with the
TSP system turned off such that there is no skewirtata due to changes in traffic volumes

or transit ridership.



1.2 Literature Review

The literature review in Chapter 2 of this repertlivided into two sections. The first
section discusses previous evaluations and studi®ortland’s TSP system. The second
section presents studies focusing primarily on b placement and travel speed and
schedule adherence evaluations as well as othaiestthat pertain to this research such as

traffic volumes and TSP interaction.

1.3 Field Data Collection and Processing

Chapter 3 focuses on the processes and methodoseglfor collecting data for this
project. It is divided into sections providing aébn the study corridor, field data collection
methods, and field data processing and qualityrobnfThe Field Data Collection section is
divided into information on the Automatic Vehicleotator system and the Conditional

Priority System.

1.4 Analysis and Findings

Chapter 4 of the report focuses on the analysis amtlusions drawn from the
collected field data on 82 Avenue. The data from the TSP on and off scesasi®
analyzed to determine whether there is any difiszem overall corridor average travel
speeds for with TSP on. Then, this chapter expldahe effect of TSP on the schedule

adherence.



1.5 Conclusions

Chapter 5 of this thesis presents conclusions fiteenanalysis and findings. It also
presents recommendations towards improving TSPopesdnce on this study corridor.
Finally, this chapter discusses limitations of tlesearch and provides future research

recommendations.

1.6 Appendices

The appendices include additional travel time atedule adherence figures that are
not included in the body of this report. Appendixncludes individual travel time data and

Appendix B contains individual schedule adherercats.



CHAPTER 2

LITERATURE REVIEW

The following chapter contains information gatherfedm the existing literature
concerning bus transit signal priority. This laire review is divided into sections
containing Portland, Oregon studies and other studocusing particularly on bus stop
placement and travel speed and schedule adhereak@tons as well as other studies that

pertain to this research such as traffic volumesE®P interaction.

2.1 Portland, Oregon TSP Evaluations

Several studies have evaluated Portland’s comditiotransit signal priority
implementation and are presented in this sectidihese studies take advantage of the
Automatic Vehicle Location (AVL) system on the beisgo obtain real-time data. At the
time of each of these evaluations, the threshalddétivating signal priority was 90 seconds
late, which has since been reduced to 30 secoiiduded below are summaries of the

major Portland TSP Studies.

2.1.1 Portland Signal Priority: TEA-21 Technical Report (2003)

The City of Portland, TriMet, the Oregon Departin@h Transportation, and a
consultant team led by Kittelson & Associates, pecformed a summary and evaluation of

Portland’s TSP system in 2002. [5] This summanimes the data collection and evaluation



of Portland’s TSP system for the TEA-21 Signal RtyoProject.

Bus performance was

evaluated for travel time, travel time variabilignd on-time performance based on AVL

data. Data was collected for eight weeks, fourksdeefore the TSP and then four weeks

with TSP turned on.

Table 2.1 summarizes the travel time analysispaodides a coefficient of variability

as a percentage of travel time. The outbound, BNb@ shows a significant improvement in

travel time.

Table 2.1 Bus Travel Time Summary (All Trips

[5]

TSP On TSP Off Differences
average average average
travel time | variability | travel time | variability | travel time |variability
Direction|peak (min) (%) (min) (%) (min) (%)
Outbound | AM 19.7 10.6 20.1 25.5 0.4 14.9
Outbound | PM 24.2 10.2 27.4 26.3 3.1 16.1
Inbound AM 22.7 8.6 23.1 10.8 0.5 2.2
Inbound PM 22.1 9.3 23.2 16.6 1.1 7.3

The data was then evaluated using only busesethi@red the corridor over 90

seconds late, which is late enough to be grantedityrthroughout their trip, and accounted

for approximately 40% of the trips studied. Thadalis presented in Table 2.2.

Table 2.2 Bus Travel Time Summary (Late Trips Only)[5]

TSP On TSP Off Differences
average average average
travel time | variability | travel time | variability | travel time | variability
Direction|peak (min) (%) (min) (%) (min) (%)
Outbound | AM 20.2 10.2 20.8 29.3 0.6 19.2
Outbound | PM 25.6 9.6 28.8 26.4 3.2 16.7
Inbound AM 22.8 7.3 23.3 10.1 0.4 2.8
Inbound PM 22.2 9.2 24.3 18.6 2.1 9.4




This analysis shows a travel time reduction of ®13.2 minutes with TSP turned on,

amounting to 8 — 11% of the total travel time ie M peak hour. The reduced variability

with TSP on, as shown in Table 22, results in imptbon-time performance and reliability.

The travel time distribution is presented in Fig@ré.
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The results of this study show that the AVL systenfPortland can reduce travel time and

improve schedule reliability by working in conjuigst with signal priority.

2.1.2 Byrne et al. (2005)

This study [4] focused on one intersection in Rod using hardware-in-the-loop

simulation to study the effects of signal priordly transit performance. The study focused



specifically on bus stop placement to address veneglgreen extension plan should be used
if there is passenger activity at a nearside stepur scenarios, nearside stops without TSP,
nearside stops with TSP, farside stops without E®B,farside stops with TSP, were studied
and also broken down further into green extensiored truncation plans. These scenarios
were evaluated using actual field conditions andoanbination of simulation software
(VISSIM) and a field signal controller at an actugkrsection in Portland.

The results of the travel time analysis are predidn Table 2.3. These results
demonstrate that TSP provides a travel time benefifarside stops with TSP, but may
reduce performance for nearside stops. Table @rhmrizes the researchers’ findings on
delay. The bus stop placement without TSP yieldsla results for average delay and
standard deviation. The authors hypothesize thatsimilar control delay may be related to
an adjacent queue preventing vehicle re-entry theo traffic stream. These results also
indicate that TSP provides a benefit to farsid@stout has the potential to negatively affect
bus delay at nearside stops. Furthermore, a casopanf the standard deviation is useful in
evaluating travel time variability. As seen in T@B.4, that authors note that implementation
of TSP at farside bus stops considerably reduaasdatd deviation and thus reduces that
potential for buses to fall behind schedule. ONgetlais research has demonstrated a 33%
reduction in signal delay when TSP is used at darstops and an increase in delay at
nearside stops.

Table 2.3Travel Times per Bus Simulation Results [4]

NearSide FarSide NearSide FarSide
without TSP without TSP with TSP with TSP
Average Bus 79.1 76.8 84.1 68.3

Travel Time (Sec.)




