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ERRATA

Page 11: “Bus consolidation” should be omitted in Table 2.1

Page 14 Line 13: Replace “...displayed with...” with “...displayed when...”

Page 16 Line 14: Delete “require” and read “...would involve a paradigm shift...”

Page 20 Line 17: Insert “of” between “knowledge” and “crash”

Page 21 Note in Table 2.5: Replace “before” with “after”” and “after” with “before”

Page 22 Table 2.6 Line 3: Replace “certainly” with “certainty”

Page 27 Line 7: Delete “been” and read “...statistics have also been commonly used...”
Page 28 Line 6: Replace “useful” with “usefulness”

Page 29 last sentence: Replace “...none of SSMs were...” with “...none of the SSMs was...”
Page 30 Line 9: Insert “of” between “development” and “accident”

Page 31 Line 21: Replace “It was also interested...” with “It was also interesting...”

Page 34 Line 6: Delete “that” and read “Results showed that apart from driving exposure...”
Page 36 Line 26: Insert “of” between “effects” and “traffic”

Chapter 3: The title for this chapter should read “Research Framework, Context and Data”
Page 40 Line 3: Delete “as” and read “This is presented in the form of...”

Page 45 Line 6: Replace “significant” with “significance”

Page 53 Line 2: Insert “are” between “they” and “the”

Page 62 Line 25: Delete “context” and read “...with bus priority in other contexts arises.”
Page 65 Line 29: Insert “on” between “based” and “a”

Page 67 Line 2: Replace “...poor accident records.” with “...poor safety records.”

Page 69 Table 5.1 Line 3: Replace “certainly” with “certainty”

Page 72 Line 3: Insert “in the” between “doubts” and “reliability”

Page 72: Equations (5.5) and (5.6) should read:

VarByy o) =w Va8, )+ (1—w WarB, )+ 2w(1—w) p, ,SD(6,,)SD(0 ) (5.5)
Var(@,y o) = w Var(@,, )+ 1—w’ War(8,,) (5.6)

where w Weight determined from equation (5.4)
P12 Correlation between EB and CG estimate
SD(0gg) =  Standard deviation of EB estimate
SD(0¢g) Standard deviation of CG estimate

Page 88 Line 7: Replace “...while that in the chapter...” with “...while that in this chapter...”
Page 106 Line 4: Delete “being” and read”...influence the probability of bus drivers being at-fault...”
Page 133: Last paragraph should start as ‘Fable 9-3Table 9.3

ADDENDUM

Page 11: Comment: The priority measures investigated in this thesis do not fall under the “bus-way”
category in Table 2.1, given that this term is typically associated with high quality facilities reserved
exclusively for bus use.

Page 14 Paragraph 3: Comment: Priority at rail crossings is now more commonly categorized as “signal
pre-emption”.

Page 52 Last Paragraph: Comment: The CMF values used to account for bicycle lanes and narrower lane
widths in this research are 1.20 and 1.14, respectively.

Page 53 Paragraph 3: Comment: The safety assessment in Appendix B, which was developed by the
author, closely follows the approach adopted in the U.S and Australia.
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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

Road accidents have and will remain a major conasraities around the world continue
to grow. The safety problem is likely to worsenpagulation growth is accompanied by
increased travel. For many cities, these trende led to a greater provision of public
transport as private vehicles become a less vialgde of transport. With the rise in
public transport travel, it comes as no surpriseg thad management agencies are turning
to an increased application of priority measuresmprove the travel experience for
commuters. For buses, the provision of priorityas@es has typically been justified
based on travel time savings and operational bsneflthough recent years have seen
the advances in research valuing the wider ridprsiode shift and environmental
benefits of bus priority schemes, including theamek wide benefits, a major issue that
has yet to be considered in bus priority planngghe road safety impacts of providing
priority schemes.

This thesis therefore aims to develop an in-deptdeustanding of the road safety
implications of implementing bus priority through &vestigation of accident records
and conflicts in Metropolitan Melbourne. It iswttured around six approaches that had
been established to fill the knowledge in the ave®us priority safety effects. Each
approach is the focus of a thesis chapter whereetbearch context is discussed before
the research methodology is presented. Resultskapdfindings that emerged from
subsequent analyses were used as a basis to amdietiseé implications of implementing
bus priority in the context of bus priority plangiand research.

The first approach concerns an exploration of thietg effects of bus priority at the
aggregate level. Here, a before-after safety et of both “space based” and “time
based” bus priority was carried out to understasceffects at the network and bus route
levels. A before-after accident type analysis wlase to examine whether accident
counts or nature of accidents had changed followiegimplementation of bus priority.
Results of the safety evaluation based on the ErapiBayes approach showed that the
implementation of bus priority treatments led ta4%6 reduction in accidents. “Space
based” treatments (mainly bus lanes) yielded ang#p positive safety effect (18.2%)
compared to “time based” ones (11.1%). In termfat and serious injury accidents, a
drop of 42 to 29 per annum was recorded.

Given that different design types are availablebafore-after safety evaluation, the
second approach focuses on understanding how thieeclhf comparison group type
affected the bus priority safety estimate. Usiig tEmpirical Bayes (EB) and
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Comparison Group (CG) approaches, it was found thateffect of using different
comparison group types led to discrepancies irfittad safety estimates. It is likely that
these differences were due to the (necessary) mmis$ sites with zero accident history
and effect of matching treatment sites with sim#éées in the CG approach. A new
approach that combined both EB and CG results stign@mise as a more precise safety
estimate was obtained.

The third approach relates to an investigation s accidents at the route level. Using
two mainstream modelling methodologies (MENB - MixEffects Negative Binomial
and BPNN — Back Propagation Neural Network modg)limisks factors in bus accidents
were explored with particular attention paid to Hadety effect of bus priority. Results
showed that bus priority led to lower occurrencedertain accidents types. The MENB
and BPNN model results showed that bus priority thadeffect of reducing route section
level accident frequency by about 53.5%. The MEN®&Iel recorded better performance
which pointed to benefits in adopting the MENB agwh to account for time- and
location-specific effects in accident count moahgli

The fourth approach concerns the analysis of buglewts in terms of vehicle, driver,
roadway and environmental factors. This was donddntify the significant risk factors
in a bus company database of accidents where Inersiivere deemed to be at-fault.
Similar to the third approach, the aim was to ustderd the effect of bus priority on
drivers’ at-fault probability in bus-involved aceidts. Results from mixed logit
modelling showed that bus length / age, driversdge / age / experience / accident
record, road type, speed limit, traffic / dayligtiwnditions, and the presence of bus
priority affect the likelihood of bus drivers beiadrfault in bus-involved accidents. For
bus priority, the effect was found to be randonbas priority only reduced the at-fault
likelihood for some 57.8% of drivers.

The fifth approach centres on an investigationhef bus priority effect (bus lanes) at a
corridor-level through micro-simulation. The foowas on conflicts at intersections and
bus stops as the introduction of bus lanes wasategdo have most impact on traffic
movements at these locations. Results showedhbairovision of bus lanes, regardless
of whether they are created through space reaitocat creation, lead to a reduction in
conflicts at intersections and bus stop locatiofBese pointed to lower rear-end and lane
change accident risks for vehicles when bus laregalace.

The sixth approach concerns an estimation of creghfor vehicles that are behind a
slowing or stationary bus at a bus stop in a mixaffic configuration. This was done to
quantify the safety benefit delivered by bus ptioechemes that segregate buses from
mainstream traffic. Using recorded travel behavi@nd accident history of a
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representative road corridor, the average craghofizehicles that were in conflict with
buses was found to be 0.0154% (with a standard @frd.0063%). Based on the
assumption of an average of thirty such conflicsuoring daily, it works out that there is
an approximate 80% chance of one or more accidekitsg place annually as a result of
buses slowing down or being stationary at bus stops

Overall the thesis presents a range of advancksawledge in the area of bus priority.
Through the six approaches, new light has been shele safety effects of bus priority.
The thesis concludes with a synthesis of the figslinn which its implications in the
context of bus priority research and planning ali asopportunities for future research
are presented.

Vi
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CHAPTER 1 INTRODUCTION

1.1 Introduction

This thesis explores the road safety effects of jmisrity, with a focus on schemes

implemented in Metropolitan Melbourne, Australi@his chapter starts with a discussion
of the background and motivation for the focushaf tesearch, followed by a presentation
of the research aim and approach. It concludes avitoutline of the thesis structure.

1.2 Background

1.2.1 Accidents in Cities — A Worldwide Issue

Traffic related accidents will remain as a key es$u all economies as cities around the
world continue to grow. For the case of Austraie number of people killed was 1,303
in 2012, equating to a fatality rate of 5.7 roadttle per 100,000 persofBureau of
Infrastructure Transport and Regional EconomicsTER), 2014, Australian Bureau of
Statistics, 2013a) In 2003, the Bureau of Economics estimates thatcosts for a
fatality, serious injury and minor injury are $1288, $397,000 and $14,183 (in
Australian dollar values), respectively. This wadut to be $17.3b in terms of total cost
of road traffic crashes or roughly 2.3% of Aust@ai GDP in 2003(Connelly and
Supangan, 2006hich clearly is a source of concern for the gowsent and the
community. If worldwide historical trends were ¢ontinue, the global road death toll
will grow by approximately 66% from 2005 to 2025ggictions by the World Health
Organization are that traffic fatalities will beetlsixth leading cause of death worldwide
and the second leading cause of disability-adjustedears lost in developing countries
by the year 202(Kopits and Cropper, 2005)

This safety problem comes about because of incrgasavel and population growth.
The Australian vehicle population and correspondwigl kilometres travelled in 2004
and 2012 increased from 13.49M to 16.6M and 199D%6 232,453M kilometres
respectively, which represents a growth of 16.7% 28.1% respectively in just 8 years
(Australian Bureau of Statistics, 2013c)

1.2.2Increased Travel by Public Transport

The densification of cities has also inevitablyutesd in space pressures, which has in
turn led to an increased reliance on public trartspA recent Australian national survey
revealed that the proportion of adults using putshosport for work and study trips have
increased from 11.9% in 1996 to 16% in 2qAZstralian Bureau of Statistics, 2013b)
In terms of motor vehicle use, a separate survagddhat the total kilometres travelled
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by buses in 2005 and 2012 in Australiagre 1.1) has increased by about 70.4% as
compared to 24.4% for the general motor(éarstralian Bureau of Statistics, 2013c)

The growth of public transport travel has seen noashagement agencies turning to an
increased application of priority measures to imprthe reliability of transit operations,
travel time and overall travel experience for contengl  Since its introduction in the late
1980s in the form of bus lanes, bus priority hashead to take on many different forms
along road corridors and particularly at intersmwdi (Gardner et al., 2009) These
priorities, which essentially exist as “space baswd'time based” priorities and feature
prominently in Bus Rapid Transit (BRT) Systems arigus cities. Recent years have
seen worldwide growth in the development of BRTesohs including high quality bus
systems operating in mixed trafficevinson et al., 2003a, Hinebaugh, 2Q09)
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Figure 1.1: Total Distance Travelled for Passengévehicles and Buses in AustraligSource:
Australian Bureau of Statistics, 2013c)

The provision of bus priority measures is challeggio justify in practice in the North
American and Australian contexts where the majaftyoad travel is in private vehicles
and compromises are required between road spaceoaddime uses for private traffic
and bus priority(Black et al., 1992)with private vehicles often being favoured. This
could be partly attributed to weak methodologies tfte justification of bus priority
measures in identifying the wider benefits of ptiorschemes (University of
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Southampton, 2002) Although there have been recent advances irargse/aluing the
wider ridership, mode shift and environmental baseff bus priority schemg€urrie et

al., 2007) advances in examining the network wide benefitsamnemes compared to
corridor evaluationgMesbah et al., 2008nd more recently advice on using cost benefit
analysis for evaluating BRT schem@&hisholm-Smith, 2011)a major issue that has yet
to be considered in bus priority planning is thad@afety impacts of providing priority
schemes.

1.2.3Importance of Bus Safety

Public transport is one of the safest forms ofgpamtation(Chimba et al., 2010)ith the
risk of being killed or seriously injured in a bus,particular, found to be several times
lower than in cargAlbertsson and Falkmer, 2005, Yang et al., 2008his holds much
promise for policies aiming to improve modal s@itd mitigate traffic congestion in
cities. However, knowledge regarding bus safetpeeially in terms of the effects of the
various bus priority measures, remains unclear.is Tould partly be attributed to
previous road safety research that placed greateisfon passenger vehicles rather than
buses(Wahlberg, 2002) Recent years have however seen increasing riéicogof the
need to account for transit related collisions ransport planning and transit safety
research with the development of safety evaluatofs and prediction models for transit
planning at the route-lev€Cheung et al., 2008, Quintero et al., 201&jven that these
have mainly been confined to applications in Ndtherica(Jovanis et al., 1991, Cheung
et al., 2008, Quintero et al., 2013here is a clear need to explore crash related

characteristics that influence route-level busisi@hs in other locations around the world

where public transport is gaining importance, swch in Metropolitan Melbourne,
Australia.

At the accident-level, little research has beemi@adrout examining the role of driver,
vehicle and environmental factors in bus crashesyall as understanding these accidents
in terms of culpability (or crash responsibility)The dearth of such studies is not
surprising, as accident data are rare, let aloosethwvith culpability assigned to drivers.
What makes this harder is the fact that culpabilielf is often hard to determine
(Wahlberg, 2003) Studies that examined culpability have alsodsity relied on police
records or self-reported data, which is often péabwith response bias, due mainly to
under-reporting. _Clearly, there is a need to darther understanding of culpability in

bus accidents, with detailed knowledge of the fsétors (including the influence of

priority measures) to help design better bus gsi@ystems.
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1.2.4 State of Play in Safety Evaluation and Collision Rediction

In the field of safety evaluation, observationafdoe-after studies are most commonly
employed in evaluating safety effectiveness andbéishing Crash Modification Factors
(CMF) for specific road / traffic management measufor treatments). Various study
designs exist in mainstream research with the HogpiBayes (EB) and Comparison
Group (CG) methods being the more commonly adojpieproaches by researchers
(Persaud et al., 2001, Garber et al., 2006, FanshGross, 2010) Unfortunately, each
method comes with its own limitations and unlesspprly accounted for, they can lead
on to erroneous results and conclusions. Withlith#ations in current methodologies,
there is a clear need to explore an alternativecsmh to evaluate the safety implications
of bus priority schemes.

There exist various approaches to modelling colligiredictions too. Generalized linear
modelling is one of the more widely used appro@daird and Mannering, 2010)More
recently, there is an emergence in the use of haetevork modelling, as recent studies
have pointed to excellent function approximatioilitds of these modelfLi et al., 2008,
Vlahogianni et al., 2012, Xie et al., 2007Hence,_there are significant insights to be
gained from the use of both generalized linear aadral network modelling using
accident data, with a focus not only on an undadstey of bus crashes, but also with the
secondary aim of assessing and comparing modeirpehce.