Table 2.4 Simulation Results for Delay per Bus [4]

NearSide FarSide
w/o TSP w/ TSP  Overall Delay w/o TSP w/ TSP Overall Delay
Bus Delay (s) Savings (s) Delay (s) Savings (s)
Average
(NB/SB) 27.6 325 +4.9 25.2 16.7 -8.5
Standard
Deviation 5.34 5.56 5.18 2.05

2.1.3 Kimpel et al. (2005)

A study [6] conducted by researchers at PortlatateSUniversity evaluated the
impacts of TSP on running time variability using Adata. The data was collected on six
TriMet bus routes in 2001-2002 with no TSP and 2R0@3 after TSP implementation.
During these data collection periods, the thresHoldactivating signal priority was 90
seconds late and has since been reduced to 30dsecohhe overall results showed a
negligible decrease from 33.2 to 33.1 minutes oamactual running time following TSP
implementation. Though two, outbound, PM routesagdd substantial reductions in running
time. For running time variation, 11 of the 24 lga®s segments showed a statistically
significant difference; four showing a decrease senen experiencing an increase following
TSP implementation. These mixed results in bufopmance did not find any “across-the-
board” benefits following TSP implementation. Haweg this study did not isolate the effect
of traffic and ridership growth from year to yeaChanges in peak periods, net increases in

ridership, and changes in running time variabitityother routes were not addressed.



2.2 Other TSP Research

This section focuses on non-Portland TSP reseaie focus of many of these
studies is on bus stop placement and travel spegdahedule adherence evaluations. Other
studies that pertain to this research such asidrafflumes and TSP interaction are also

highlighted.

2.2.1 Liao and Davis (2007)

This paper [7] studied adaptive signal priority éobus route in Minneapolis through
micro-simulation. As presented in Figure 2.2, thiesults indicate that a 12-15% reduction
in bus travel time during the AM peak period antt 1% reduction in travel time during the
PM peak periods are achievable through signal ipyiorThe authors believe that lower
reduction in travel time during the PM peak perisdiue to the bus stop locations. Their
study corridor consisted mainly of nearside bupstiat were blocked by longer queues in
the PM peak period. The intersection queues asgexd the bus to wait longer to find an
acceptable gap in order to rejoin the traffic. Tnerity request was beneficial however, in

that it helped clear the queue to provide servimkraduce the bus clearance time.
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2.2.2 Ngan, Sayed, and Abdelfatah (2004)

This research [8] studied signal priority on ti&Bline bus route in Vancouver, BC
using VISSIM micro-simulation software. The res#ars found that TSP is most effective
under moderate-to-heavy traffic conditions. Busfgrenance with TSP, as measured by
travel time, decreases as traffic volumes, thusoemering lower traffic delay. This is

demonstrated in Figure 2.3.
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The study also found an impact from bus stop lonabn bus performance. As
illustrated in Figure 2.4, a nearside bus stop eamsgher delay to the study corridor buses
than far side bus stops. This is due to a sigaifigortion of the green extension is wasted
during passenger loading and unloading. The asithote that it is possible to address some
of the nearside ineffectiveness through using deilaes if dwell time at a bus stop is

consistent or placing the call immediately dowrestneof the stop.
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FIGURE 2.5 shows the percentage increase in bay @el the study corridor when moving
bus stops from the farside to the nearside of gargaction.
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Figure 2.5 Nearside Bus Stop Impact on TSP Effectaness [8]
Finally, the authors also noted that removing digi@rdination from a corridor increases
the entire corridor delay, attributed to an inceeas the main street delay. Only minimal
improvements were found on the cross streets wi@oving coordination since green time

for the cross streets is maintained when there iESP call.
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2.2.3 Muthuswamy, McShane, and Daniel (2006)

This study [3] used simulation to study TSP ortualg corridor in Newark, NJ. IT
found that the benefits of TSP are not uniform glancorridor and that at cross streets with
heavy traffic volumes, TSP should be restricteduppressed to avoid excessive delays at

these cross streets.

2.2.4 Sacramento: Watt Avenue Transit Priority Evduation (2006)

This study [9] evaluated Watt Avenue in Sacrame@d, using AVL data. Data was
collected for one week in April 2004 for the thie=ak periods of traffic flow: AM, midday,
and PM. For comparison data some buses weretedtfiiSP transponders while others did
not. As shown in Table 2.5, this study found tet buses with TSP experienced between
14 and 71 seconds of travel time savings comparedet non-TSP buses traveling over the
same segment, a travel time decrease of 4%. Haesegs are relatively small however, as
the route travel time is approximately 40 minutdgavel time reliability was increased in

two out of the six time periods when compared to-m8P buses.
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Table 2.5 Travel Times for TSP and Non-TSP Buses,|l&Segments [9]

Travel Times (s&c)
Raoute TSP Avg Ent;j Count
ME, Weekday, Peak * TSP 2245 224 26
Mo TSP 2265 20 24
ME, Weekday, Off Peak | TSP 17ET 184 a4
Mo TSP 1856 175 41
ME, Weekend * TSP 1630 175 ]
Mo TSP 1678 168 26
5B, We=ekday, Peak * TSP 1854 188 26
Mo TSP 1817 158 25
5B, Wi=ekday, Off Peak * | TSP 1GBG 18 az
Mo TSP 170 187 45
5B, Wi=skend TSP 1576 143 42
Mo TSP 1637 1548 28
*Fiesults anz not statsbcally significant at the § percent confidence level

2.2.5 Virginia Tech Transit Signal Priority Evaluation (2006)

This report [10] studied a corridor in the Northevirginia area to evaluate the
benefits of basic green-extension TSP using fieltected GPS data. Results showed
overall travel time improvements of 3% to 6% andsanted in table 2.6. The study also
found that the TSP strategies reduced transit-leelmtersection delay by as much as 23%.
In addition, the field study found that TSP bersefitere maximized under moderate to low
levels of congestion. Bus stop location was atsdied in simulation and found that near-
side bus stops resulted in increased system-wildg/slef 2.85% over non-TSP operations,

while mid-block and far-side bus stops resultedatwork-wide savings of 1.62%.