In summary, with bus use continuing to increase @de cities implementing various
traffic management measures to favour buses, ther@meed to develop an understanding
on the implications that such measures have onsbasd overall road safety. The
importance of bus safety has been outlined in pliegesections, and this is primarily
driven by trends in:

v" Growing population in cities and travel;
v Increasing reliance on public transport;

v" Increasing wealth and corresponding rising costatdlity, injuries and property
damage; and

v' Greater application of bus priority measures

1.3 Research Aim and Approach

With the trends identified above, this researchsaiondevelop an in-depth understanding
on the road safety implications of bus priorityNtetropolitan Melbourne. To achieve
this aim, five broad approaches are establishédllasvs:
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1. To assess the overall road safety impact of bumifyrimeasures implemented in
Melbourne;

2. To understand the implications of using differetoidy design types in road safety
evaluation;

3. To explore the safety impact of bus priority at thes route level and its influence
in relation to other risk factors in bus driverateld accidents;

4. To investigate the disaggregate road safety immdcdifferent bus priority
schemes; and

5. To estimate the safety benefits of bus priorityesnhs that segregate buses from
mainstream traffic

1.4 Thesis Structure

This thesis is structured around the five broad@gpghes as established in the preceding
section. The overall structure is split into f@arts as follows and shown kigure 1.2

Part 1: Background and Approach Chapters 1-3
Part 2: Aggregate-Level Analysis Chapters 4-6
Part 3: Disaggregate-Level Analysis Chapters 7-9
Part 4: Synthesis and Conclusions Chapter 10

Part 1: Background and Approach is dedicated twigiog the background and proposed
methodology to investigate the safety effects o puority. It begins in Chapter 1 -
“Introduction” where the context is laid out and a&mxplanation on the value of
investigating the effect of bus priority from a&igfperspective presented. In addition, an
account of the key motivation behind this reseascprovided. Chapter 2 - “Literature
Review” begins with a review of the literature lref&ey findings and learning points are
presented from previous research on public trangadety, safety evaluation techniques,
safety analysis of buses at the route and incietel as well as safety evaluation using
micro-simulation tools or empirical vehicle traject data. Most importantly, it
concludes with the identification of knowledge gapsm the literature review. In
Chapter 3 - “Research Methodology, Context and 'Ddlee research methodology is
presented and through a study framework, the peap&sy tasks and activities are laid
out to achieve the research objectives. A desearipdf the research context and data
used for this research is also provided.
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Part 2: Aggregate-Level Analysis focuses on thdaation of bus priority safety effects
at the network and route levels. It starts in Ghag - “Network Level Before-After
Accident Analysis” where an overall before-aftefesya evaluation of both “space based”
and “time based” bus priority is carried out. Thisludes a before-after accident type
analysis to examine whether there had been changés accident counts or nature of
accidents following the implementation of bus ptir Various before-after safety
evaluation approaches exist in mainstream researthijt is expected that the approach
choice will have an effect on the final bus pripsiafety estimate. As such, Chapter 5 -
“Implications of Comparison Group Type in Safetyaliation” begins with a review of
the state of practice in safety evaluation andasplon of how the choice of comparison
group type affects bus priority safety estimatda. Chapter 6 - “Route Level Safety
Effects”, the focus will be on investigating busiaents at the bus route level. Here, the
risks factors of bus accidents will be explored gadicular attention paid to the safety
effect of bus priority. For analytical rigour, twoainstream modelling methodologies
will be adopted, thus allowing for a comparison mbdel performance and a more
meaningful interpretation of results.

In Part 3: Disaggregate-Level Analysis, the attantwill turn to uncovering the safety
effects at a finer level. It begins with Chapter “Accident Level Safety Effects” where
bus accidents will be analysed in terms of vehidkéyer, roadway and environmental
factors to identify the significant risk factors & bus company database of accidents
where bus drivers were deemed to be at-fault. |&irto the accident analysis at the route
level, the focus will be on an understanding whethe presence of bus priority has any
effect on drivers’ at-fault probability in bus-inved accidents. In Chapter 8 - “Micro-
simulation Modelling Approach”, an investigationtble bus priority effect (bus lanes) at
a corridor-level through micro-simulation will begsented. Given that the introduction
of bus lanes changes the nature of traffic movemetintersection and bus stop
locations, a detailed investigation of conflicts smandertaken at these two locations.
Finally, Chapter 9 - “Crash Risk for Vehicles inXdd Traffic” encapsulates the effort to
estimate the crash risk of vehicles (in a mixedfitraconfiguration) that are behind a
slowing or stationary bus at a bus stop. The fiiskl estimate will provide a sense of the
safety benefit provided by bus priority schemeswinich buses are segregated from
mainstream traffic.

The thesis will conclude and make a number of renendations in Part 4: Synthesis and
Conclusions with Chapter 10 - “Conclusion and Rer@mdations” providing a synthesis
of the key findings, summary of the contributiorfsttee research, implications for bus
priority research and planning as well as commgnaarlimitations and future directions

for this research.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

This chapter aims to provide a review of the litera that concerns the safety effects of
bus priority. The existing knowledge gaps are tliemtified, followed by a discussion
on opportunities that they present for further agsle.

Investigating the safety effects of bus priorityaseres requires a good understanding of
two major fields - (1) Bus priority, which itsel§ ia subset of the public transport domain,
and (2) Road safety{gure 2.1).

Public transport (or transit) is a broad term thefers to any form of transportation
service that is available for use by the generblipu What differentiates public transport
from other transport modes is that it providesdoshared form of transportation. It is
meant to cater to all groups of people, regardiégteir race, culture, physical ability,
etc. and includes all modes of transport avail&blie public (with the exception of taxis
and coaches), irrespective of ownergihite, 2001)

A widely accepted definition of bus priority is th#é refers to the use of traffic
management schemes or measures to improve budioperidrough reduced travel time
and enhanced reliability. Often, bus priority farmpart of an overall urban transport
strategy with the objective of improving bus opemat restraining use of car for
commuting as well as enhancing the environmentrésidents, workers and visitors
(Slinn et al., 2005)

Public Road

Transpor Priority Safety
Measure

- Focus of Research

Figure 2.1: Research Area and Focus
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Road safety, on the other hand, concerns the wvegtigbof all road users travelling on or
interacting with the road system. It usually dstaleveloping strategies to minimise
death and injuries, themselves a by-product ofdlael transport system, the operation of
which is essential for the efficient functioningrabdern citiegAustRoads, 2009a)

Given the focus of this thesis is on the safeteaff of bus priority as well as research
aim and approach identified in sectibr3, a review of the literature was undertaken with
the objective of understanding the:

Latest developments in bus priority (sectibB);
Principles and key concepts in road safety resgaettion2.3);

Leading methodologies in road safety research saldiation (sectior2.4);

D Y N NN

Previous research findings on bus safety (se&ibp and
v Previous research findings on the safety effectsusfpriority (sectior2.6)

In line with the above objective, a review of therent state of practice in bus priority is
first presented, covering the types of priorityatreents in existence. Following this, an
account of the key research in the field of rodeétyas provided. Given the large body
of research work in developing various means toluata road safety, a section is
dedicated to both mainstream methodology and emgrgichniques used in measuring
road safety outcomes. This is followed by a revi@windings on bus safety and the
safety impacts of bus priority from previous stdid-inally, the chapter concludes with
the identification of gaps in existing knowledgebais priority safety and a discussion on
opportunities available to advance knowledge inaiteas identified.

2.2 State of Practice in Bus Priority

Bus priority is typically provided with the aim ohproving the travel time and reliability
of bus operations, travel experience for passerafestops and interchanges and altering
traffic balance in favour of public transport uséchieving all these objectives at the
same time often involves compromises between impgolvansit operation and the needs
of private vehicle and other road usgéinn et al., 2005)

The provision of priority for buses is not a strdiforward task for road management
authorities, especially in countries where car dédpeacy is high, as it involves finding
the right balance between competing demands betpuiglic and private transport users
for limited road space and tinfBlack et al., 1992) This is in addition to the challenging
need to give due consideration to the wider envirental, safety and efficiency impacts.

Notwithstanding the challenges that road managemethiorities face today, there have
been a number of priority measures implementedbd@ises in recent times. The types of

10
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bus priority initiatives vary from city to citfGardner et al., 2009, Hounsell et al., 2004),
but their differences lie essentially in the amoohtroad space or time allocated for
buses. Spatially, priority measures can also begoaised into (1) road corridors or (2)
intersections.

2.2.1 Priority Measures on Road Corridors

Priority treatments on road corridors generallyoimre giving the right of way (or space)
to buses along their travel route. Typically, ti@finanagement measures are taken to
accord this right of way to buses, with the usdraffic warning or advisory signs and
physical line demarcation, for example, to indicd¢elicated bus lanes. The allocation of
road space to buses can either be done by reatigoaisting lanes or creating a new
lane on a road carriageway. The various formsriokipy treatments are summarized in
Table 2.1, and their key features are described briefyhafollowing paragraphs.

Table 2.1: Types of Transit Priority Measures alongRoad Corridors

Priority Measures Types of Design Based On

along Road Corridors Space Management Traffic Management

Bus-way Median transit lane With-flow
Kerbside transit lane Contra-flow

Bi-directional Flow
Intermittent
Traffic Management Prohibited parking Full or parte

Stop consolidation -

The bus-way is a form of treatment where road spae#located for bus use. When the
highest level of priority is to be accorded, busygvare to be used by buses only, with
general traffic not permitted to use this road spaBus-ways can be grade-separated or
physically segregated to ensure buses enjoy exah$d this road space. Bus-ways can
also be located next to the centre median or orsliheest lane of a carriageway. The
former is termed a median bus lane while the ladecalled a kerbside bus lane.
Depending on the level of priority to be accordedbtises, bus-ways can either be shared
with other road users or reserved exclusively f&& by buses.

There are different types of traffic managemenhmggues to provide priority to buses.
The most common ones are with-flow, contra-flondivectional and intermittent bus
lanes. The with-flow lane configuration is mostguoon, where the transit vehicle moves
in the same direction as the general traffic. dntrast, the contra-flow lane is designed to
allow for transit vehicles to move in an oppositection to the general traffic. The bi-
directional lane, which is a hybrid of the previdus types, permits transit vehicles to

11
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travel on it regardless of whether it is movinghwitr against the flow. Compared to the
abovementioned, the intermittent bus lane is dyonami nature as it only becomes
operational when the transit vehicle is in thenitgj, i.e. general traffic would be allowed

to use this lane at other times. Guidelines aegla@ve on the suitability of each type of
transit lane in the planning context, but the fiohbice typically depends on the traffic
management and transit operation object{ievinson et al., 2003b)

Around the world, various forms of bus priority lealbeen usedlable 2.2 summarizes
the different types of bus priority measures adomedifferent cities around the world.

Table 2.2: Types of Bus Priority Measures along Ra@hCorridors

Roadway Vehicles allowed Right of way
Location Unique Features
Highway Arterial Taxi HOV Bicycle Segregated Mixed

Trondheim, Norway v v v v Transit lane

Brussels, Belgium v v v

Assen, Holland 4 v v v Residents use allowed
London, UK v v v With bicycle lanes
Minneapolis, US v v v Typically median lanes
New Jersey, US v v Contra-flow lane

New York City, US v v With offset lane
Toronto, Canada 4 v v 4 v

Essen, Germany v v New road space created
Bogota, Columbia v v

Jakarta, Indonesia v v v Centre of roadway
Melbourne, Australia v v New lane created

In Europe, bus lanes are pre-dominantly found akmberial roads with some having the
unique feature of allowing for shared use with othehicles like taxis, High Occupancy
Vehicles (HOV) and bicycles. In the US, it is mmicommon for bus lanes to be present
on freeways. Often, they double up as HOV lanas ane located between the centre
median and fast lane. In Essen, Bogota and Jakarses travel on segregated bus-ways,
allowing them to travel relatively unimpeded alotigir route. Melbourne’s case is
somewhat similar to those in Europe. Apart frostratch along the Eastern freeway, all
bus lanes are located on arterial roads. Anotiffereince is that taxis, HOV and bicycles
are generally not permitted to travel in the bueta

Prohibited parking and stop consolidation are twenforms of bus priority treatments.
In Melbourne, prohibited parking comes in the fooi“clearways” in which private

12
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vehicles are not allowed to park in the slow larf@milar to bus stop consolidation, the
idea is to reduce roadside friction for the busesienprove travel time for commuters.

2.2.2 Priority at Intersections

The predominant form of bus intersection priorgytiansit signal priority (TSP), which
by definition, means the adjustment of signal tignat junctions to “give transit vehicles
a little extra green time or a little less red tiatdraffic signals to reduce the time they are
slowed down by traffic signals(Smith et al., 2005) Table 2.3summarizes the state of
practice in TSP application based on signal cordral time management strategies at
intersections.

Table 2.3: Types of Transit Priority Measures at Rad Intersections

Priority Measures at Different Strategy Types Based On
Road Intersections Signal Control Time Management
Traffic Signal Priority Active / Passive Green exdon
Conditional / Unconditional Early green or rednication
Direct / Indirect Actuated transit phase
Differential Phase insertion

Phase rotation
Rolling horizon

Queue Jump Lane Typically active and conditional piGally actuated transit phase

In terms of signal control, TSP can be implemembeseveral ways - the most common of
which are active or passive control. In the passnethod, TSP operates without taking
into account the presence of the transit vehic&nce it does not require any transit
detection to trigger the priority request, pasgvierity operates continuously. With the
knowledge of bus routes and ridership patternssipaspriority strategies can operate
efficiently as the traffic signal system can beetifbased on travel speeds of buses so that
they stay “in sync” with signals when travellingpay) the route. It also works well in
situations where one approach has a significangiér number of transit vehicles than
the other approaches.

Active priority, on the other hand, operates byivating a priority request at the
intersection following the detection of the apptuag transit vehicle. It involves the real
time sensing of vehicles and adjustment of sigt@Facilitate their movement across the
junction. Sensing of vehicles can be either pbaded or continuous. The most common
point-based vehicle sensing equipment are roadsl@wu vehicle tags(University of
Southampton, 2002which interact with each other to make priorigquests for the
transit vehicle. For continuous sensing of velsicllobal Positioning Satellite (GPS)

13
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based systems are growing in popularity and arenoftsed. Various types of active
priority strategies exist and a brief descriptioheach is provided in the following
paragraphs.

One of the more effective forms of active prioiigythe green extension or early green (or
red truncation) strategy, where the green phastisnded or introduced early for the
approaching TSP-equipped transit vehicle. In buo#thods, the intent is to have the
green signal provided for the transit vehicle wiitereaches the intersection. The only
slight difference between the two variations ig tha green extension is applied when the
signal is green, whereas the early green is impi@dewhen the signal is red for the
approaching vehicle.

An actuated transit phase is a third strategy, iwknorks by displaying a traffic signal in
favour of the transit vehicle only when it is deéegt An example would be the “B”
signal, which is only displayed with the bus ised¢¢d in the approaching lane. Other
forms of the actuated transit phase include phasertion or rotation, in which a special
priority phase is inserted or the order of the ioagsignal phases is adjusted to provide
priority to the transit vehicle. The rolling horizstrategy is a variant whereby the signal
phasing is being delayed or brought forward so tiratgreen phase is provided when the
transit vehicle reaches the intersection. Comptoeatie “B” signal strategy, the rolling
horizon, phase insertion and rotation strategieoraca higher level of priority to the
transit vehicle as they modify the existing phasequence to one that favours the transit
vehicle in the following phase.

TSP can also be operated in a real-time or adaptivde. In adaptive signal control
systems, the traffic condition is monitored andnaig control strategies adjusted
continuously to not only provide priority to tranhsehicles but also optimise the overall
traffic performance of the intersection. Two otligoes of TSP signal control strategy
defined byChada and Newland (2003je (1) conditional priority and (2) unconditional
priority. Conditional priority works by providingriority to transit vehicles only when a
certain criterion is met, such as when the trawmsfticle’s approach has a volume to
capacity ratio not exceeding a certain thresholisg constraints act to balance the need
for priority of public transport vehicles againkbse of other road users. Unconditional
priority is where priority at the signal is provalemmediately to ensure the public
transport vehicle can pass through the interseetitimout having to fulfil any condition
(signal priority given to trains at level crossings the most common example of
unconditional priority).

Chada and Newland (200pyovided two further groups of (active) TSP sigads (1)
Direct priority and (2) Indirect priority. Diregriority works by adjusting traffic signals
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at the next intersection where the public transpetticle is approaching, while indirect
priority does the adjustment way ahead of the putthnsport vehicle to clear traffic
downstream so that the bus can proceed with grestee through the intersections.
Indirect priority is typically used in areas whielperience higher traffic volumes as it
creates less disruption to the traffic in the nekwo

The more advanced form of TSP at traffic intergexdi involves the provision of

differential priority, where different levels ofiprity can be provided to transit vehicles
at traffic signals according to specified criterie,g. on-time performance. The
application of such a strategy requires a traffynal control system that has the ability to
utilize advanced ITS-based technoldgiversity of Southampton, 2002)

The queue jump bus lane is a unique treatment foogidly in bus rapid transit (BRT)
systems (e.g. 98 B-line BRT route in Vancouver Snaartbus routes in Melbourne) that
involves the allocation of both space and timeht transit vehicle at road intersections.
Table 2.4 captures the various forms of transit priority sw@as in terms of space and
time allocation, i.e. “space based” or “time baspdbrity.

Table 2.4: Summary of Transit Priority Measures

Form of Priority

Location Types of Priority

Space based Time based
Along road Transit Lanes Median transit lane Full Time
corridors . . .
Kerbside transit lane Part Time
Traffic Management Prohibited parking
Stop consolidation
At road Traffic Signal Priority Green Extension

intersections
Early Green

Actuated Transit Phase
Phase Insertion
Phase Rotation
Rolling Horizon
Short Transit Lane Priority Queue jump lane Actdaleansit Phase

2.2.3Measuring the Effectiveness of Priority Measures

The effectiveness of transit priority measures tgscally been evaluated based on
improvements in running time, on-time performancd wait time for passengers. In the
study byKimpel et al. (2004) an empirical analysis of bus data from TriMet'sisB

Dispatch System in Portland, Oregon was done toluatea the bus operational
performance based on the changes in mean and emr@nrunning times, scheduled
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running time, passenger wait time and in-vehialees. Following a regression analysis
to determine the factors that influence runningetimwas found that the primary benefits
of TSP on mean running time were limited to therafbon peak period in the primary
direction of travel. Although potential overall veags were found with respect to
scheduled running times, recovery-layover times axcess wait time, the results were
mixed when individual routes were considered byedion and time of day.
Interestingly, the mean and variance of headwaywelk as the on-time performance
decreased overall which was primarily due to busdeling from either on time or late
towards being early. In terms of wait time for gasgersHounsell and Shrestha (2012)
demonstrated through theoretical analysis and sitioml modelling that the best strategy
involves giving priority to buses based on theiadwsay relative to the bus behind. In
this rather radical idea, buses would only be gipeority at intersections when their
headways were found to be greater than that obtisebehind. Accepting this strategy
would involve require a paradigm shift for bus plars and operators who, from a
scheduling and timetabling perspective, will tyflicareason that priority should be
accorded to buses with headway greater than thedatdd headway. Arguably, this
strategy would only be suitable for high-frequemtys services, where regularity of bus
arrival would be more important than adherencéntetables.

There exist other studies on the operational perdoice of on-road public transport and
priority initiatives based on traffic micro-simulan studies(Tétreault and El-Geneidy,
2010, Lee et al., 2005, Currie et al., 2007, Raoert 1985, Jepson and Ferreira, 1999)

These studies shed much light on how transit gyianitiatives affect the operational
performance of transit. However, none had coneiiethe safety implications of
providing transit initiatives. Sectiah6 provides further details on this.

2.3 The Road Traffic System and Road Safety

Road traffic can be considered as a system, inhwhdious components interact with
each other. This system is often described as dsmg three components — driver,
vehicle and road environment, in which any thesemehts can contribute to the
occurrence of an accidef@gden, 1996) The importance of the driver, vehicle and road
environment as key elements in a road system agresed by some 30 OECD member
countries(OECD/ITF, 2008) This also showed up in Sweden’s Vision Zero oy
which incorporated a mechanism to allow for eraleftance in the road system and new
design principles for road- and street design efiias (Johansson, 2009ps well as
Western Australia’s Towards Zero strategy, whicls i@gcused on promoting safe roads
and roadsides, safe speed, safe vehicles andosafeis€Corben et al., 2010)
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Road (and similarly bus) safety, on the other hamdpmmonly defined and evaluated in
terms of the recorded number of traffic accideki$ged or injured road users as well as
consequences of these accidents in terms of teearitsy of outcome. Hydén (1987)
proposed a severity dimension that is common fothal events in traffic by defining a
model that relates the events’ severity outcomgr@sented by the vertical position in the
pyramid) and their frequency (represented by tHame of the pyramid slice). Based on
this model Figure 2.2), events with higher frequency are associated leitrer severity
outcome and vice versa.

In terms of accident analysis, it is widely accepteat the number of accidents or injured
road users during a certain time period is a resulh complex procesgElvik et al.,
2009) To understand how different factors contributextgident risks, researchers have
employed various methodologies to relate accidexidants to vehicle, driver and
environmental factors. These factors are termedcadributory factors by some
researcherHamed et al., 1998, Jovanis et al., 1991, Evad<Caourtney, 1985)

Fatal
Severe injury

Slight injury K\

Damage onl Accidents

Serious conflicts

Slight conflicts

Potential conflicts

Undisturbed passages

Figure 2.2: Safety Pyramid(Hydén, 1987)

The role of various contributory factors in accitlencurrence had been studied in-depth
by Sabey and Taylor (1980)n this UK-based study, over 2000 accident resauere
examined and it was found that road user factoedgminate, followed by road
environment factors, with vehicle factors playirige tsmallest role numerically. In a
separate studyRumar (1982kemphasised that the human component is the mifisui
one to change or modify, therefore humans haverakbasic limitations which must be
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recognised and taken care of in the technical desigoad geometry and surface, signs,
signals, lighting, vehicles, etc. In other wordgn-made things are easier to change than
individual behaviour. For this reason, despiteghedominance of road user factors, it is
acknowledged that changes in the road environmgntobd safety engineering and
improvements in vehicle safety are the ones thateake disproportionate contributions
to accident reductiofTransport and Road Research Laboratory, 1991)

To this end, it is worth making the distinctionWween contributory factors and the cause-
effect relationship in accidents. For the lay parst is of natural tendency to think in
terms of cause-effect relationship in accidenitgauer (1997)however argued that this
concept does not apply to road accidents andtthanly has meaning only if we think of
something which, had it been done differently, wlobave affected the outcome.” He
added that changing any one of the contributoryofa¢ e.g. altering road and traffic
engineering features or traffic control, rarely mskan accident certain or impossible.
Instead, the “change merely makes the accident \wbatemore or less likely to occur.
Therefore, there is no useful distinction betwemadror human factors as a cause and that
there is just a causal chain in which the roadefteironment, markings and signs affect
what road users do”.

2.4 Assessing and Measuring Road Safety

Various methodologies have been employed by saésiarchers to better understand the
relationship between accident occurrence and keyorfa that relate to the three
components of the traffic system — driver, vehialed road environment. From the
literature, there appears to be four approachasabyse accidents in road safety research:

1. Descriptive statistics — typically used to identifi¢cident characteristics that
contribute or relate to a crash counts or a cedish type;

2. Before-after evaluation — typically employed to lexade the effectiveness of a new
on-road treatment;

3. Predictive modelling — typically used to identifgctors that affect crash counts or
crash type at a particular location over a peribthee; and

4. Other emerging or advanced methodologies — tygicaed to allow for flexibility
in the dataset assumptions in modelling and uspratimal safety indictors to
measure road safety performance

2.4.1 Use of Descriptive Statistics

The work ofRowden et al. (20085 an example of a study using descriptive statigb
analyse accidents. In this study, the authorsyaedl all animal-vehicle collisions in
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Australia to ascertain driver, vehicular and enwvimental factors leading to such crashes.
Through the use of statistical chi-squared tesightriime travel, motorcyclists and
kangaroos / wallabies were identified as risksdiect The analysis also revealed a high
proportion of swerve and avoidance crashes, whadhthe authors to conclude that such
crashes should not be overlooked by crash repoeggencies. Romano et al. (2008)
undertook a similar approach by analysing empirmash data to better understand
female drivers’ involvement in fatal crashes. Tdwahors employed a crash incidence
ratio benchmarked against a base year to evaluagh ¢isks for female drivers with
various characteristics. Using a trend analysgs@gch, the authors were able to confirm
that the observed increase in female involvementatal crashes is largely due to a
parallel increase in female driving exposure. Aeotconclusion drawn was that young
women were more vulnerable to risk-taking drivirghaviour than othersWang et al.
(2008) adopted a similar approach by examining crash dataidentify typical
circumstances in which car crashes occur and ilgatstthe association between crashes
and speed regulation / road characteristics. Bpgleymng data-reduction techniques, the
authors were able to identify crash attributes patlerns for various accident severity
levels. One finding was that side-impact crashesewpre-dominantly found to be
occurring in the Central Business District (CBDA. high proportion of accidents in the
CBD were also found to occur in autumn and on maéals.

In all the above studies, the common approach wanalyse empirical crash data to
sieve out details regarding a specific crash typskeu study.

2.4.2 Before-And-After Evaluation

The second approach, involving before-after evalnat is commonly adopted by
researchers to evaluate the safety effectivenessraw traffic facility, scheme, policy
change, traffic regulation or treatment. Esselytidl revolves around the identification
of cause and effect of the treatment implemented.

Before-and-after analyses are employed across a vadety of fields to examine the
effects of treatments in general. In medicingsit particularly useful tool in clinical
studies to evaluate the effectiveness of a treatmemedical device€Shayne, 2001) In
psychology, before-and-after analyses are usedudrdty to better understand the
effectiveness of certain psychotherapy treatm@d®tzin and McKnight, 2006) Often,
these clinical studies include a placebo treatrgemip to allow for adequate control and
ensure construct validity (of the cause), i.e.pgh&per understanding of the true meaning
of the treatment, as inappropriate inferences abwmutreatment effects could be due to
confounding variables, inadequate theoretical fdatan of the treatment and inadequate
description of the treatment and control conditi(®sotzin and McKnight, 2006)In the
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transportation field, a similar approach has alsserb applied in evaluating the
effectiveness of a specific measure or treatmdfxamples include the evaluation of
drivers’ level of awareness of the road rules fwlltg a public education campaign to
improve driver compliance with streetcar transitda(Currie, 2009)and traffic and bus
performances following the implementation of busiity lane (Sakamoto et al., 2007)

In road safety, before-and-after studies have lseetral (although most had been limited
to the use of observational data) in the safetyuati@n of a site/s with a certain safety
related measure or treatment implemented (treatell &s specified in the Highway
Safety Manual(2010), there are three key methodologies that could bplared to
evaluate observational before-and-after accidembtsoafter a treatment is applied.

The first methodology, aptly called the Empiricahy®s given its roots in Bayesian

theory, involves the use of a Safety Performanaecttan (SPF) to represent the safety
performance of roadway segments or intersectioas dne similar to the ones under

study. These SPFs are used to compute the prédiataber of accidents at each treated
location (assuming the treatment had not been mmghted). The expected crash

frequencies for each treated site in the beforéoges then determined by using the

combined knowledge crash frequencies from the eefsr sites and study sites.

Following this, the corresponding figure in theeafperiod can be established based on
the ratio of the predicted accident counts betwibenbefore and after periods. Finally,

the odds ratio is computed by taking the divisidnthee observed and expected crash
frequencies in the after period. The safety effethen determined by correcting the bias
in the odds ratio that arises from using the eggchaxpected crash frequency.

The second approach is to use the Comparison G{G®) method. Central to this
method is the selection of appropriate referentas shat are comparable to the treated
sites in terms of traffic volume, geometry and otsite characteristics with the exception
of the treatment of interest. The steps are Igrgighilar to EB; the key is to compute the
predicted number of accidents in the after periageld on the safety performance of the
reference sites. Following this, the safety effestess of the treatment can be
determined in a similar manner to the EB procedure.

The third approach is based on a Cross-Section éu&luation, where sites with and
without a particular treatment are selected. Tty is largely similar to the CG

approach in that comparable reference sites aeetedl to account for all other possible
factors that have an influence on the safety affesess. The difference lies in that,
while before data are required for the CG methbeytare not required for the CS
approach. The core of the CS method is the dexwetapof a model that accounts for the
crash records of sites with and without the treatnie question. The difference in the
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number of crashes is then taken to be attributetthe¢opresence of the treatment itself.
Table 2.5 summarizes the key steps involved in using eithee of the three above
approaches, whil@able 2.6 captures the key strengths and weaknesses assbuidh
the use of each approach.

Table 2.5: Key Steps in Empirical Bayes, Comparisoroup and Cross-Section Before-
After Studies

Methodology

Step
Empirical Bayes Comparison Group  Cross Section

1 - Data Preparation

Treated Before Y 7
Sites After v v
Reference Before Y v
Sites After v
2 - Establish the safety I = Con/Cor X
performance of reference A = f(Length AADT) 1/(12/1/,(322)
sites
3 - Predict number of Tes, Tea = f(Length, Teg = f(average Methodology
accidents in before and AADT) x CMF accident frequency at revolves around
after periodsTeg & Tpa whereCMFEy = reference sites) o development
correction for site- of a single
specific attribute accident model
with a variable to
4 - Compute expected Tee =WTps + (1W)Tog  Tes =aTps + (1) Tos indicate the

presence or
wherew = weightage wherea = based on  gpsence of the

derived from model’s mean and variance of treatment in

number of accident3gg
based on predicted{g)
and observed counts in

) over-dispersion sample of reference question
the before periogTos) parameter in step 2 sites
5 - Compute expected A=f(AADT,
number of accidents in ~ Tea= Tea/Trg X Teg Tea=1XTog ( _T)
the after periodTea whereT =
- indicates
6 - Compute odds rati@R o445 RatioOR = Odds RatioQR = presence of
i.e. doing something over Tod Tea TodTea treatment
ding nothing
7 -f@orlrectinl?éc')\;lgias in CMF = OR/ CMF = OR/
inal result, (1+Var(Tea)/(Tea)d) (1+Var(Tea)/(Ten)?

Note: Author’'s summary of key steps involved énEB, CG and CS approaches
AADT refers to Annual Average Daily Traffic of tinéersection approach or road corridor. o
and Gy represent the observed crash counts in the referesite/s in the before and after period
respectively
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Table 2.6: Benefits and Disadvantages of Methodolis in Before-After Studies

Methodology Pros Cons

Empirical - Regression to the mean effects Confounding variables can be accour

Bayes could be addressed in a for only if CMF values are known and
straightforward manner with certainly that they are applicable in

- Existing Safety Performance  Study context
Functions (SPFs), if any had - Large numbers of reference sites are
been developed earlier, could required for the development of a SPF
be used - SPFs are likely to vary across different
geographical areas

Comparison - Sites can be matched such that Regression to the mean effects usually
Group confounding variables are not accounted for
accounted for - Unable to evaluate sites with zero
accident history

- Need for matching and comparability
when selecting reference sites

Cross Section- Data requirements are less Regression to the mean effects cannot
onerous be accounted for

- Cause and effect may be unclear, i.e.
observed differences between the tre
and reference sites could be due to
unexplained factors

Note: Author’'s summary of the key pros and cossaated with EB, CG and CS approaches

On the whole, the EB method is preferred as itireguess computational effort and can
account for sites with no accident history. Themagppeal in using the EB methodology
is its ability to account for secular trend andalated effects (that cannot be measured) as
well as the widely accepted phenomenon of regredsithe mean effects. It does this by
combining accident counts with knowledge aboutdatety of similar entitie§Hauer et

al., 2002) However, the drawback is that confounding vdesalhave to be accounted for
with the use of appropriate Crash Modification Baest(CMF). In practice, obtaining a
reliable CMF value is difficult. The CG method aawercome this limitation as sites can
be chosen such that confounding variables are atedufor. However, its main
disadvantage is that it is incapable of assesdieg with zero accident history. Also,
data collection is onerous as historical crash f@ataeference sites in addition to those
for the treated sites are needed. The CS methsdheaadvantage of requiring lesser
data. However, this method is not ideal given thgtession to the mean effect cannot be
properly accounted. More importantly, establishengear and effect is tricky given that
any observed differences in accidents betweerrélaged and reference sites could be due
to unknown variables that have not been capturdtidwaccident model.
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From the literature, it appears that the choicthefmethodology is largely dictated by the
availability of data on hand (Step 1Table 2.5 given that accident data from reference
sites or treated site in the before period mayh®oteadily available, etc. The literature
however has provided little knowledge on the ingtiien of the choice of before-after
study design on the final safety effect estimatés suchChapter 5is dedicated to
understanding the implications of choosing différbefore-after study design in road
safety evaluations.