15



Table 2.6 Detailed Travel Time Results [10]

TSP On TSP Off Benefit

NB Trips | AM Peak Average Travel Time 0:30:54 0:30:08 -2.54%
(6:30 AM - 9:30 AM) Number of Trip 18 18

Mid Peak Average Travel Time 0:30:47 0:31:48 3.20%
(11 AM -2 PM) Number of Trip 16 20

Non Peak Average Travel Time 0:25:36 0:27:15 6.07%
Number of Trip 34 41

SB Trips AM Peak Average Travel Time 0:26:45 0:28:23 3.75%
(6:30 AM - 9:30 AM) Number of Trip 23 28

Mid Peak Average Travel Time 0:29:47 0:29:08 -2.27%
(11 AM - 2 PM) Number of Trip 7 10

Non Peak Average Travel Time 0:25:22 0:26:28 4.17%
Number of Trip 19 22

2.2.6 98 B-Line Bus Rapid Transit Evaluation Study{2003)

This evaluation [11] studied the 98 B-Line, an apymately 8 mile bus corridor

from the Airport to Downtown Vancouver, BC. Dataswcollected from buses with AVL

systems and an active TSP system and compareddotyenanually collected data prior to

TSP implementation. The results found only smidiéences in bus travel time in the

before and after data as presented in Table 20fveMer, the results suggest that the TSP

system has made travel times less variable, asurezghby the standard deviation, by 40 —

50%.
Table 2.7 Travel Time Statistics, Airport Station —West Hastings Street [11]
Northbound Southbound
AM Peak Mid-day PM Peak AM Peak Mid-day PM Peak
(6:30-9:00) (9:00-15:00) (15:00-18:00) (6:30-9:00) (9:00-15:00) (15:00-18:00)
Before
Average (minutes) 26.3 28.6 27.9 29.1 30.9 36.8
Standard Deviation 36 38 23 3.3 5.1 3.8
Sample Size 5 9 10 7 10 6
After
Average (minutes) 273 285 284 305 325 34.2
Standard Deviation 1.9 23 24 2.0 2.6 26
Sample Size 8 6l 27 104 219 151
F-test value 0.13 0.02 0.97 0.04 0.00 0.15
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Schedule adherence data with and without TSP wapared to determine the impact of
TSP on service reliability. In the Downtown Vangeusection, the variability of schedule
adherence has decreased with TSP throughout thie dlae southbound direction and during
the mid-day in the northbound direction, demonstgathe improved performance from TSP

on this corridor. The schedule adherence reaudtpresented in Table 2.8.

Table 2.8 Schedule Adherence Statistics Downtown YWeouver Section [11]

Northbound Southbound

AM Peak Mid-day PM Peak AM Peak Mid-day PM Peak

(6:00-9:00) | (9:00-15:00) | (15:00-18:00) | (6:00-9:00) | (9:00-15:00) | (15:00-18:00)
Before
Average (minutes) -1.2 -0.9 -1.3 34 39 4.6
Standard Deviation 2.7 4.5 26 3.6 3.1 4.4
Sample Size 31 118 59 59 127 8l
After
Average (minutes) 0.0 1.7 1.6 0.1 I.1 0.8
Standard Deviation 25 2.6 25 2.1 27 2.6
Sample Size 322 623 409 330 720 44|
F-test value 0.47 0.00 0.60 0.00 0.06 0.00

2.2.7 Garrow and Machemehl (1997)

This study [12] investigated TSP using CORSIM mishmulation to study the effect
of TSP on the surrounding traffic environment. W{Heund that signal priority is often
justified during non-peak periods but that there severe negative impacts on the cross-
street traffic during peak periods--specificallythe cross-street saturation level is above 1.0
with a 10-second green extension or above 0.9 av?l-second green extension. Therefore,

the authors suggest that TSP is only justifiedrdupeak periods when the level of transit
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usage is high. The results are shown in Table Zigs is relevant to the 82Avenue study
corridor as it has several intersections with highime east-west arterials connecting to
Downtown Portland.

Table 2.9 Negative Impacts Accruing on Cross-StregtDue to Signal Priority (Assumed
Bus Headway = 10 minutes) [12]

Cross Street Saturation Green Extension = 10 sec| r&en Extension = 20 sec
Saturation Level = 0.8 Minimal Moderate
Saturation Level = 0.9 Moderate Significant
Saturation Level = 1.0 Significant Significant

2.3 Literature Review Summary

This chapter identified several studies relatinghe effectiveness of transit signal
priority. This review of the relevant research used on travel speed and schedule
adherence as measures of effectiveness of thessamsys The results of this review found
mixed results on the benefits of TSP investmenhe YVancouver studies and Minneapolis
study are among cities that have found a greatfibendravel time and, more importantly,
schedule reliability. Portland studies have fonmged results with signal priority, however
no evaluation of the system has been performec shee signal priority threshold has been
reduced to 30 seconds. Other cities, such as i8aata, have not found as a great a benefit
after TSP implementation. One reason for this ceduperformance can be linked to bus
stop placement; the literature overwhelmingly supgpdarside bus stop placement over
nearside placement. This is due to several reasoost importantly that uneven dwell times
at stops as well as queues not allowing buses bdokthe traffic stream. Finally, the
Garrow and Muthuswamy studies both found greatettishts of TSP at intersections with

high volume roadways.
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CHAPTER 3

FIELD DATA COLLECTION AND PROCESSING

The data collection portion of this evaluationkgiace on a two mile corridor of the
Number 72 bus route traveling along NE/SE 82nd Aeeim Portland, Oregon. The data
collection occurred over two, two-week periods uyJand August, 2007 during which there
were no significant events or holidays.

This chapter will focus on the processes and nuetlogy used for collecting data for
this project. It is divided into sections coveritigg Study Corridor, Field Data Collection,
Field Data Processing and Quality Control. ThedHzata Collection section is divided into

information on the Automatic Vehicle Locator systand the Conditional Priority System.

3.1 Study Corridor

The study corridor of NE/SE 82Avenue, also designated as State Highway 213,
was chosen due to the high bus ridership and iitstion as a major north/south arterial. Bus
route 72 has the highest bus ridership in TriMsystem [13] and 89 Avenue has an AADT
of approximately 29,000 in 2007. [14] Thereforkistcorridor provides a characteristic
representation of TriMet’s bus routes within theéy@if Portland. As demonstrated in Figure
3.1, the 2 mile corridor length includes 16 nortinbed and 16 southbound bus stops and 9
signalized intersections. The corridor is boundhi® north by NE Hassolo Street, just south
of a transfer station with TriMet’s Blue and Red MAight rail lines, and to the south by SE

Woodward Street.
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3.1.1 Corridor Conditions

This corridor is a major arterial serving sevedaveloping neighborhoods and
business districts. The roadway section is 60vieeé curb to curb consisting of two travel
lanes in each direction and a continuous center lame. Narrow sidewalks exist on both
sides that are typically six feet wide and impedeth signs and utility poles. The speed
limit is posted at 35 miles-per-hour. Generalhg tlevelopment patterns along this corridor

are auto-centric with large set-backs and non-shdiigeways.