2.4.3 Predictive Modelling

The third approach in accident analysis centrepredlictive modelling, which can be
considered to be an alternative to the establishrobEgause-and-effect in road safety.
Researchers using this approach typically emplggession methods to relate all possible
risk factors with the number of crashes or craghetat a particular location over a
specified time period. Poisson regression was afnthe first modelling approaches
adopted by researchers as a means to overcomeaihygropriateness of using traditional
ordinary least-square regression to analyse craghtcwhich is an integer that is often
low and non-negative in valyg&ord et al., 2005) Based on the probability of a certain
number of accidents occurring in a given time pribis expressed as:
e’

(2.1)
x!

P(x) =

whereP(x) is the probability of a road entity (usually irrrtes of road intersections or
corridors) having« number of accidents per time period addis the Poisson parameter
that is taken to be equal to the expected numberashes for the roadway entity. is
then often expressed in terms of a group of expdapavariables,Y; selected by the
modeller:

A=1(BY,) (2.2)

Because crash counts are non-negative, typicallyaled plagued by under-reporting, this
approach gives rise to problems relating to smaithge size and over- or under-
dispersion. The key drawback in using the Poisegression model is that it is unable to
handle crash data that are over-dispe(dédou, 1994) Using crash data with such a
characteristic, which is common when sample sizemall or accident counts are low,
would mean a violation of a key assumption in tleesfon model, that being when the
variance is equal to the mean of the crash codmt.overcome this, safety researchers
have resorted to the use of Negative Binomial @s$bn-Gamma) mode(doshua and
Garber, 1990) The structure of the Negative Binomial modesimmilar to the Poisson
model, except that it assumes that the Poissormedea follow a gamma probability
distribution:
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A = glFhire) (2.3)

where e? is the gamma-distributed error term with mean ofrd varianceg. The
introduction of this function allows the relaxatioh the Poisson’s property of variance
being equal to the mean.

Zero-Inflated Poisson (ZIP) and Zero-Inflated NégatBinomial (ZINB) models
emerged in the 1990s to handle another common dkeaisiic of crash counts —
excessive zeroes in the datagedrson and Mannering, 2001, Shankar et al., 19578
principle behind the ZIP or ZINB approach is to @amodelling done in two parts — the
first is binary logit or probit modelling to handéxcess zeroes while the other is the usual
Poisson or Negative Binomial modelling.

While the Negative Binomial model is designed t@eavith over-dispersed data, the
Conway-Maxwell-Poisson model emerged in the 200@miy because of its ability to
also handle under-dispersed data. Allowing theeahedor structure to take on many of
the common probability density functions also adtteits flexibility in handling different
types of crash datd.ord et al., 2008) Gamma models also came about around the turn
of the century to handle crash data that are uddpersed. It is similar to the ZIP and
ZINB models in that it comprises two states to Hamckcessive zeroes in the crash counts
(Oh et al., 2006b)

The use of regression techniques results in additigoroblems with endogenous
variables, omitted-variables bias, temporal / gpaticrash-type correlatiofLord and
Mannering, 2010) To overcome such data and methodological issessarchers have
formulated a wide variety of methods. The earl§f @dntury saw the emergence of other
models like the generalized additive and randomeédf effect model§Xie and Zhang,
2008, Guo et al., 2010)The former offers greater flexibility than Pasasand Negative
Binomial models as its inherent smoothing functadiows the explanatory variables to
take on other forms of relationship and not be tkohito the traditional linear or
logarithmic ones. The latter became popular winenrteed to account for spatial and
temporal correlation in the data began to be resegn The model structure allowed
common unobserved effects to be distributed over dpatial / temporal units or be
accounted for by indicator variables. This formmbdelling paved the way for the
appreciation of spatial and temporal effects onideet occurrencéChin and Quddus,
2003)

Recent studies have adopted random-parameter nmggleMhich is similar to random-
effect modelling in that a parameter is introdudedallow for possible correlation
between grouped observatioftdkritza and Mannering, 2008, Milton et al., 2008J)his
approach offers the additional flexibility of allowg the model parameters to vary and
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therefore accounting for site specific charactesstThis increased flexibility however
comes at the expense of greater complexity as nestiehation becomes harder.

2.4.4 Other Emerging and Advanced Methodologies

New types of models have emerged in recent yelnss is driven primarily by criticisms
of existing models such as the ZIP, ZNB and Gamrodets for the problems associated
with the assumption that the long-term mean willado zeroMalyshkina et al., 2009)
Another reason has been the rapid advancemenmipwting power. The latter is likely
to be the main driver for the emergence of the Mar®witching model, which allows for
heterogeneous data to be analysed. With incregesadility in allowing the dataset to
take on different underlying distributions, it pawbe way for a wide variety of crash data
to be analysed at the same time, resulting in figslithat previous models were not able
to yield.

Greater computing power has also led to the advaectof statistical learning theory,
which in turn gave rise to models such as neurdhor and support vector machine
models(Li et al., 2008) The mechanisms in these models differ but esdlgntentre on
learning algorithms that are based on optimizatstafistics and information theory.
Although such models generate better approximatonspared to Poisson and Negative
Binomial models, they cannot be generalised toralh&a set$Xie et al., 2007)

In summary, various models have been developedalgtysresearchers to overcome
issues inherent in crash data and provide greasgghts into crash occurrencé&igure

2.3 provides an assessment of the flexibility and dewity of the various models
documented in the literature. Choosing a model dffers greater flexibility, e.g. to
handle over-dispersed data, spatial correlatian,aften comes at the expense of greater
complexity. Models that are highly complex are kwer of limited use when they
cannot be generalised to other datasets. In the @fineural network models, the main
issue is that such models tend to behave like Kobaaxes” that produce non-interpretable
parametergLord and Mannering, 2010) For this reason, it makes sense to choose
models that offer just enough flexibility to addsespecific issues relating to the dataset
for research purpose. For instance, it would mobhécessary go for a Conway-Maxwell-
Poisson model (over a Poisson model) if the datise@bt have under-dispersion issues.
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A Flexibility

€ Markov Switching,
Support Vector Machines

€ Generalized additive, € Random parameter
Random effect

€ Gamma @ Conway-Maxwell-Poisson

@ Zero-Inflated Poisson / Negative Binomial

€ Negative Binomial

@ Poisson
@ Linear Regression Complexity

>
Note: (1) Author’s assessment of flexibility is lwthea model’s ability to account for data that amder-, over-
dispersed, have excessive zeros, spatial / temporedlation and allow for data to take on diffeten
underlying distributions
(2) Author’s assessment of complexity is basethemiodels’ transferability, ease in understandimg t
computation process and interpretation of final mlagsults
(3) "Not suitable for crash count analysis but includedeflect relative level of flexibility and compiigx

Figure 2.3: Flexibility and Complexity of Different Methods to Deal with Data and
Methodological Issues in Accident Analysis

2.4.5Use of Proximal Safety Indicators

The collection of crash data is difficult in pragi(Giles, 2001) In Sweden, published
research shows that accident data only coveredtad@¥ of the lesser accidents
(Statistics Sweden, 1995)Data provided by the police is also often inaateiand may
vary in quality and content, while those of hodpitanly cover injury accidents. In
France, it was found that only 37.7% of all roadstr casualties are captured in police
records. For New Zealand, less than two-thirdslidfospitalised vehicle occupant traffic
crash victims were recorded by the police in 198&o0p and Langley, 2001) Self-
reported or self-recorded accident data is als@idened to be imprecise, due to lack of
experience of those involved, possible memory lapsed the tendency to provide
socially desirable response by driv@rgahlberg et al., 2010, Wahlberg, 2009a).

As highlighted in the preceding section, it is a¢éstremely difficult to predict the actual
number of crashes accurately given that accidertsagae occurrences. To overcome this
limitation, researchers often resort to analysiraglees over an extended period of time or
over a large spatial area, often at an aggrega#d, le.g. county, state or country level.
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The significant lack of accurate and reliable aeniddata has hindered efforts by
transport analysts and researchers in measuringriieesafety effects of existing or
proposed safety measures. In practice, many ofmibaels that have been developed and
implemented for transportation planning purposes\ary general in nature, and many
are not equipped to allow for proper safety anaylee say a specific location where
there might be important safety related factors tdanot be easily measureable. Traffic
accident statistics have been also been commomely ttsassess the safety performance
and predict the effectiveness of new safety measatespecific locations such as
junctions. The lack of quality accident data ofteads to questionable estimates of
accident reduction effect of measures.

Given this backdrop, the use of non-accident datsafety indicators as a measure for
safety analysis and basis for statistical predictioodelling has been on the rise. This
stem from research findings that suggest such messare as equally effective as
accident data per se in predicting the expectedoeurof accidents at a particular traffic
location(Archer, 2005)

One of the earliest and more widely used methodiseidraffic conflict techniquéChin
and Quek, 1997, Parker and Zegeer, 1980)this technique, critical incidents that dd no
necessarily lead to collisions (or conflicts) aralgsed to determine how safe a traffic
facility or scheme is. The most appealing aspéthis technique is that conflict data can
be collected over a much shorter time period, imtrest to accident data which typically
requires a span of a few yediigletz et al., 1985) This immediately overcomes the
problem of having to gather sufficient accidenttdng to ensure statistical inference can
be made in analyses. The effectiveness of anyyspfegram can therefore be assessed
in a much shorter period of time.

Despite the voluminous research work done sincertféc conflict technique came to
the fore, there still exist a number of issues trabain unresolved. The key issues,
which are well summarized bghin and Quek (1997Yelate to (1) consistency in the
definition of conflict, (2) validity of the traffiacconflict technique and (3) reliability of
conflict measurements.

The first issue relates to the variety of defimg8othat researchers have used to define
conflict. From what was widely accepted of a faffonflict in 1968 as being “any event
involving swerving, braking or traffic violationgPerkins and Harris, 1968dlifferent
research bodies have gone on to refine and devedpown version of what constitutes
a traffic conflict (Transport and Road Research Laboratory, 1987 nfaettand Head,
2003) Comparison of results across studies thus besadiféicult when different
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conflict definitions and threshold levels are adohtespecially in deciphering between
‘serious’ and ‘non-serious’ oné&rayson et al., 1984)

The second issue of validity has been the maintpdimrgument for opponents to this
approach. This arose after several conflict saifded to show an acceptable level of
statistical correlation between conflicts and aenid(Chin and Quek, 1997)Williams
(1981)doubted the useful of the traffic conflict techregbecause “there would be a set
of poor correlation for every other set of goodretation found between conflicts and
accidents”. Chin and Quek (1997however argued that “such validation is only
necessary if conflict studies are intended to mtedccident occurrence”, and hence,
“validation of the traffic conflict technique woulbde unnecessary if it is used as a
diagnostic and evaluative instrument and not faident prediction”.

The third issue of reliability relates to recordsngade by the individual observer (intra-
observer reliability) and interpretation of a givernuation between observers (inter-
observer reliability). At the observer level, inststent conflict detection can result
because of fatigue and lack of training. Resutimfa full-scale conflict study involving

safety officers from Europe and North America showbkat there were considerable
variations in the conflict recordings observed Imne tdifferent groups of observers
(Grayson et al., 1984)

To address methodological issues relating to tleeafigraffic conflict technique€hin
and Quek (1997§eveloped a framework that comprises three preisiggs to ensure
conflicts are robustly defined, objectively measiaad suitably applied in traffic conflict
studies. The first pre-requisite is that conflistould be defined in simple, quantitative
terms that can be easily appreciated by both drieexd conflict observers. Only by
doing so will problems associated with philosophdefinitions be adequately addressed.
The use of “nearness to collision” in terms of gpac time was cited as a good example
of defining conflicts. Because unit time or spaseused, it provides a simple and
repeatable basis for comparison between differentlicts. The second pre-requisite is
that observations should be easily observed anduned One recommended approach
is to define conflicts in terms of time proximitystead of space proximity. The reason
for this is because distances between vehiclesftae difficult to be judged by observers
on the roadside. On the recording of conflictg, &luthors argued that such tasks would
become easier as video technology continue to advaihe final pre-requisite is that
conflict measures should be selected such that ¢énayple appropriate and meaningful
inferences to be derived from subsequent analysisr instance, using time or space
proximity measures would be useful in studies feowug on the issue of speeding and
skidding. It is also important to specify a threlshvalue of the conflict measure to
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distinguish critical from non-critical situations.This will facilitate safety evaluation
through an analysis of the proportion of conflittat are critical.

2.4.5.1Surrogate Safety Measures in Micro-Simulation

The lack of good predictive accident models anfiadilties in obtaining quality accident
records was instrumental in driving the U.S Fedelighway Administration’s (FHWA)
efforts in exploring the use of microscopic trafficnulation to assess road safety. In the
final FHWA report(Gettman et al., 2008)n Surrogate Safety Measures (SSM), it was
highlighted that a potentially good alternativettaditional safety analysis is the use of
SSMs in microscopic traffic simulation models toakate different traffic schemes in
terms of safety. Compared to the approach of usisigrical accident data, this method
has advantages similar to traffic conflict techmigun that:

v It is more resource effective given that a reldyiv@orter observation time period
is needed,;

v It is useful in before-after evaluations where #haphasis is on comparison or
assessment of a new traffic facility or measureé; an

v Carefully calibrated and validated models can mteva controlled and flexible
“off-line” test platform that allows the user topmtiment with alternative design
solutions and different traffic parameter valuesider to estimate the effect these
will have on both safety and traffic performance.

It is clear that the use of SSMs in safety anallyais gained popularity in the recent years,
especially in evaluation of intersection safetjrcher and Young (2009)ised Post-
Encroachment Time (PET) and the number of red Mghlations as SSMs to evaluate the
safety and traffic system efficiency of five altative signal treatments at a metropolitan
highway intersection. Using micro-simulation softeygpackage VISSIM, it was shown
that amber extension treatments yielded the grieatfect in terms of reducing red-light
violations. In a similar veinSaccomanno et al. (2008itilized micro-simulation to
compare the pattern of rear-end conflicts betweenndabouts and signalized
intersections. Through the use of three SSMs — Ttime€ollision (TTC), Deceleration
Rate (DR) and Crash Potential Index (CPI), it wasnfl that traffic volume and
pavement surface conditions were significant factodn another studylsmail et al.
(2009) used four SSMs — TTC, Post-Encroachment time (PET), Gepe and
Deceleration to Safety time — to test the abilityap automated video analysis system in
capturing important conflicts between pedestriamd @ehicles automatically. Although
results showed that none of SSMs were individuedlpable of detecting all dangerous
conflicts, the combination of all four SSMs proviedbe useful in identifying important
traffic conflicts.
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With regard to road corridors, there have only badmandful of studies that had used
SSMs for safety evaluation. In a recent studyMm®ng and Weng (2011}the authors
used Deceleration Rate (DR) as a SSM to develomdehrelating rear-end crash risk
and key risk factors in the merging area of a wooke. Crash Potential Index (CPI),
another SSM developed based on DR, was useduoyo et al. (2009)o evaluate the
safety performance of a freeway segment. Resultsvesth that the SSM was able to
reflect the crash risk accurately.

2.5 Bus Safety

Previous research in bus safety have typically eored (1) safety assessments of bus
services and bus accident analyses or (2) the algwent accident prediction models to

understand how vehicle, driver characteristicsjrenmental factors and human resource
scheduling correlate with bus accident risk atrthero-level.

In the first group of studiegvans (1994provided a good overview of accidental fatality
rates for buses and private transport in EuropatisBcs from the 10-year record in Great
Britain showed that fatal accident rates betweehlipuransport and the private road
modes are similar when exposure (per passengeiskal)jowed for. For bus-involved
accidents, the bulk of fatalities typically invoty@inprotected road users. On the other
hand, fatalities involving passengers were fountddow. An intriguing implication of
this finding was that “door-to-door journeys by paliransport would be riskier than the
same journey by car, even though the former caméatively low risk, because
unprotected road users are exposed to relativgly hsk while walking to and waiting
for public transport”. Notwithstanding this, itéasknowledged that bus accidents in Great
Britain are relatively low, especially when comphite the 1970s, when total casualty
figures were about two times higher at 50 to 106 ymar (White et al., 1995) When
compared to other European countries, the Nethasglaand Britain displayed similar
fatality rates, with West Germany having slightbyver rates in comparison with Britain.
Tennyson (1998jocused on transit-involved accidents in North Aicee by analysing
fatality and injuries rates, including accidenttsd®r all types of transit collisions over a
3-year period. Given that travel in North Amerisapredominantly by automobile, the
fatality rate is highest at 0.9 per 100 auto pagselRm, compared to 0.37 and 0.43 per
passenger km for light and rail rapid transit resipely. The fatality rate for transit
buses is lowest at 0.12 per passenger km primaglyause non-patron fatalities are
reported separately. On the other hand, the injatgs for riders on transit buses are
worse when compared to rail and automobile uskrsicknowledging that that many less
serious automobile accidents are likely to go uora, Tennyson (1998)autioned
against a direct comparison of transit injury daiidn automobile injury data.
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Certain bus accident types are known to be paaityucommon.Zegeer et al. (1993)
found rear-end and sideswipe accidents to be most commoammercial bus crashes
across five states in the U.S. A similar findingsaobtained in the work hjovanis et al.
(1991) in which 89% of all accidents / incidents werdlismn events involving hitting
another object or person, while the remaining 11&ewnon-collision events relating
mainly to passenger injuries during boarding /tdligg or moving about in the bus.
Again, rear-end collisions were the most commost ms was found byang et al.
(2009) Albertsson and Falkmer (20098nalysed bus and coach incidents in eight
European countries and found that buses and coaudikding with cars formed the
majority of all crashes. Frontal impacts were masnhmon, followed by side and rear
impacts. As for non-collision incidents, emergebecgking and boarding / alighting were
the common causesVahlberg (2002)leveloped a taxonomy of buses involved in low-
speed accidents in Sweden with the aim of captworgmon features of bus accidents
and studying the causes of accidents from behaaliaand environment perspectives.
From the database of 2237 accident involvemenésjitbst common accident types for
buses were found to be shunts and side contactamittther vehicle. In a follow-up
study, Wahlberg (2004a)developed a framework (star-diagram) of dependamd
independent variables to examine the relationsbtpiéen the various characteristics (17
in total) of bus accidents and found that a sigaiit number of side contact accidents
occurred at bus stops and involved parked carss duggested that the bus size was an
issue for drivers when manoeuvring in tight spaadesg streets. It was also interested to
note that more than half of the injuries in busaggened independently of conflicts with
other road users. Given that nearly half of singbeidents occurred at bus stops, he
reasoned that this outcome could be due to busesg Isétopped abruptly resulting in
passenger falls.

Previous research into bus-involved accidents sigmests that buses may be indirectly
involved in a larger number of accidents even thotltey did not participate in the
collision and no one in the bus was inju@tenac and Clabaux, 2005)By sieving
through police reports on accidents in an urbanaed of FranceBrenac and Clabaux
(2005) discovered that accidents in which a bus was tijréovolved in accidents
accounted for 1.4% of all traffic injury accideméxorded by the police. This percentage
increased to 3.6% when indirect involvements ofeBusere also accounted for. Sight
obstruction and hurried crossings by pedestriang We main contributory factors when
buses were indirectly involved in accidents. Twgllic they involved vehicles hitting
pedestrians who had crossed in front of buses o@ s®ssing the street to catch the bus.
These findings support the authors’ view that thdirect involvement of buses in
accidents cannot be considered as insignificant.
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Findings from the second group of studies havealedgeinteresting insights into the risk
factors for buses.Albertsson and Falkmer (200%9und that the majority of bus and
coach incidents in eight European countries toakglon urban roads with speed limit of
50km/h and in dry conditions. In another study, firesence of on-street shoulder
parking, lane in which bus was travelling in, pdsgpeed limit, lane width, number of
lanes and traffic volume were found to be assodiati¢h increases in accident and injury
severity risk§Chimba et al., 2010) It was also interesting to note that the stditthe
road was reported to be a contributory factor ity @anthird of bus incident reports in
SwedenWahlberg, 2004b)

As for vehicle related factors, crashes involvirigeo buses were found to be over-
represented in commercial bus accidents acrossstates in the U.S§Zegeer et al.,
1993) Tseng (2012also found that the use of automatic vehicle iocasystems in tour
buses was associated with lower at-fault accicesr In another stud$trathman et al.
(2010) analysed factors contributing to bus operatiorfetgancidents in the Portland
Oregon metropolitan region in the U.S. using extendata from an Automatic Vehicle
Location system. It was found that a more variatdlydvork span, overtime shift hours
and late-running are some of the more significamitrtbutory factors in bus-related
incidents. Buses with lift movements were alsonfibuo have higher incident risks,
which the authors attributed to the likelihood afsbdrivers running late (and thus
increasing accident risks) as a result of usirigfierations.

In terms of driver factors, the study hyahlberg (2002)found that bus drivers were
responsible for as much as 40.2% of accidents. ddew when single accidents
(typically involving the hitting of stationary olijis) were excluded, this figure dropped to
18.1%, which is comparable to the proportion ofideats where other parties were at
fault. In other words, the number of bus driveyarfd to be at-fault is not significantly
different to other motorists in multiple-vehicle cadents. In a subsequent study,
Wahlberg (2004bjested acceleration behaviour along with otheredrielated variables
and found that the number of working hours and tesaer extent age, are significantly
associated with crashes. In this study, he argo@dmost accident prediction research
had tested predictors that are far removed fromattieal traffic behaviour. He further
argued that accident data only requires basic afibal and that the use of more advanced
statistical techniques might yield misleading resulln particular, he made a case that
prediction could only be made for culpable accideas those for which a person is not
culpable in some way cannot be predicted by anjabkr from a behaviour point of
view. Based on this principl&Vahlberg (2008)ested the correlation between driving
style, as measured by driver acceleration behawaguaeleration with other commonly
used variables like age, gender, number of workiogrs and travel time. Although
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extensive on-board data collection was done, ntitigé conclusion could be drawn
from results of his analysis. Results from a Iatedy however did reveal that bus driver
accident risks vary by time of day when accounforgexposurgWahlberg, 2009b) In a
separate study that involved an analysis of ne®8@p0 commercial bus crashes in the
U.S., Zegeer et al. (1993jound that gender or age was not significant icicent
involvement. Tseng (2012plso found age as well as education level to bemificant

in explaining at-fault accident rates of tour bus/ets. Driving experience and yearly
mileage on the other hand, were found to be sicamti. In the work bylovanis et al.
(1991) age was found to be negatively correlated todactioccurrence when experience
was accounted for. No statistical significance vi@:d for gender but interestingly,
experience with the transit agency was found tostbengly associated with accident
occurrence, with drivers having 3 to 6 years ofezignce being over represented in
accidents. As for the study [Strathman et al. (2010)esults from the analysis tifie
extensive intelligent transportation system andaiens data revealed that incident risks
decreased until the age of 30 and length of sereeehed 33 years. The expected
frequency of non-collision incidents for female mers was also found to be slightly
higher than their male counterparts (14% more).a keparate study that examined bus
drivers' self-assessed risk, it was found thatrtperception of accident risk increased
with distance travelled and daily working hodifamed et al., 2000).

To summarizeTable 2.7 provides a listing of the key accidents risks fdum the above
studies. While findings from these have providediuable insights into crash
characteristics and accident causation factors us #ccidents, they appear to have

generally fallen short of adequately representithgha traditional safety determinants,

i.e. some studies have a good mix of driver relaf@ctors but lack vehicle and

environmental factors or vice versa. The majooityhese studies have also focussed on
accident risks instead of probability of being aHf in accidents, both of which appear

similar but are distinct in form. This is despites trecognition that addressing culpability

when analysing accidents is important as earliseasch has showed better correlation
between driver characteristics and culpable actidgviahlberg, 2008)
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Table 2.7: Summary of Studies on Bus Accidents

Key Accident Risks Examined / Found

Driver related Vehicle related Roadway related

Author

Crossing Pedestrians

Posted speed limit
Time of Day

Experience
Temperament
Mileage
With lifts
With AVL System
< | Turning Bus
Side-swipe collision
Frontal Impacts
On-street parking
Lane bus was in
Lane width
Traffic volume
Sight Obstruction

Gender
Work hours

N |Age

Yang et al. (2009)
Zegeer et al. (1993)
Strathman et al. (2010) v
Jovanis et al. (1991)

Tseng (2012) v v
Chimba et al. (2010) v v v
Wahlberg (2009b) v vV VvV
Albertsson and Falkmer (2005) v v

Brenac and Clabaux (2005) v v
Wahlberg (2004b) v v v
Hamed et al. (2000) v v
Note: Author's synthesis of existing knowledgeiskfactors examined in bus accidents

< <« |Rear-end collision

<\
(\
<\
(\
<\
(\
<\

2.6 Safety Impacts of Transit Priority and Service Featires

As highlighted in sectior2.2.3 operational (instead of safety) consideratiores @ften
central in evaluating the effectiveness of trapsibrity. Our understanding of the safety
implications of transit and bus priority thus remsaunclear, given that research in this
area has been limited. In one of the studies fimaised on transit cars (or trams) in
Toronto, CanadaCheung et al. (2008)Jeveloped zonal-level and arterial level collision
prediction models using a generalized linear mauglapproach. Results showed that
that apart from driving exposure, the other vagabthat have significant associations
with transit-involved collisions include stop ddwsitransit frequency and presence of
near-side stops and on-street parkin§hahla et al. (2009also developed collision
prediction models that incorporated transit chamastics but also focused on signalized
intersections. The influence of geometric desiga ather road features on transit-
involved collisions and all collisions were alsaexned in a bid to determine differences
in safety between intersections with and withoutase features such as TSP or exclusive
lanes. Generalized linear modelling with a negabinomial error structure was carried
out using 5-year records of bus- and streetcateleollisions at signalized intersections
in Toronto as well as data comprising public trgrgegneral traffic and locations of public
transit stops. Results from the best fit modelswsdd that variables having significant
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associations with transit-related collisions ansaigzed junctions included annual average
daily traffic, transit and pedestrian traffic volas) turn movements and the presence of
features. For the latter, it was interesting ttertbat the presence of traffic signal priority
had a positive correlation with transit-relatedis@ns at junctions. Another tram related
study found that darkness and passengers undemfibence of alcohol were key
accident risk factors. Most injury events alsopg®ped at tram stops, on the tram tracks
and pedestrian crossing locatiqikedelin et al., 1996)

For the case of BRTs, it was found that buses uSkgftle’s bus tunnel (with exclusive
right-of-way for buses only) experienced 40% feveecidents than in mixed traffic
operations, while the introduction of the BogotansMilenio BRT system saw a 93%
reduction of fatalities among transit usérsvinson et al., 2003c) With regard to other
bus priority measure®Booz Allen Hamilton (2006¥ound that the introduction of bus
lanes in London had resulted in a reduction of lig%ccidents involving buses. In
evaluating the safety impacts of bus lanes andandanes,Mulley (2010) examined
personal injury accidents that occurred over a&@-yeriod on stretches of roads within
50m of a bus priority lane in Tyne and Wear, Ukhddound that 5.3% of all personal
accidents were due to priority measures along tmador. However, whether priority
measures actually resulted in more accidents dwees not stated.Sarna et al. (1985)
studied the accident data on selected roads in Dielwi for a 2-year period before and
after dedicated bus lanes were introduced. Theltsesvere unable to provide any
definite evidence of safety impactcaPlante and Harrington (1984judied contra-flow
bus lanes in Chicago and concluded that they shibeldetained after determining that
bus and pedestrian accidents decreased by 52% @¥drdspectively in the “after”
period. For the case of Hong Konise et al. (2014¢xamined the accident occurrence
on seven sites where bus lanes were implementeddipand a reduction in fatal, serious
and slight injury accidents involving buses. Themes however an increase in fatal and
serious accidents for other vehicle types. Witlo ¥ the decreases and none of the
increases found to be statistically significang #uthors concluded that the bus lanes
appeared to have benefited buses only.

A number of studies have been carried out whergsitrgriority had been applied in a
context that is different to Melbourne, Australtag focus of this thesis). In America,
studies have focused on time-limited bus lanesh(tusur lanes) on highways, where
share-a-ride schemes using private cars are pethi@ooner and Ranft, 2006, Sullivan
and Devadoss, 1993)The results from these studies showed that dnssl appeared to
lead to an increased number of accidents. The hkebt explanation for this increase is
that American-style bus lanes, also known as Higitupancy Vehicles (HOV), are
constructed next to the central median and adjaetihe lane where traffic speed is
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highest. As a result, buses or vehicles wantingige the HOV lanes have to make
several lane changes to move in or out of themDdHhas, Texas, this increased traffic
weaving movement was deemed to be the key reagaimdancrease in accident rates
following the implementation of HOV landSkowronek et al., 2002)With bus speeds
likely to be lower, there would also be major spdéférences between the bus and other
traffic lanes. The fact that light cars could alsge the bus lane could also have
contributed to the increase in traffic accidents.

In Norway, 2-wheelers are permitted to use busdari¥his type of bus lane was found to
increase the number of accidefigvik et al., 2009) possibly due to the fact that the
heaviest (bus) and lightest (2-wheelers) vehictesthe same traffic lane. In addition, the
differences in speed between a bus lane and atiiéic tane would be relatively large,
especially in heavy traffic, thus increasing théeptial of more conflicts and accident
occurrence.

Unlike Norway and America, the majority of bus lane Melbourne under this study are
for exclusive bus use. These bus lanes are athated by introducing a new traffic lane
or by reallocating existing traffic lanes for bugesy. clearways). From the literature, it
was not clear whether bus priority schemes thaevesiamined in previous studies had
been implemented via reallocation of road spacethis regard, the closest comparison
one can make is with the effects of “road digtawlovich et al., 2006)which a form of
road space allocation for the benefit of other raadrs like pedestrian and cyclists. In
this study, the authors found that the road diettowa, America, resulted in a 25.2%
reduction in crash frequency per mile and 18.7%ictdn in crash rate. The key reason
put forward was that road diets reduce traffic gpaed vehicle interactions during lane
changes, resulting in a reduction in frequencyseekrity of crashes.

Table 2.8 presents a synthesis of the safety research delatesk factors for transit and
priority. The_evidence shows that safety effeagbrdrity measures is mixed:-

(@) Only one study on the road safety effects iradfgnal priority that was found
suggests an increase in accident occurrence; and
(b) Of the eight studies on bus lanes found, fiuggest a decrease while the other

three pointed to an increase in accident ratebdadih they all are in unusual or
different contexts)
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Table 2.8: Summary of Risk Factors in Safety Reseah on Transit and Priority Measures

Author

Risk Factors Cheung et al. Shahla et al. Strathman e Hedelin et Levinson et Booz Allen Mulley LaPlante and Tse etal. Cooner and Skowronek et Elvik et al.