Figure 3.2 NE 839 Avenue in Portland, Oregon[photo: Jonathan Maus, BikePortland.org]

This route has a large pedestrian population dumany senior housing facilities and
a large lower income population, contributing teeay high public transit use. The corridor
is also a location for many destinations as weltrassfer points to all east-west bus lines

running downtown. [13]
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3.2 Field Data Collection

The field data was recorded during two, two-wasgletperiods, one with the TSP on
and the other with the TSP turned off. These periwére July 22 — August 4, 2007 and
August 12 — August 25, 2007, for the TSP on and refpectively. The data collection
periods each began on a Saturday and ended ondaysand had no scheduled significant
events or holidays. Real time data of the busetheg moved through the corridor was
collected through Global Positioning System (GP8abded busses that monitored the

vehicle location and transmitted this informatiomehessly to the transit control center.

3.2.1 Automatic Vehicle Location System

TriMet implements TSP through the transit systeratgomatic vehicle location
(AVL) system. This AVL system, installed on alldas in the fleet, monitors and controls
bus operations through on-board GPS receivers saodrninected to a Bus Dispatch System
(BDS). The BDS is connected to an on-board conmmpco@taining the bus’s route and
schedule information allowing to bus to determiokesiule status on a real-time basis. With
this system, the buses send time-stamped vehiclidém coordinates in real time to the
transit control center. This data is archived als® enhances the transit quality of service by
providing riders accurate information about busvatrtimes at stops. Travel time and
average travel speed between stops as well azthele/s schedule status (whether it is late,
on time, or early) according to that vehicle’s stille can also be calculated from the time-
stamped location information from the buses. [Ratawell time, which doors opened, and
the number of passengers entering and exiting tisesare also collected and transmitted

with the location information. [4]
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3.2.2 Conditional Priority System

The AVL system permits “smart” buses that are ableselectively request signal
priority. TriMet has implemented TSP using coratidl priority that is dependent on the
status of the bus with respect to its schedule iimdrtain other criteria are met. These

criteria include the following and are summarizedrigure 3.3:
* The bus is within the City of Portland. Signaldside of the City boundary are not
connected to the system.
* The bus is in route and in service.

* The bus is ready to proceed along the route. iShigtermined by whether the doors
are open or closed.

* The bus is 30 seconds or more behind schedule.
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Is the bus in service
within the City of No
Portland ?
Yes ¢
Is the bus on its
proper route? No
Yes ¢
Are the bus doors
closed? No
Yes ¢
Is the emitter
already on?
r Yes —— No j
Is the bus Is the bus
ahead of more than
schedule? 30 seconds
(i.e. on time) behind
schedule?
—— Yes —— No Yes — No

Activate the
Emitter

Figure 3.3 Decision Framework for Emitter Activation [4]
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If these conditions are all satisfied, the bus wadtivate the Opticon infrared emitter
to request priority. The City of Portland uses Widdicrosystems Software as their traffic
signal software which provides a range of priorggtions. Priority can include red
truncation, green extension, or a combination @ tlvo. Figure 3.4 shows the priority

strategy decision framework as implemented by throller software.

Is a call received by
the traffic signal?

Green status of
signal for the bus?

¢—Yes — No j

Green Extension* Red Truncation

* Green extension may include combination of red truncation for the next cycle

Figure 3.4 Decision Framework for TSP Strategy to Eploy [4]
The particular priority strategy is determined blyen in the signal cycle the priority request
is received. Priority is implemented while keepthg corridor in coordination by adjusting
forceoffs and modifying coordination timing plangl] Figure 3.5 presents a graphical

representation of the general signal priority cquce
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RED TRUNCATION
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Figure 3.5 General Signal Priorty Concept [15]

3.3 Field Data Processing and Quality Control
3.3.1 Data Processing

The raw data was received as two separate dataosetgor TSP on period and one for
the TSP off period. Each data set has over 43%@f@rate entries associated with a specific
segment and time.

These entries contain 45 dtdgbincluding time, date, direction,

location, schedule, passenger load, dwell timer dpenings, peak periods, trip number, and
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speed information. This information was broughoiMicrosoft Access and Excel 2003 for
analysis.

Queries in Access grouped information for spectilme periods by both the
northbound and southbound directions. These tiem®gs include the AM peak, PM peak,
non-peak, and full day for weekdays, weekends, thedentire study period. Using this
query feature in Access, the grouped data wasdudhalyzed for corridor travel time and

schedule adherence. The query results were thgortex into Excel for statistical analysis.

3.3.2 Quality Control

Quality Control of the data performed on the dedts for the total time periods by
direction and TSP status. Travel time data watedan Excel by average vehicle speed and
each value was associated with a percentile andluevof the data set. The speeds were
then examined and any average travel speed grbaie40 mph was removed. Where the
TSP was turned off, these values all had a Z-vgheater than 3.0 and accordingly, all the
data points greater than 3.0 for the slow travekds were also removed. The data for the
TSP on scenarios had no Z-values greater tharb@tGhe high travel speeds accounted for
approximately 0.5% of the data set. Thereforer@pmately 0.5% was taken out of the
slow travel speeds as well. These outliers ardated to GPS malfunction and as Table 3.1
shows, the amount of outliers removed accounteddanore than 1.1% of any data set. The
columns labeled border values are the neareseowtilues to the kept data points and the
max value is the highest or lowest outlier valueable 3.2 shows the change in standard

deviation with little change in the mean.
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Table 3.1 Travel Time Outlier Determination

Border Value Max Value
Direction TSP Speed (mph) Z-Value Percentile Speed (mph)
NB OFF 60.6 3.51 0.4% 1786.4
7.5 3.88 99.7% 3.7
Total Percentile 0.7%
SB OFF 57.3 3.24 0.1% 174.7
7.7 3.07 99.0% 35
Total Percentile 1.1%
NB ON 40.6 1.65 0.5% 210.2
7.8 1.78 99.6% 1.2
Total Percentile 0.9%
SB ON 41.2 1.82 0.6% 203.8
7.4 211 99.6% 1.1
Total Percentile 1.0%

Table 3.2 Statistical Comparison of Travel Time Da Set With and Without Outliers

Direction TSP Mean Std. Dev.
NB OFF With Outliers 514.8 113.2
Outliers Removed 514.9 98.2
SB OFF With Outliers 554.4 130.4
Outliers Removed 549.8 112.1
NB ON With Outliers 529.4 214.8
Outliers Removed 523.2 99.0
SB ON With Outliers 556.3 208.2
Outliers Removed 553.3 113.1

These outliers found in the travel time scenawese associated and removed from
the schedule adherence data sets as well. Asedtih Table 3.3, the removal of the outliers
had little effect on mean.