(2008) (2009)  al. (2010) al. (1996) al. (2003c) Hamilton (2006) (2010) Harrington (1984) (2014) Ranft (2006) al. (2002)  (2009)

(A) Transit Priority Features

Traffic Signal Priority +

Bus Lanes - - - - @ +? +@ +3)
(B) Transit Service Features

Bus Stop Density + +

Transit Frequency +

Near Side Stops +

On Street Parking +

Traffic Volume +

Pedestrian Volume +

Turn Movements +

Overtime Shifts +

Late Running +

Tram Stops +

Tracks +

Pedestrian Crossings +

Darkness +

Alcohol +

Mixed Traffic + + +

Source: Author’s assessment of the literature

Note: “+” indicates higher accident risk while “-'indicates otherwise
(1) Decrease in fatal, serious and slight injury busidents, but increases in fatal and serious acdisl@nother vehicles found
(2) HOV / Median bus lanes on freeways in the US
(3) Shared with 2-wheelers
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2.7 Knowledge Advancement Opportunities

The provision of bus priority measures can be engling to justify in practice, especially
in the North American and Australian contexts whitre majority of road travel is by
private car and compromises are required betwead space and road time uses for
private traffic and buse@lack et al., 1992) Methodologies for the justification of bus
priority measures have been shown to be weak mtifgieng the wider benefits of priority
schemegqUniversity of Southampton, 2002) Although recent research has started to
examine wider impacts like ridership, mode shiftyi;onmental benefits of bus priority
schemes (Currie et al., 2007), network-wide besedit schemegMesbah et al., 2008)
and more recently cost benefit evaluations for BiRfiemegChisholm-Smith, 2011)a
major issue which has yet to be considered in bigify planning is the road safety
impacts of providing priority schemes.

Of the handful that have studied the safety effedtdus priority measures (listed in
Table 2.8, only scant knowledge has been added to the $ieice none have discussed
why the association between accident occurrencetlamdntroduction of bus priority
measures was found to exist. Clearly this is la fieorthy of further research. From an
industry perspective, further research in this greavides the opportunity for transit
operators and road management authorities to gaiettar understanding of the safety
effects of bus priority measures on bus driversrantbrists. For the latter, findings from
this research could pave the way for more objecatigeision-making on whether bus
priority measures should be implemented.

The review of the safety assessment literaturealsasrevealed that there exists a variety
of methodologies to identify the risk factors oraddish cause-effect relationships

between the treatments applied and accident ocwereFor the latter, different before-

after study designs are documented in the litegatuith the choice often dictated by the

nature of the available dataset. However, an wtaleding as to how the adoption of

different study designs affects road safety eféstimates remains unclear.

Finally, the literature review shows much resedral been done on bus safety. Whilst
previous studies have provided significant insiigiid the risk factors for bus accidents,

they appear to have fallen short of adequatelyessprting all the traditional safety

determinants (i.e. driver, vehicle, roadway andirmment factors) when analysing

accidents at the accident-level. It was noted tiwete of the studies have explored how
bus priority influences bus drivers’ probability beging at-fault in accidents. This is

despite the recognition that addressing culpabilitien analysing accidents is important
(Wahlberg, 2008).
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2.8 Summary

In this chapter, a review of the existing literawoncerning the latest developments in
bus priority, principles and key concepts in roafiky research, leading methodologies in
the assessment and measurement of road safetgafiy and safety impacts of transit
services and priority was done. The review idedifimportant gaps in existing
knowledge and accentuates the need for furtheareseéo be done in three areas, which
are summarized imable 2.9

Table 2.9: Existing Knowledge Gaps that Provide Fuher Research Opportunities

Area Knowledge Gaps Research Opportunities

Safety Impacts Understanding of bus priority safety Investigating the impact of
of Bus Priority impacts is unclear given that previousimplementing bus priority in
findings have been mixed Melbourne’s context

Previous studies focused on
applications in Europe and America

Assessment andVarious before-after study designs  Exploring the implication of using
Measurement of exist, but the implication of the choice different before-after study designs
Road Safety on the safety evaluation is unclear  in the bus priority safety evaluation

Bus Safety Previous studies have generally falleBxamining the effect of bus priority
short of adequately representing all théalong with driver, vehicle, roadway
traditional safety determinants (driver,and environment factors) on bus
vehicle, roadway and environment) atdrivers’ probability of being at-fault
the accident level in an accident

The impact of bus priority on bus
driver’'s at-fault probability had not
been examined

Based on the research opportunities identified epthe following chapter presents the
research objectives that are established to adthredenowledge gaps. An outline of the
research methodology and details of data usedsnékearch will also be provided.
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CHAPTER 3 RESEARCH METHODOLOGY, CONTEXT AND DATA

3.1

Introduction

This chapter lays out the research objectives themd knowledge gaps identified in the
literature review. The research methodology adbpbdeachieve the research objectives
are then put forward. This is presented as irffdlma of a framework as a means to guide
research efforts in achieving the objectives. ma#his chapter presents details of the
research context and data before discussing liomsassociated with the use of the data.

3.2 Research Objectives

Following the research aim and approach establishedection 1.3, five specific
objectives were established as follows:

1.

Determine the safety effect of bus priority measureMetropolitan Melbourne
on the nature of accidents and crash occurrence;

Examine the impact of using different comparisoougr types in before-after
study design on the final road safety estimate;

Identify the impact of bus priority in relation wther key risk factors on bus
accident frequency at the route-section level atthwdt probability for bus
drivers in bus-involved accidents;

Investigate the road safety effect of adoptingedéht “space based” bus priority
measures on conflicts at selected locations alawgé corridor; and

Estimate the rear-end crash risk of vehicles thatahind a slowing or stationary
bus in mixed traffic as a means to quantify a congmb of the safety benefit in bus
priority schemes that segregate buses from maarstteaffic

3.3 Research Framework

As the research objectives cover different areael@tion to the safety impact of bus
priority, a framework was developed to guide resleafforts. As shown ifigure 3.1,

six research components (or tasks) were definedheve the objectives as presented in
the previous section.

The research context, details of the data sourethadology, key findings that follow for
each task will be presented in accordance to ttasyéwork on a chapter-by-chapter
basis. The following paragraphs provide a brieoaant of each the six tasks.
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Literature review
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Before-after safety
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priority in Melbourne
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2. Implication of before-
after study design

Use of different
comparison group types

3. Implication on
accidents at route-level

Y

Model development
and calibration

\
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4. Drivers being at-
fault in accidents

Identifying risk factorg

Investigating impact aof
bus priority

5. Impact of different
space based bus
priority schemes

6. Benefits of
segregating buses from
mainstream traffic

Development of
different scenarios and
conflict analysis

Model development
calibration and crash
risk estimation

Figure 3.1: Research Framework

The first task of determining the safety effectbafs priority in the Melbourne context
was accomplished using a robust before-after ailsabased on latest research practice,
with the results used to provide a sense of thetyaffect of implementing bus priority at
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the network level. Noting the various before-aftéudy design types in use for road
safety evaluation, the second task sought to exaithea extent to which the choice of
comparison group types affected the safety effetttnate obtained earlier.

To further the understanding of the safety effédius priority, the third task focused on
accident modelling to identify the risk factors atved in bus-involved accidents and
more importantly, determine the effect of bus ptyoon bus accident frequency. For
analytical rigour, different modelling approachesrgvadopted to allow for a comparison
of model performance and results of bus priorifect

Given that bus priority can be a significant factoraffecting the probability of bus
drivers being at-fault in bus-involved accidentse tfourth task aimed to explore its
impact in relation to other key risk factors at texident-level. A model that captured
driver, vehicle, roadway and environmental facttirat were likely to influence bus
drivers’ at-fault probability was established anesults on the bus priority effect,
discussed.

The next (fifth) task focused on understandinggatety effects of different bus priority
schemes. Through a case study of a road corriddvielbourne, the implication of
implementing a new bus lane via road space reaiotand space creation was explored
using micro-simulation tools. Subsequent analy&is done using the conflict technique
and the results comprised a comparison of confiictsss the different schemes.

An obvious benefit in bus priority schemes thatreggte buses from mainstream traffic
is that rear-end collisions between buses andviahig vehicles are largely eliminated
when slowing down or stopping at bus stops. Tha gb the final (sixth) task was to
guantify this benefit by estimating the crash rdkvehicles that are behind a slowing or
stationary bus at bus stop locations in a mixeffi¢graonfiguration. Implications of the
findings will be discussed in the context of buepty planning.

3.4 Research Context — Bus Priority in Melbourne

The focus of this research is on bus priority measthat had been implemented as part
of the SmartBus Program in Metropolitan Melbourhestralia. InChapterst and5, the
aggregate-level analysis and safety evaluationgudifierent before-after study designs
were carried out using crash related data fromeoirnt the SmartBus Program.

3.4.1 The Melbourne SmartBus Program

SmartBus was introduced in phases from 2006 togoiiynuplift the status of bus routes
in metropolitan Melbourne to a level equivalent netropolitan heavy rail and tram
routes in terms of service frequency, hours of afem and quality of passenger
information. It has been promoted as a premius dmrvice that offers more frequent
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and reliable service for passengers. Part ofeitgice offering includes the provision of

real time bus arrival information at selected biops Currie and Delbosc, 2010 The
focus in the before-after analysis is on SmartBugas 900 to 903, where various bus

priority treatments had been implemented since ZB@fire 3.2).
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As highlighted in sectioR.2, there exist various forms of priority measurde type of

priority measures in the SmartBus program fallseurahe of the two general categories:
Traffic Signal Priority (TSP) and non-TSP. TSPatreents for SmartBus involve the use
of existing signal control systerfLowrie, 1992) vehicle detection technology and its
infrastructure. Active TSP strategies are adog&dith et al., 2005)mainly for late-

running buses, which involve the use of actuatedsit phase (“B” signal) and phase
insertion / rotation when the presence of SmariBixeing detected near an intersection.

Non-TSP treatments include clearways and full-toneart-time bus lanes. A potentially
important part of the implementation of SmartBus banes is that many have involved
adding a new lane to existing roads rather thalioceding existing road space. This
includes queue jump lanes at intersections, wheradalitional lane at the kerbside is
carved out for buses’ use only, to give buses fwrsbrity in clearing the intersection
when the lights are in their favour. Also, unlikas priority systems in Europe, goods
vehicles, taxis or 2-wheelers are not permittecburs lanes in Melbourne. The only
exception to this rule is when at signalised irgeti®ons and side streets locations, where
the Victorian legislation allows for a driver toeusp to 100m of the bus lanes to make
turns (Australian Transport Council, 2009Jable 3.1 summarizes details of the bus
priority measures implemented in the SmartBus @ogrwhile Figure 3.3 shows an
example of a full-time bus lane and queue jump lardelbourne.

Table 3.1: Details of Bus Priority Implemented in he SmartBus Program

Form of Treatment No. of Locations  Types of Measure

Time based (at intersections) 25 Green extensied,tRincation, Phase
insertion / deletion, “B” phase

Space based (along road corridors) 31 Bus lanesvehys, curb extension

Figure 3.3: (a) Full-Time Bus Lane; (b) Queue Jump.ane in Melbourne (Source:Nearmap)
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3.5 Research Data

A key challenge that researchers face in roadysaésearch is obtaining quality accident
data (challenges and data related issues are sestfisrther in sectio.6). Because the
Victoria Police in Australia frequently do not attkto accidents if no person was injured
in the accident and all involved parties have erged name and address details
(Victoria Police),details of non-injury property damage accidentsnateavailable. Such
information though is of significance importancetie context of this research. Given
this, data from three other sources (two providipgmary data and the final,
supplementary data) were obtained for this research

1. Police records from the Victorian government dateatiory;

2. Bus accident records from Melbourne’s largest lpesator;

3. Video recording of a road corridor; and

4. Traffic Volume from VicRoads (local Road ManagemaAnthority in Victoria)

3.5.1 Accident Data from Police records

The first set of data (police records) was obtaifrech CrashStat§VicRoads, 2012h)
which is a crash reporting system developed by V& (the local Road Management
Authority in Victoria) and Victoria Police that ctains all accidents on roads that involve
injury or death but not those where no person wasead or those that involve property
damage only. With the aim of assessing the ovevall safety impact of bus priority, the
focus was therefore on understanding how injurydeetds patterns have changed along
the SmartBus routes in Melbournéidure 3.2) where a spate of bus priority measures
was implemented since 2006.

In total, there are 56 locations along the SmartBuges where bus priority measures
were implemented. At each location, 3 years’ waithbefore” data and at least one year
or up to the equivalent 3 years’ of “after” dataravextracted for the analysis, depending
on when the priority measure was implemented. nizgs of Annual Average Daily
Traffic (AADT) along the roadway segments and framjor and minor approaches of
the intersections under study were also extractedtHis research. These data were
computed based on the traffic volume data collettaah the signal control (or SCATS)
system(Lowrie, 1992)and records provided by the information system ihataintained
by the Traffic Operations Unit of VicRoads, Austaa(VicRoads, 2012a) Details on
how the AADT is computed are provided in sectBoBb.4

3.5.2Bus Accident Records

The second set of data comprised bus accidentdetioat were obtained from the Traffic
Incident Management System (TIMS) in Ventura Bud @nenda Transit (both now part
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of Ventura Group), which were the two largest boisipanies in Melbourne at the time of
this research. The data from TIMS contained alldents which occurred between the
year 2000 and 2011 that were captured for the marpbinsurance claims settlement. In
the event of an incident that results in damages doivers from both companies have the
responsibility of filling out and submitting an ident report to the incident management
team. This not only includes traffic accidentst &lso any event that results in injury to
commuters, road users, damage to buses, roaduirnphysical objects and arguments
with passengers, for example. Each incident regartviewed by officers from the bus
company’s incident management team and adjusians tihe insurance company. Often,
these reports are supplemented with pictures ofddmeage the buses sustained. An
assessment on whether the driver is at-fault,isha@ssigned to hold primary responsibility
for the incident occurrence, is typically made witte aid of pictures and video
recordings captured from CCTYV installed in buses.

In this research, additional information relatingy the driver, vehicle, roadway and
environment at the time of the accident was aldained from Ventura Bus and Grenda
Transit’'s human resource database. These inchaldriver’s length of service / gender,
age / accident record, bus length / age and rtadfit conditions.

3.5.3 Traffic data along a Road Corridor

The third set of data came from video recordin@ obad corridor segment in Melbourne
for a case study in this research. The road segofeimterest (Blackburn Road) was
selected as it was deemed to be representativenaja arterial (three-lane divided road)
in Melbourne. At a length of 1.6km, it comprisesif intersections, operates in a mixed
traffic configuration with a speed limit of 70kpiméido not have priority measures for
buses.

The video equipment needed for the recordiigyre 3.4 comprise a purpose-built steel
frame and video surveillance camera (mounted attopelevel of a thirteen storey
building) and a computer server for video datasgjer The camera was set up to capture
traffic movements along a segment of Blackburn Rd@adane carriageway) from
Normanby to Ferntree Gully Road. Secti®d provides further details of Blackburn
Road.
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Figure 3.4: Equipment for Video Recording of Trafic on Blackburn Road

3.5.4 Traffic Volume Data

Traffic volume in the form of Annual Average Dailyaffic (AADT) was collected with
the aim of developing micro-simulation models amdident models that are based on
traffic volume. These data were obtained from 8@ATS and information systems
maintained by VicRoads. The month from which théadvas extracted was chosen to be
at the mid-point of the 1-year period. For ins@nid the 1 year period spans from
January to December, then traffic volume for thenth@f June would be obtained for the
purpose of computing the AADT for that 1-year pdrio

Due to faulty loop detectors on site or road wavkscertain days, a small proportion of
traffic volume data captured by SCATS were incortgpler the month of interest. To
overcome this issue of missing data, relevant emion factors provided in the
Transfund New Zealand Research Report 20@uide to Estimation and Monitoring of
Traffic Counting and Traffic GrowtfiTraffic Design Group, 2001) were used to estimate
the AADT. Table 3.2 presents the approach in obtaining and computiegNADT for
this research.

Table 3.2: Approach in Computing Annual Average Ddly Traffic (AADT)

Scenario Data Availability Computation of AADT
1 Complete with no Average daily traffic for a selected week multigliey
missing data the relevant week factor

Incomplete with missing Average daily traffic volume for a selected daytfwi
data on certain days complete data) multiplied by the relevant day facto
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3.6 Data Limitations

It is widely accepted that data from accident rdsqgrovide a good indicator of the safety
performance or problems for the road under studgwever, there exist limitations and
drawbacks in the use of such data.