Table 3.3Statistical comparison of schedule adherence datatswith and without

outliers
Direction TSP Mean Std. Dev.
NB OFF With Outliers -7.8 78.5
Outliers Removed -8.3 77.7
SB OFF With Outliers -40.5 100.5
Outliers Removed -43.1 96.3
NB ON With Outliers -1.7 80.8
Outliers Removed -2.2 79.1
SB ON With Outliers -41.9 97.8

Outliers Removed -41.6 97.5
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CHAPTER 4

ANALYSIS AND FINDINGS

This chapter discusses the analysis of the cellefield data on 82 Avenue. As
detailed in Chapter 3, the dataset contains ovedOd3data points for route segments for
each the TSP on and TSP off scenarios. First, &éte were analyzed to determine whether
there is any difference in overall corridor averageel speeds for the with TSP on. Then,

this chapter explores the effect of TSP on the daleeadherence.

4.1 Travel Time

It is expected that signal priority will yield l@x average travel times for buses along
a route than conventional signal systems. Avelagetravel time through the study corridor
in both the northbound and southbound directiorsalsulated for the total study period as
well as by service day and time of day from the A¥4ta. Two descriptive statistics, the
mean and standard deviation, are examined to deterbus performance. The mean of a
lower travel time indicates a higher average trapded. Lower standard deviation is an

indication of service reliability as the buses &taand thus arrive, at a more consistent rate.

4.1.1 Northbound Travel Times

The means and standard deviations for selectedperieds are shown and compared
between the two TSP scenarios in Table 4.1. Sagmite in the difference of means was

determined through a two-tailed t-test with a 958nfmence interval.
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Table 4.1Travel Time Comparison: Northbound

TSP
OFF ON SIGNIFICANT?

Total Study Period ~ Mean(s) ~ 514.9 5232 NO
Std Dev 98.2 99.0

Weekday AM Peak Mean (s) 480.0  490.4 NO
Std Dev 63.1 79.2

Weekday PM Peak ~ Mean(s) 6228 6518 NO
Std Dev 87.6 94.2

Weekday Non-Peak Mean (s) 507.3 513.2 NO
Std Dev 93.7 89.7

Weekend Mean (s) 502.9  507.0 NO
Std Dev 96.5 91.3

As presented in Table ##, while the results shaewaer travel time with the TSP

turned off for each time period, none of theseeddhces were significant. This is an

unexpected result, as signal priority is desigreedpeed the movement of transit vehicles

through the corridor. In addition, the TSP app¢arsave an adverse effect on reliability as

the standard deviations are lower with the TSPedroff during the total and peak travel

periods.

The following Figures 4.2-4.5 highlight the travéine differences with the TSP

turned on and off with the full range of observasiauring the principal time periods. These

observations have been organized by travel tinease in direct comparison.
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Consistent with findings of a lack of significatifference between the means, these
figures show a similar relationship and distribntio There are only slight differences
between the two data sets which include a sligiytbater range of travel times with the TSP
turned on and the TSP on data points typicallydiaihtly above the TSP data points.

Figures of additional time periods and individaeénarios are presented in Appendix

4.1.2 Southbound Travel Times

The means and standard deviations for selectedpérieds are shown and compared
between the two TSP scenarios in Table 4.2. Sagmite in the difference of means was

determined through a two-tailed t-test with a 958nfcence interval.
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Table 4.2 Travel Time Comparison: Southbound

TSP
OFF ON SIGNIFICANT?
Total Study Period ~ Mean(s) ~ 549.8  553.3 NO
Std Dev 112.1 113.1
Weekday AM Peak ~ Mean (s)  489.4 4771 NO
Std Dev 699 852
Weekday PM peak  Mean(s)  597.1 ~ 630.2 NO
Std Dev 104.7 95.8
Weekday Non-Peak Mean (s) 556.8  560.8 NO
StdDev  112.0 1112
Mean (s) 526.7 524.5 NO

Weekend
Std Dev 112.0 111.9

As presented in Table ##, while the results shdemer travel time in most periods
with the TSP turned off, none of these differenaese significant. Again, this result is
unexpected. Unlike in the northbound direction hesvethe standard deviation is lower in
the TSP on scenario is most cases. Although ddahiegritical AM peak period and the total
study period, the standard deviation was lowehm TSP off scenarios. Therefore, while
the results are not as consistent, the TSP spikars to have an adverse effect on reliability
in several periods.

The following Figures 4.6-4.10 highlight the traiene differences with the TSP
turned on and off with the full range of observasiauring the principal time periods. These

observations have been organized by travel tinease in direct comparison.
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Consistent with findings of a lack of significashfference between the means, these
figures show a similar relationship and distribatio There are only slight differences
between the two data sets which include a sligitthater range of travel times with the TSP
turned on and the TSP on data points typicallydiaihtly above the TSP data points.

Figures of additional time periods and individuegisarios are presented in Appendix

4.2 Schedule Adherence

One of the benefits of signal priority is thathés been found to increase schedule
adherence and thus make transit more appealindghdwee riders. In this study schedule

adherence was evaluated on th&?8®/enue study corridor through an analysis of theLA
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data. This was performed through subtracting #esds that the bus is behind schedule
when entering the corridor by the seconds thabtieis behind schedule when leaving the
corridor. This value is the amount of time that thus is gaining in the corridor to minimize
schedule delays. Buses ahead of schedule is f@ewioan buses behind schedule but, as the
AVL data does not provide information about whea émitter is on or off, all data sets were
evaluated. To offset this unknown information, theults also examine the frequency of a
bus entering the corridor behind schedule beconahgad of schedule. Buses were
considered behind schedule when they entered thre&l@o more than 30 seconds behind
schedule as this is the time that the emitternse on. When exiting the corridor, ahead of
schedule is considered any time before the scheéditgp. The same time periods as the

travel time analysis are highlighted in this sattio

4.2.1 Northbound Schedule Adherence

The means and standard deviations for selectedperieds are shown and compared
between the two TSP scenarios in Table 4.3; a ivegatimber signifies the bus making up
time in the corridor, with respect to the schedukignificance in the difference of means

was determined through a two-tailed t-test wittb&3confidence interval.
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Table 4.3 Increase in Late Arrival Comparison: Norhbound

TSP
OFF ON SIGNIFICANT?
Total Study Period Mean (s) -8.3 2.2 NO
Std Dev 77.7 79.1
Weekday AM Peak Mean (s)  -2.2 111 NO
Std Dev 60.2 63.0
Weekday PM Peak ~ Mean (s) -7.8 18.1 NO
Std Dev 79.1 90.3
Weekday Non-Peak Mean (s) -13.3 -10.8 NO
StdDev 786 773
Mean (s) 2.5 6.7 NO

Weekend
Std Dev 79.7 80.6

As presented in Table 4.3, the results show anawgment in schedule difference
with the TSP turned off for each time period, hoarewione of these differences were
significant. As with travel time, this result imexpected, as conditional signal priority is
designed to improve schedule adherence.

The goal of improving the late arrival rates is &i@al only until the scheduled
arrival time, after which it becomes unfavorable aeduced the quality of service. With the
conditional TSP system, the emitter turns off otieebus reaches its schedule arrival. Table
4.4 attempts to isolate the buses which had théteman through the corridor, taking into
account that the conditional priority system onfg\pdes priority once buses are at least 30
seconds behind schedule. The TSP off scenariolasiyniisolates these values for

comparison. The bolded values indicate greatdopeance.
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As highlighted in Table 4.4, in all but the PM pegadeiod, the TSP on scenario had a
greater percentage of buses entering the studidooitsehind schedule. However, the TSP
on scenario recovered better in the total, AM peakgd non-peak periods as a lower
percentage of buses that entered the corridorgateahead of schedule by the time they
exited the corridor.

The following Figures 4.11-4.15 highlight the schikedadherence changes through
the corridor with the TSP turned on and off witle tlull range of observations during the
principal time periods. These observations hawenhbaganized by travel time to ease in

direct comparison.
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Figure 4.11 Comparison of Increase in Late Arrivalto Schedule Through Corridor
Northbound: Total Study Period
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Consistent with the findings of a lack of signéfit difference between the means,
these figures show a similar relationship and hgtron. There are only slight differences
between the two data sets including a slightly gree@nge of schedule difference times with
the TSP turned on and the TSP on data points typital slightly above the TSP data
points, indicating less recovery from delayed vigsic

Figures of additional time periods and individaeénarios are presented in Appendix

4.2.2 Southbound Schedule Adherence

The means and standard deviations for selectedpérieds are shown and compared
between the two TSP scenarios in Table 4.5; a ivegatimber signifies the bus making up
time in the corridor, with respect to the scheduiignificance in the difference of means
was determined through a two-tailed t-test wittb&3confidence interval.

Table 4.5 Increase in Late Arrival Comparison: Southtbound

TSP
OFF ON SIGNIFICANT?

Total Study Period  ™Mean(s) ~ -43.1 -41.6 NO
Std Dev 96.3 97.5

Weekday AM Peak ~ Mean (s) 15.7 10.1 NO
Std Dev 58.4 74.4

Weekday PM Peak Mean (s) -49.9 -20.2 NO
Std Dev 98.0 88.0

Weekday Non-Peak Mean (s) -40.6 -38.8 NO
Std Dev 92.2 93.5

Weekend Mean (s)  -58.3 -63.4 NO
Std Dev 107.9 108.5

As presented in Table 4.5, the results show migsdlts in schedule difference with

the TSP turned off and on for each time periodugfionone of the differences are found to
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be significant. As with travel time, this resiudtunexpected, as conditional signal priority is
designed to improve schedule adherence.

The goal of improving the late arrival rates is &fal only until the scheduled
arrival time, after which it becomes unfavorable aeduced the quality of service. With the
conditional TSP system, the emitter turns off otieebus reaches its schedule arrival. Table
4.6 attempts to isolate the buses which had thétemnan through the corridor, taking into
account that the conditional priority system onig\ypdes priority once buses are at least 30
seconds behind schedule. The TSP off scenariolasiyiisolates these values for

comparison. The bolded values indicate greatdopeance.
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As highlighted in Table 4.6, in all but the weekdagn-peak period, the TSP on
scenario had a greater percentage of buses entaargjudy corridor behind schedule. The
TSP on scenario also recovered worse in all buPt¥eyeak period as a higher percentage of
buses that entered the corridor late got aheadnafduile by the time they exited the corridor.

The following Figures 4.16-4.20 highlight the sdbhle adherence changes through
the corridor with the TSP turned on and off witle tlull range of observations during the
principal time periods. These observations hawenhbaganized by travel time to ease in

direct comparison.
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Figure 4.16 Comparison of Increase in Late Arrivalto Schedule Through Corridor
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Figure 4.17 Comparison of Increase in Late Arrivalto Schedule Through Corridor
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Consistent with the findings of a lack of signéfit difference between the means,
these figures show a similar relationship and itistion.

Figures of additional time periods and individaeénarios are presented in Appendix

4.3 Summary of Analysis and Findings

Chapter 4 of this report focused on the analysdfandings of the data collection of
this report. It was found that TSP provides nmiigant difference in travel times on this
corridor. It does however decrease reliability doea higher standard deviation in travel
times in both directions. It was also found thedre is no significant difference in schedule
adherence with TSP on this corridor. Additionallyere were mixed results for schedule

recovery with no clear benefit of TSP.
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CHAPTER 5

CONCLUSIONS

Transit signal priority is often regarded as dedfve way to increase the quality and
transit service through gains in travel speed amte importantly, schedule reliability. This
reliability leads to an increase in choice ridand also has the advantage of more consistent
recovery times at the end of routes, reducing timaber of buses needed to service a route.
This research has shown however, that on certandoes there may be little to no benefit
towards TSP implementation and may possibly progoi@e disbenefit. These benefits of
transit signal priority were studied as the averdmyes operating speed and schedule
adherence on the. The direct comparison for TSRmmhoff scenarios completed for this
research yielded no significant differences in odigun in travel time or schedule adherence
performance. An additional interesting result izt the standard deviation of the results
did not have any specific tendencies with the T®Poo off. It was expected that the
standard deviation would be consistently lower witle TSP on, indicating improved
schedule reliability. Chapter 5 of this report Iwibcus on conclusions drawn from the

research of this Portland bus corridor and improsetsithat could be made.

5.1 Bus Stop Placement

The literature review for this study highlightsetimpact of bus stop placement at
intersections on TSP. An examination of the stadsridor reveals that out of all the bus

stops 44% occur at the nearside of a signalizesgtsattion and 13% at the farside in the
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northbound direction. In the southbound direct&i® of all bus stops are placed on the
nearside of signalized intersections and 19% oraiside. These placements are detailed in
Tables 5.1 and 5.2 and Figure 5.1.