According toElvik et al. (2009) the two main problems associated with the use of
recorded number of accidents to estimate safetyniber-reporting of accidents and
random variation in the recorded accident numbdesults from one study found that
reporting of injuries in official accident statisdi is incomplete at all levels of injury
severity (Elvik and Mysen, 1999) Reporting levels were found to vary substantiall
among countries, ranging from 21 to 88 percenthiaspital-treated injuries. Reporting
was also highest for car occupants and lowest falists. Single-vehicle bicycle
accidents in particular were also found to be vargly reported in official road accident
statisticgElvik and Mysen, 1999)

For bus accidentsyVhite et al. (1995)and Brenac and Clabaux (200®pserved that
under-reporting could be more pronounced with atgreproportion of single-vehicle
non-collision accidents, involving injury sustainéol occupants on-board a bus. In
France, it was found that bus occupant injury antealifor 0.76% of hospital outpatients
and inpatients injured in road traffic accidentdieweas police data showed that bus
occupants accounted for only 0.58% of the injui@cenac and Clabaux, 2005J)ames
(1991) found that accidents involving children, pedal sts, pedestrians and minor
injury were all substantially under-reported.

The second issue raised Bivik et al. (2009)relates to biases in reporting and arising
from missing or incomplete data. The former carathebuted to the regulation covering
the reporting of accidents, as the reporting dgatare likely to vary between jurisdictions.
The Victoria Police in Australia, for instance, dot record accidents in their database if
no person was injured in the accident and all wedlparties have exchanged name and
address details. Details of such accidents andethovolving property damage are
therefore not available in the official databa¥®ith property damage accidents typically
constituting the bulk of all accidents, the accidgicture is incomplete and this means a
comparison of accident experience across courdgriggisdiction is often not possible.

In using the at-fault data provided by Ventura Bod Grenda Transit, it is acknowledged
that the at-fault assessment might not have coreidiéhe fact that crashes are multi-
causal and interaction between the driver and athttte road system. It is likely that the
occurrence of a crash might not be due solely ¢ofdilure’ of the driver, but rather the
inability of the rest of the system to provide atahle operating environment within
which the driver should reasonably be expectedperaie. The road system could have
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also presented an inappropriately complicated timato the driver. Such “system
deficiencies” might not be obvious when being jutidpy an insurance adjuster or bus
company manager.

Missing or incomplete data, which is not uncommonaccident records, could result
when a police officer did not record a particulactbr in an accident because he/she was
not aware of its presence, not been able to findfauwas present or did not think it was
important. Police officers who complete the acotderms are also often general duties
police and have little or no training in accidemalysis or causation. These factors
contribute to the likelihood that important infortiwa are being left out and subsequent
analysis results could therefore be biagedden, 1996)

3.7 Summary

In this chapter, the research objectives to fii éxisting knowledge gaps identified in the
previous chapter were presented. The researchodwtyy that had been proposed to
achieve the research objectives encompassed aavide of areas related to bus priority.
As such, a framework that sets out the key tasksletk to address the objectives was
established to ensure a structured approach waeatlfor the research.

The first task focused on assessing the overall sadety impact of bus priority measures
implemented in Metropolitan Melbourne. In so dgiagecondary aim was to understand
how the selection of different before-after stuaysigns affected the safety estimate for
bus priority. The next tasks aimed to explore \Wwhetbus priority had an impact on
accidents at the route level and probability of Husers being at-fault in bus-involved
accidents. Following this, the road safety impaicadopting different space based bus
priority was investigated using micro-simulationold  The final task entailed an
estimation of crash risk for vehicles behind a shgnor stationary bus in mixed traffic,
which provided a sense of the extent of safety fiteire bus priority schemes that
segregate buses from mainstream traffic.

The data used in this research came from threestaasces: (1) Police records from the
Victorian government data directory; (2) Bus acoideecords from Melbourne’s largest
bus operators and (3) Video recording of a casgystoad corridor. Using bus accident
and actual traffic flow movement data allowed limtibns associated with the use of crash
data alone to be overcome and impact of bus pyidat be studied from different
perspectives. The fourth source (from SCATS aridrimation system maintained by
VicRoads) provided traffic volume data which allavior the computation of AADT.
This data was important in the before-after saéatgluation where a comparison group
was neededdhapter 4 and development of a micro-simulation model teeas the safety
impacts of different space based bus prio@igpter $.
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CHAPTER 4 NETWORK LEVEL BEFORE-AFTER ACCIDENT
ANALYSIS

4.1 Introduction

This chapter aims to further an understanding ef gafety implication of bus priority
with focus on those the system implemented in tledbburne SmartBus Program (refer
to section3.4.1for details).

As highlighted in sectio2.6, an understanding of the safety implications ahsit and
bus priority remains unclear given that researchhia area has been limited and that
more importantly, results from previous studies endbeen mixed. Given that these
studies covered bus priority from a variety of esti/ countries, it is likely the mixed
results were due to differences in driving behavemd bus priority designs.

The chapter starts with an exploration of genesalds in accident changes using a robust
before-after crash count analysis. This is folldviy a safety review and accident type
analysis where the occurrence frequency of diffeaegsident and safety impacts of road
configuration changes on road safety performanedrasestigated. It concludes with a
discussion on implications of findings.

The bulk of the work presented in this chapteriodged in the research paper Goh, K.,
Currie, G., Sarvi, M. & Logan, D (2013). Road Swgf@enefits from Bus Priority.
Transportation Research Record - Journal of then§pmrtation Research Boar@352,
41-49.

4.2 Before-After Analysis Approach

There exist several before-after methodologies|avia for safety evaluation involving
crash count analysis (secti@m.?. This chapter focuses on an examination of a&etid
statistics and use of t&mpirical Bayes (EB) method for the before-aftealgsis, as the
latter addresses many of the short-comings of thdittonal before-after method. Its
methodology is considered rigorous and its keyngfite lies primarily in its ability to
account for regression to the mean (RTM) effed®3.M is considered to be minimal in
this study as the selection of sites was unlikelypé based on their accident records,
however it was still adopted to achieve better eacyiin the final result@Hauer, 1997)

The key element in the EB method is the developmémat safety performance function
(SPF), which acts to predict how well the treatgesswould perform in terms of crash
counts had the priority measures not been implemdenThe SPF is used along with the
observed crash counts at treatment sites to prédwcexpected crash number and in so
doing, RTM effects are accounted for. Previouslisti have demonstrated that traffic
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volume is an important casual factor in crash cquetiction(Hadayeghi et al., 2003,
Miaou and Lum, 1993, Sawalha and Sayed, 200I) this study, the SPFs were
developed as follows:

For intersections:

E(A) = a, xQf* xQf (4.1)
For roadway segments:

E(A) =a,xQf x L* (4.2)

where E(A) = Predicted crash count per year,
ao, B1, f2 = Model parameters estimated in STATA,
Qo= Annual Average Daily Traffic (AADT) along the rdaay segment;
Q1= AADT from the major approach of an intersection;
Q2= AADT from the minor approach of an intersection;
L = Length of roadway segment

The models were assumed to take on a negative mhstructure, which is a common
practice adopted by most researchers to accoumtdsh counts which are non-negative,
random, infrequent and thus prone to over-dispersibe variable coefficients and over-
dispersion parameter were estimated using maximikelihood techniques in the
STATA statistical softwar¢STATA, 2005) TheR,? as proposed biliaou et al. (1996)
was used to assess the model's goodness-of-findgivat theR® value found in OLS
regression is not a good measure for negative haloegression models:

R2=1-—X (4.3)
1+ K,

where x = Over-dispersion parameter in the final model; and

kmax = Over-dispersion parameter in the base model avitia a constant term

A likelihood ratio test that the over-dispersioregual to zero was carried as a means to
check the suitability of using the negative bindmiadel. A high chi-squared value
would indicate that the negative binomial modelriere appropriate than the Poisson
model. As part of the procedure, Crash Modifiaatieactors (CMFs) from previous
studies in the U.S. and Eurofféross and Jovanis, 2007, Elvik et al., 200@ye used to
account for sites that had unique road charadesjse.g. significantly narrower lane
widths were implemented along with the bus priontgasures along one of the road
corridors, bicycle lanes were incorporated at a lmemof intersections. Arguably, these
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factors might not have been appropriate for us#&i@bourne’s context, but they were
used nonetheless as they the only reliable sowai&ahble.

The remaining steps were taken in accordance terigedure outlined in thidighway
Safety Manual (2010)with the eventual safety effect of implementingsbpriority
measures computed as:

SafetyEffect 8 =100x(1-OR) (4.4)

where OR (odds ratio) represents the unbiasedysaftgct of bus priority measure. A
detailed description of the EB methodology is pded inAppendix A.

4.3 Safety Review and Accident Type Analysis

Safety review or audits are widely recognised tab@énportant component of the overall
project planning and delivery proces&ar and Blankenship (201()ave demonstrated
that proper safety risk assessments or audits elnidrentify safety issues before a crash
occurs. In this chapter, a safety review was edraut with the aim of identifying safety
impacts of road configuration changes associatéld the implementation of bus priority
measures. The process involved an examination mdtagction plans and site visits to
better understand the prevailing road and traffieditions. Following the identification
of each potential safety hazard, an assessmeheafdsk level was carried out. This was
done by establishing the likelihood of an accidesded on the anticipated frequency and
level of severity. This risk assessment approaehailed inAppendix B, is largely
similar to that adopted in Australia and U(8ustRoads, 2009b, Synectics Transportation
Consultants Inc. et al., 2006)

In the accident type analysis, an individual agsess of each accident record was first
undertaken to determine whether it could have yekated to bus priority. An attempt

was then made to hypothesize positive and negatfety effects of implementing bus

priority measures based on this analysis. To asoijectivity in the analysis, only factual

information from the police reports was used whbge relating to fault apportionment
disregarded. This analysis also examined chamgasdident records by type of accident
class to provide more in depth consideration of laowidents were changing.

4.4 Results of Before-After Analyses

4.4.1 Accident Statistics

Table 4.1 shows the breakdown of accident statistics fona wear period before and
after bus priority measures were implemented. @leaccident numbers fell from 116
in the before period to 95 in the after period 18f6 reduction). The number of Fatal and
Serious Accidents dropped from 42 to 29, a de@in®1%. This reduction was found to
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be statistically significant at the 20% level wtiea Wilcoxon Signed Rank Test (WSRT)
was employed, a noteworthy result as the WSRT asvkinto be conservative.

Table 4.1: Severity, Type of and Vehicles Involveth Accidents (CrashStats, Melbourne)

_ Severity Accident Type Vehicle Type
Period Fatal Serious Other2 Vehicle Pedestrian OtherP Cars M/CC HGVA
Before 3 39 74 100 6 10 223 16 13

Total = 116 Total = 116 Total = 252
After 0 29 66 78 9 8 165 8 10
Total = 95 Total = 95 Total = 183
Change -3 -10 -8 -22 3 -2 -58 -8 -3
%Change -100% -26%  -11%  -22% 50% -20%  -26%50% -23%

Just as noteworthy was the observation that no datadents had occurred in the “after”
period, compared to an average of 3 in the “bef@efiod. In general accident type
(vehicle, pedestrian, other) and vehicle type (carstor cycle and heavy goods vehicle)
associated with accidents remained relatively @nsh the before and after period.

4.4.2 Results of Empirical Bayes Analysis

Table 4.2presents the parameter estimates for the crasit omadels at intersections and
roadway segments. The base model served to pravigdeeans for measuring the
goodness-of-fit for the final model, which perfornéhe role of safety performance
functions that are central in the EB proceduresuRs of the likelihood ratio test showed
that values of the over-dispersion parameter fa& fihal models are non-zero and
therefore, the negative binomial model was more@pate than the Poisson model.

Table 4.3shows the before-after results when the EB methasl applied to estimate the
overall safety effect of implementing TSP and n@PTtreatments at intersections and
road corridors respectively.

At sites where only TSP measures were implemertterl,odds ratio of 0.889 with a
standard error (S.E.) of 0.11 was recorded. Ormother hand, the value worked out to be
0.818 (with a S.E. of 0.12) at sites where only -i@P measures were applied.
Introducing non-TSP priority measures yielded aitpaes safety effect which is in line
with findings from previous safety researtlaPlante and Harrington, 1984A possible
reason for this is that the introduction of busopty had caused a reduction in space

aLight or no injury

b All other accidents including striking animalsabjects

€ M/C — Motorcycles including moped vehicle and blegc

dygy - Heavy Goods Vehicle, including utility, vasesmi-trailers, trucks, buses and coaches
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available for the other modes of transport. Gittes, it implies that the frequency of
lane changing, travelling speed and hence theofigkllisions should drop. The finding
that accident severity levels had reduced appeasgport this point. When all locations
were considered, an odds ratio of 0.86 with a $f£0.08 was recorded. With the
application of a t-test, this was found to be stagally significant at the 10% level.

Assuming all other causal effects had been accduote it implied that the introduction

of bus priority measures had resulted in an ovesallction of about 14% in accident
counts.

Table 4.2: Results of Crash Count Models

Final Model Base Model
Parameter
Estimate P-Value Estimate P-Value

Intersections: E(A) = a, x Q* xQf:
4-Legged Intersection

In(ot) -8.347 0.000 0.920 0.000
I'n 0.355 0.019 - -

B> 0.578 0.000 - -
Dispersion parameted, 0.111 0.285
Chi-squared value;? 6.39 28.49
Probability >y 0.006 0.000

R, 0.611 -
3-Legged Intersection

In(a) -11.267 0.006 -0.135 0.000
' 0.622 0.084 -

B 0.558 0.001 -

Dispersion parameteu, 0.177 0.417
Chi-squared valueg? 0.92 3.69
Probability >x* 0.169 0.027

R, 0.576 -
Road Corridors: E(A) = a, x QX x L*

In(ap) -15.29 0.000 0.564 0.000
' 0.868 0.000 - -

B> 0.988 0.000 - -
Dispersion parameted, 0.236 0.980
Chi-squared valug; 8.97 55.7
Probability >y 0.001 0.000

R, 0.759 -
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Table 4.3: Results of EB Before-After Analysis

Types of Treatments

Parameter

Non-TSP TSP Overall
Number of Locations 25 31 56
Total observed crash counts in the “after” period 6 6 94 160
Expected crash counts in the “after” period 80.29 05.38 185.7
OR’ 0.822 0.892 0.862
OR 0.818 0.889 0.860
SE(OR) 0.12 0.11 0.08
Safety Effectf 18.2% 11.1% 14.0%*

Note: OR’ is the biased odds ratio (due to taking tatio of random variables)
* denotes significance at 10% level

A noteworthy finding is that non-TSP treatments lyalded a stronger positive safety
effect compared to TSP treatments (18.2% compared 11%). Although no scientific
explanation can be offered at this stage, one fkeuseason is that non-TSP measures
involving road space reallocation along road camsdhad produced a greater effect on
reducing travelling speed for the general traffempared to non-TSP measures at
intersections.

It is interesting to note that findings on TSP meas in this study are opposite to those
by Shahla et al. (2009Wwho examined transit safety at intersectionsanoito, Canada.
The lower bus frequency and pedestrian volume itbMene, especially along routes
901 to 903, could be reasons why the introductibm®P had not led to an increase in
accident occurrence.