Table 5.1 Bus Stop Positions — Northbound

Direction: NB Length: 10480 ft
Stop Location Stop ID Block Position Signalized?
SE 82nd & Woodward 8061 Near-Side Yes
SE 82nd & Clinton 7947 Near-Side No
SE 82nd & Division 7957 Near-Side Yes
2200 Block SE 82nd 7922 Mid-Block N/A
SE 82nd & Mill 8007 Near-Side Yes
SE 82nd & Hawthorne 7979 Near-Side No
SE 82nd & Salmon 8037 Far-Side No
SE 82nd & Yamhill 8065 Near-Side Yes
SE 82nd & Washington 7928 Near-Side Yes
SE 82nd & Stark 8047 Far-Side Yes
SE 82nd & Ash 7930 Near-Side No
SE 82nd & E Burnside 7936 Near-Side Yes
NE 82nd & Davis 7955 Near-Side Yes
NE 82nd & Glisan 7972 Far-Side Yes
NE 82nd & Oregon 8014 Mid-Block N/A
NE 82nd & Holladay 7987 Mid-Block N/A
% Nearside Stops: 63%

% Nearside Stops & Signalized: 44%

% Farside Stops: 19%

% Farside Stops & Signalized: 13%
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Table 5.2Bus Stop Positions — Southbound

Direction: SB Length: 10860 ft
Stop Location Stop ID Intersection Position Signalized?
NE 82nd & Hassalo 7978 Mid-Block N/A
NE 82nd & Pacific 7932 Mid-Block N/A
NE 82nd & Glisan 7973 Near-Side Yes
NE 82nd & Davis 7956 Near-Side Yes
NE 82nd & E Burnside 7937 Near-Side Yes
SE 82nd & Ash 7931 Far-Side No
SE 82nd & Stark 8048 Near-Side Yes
SE 82nd & Alder 7929 Near-Side No
SE 82nd & Yamhill 8066 Far-Side Yes
SE 82nd & Main 8004 Near-Side No
SE 82nd & Hawthorne 7980 Near-Side No
SE 82nd & Mill 8008 Far-Side Yes
2200 Block SE 82nd 7923 Mid-Block N/A
SE 82nd & Division 7958 Near-Side Yes
SE 82nd & Clinton 7948 Near-Side No
SE 82nd & Woodward 8062 Far-Side Yes
% Nearside Stops: 56%
% Nearside Stops & Signalized: 31%
% Farside Stops: 25%
% Farside Stops & Signalized: 19%
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Figure 5.1 Percentage of Bus Stops that are Locaté¢karside of a Signalized

Intersection
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To account for potential changes in rider proftlee percentage of stops the buses
made was compared between scenarios. It is fcuatdfdr the total study period the buses
stopped at 41% of the total stops with the TSPaatf 43% of the stops with the TSP on in
both the northbound and southbound directions. s@h&op percentages, as well as the
percentages for other time periods shown in Figsgs and 5.3, represent negligible

differences that would not account for much chandeus performance.
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Figure 5.2 Bus Stop Percentage - Northbound
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Figure 5.3 Bus Stop Percentage - Southbound

Relocation of the nearside stops would likely @ase the effectiveness of the TSP
system. However, relocation may not be a feasipkon for many of the locations since
they serve as transfer stops for east/west bugsouthese transfer stops are placed on the
same corner, such that the other route is on tisgdfg so that passenger amenities can be
combined and that riders do not have to crosstteets Therefore, other improvements must
be made to the system to improve the effectiven&sgse improvements should be made to
the TSP algorithm to make decisions to not placallaat particular stops or to know when a
call has been received and will no longer be usé&dprovements to the TSP system to
mitigate such bus stop placement problems inclbdéddllowing:

* Integrating the on-board stop request with thergyigequest relay to eliminate the

portion of ineffective plans occurring from passenalighting. [5]
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* To eliminate the ineffective plans that occur frggassenger boarding, passenger
detection at stops could be installed. This ise&pensive proposal however, that
would not be effective in all cases. [5]

* Eliminate extension plans at intersections withrsiela stops. [5]

» Eliminate extension plans at nearside stops witih hstop frequency through

examining AVL data that includes passenger counts.

5.2 Traffic Signal Timing and Cross-Street TrafficConsiderations

Another explanation for the lack of TSP effectigss on this corridor is delay from
the cross-streets with high traffic volumes. Th®-mile corridor is intersected by three
east/west arterials (NE Glisan Street, SE Stae®8E Washington Street, and SE Division
Street) running between 1-285 and Downtown.

As Garrow [12] has shown, during peak periods &R cause severe negative
impacts on cross-street traffic, particularly witlgh saturation levels. These impacts are
mitigated on intersecting arterials by adjusting #ffective green ratio, g/C, to improve
traffic flow. The g/C ratio is then lower on th&ugy corridor to accommodate the high
traffic volumes on the cross-streets. The miningmneen times on the cross-streets are also
increased and thus reduce the amount of time hiegbriority call is able to “steal.” The high
pedestrian volume on &2Avenue, which contributes to the high bus ridgrshiso creates
limitations in signal timing as pedestrian callcwcfrequently. Table 5.3, identifies these

limitations in signal timing that likely contribute the unexpected performance.
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Table 5.3 Traffic Signal Timing Considerations forSignal Priority [5]

Parameter Limitation Comment
. Lack of pedestrian detection (push button®resence of pedestrian detection increases the
Pedestrian ) . ; : . . ;
Detection for actuation) requires the opposing potential responsiveness of the intersection to

pedestrian phase to time every cycle serve transit
Pedestrian detection reduces the need to recall
pedestrian phases each cycle, thereby improving
the responsiveness to transit

Phase skipping is not allowed in the State
Multi-phase  of Oregon, thus minimum vehicle times Additional phases at intersections increase the
intersections and clearance times must be considered amount of required time for service
for all phases (Legislative limitation)
Low cycle lengths reduce the flexibility of The tradeoff between flexibility and efficiency at
the engineer to extend the timing providedhe intersections has been consistently discussed,
to the bus, although may provide better lower cycle length typically improves bus
responsiveness overall operations

Pedestrian Time for Flashing Don’t Walk can not be
Timing reduced in any case

Cycle lengths

5.3 Limitations of This Research

There were certain limitations with the researddverall, the data set included a
tremendous amount of useful data that was welledortThere are a couple of additional
attributes that should be added to the data setuftmer analysis. First, the data did not
include the TSP emitter status. This would be faélpo isolate the effect of TSP
performance through comparing it to bus runs winenemmitter did not turn on. Bus driver
information is another attribute that should beluded in the data set. This information
would allow for the analysis to account for drivaendencies.

Another limitation of the research was the comritemgth. A longer study corridor
would provide more accurate data for a bus roukhkis is because the longer travel times

would make the results less sensitive to variablelidimes and other delays.
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5.4 Future Research Recommendations

There are several topics that future research dhstidy. The first would be the
study the effect of the arterial cross-streets.esehstreets have high vehicular volumes and
bus routes that are also running TSP. How thegraist and impact each other needs further
study. Another area of focus is to study the efégeliminating extension plans at nearside
bus stops with frequent stops. This could be dbneugh microsimulation of the corridor
using the bus stop rates in the AVL data. In lwdtthese proposed studies, a longer corridor

length should be used that encompasses more nmgaaks and bus stops.
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APPENDIX A
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Figure A.2 Northbound Vehicle Travel Times, WeekdayAM Peak Period, TSP OFF
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Figure A.7 Northbound Vehicle Travel Times, PM PeakPeriod, TSP OFF
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APPENDIX B
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Figure B.5 Increase in Late Arrival to Schedule Though Corridor
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Figure B.6 Increase in Late Arrival to Schedule Though Corridor
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Figure B.10 Increase in Late Arrival to Schedule Though Corridor
Northbound: Weekend, Non-Peak Period, TSP OFF
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Figure B.11 Increase in Late Arrival to Schedule Though Corridor
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Figure B.14 Increase in Late Arrival to Schedule Though Corridor
Northbound: Total Study Period, Non-Period, TSP OFF

89




Increase in Late Arrival to Schedule Through Corridor:
OFF_Dirl_TimeDifference Total-PM

400 +

300 4
@ 200 | . ¢
g ¢ o
‘= 100 + P * Delav |
z ° o Delay Increase
P - N A * Lo M
A S T A Ve
-
Z o o‘o . ’:0 - 0:’ ~ . - ——-1 Std Dev
= £ -~ % T v T e M +1 Std Dev
@ -100 - ”"0~’ 0“ ® * . o
3 ¢ * e . L . .
S 200 ¢ * ., . ¢ .2 .
= -

< *
-300 . .
-400 T T T T T
0 20 40 60 80 100

Observations
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Figure B.16 Increase in Late Arrival to Schedule Though Corridor
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Figure B.18 Increase in Late Arrival to Schedule Though Corridor
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Figure B.19 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekday, PM Peak Period, TSP OFF

Increase in Late Arrival to Schedule Through Corridor:
OFF_Dirl_TimeDifference Weekend

400 +
300 + *

2004

100 ‘e « Delay Increase

+ o
> 3
Pe . o o 4% %
M "th PRCX 3 TR ——Mean
o IR RN 0«00,‘?0 o, “’Q’ . “‘
N IR I &N 00‘ N o # * o0’ $ e ——-1 Std Dev
o ¥ o®

-100 4 t& +1 Std Dev

-200 - I 4

Increase in Late Arrival (s)
o
74
.

-300 - s,

-400 ‘ \ \ T T
0 50 100 150 200 250

Observations

Figure B.20 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, TSP OFF
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Figure B.21 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, AM Peak Period, TSP OFF
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Figure B.22 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, Non-Peak Period, TSP OFF
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Figure B.23 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, PM Peak Period, TSP OFF
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Figure B.24 Increase in Late Arrival to Schedule Though Corridor
Southbound: Total Study Period, TSP OFF
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Figure B.25 Increase in Late Arrival to Schedule Though Corridor
Southbound: Total Study Period, AM Peak Period, TSFOFF
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Figure B.26 Increase in Late Arrival to Schedule Though Corridor
Southbound: Total Study Period, Non-Peak Period, TB OFF
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Figure B.27 Increase in Late Arrival to Schedule Though Corridor
Southbound: Total Study Period, PM Peak Period, TS®OFF

Increase in Late Arrival (s)

400 4

300 -

200 A

-200 +

-300 4

-400

Increase in Late Arrival to Schedule Through Corridor:
ON_Dir0_TimeDifference Wkday

°
. -
o _ o *
LR 4 * .
* 2‘ *
. * ¢ Delayincrease
Mean
——-1 Std Dev
+1 Std Dev

200 400 600 800

Observations

Figure B.28 Increase in Late Arrival to Schedule Though Corridor

Northbound: Weekday TSP ON
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Figure B.29 Increase in Late Arrival to Schedule Though Corridor
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Figure B.30 Increase in Late Arrival to Schedule Though Corridor

Northbound: Weekday, Non-Peak Period, TSP ON
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Figure B.31 Increase in Late Arrival to Schedule Though Corridor
Northbound: Weekday, PM Peak Period, TSP ON

Increase in Late Arrival to Schedule Through Corridor:
ON_Dir0_TimeDifference Wkend

400 -
300 -
* * .
0 ]
@ 200 Ve o o . . .
©
g * . . o LXK N
= 100 4 o® 2 hd - .‘0 =3 R - LA
< g%, ®, . LA .
* ° ce 0% o

2 oon %o 0 0o° *0 R o"’oo' o MM
3 01N, BaAaKN 0 ¢ Te% 40 O whames %e 04 5%
- R e og A ¢ " Nees SO o;q(’ % el
@ -100 - o, o . . o PR ry
2 LI o Y 4 . ., %
(] *
o L 4
E -200 -

-300 -

-400 T T T T T

50 100 150 200 250

Observations

¢ Delay Increase
——Mean
——-1 Std Dev
——+1 Std Dev

Figure B.32 Increase in Late Arrival to Schedule Though Corridor

Northbound: Weekend, TSP ON
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Figure B.33 Increase in Late Arrival to Schedule Though Corridor
Northbound: Weekend, AM Peak Period, TSP ON
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Figure B.34 Increase in Late Arrival to Schedule Though Corridor
Northbound: Weekend, Non-Peak Period, TSP ON
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Figure B.35 Increase in Late Arrival to Schedule Though Corridor

Northbound: Weekend, PM Peak Period, TSP ON
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Figure B.36 Increase in Late Arrival to Schedule Though Corridor

Southbound: Total Study Period, TSP ON
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Figure B.37 Increase in Late Arrival to Schedule Though Corridor
Southbound: Total Study Period, AM Peak Period, TSFON
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Figure B.38 Increase in Late Arrival to Schedule Though Corridor
Southbound: Total Study Period, Non-Peak Period, TB ON
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Figure B.39 Increase in Late Arrival to Schedule Though Corridor
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Figure B.40 Increase in Late Arrival to Schedule Though Corridor

Southbound: Weekday, TSP ON
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Figure B.41 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekday, AM Peak Period, TSP ON
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Figure B.42 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekday, Non-Peak Period, TSP ON
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Figure B.43 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekday, PM Peak Period, TSP ON
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Figure B.44 Increase in Late Arrival to Schedule Though Corridor

Southbound: Weekend, TSP ON
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Figure B.45 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, AM Peak Period, TSP ON
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Figure B.46 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, Non-Peak Period, TSP ON

105




400 -

300 4

200 1

100 +

-100 -

-200 -

Increase in Late Arrival (s)
o

-300 A

-400

Increase in Late Arrival to Schedule Through Corridor:
ON_Dirl_TimeDifference Wkend-PM

Observations

+ Delay Increase
—— Mean
*
¢ —— -1 Std Dev
. * 0
3 D ¢ . —— +1 Std Dev
. . . . *
. ¢ . . . . . * e
* * *
*
5 10 15 20 25 30

Figure B.47 Increase in Late Arrival to Schedule Though Corridor
Southbound: Weekend, PM Peak Period, TSP ON
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