4.5 Safety Review Findings

Table 4.4presents the safety review findings for the roadidors and junctions pre- and
post-implementation of bus priority measures (dakegory assignments are provided in
Appendix B), while Table 4.5 captures the findings summary in terms of the risk
categories and implementation stage. For ther]atdsults show that more safety hazards
were identified in the post-implementation as coragao the pre-implementation stage
(6 vs. 4). However, the number of intolerable hdgavas fewer (2 vs. 3).
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Table 4.4: Safety Review Findings

No. Safety Hazard Risk Category

Pre-Implementation

1 At locations without bus bays, the risk of read eollision increases Intolerable
when buses slows down or make sudden stops for atensmat bus
stops

2 Inadequate intersection sight distance raiseEgkef side Intolerable
collisions as motorists from a side street woultlvave a good field
of vision to check for traffic

3 At locations where bus bays are provided, buseshe risk of side- Undesirable
swipe collisions when attempting to merge with rthegin traffic

4 Any inadequate clear zones on the side-table thesrisk of Intolerable
motorists colliding into roadside objects if thegev off-path

Post-Implementation

5 The introduction of an additional lane for busesild mean Intolerable
pedestrians need extra time to cross the road

6 Motorists may resort to illegal use of bus lattebeat the heavy Undesirable
traffic during peak hours

7 The operational hours and use of red pavementsufolanes are not  Tolerable
consistent across sites, which could lead to camfiu®r motorists
8 At locations where bus lanes end, buses rurigkef side-swipe Undesirable

collision if there is insufficient length for mergj

9 The introduction of bus lanes raises the riskidé-impact collisions  Intolerable
involving buses at locations where vehicles entexxit side streets

10 Atlarge intersections, buses may not be abdetar the intersection Undesirable
in time if the length of the “B” phase durationnsufficient

Table 4.5: Summary of Safety Review Findings

Number of Hazards Identified

Risk Category

Pre-Implementation Post-Implementation
Intolerable 3 2
Undesirable 1 3
Tolerable 0 1
Acceptable 0 0
TOTAL 4 6

In the pre-implementation stage, the key intolexaafety hazards identified were mainly
at bus stop locations as buses run the risk ofgbeinin the rear when slowing down at
bus stops. Where bus bays are provided, theresksof side-collisions when buses
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attempt to merge with the main traffic stream. atoans with inadequate clear zones on
the side-table were another safety concern as mtgorisk colliding with road side
objects when they veer off-path. Two intolerabbzdrds were identified in the post-
implementation stage. The first relates to pedestr as the addition of a new lane for
buses would mean pedestrians would require a lomgerto cross the road. The other
hazard is due to the increased interaction betwmeses and other vehicles at the
locations of side streets. This is because masovi®uld have to weave through bus
lanes when entering and exiting side streets.

4.6 Accident Type Analysis

Figure 4.1 presents a breakdown of all accidents by typeFR®idaccidents respectively
according to Definition of Coding AccidenfaustRoads, 2009bglassification in the
year before and after implementation of bus piamieasures. The top figure shows all
accidents while the bottom shows only the fatal ssdous accidents (the major priority
concern for research of this type).

The key observations recorded are:

v QOverall accidents numbers fell across the boarcegifor pedestrian related (types
10x and 19x) and those involving vehicles from appg directions. A similar
pattern was recorded for FSI accidents, i.e. numiveall accident types registered
a fall except for pedestrian related ones;

v" The number of pedestrian-related accidents (instyix and 19x) rose from 6 to 9
(50% increase). No bus-related accidents wererdedo pre-implementation.
However, there were 3 post-implementation of widnvolved passengers being
hurt when the buses braked hard to avoid collighith another vehicle;

v' Rear end collisions, which formed the bulk of ty8x accidents, registered a 23%
drop (from 35 to 27). A noteworthy pre-implemerdatcase was that of a car
running into the rear of a bus that had slowed dfiwipassengers at a bus stop;

v" The number of accidents at locations of side stretich accounts for half of type
14x accidents, fell from 4 to 2 (50% reduction)n €oser inspection, the 2 post-
implementation accidents took place just priortte start of bus lanes. As such,
one could state that no such accidents took plat®ations with bus lanes in the
post-implementation period,;
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(A) All Accidents
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Figure 4.1: Accident Occurrence by Type (Before andfter Priority on p.a. basis)
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v" The number of type 16x accidents, all of which ired vehicles in the kerbside
lane, dropped from 3 to 0 (100% reduction); and

v' The number of off-paths accidents that involvedehs veering off the slow lane,
mounting the roadside kerb and hitting road fumeitor trees on the side-table
(types 17x and 18x), fell from 6 to 2 (66% reducjio

The analysis suggests that the outcomes of foumgpeementation accidents could have
been different had there been bus priority:

v' The first was a collision between a right-turninghicle and an on-coming bus at
an intersection. This may have been mitigated thade been a bus-only phase
(present in the after case);

v' The second took place at a merging point of 2 kdebsines located just prior to a
road intersection, where a truck ran into the dfaa car that had just merged and
slowed to stop at the intersection. This could Hasen avoided had there been bus
priority in the form of queue jump lane (availalohethe after case) as its presence
would mean the merging point would be further wgestn, allowing drivers to react
better to merging and stopping vehicles;

v" The third was a case of a car hitting the rear bfis when the latter slowed down
to call at a bus stop. This may not have occuhal there been an exclusive bus
lane (available in the after case); and

v" The fourth involved a car hitting a motorcyclistevhentering from a side street. A
bus lane (available in the after case) may havegatéd this accident as it would
provide the driver better intersection sight diseand longer manoeuvre distance
to avoid a collision.

The outcomes of 3 post-implementation accidentddcaiso have been related to the
presence of bus priority measures:

v In the first accident, a right-turning car collideith a taxi that was travelling in an
operational bus lane; and

v Similarly, the second and third accidents were sa$eehicles colliding with cars
travelling in the bus lane.

Arguably, these post-implementation accidents showt have happened as private
vehicles or taxis are not permitted in operatidna lanes. However, the background as
to why these vehicles were present was not availabthe police report and hence no
judgement can be made on whether any traffic vaatad taken place.
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4.7 Implications of Findings

Findings from the before-after accident analysdgated that there is an overall positive
road safety impact of bus priority. Results shovleat there are major reductions in

accidents that are associated with reduced ongrattoff-path incidents. It appeared that
bus lanes act as an additional clear zone redwahigle collisions with roadside objects

while improving vehicle interactions with vehicliesmving and emerging from side roads.
Given that decelerating or stationary buses casecaear end accidents, the provision of
bus lanes would bring positive safety benefitsuah draffic interactions (and thus risk of

rear end crashes) are largely eliminated. Busslaie® appeared to be acting to improve
sight distances for traffic at un-signalised inéetgons resulting in a reduction in the

number of side collisions. A third possible pastieffect, although not evident in the

results, is that traffic speeds had dropped orictes where road space allocation was
implemented. This can act to lower accident rigices speed is known to be major

accident risk factor.

The results also showed that there were someimegatpacts. The main concern was at
side street locations in the after case. Here nstsoentering / exiting side streets tend to
expect only buses to use bus lanes but can be ttangivares when other vehicles use
bus lanes. Weaving movements were also a potdrarard issue; buses have to contend
with cars filtering in and out of the bus lanesetder or exit side streets. This may also
be a potential cause for concern. There was alsmall rise in pedestrian related
incidents in the after case. Itis unclear whg thias so from the available records. These
types of incidents tend to be more serious so amthw of closer examination in future
research.

4.8 Conclusion

In this chapter, an exploration of the safety intpax bus priority schemes in Melbourne
was undertaken. Previous research is limited isydhea and suggests mixed outcomes.
Before-after analyses were carried out based andewt statistics and use of the
Empirical Bayes before-after approach (to accoansfatistical effects). A safety review
of road design changes and detailed investigatidheimpacts of priority on accident
type records were also carried out in this chapter.

The Empirical Bayes results showed that the impteaten of bus priority treatments

led to a 14% reduction in accidents (after takintp iregression to the mean effects).
Non-Traffic Signal Priority treatments (mainly bilenes) yielded a stronger positive
safety effect (18.2%) compared to TSP treatmeritslfd). Importantly the number of

Fatal and Serious Incidents dropped considerably #2p.a. to 29p.a. (significant at the
80% using the rigorous WSRT test).
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The safety review findings revealed a reductionniolerable accidents risks and some
concerns in the ‘after’ situation for interactiohbmses and traffic at bus lane setbacks as
well as increasing pedestrian road crossing diswdce to the introduction of bus lanes.
The analysis of accident type changes however stegethat bus lanes act as an
additional clear zone, reducing vehicle collisiongh roadside objects and reducing
vehicle interactions with vehicles entering and egimg from side roads. Removing
stopping buses from the traffic stream into bus$awas also shown to reduce vehicle
accidents, while bus lane treatments were alsogtitolo increase sight distances at un-
signalised intersections acting to reduce sideckehaccidents. Some treatments were
also thought to increase traffic density actinglow traffic creating safety benefits.

These findings are quite exciting, since not ombytaey statistically robust, but they also
suggest an entirely new perspective on planningfm priority measures is warranted.
Road safety impacts of this scale are very importamd suggest merits for priority
schemes far beyond the conventional approachegeatitp justify them (based mainly
on travel time savings). These findings sugges\va and important area for research for
bus priority; road safety impacts and how to enagarpositive outcomes. They also
pave the way for further research to better undedsthe reasons for patterns of safety
impact identified in this research. For examptehad been suggested that non-TSP
measures produced a greater safety effect asuligen greater reduction in travelling
speed compared to TSP measures. Accident anadgifts also gave rise to a number of
hypotheses on the safety effects of bus prioritasnees, which could be explored further
as part of future research efforts.

Results from the analyses done also raised a nuafilggrestions concerning the validity
of the findings. Firstly, the question on how Maline’s experience of bus lanes
compares with bus priority in other context conseatises. Is the Melbourne experience
of bus lanes different? Secondly, the safety e#stimate for bus priority was obtained
using the Empirical Bayes safety evaluation, wiikeeuse of a large reference group was
a key step taken to establish the safety performancoads that are representative of the
study sites in Melbourne. This then raises thestiole on whether choosing an
alternative (and equally robust) before-after mddtogy would have affected the safety
estimate result.

It is difficult to provide an answer for the firgtiestion because of the lack of equivalent
studies of this type. The SmartBus context is algmurban, rather than inner city, hence
the density of traffic interactions and pedestflaws are likely to be lower compared to
inner city settings. The unusual feature of thelblderne experience where roads are
typically widened to provide bus lanes also addsh® difficulty in answering this
question. Finding the answer to the second questicomparatively easier, as this can
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be explored further with the use of an alternatproach (on the same dataset) to

compute the safety estimate. It is with this imdhithat the stage for the following
chapter is set.
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CHAPTER 5 IMPLICATIONS OF COMPARISON GROUP TYPE IN
SAFETY EVALUATION

5.1 Introduction

Observational before-after studies are commonlyleyeg in evaluating the safety effect
of a specific road / traffic management measuretr@atment). Various study designs
exist in mainstream research and practice. Thedade the Comparison-Group (CG),
Empirical Bayes (EB) and Full Bayes (FB) meth¢@soss et al., 2010, Highway Safety
Manual, 2010) Amongst these, the EB and CG methods are likebe common choices
for practitioners given the complexity involved time FB approacliPersaud and Lyon,
2007)

Both the EB and CG methods utilise crash recomi® freference (or comparison) sites to
provide a safety effect estimate of a specificttreant that has been applied at a single or
multiple treated sites. In theory, reference sies assumed to be, apart from the
treatment itself, similar to the treated sites.rdality, however, it is likely that a few of
the treated sites possess unique geometricalfictfaftures such as narrower lanes and
bicycle lanes, which, if not properly accounted, faould affect the final safety
effectiveness or crash modification factor estinwdtthe treatment. The EB methodology
based on a large comparison group allows for suesherelated attributes to be
controlled through the use of relevant crash modlifon factors (CMFs). However,
CMF values are often not readily obtainable in pcac For those available in the
literature, it is likely that they would either ndte applicable or have a different
magnitude in the study context. This limitatiom ¢ overcome by using the CG method
based on small match comparison group becausesnetersites could be selected such
that they only differ by the treatment itself. Hewer, the need for adequate matching of
crash frequencies and comparability between treateldcomparison sites are key issues
that have to be addressed. Regression to the (R¥av) effects are also typically not
accounted for in the CG method.

Given the pros and cons associated with each agiprdiais chapter aims to explore the
implications of adopting different study designsddon the EB and CG methods in road
safety evaluation. It starts with a review of thB and CG approach, in which key
considerations in choosing between the two proedare highlighted. Following this,
an alternative approach that combines both the B &G methods is proposed. All

€ This is in line with section 10-7 of the Highwaye®aManual (2010), which states “CMFs are used tjusidtthe SPF
estimate of predicted average crash frequencytfereffect of individual geometric design and teadfntrol features”.
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three approaches are then applied in a case study® priority. Finally, the chapter
concludes with discussion of results in terms gblioations in adopting different study
designs and potential of adopting the combined EBapproach to compute safety effect
estimates.

5.2 Research Context

The EB and CG methodologies have been appliedvarakobservational before-after
studies to identify the safety effects brought abdmuspecific road / traffic management
measures (or treatments) applied to roadway @iagish and Gross, 2010, Garber et al.,
2006, Griffith, 1999, Persaud et al., 200Ihe theories behind the EB and CG methods
are now well accepted in mainstream research avel dao recently been incorporated in
theHighway Safety Manual (2010)Iin recent years, there has been much development
the use of Full Bayes (FB) method, which can alsocoant for spatial correlations
between treated and comparison sites. Althougtiirfgs from previous studies have
shown that the FB method yields smaller standaiargrthey have also indicated that its
treatment effect estimates are largely comparabtedse computed from the EB method
(Lan et al., 2009, Miaou and Lord, 2003, Persaudl.e2010) Given the high level of
statistical training required in the applicationtbeé FB method (as its methodology is
rather complex), it is likely that the EB and CGthwels would continue to remain the
mainstay for most practitione(Bersaud and Lyon, 2007)

The followings sections provide an elaboration lo@ features and pros / cons of the EB
and CG methodologies.

5.2.1 Empirical Bayes Methodology

The EB methodology is well known for its robustnassl ability to compute statistically-
defensible crash reduction factors. Key amongsstitengths is the ability to account for
regression to the mean (RTM) effects, which is angimenon that is likely to be present
when sites are selected for treatments based orattedent records. The mechanism to
address RTM effects comes in various forms, of twhmwdel-based predictions of the
expected number of accidents through the use ddtyp&ferformance Functions (SPF)
appear to produce the best res(ltsik, 2008) SPFs are typically developed based a
large sample of sites deemed to be comparablesttréhted site, and are typically in the
form of negative binomial models with an over-digi@en parameter used as a measure of
how precise the model is in predicting the numbexazidents that would have occurred
on the treated sites had the treatment not beelredppits value is used as a weight to
predict the expected number of accidents at edehgsien the observed occurrence of
accidents in the before period. If present, RTKéas can distort the final results and
lead one to conclude that the treatment yieldstgresafety benefits than it actually does
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(Hauer, 198Q) Persaud et al. (200has shown, by comparing results from a naive
before-after analysis, that RTM effects were sigaiit in their safety evaluation of
roundabout conversions in the United States.

Although one advantage of the EB method is thateaepgisting SPF can be used, caution
has to be exercised when it is applied across a stiady area. This is because SPFs are
likely to vary, especially from jurisdiction to jsdiction, leading to erroneous outcomes
if a single SPF is used. In recognising tigrber et al. (2006adopted a modified
approach by adopting state-specific SPFs of natdde sites to investigate the safety
impacts of differential speed limits implementedraral highways across different states
in the U.S. The results showed statistically digant increases in the number of crashes
at all sites, regardless of whether a state switdh@m or to differential speed limit or
maintained its status quo on speed limits. Fras) thled the authors to conclude that the
speed limit policy had no safety impacts. Usimgjrgle SPF might have led to a totally
different conclusion.

Another issue arises when separate CMF values twav® used to account for site-

specific geometrical / traffic features such agmaer lanes or bicycle lanes that could
potentially affect the safety effectiveness of theatment in question. Unless all CMF

values are available, free from reliability isswmsd applicable in the particular study
context, the EB method will not properly account émnfounding variables. A case in

point is the work byPatel et al. (2007)in which the safety effectiveness of shoulder
rumble strips on two-lane rural highways was ingeged. Results suggested that the
right shoulder width was a confounding variablglaty, leading the authors to conclude
that this could have affected rumble strip effemtiess. Although subsequent dis-
aggregate analysis revealed that shoulder widdtetfas not statistically significant, the

authors acknowledged that this could have beendaltiee small sample size. In the end,
doubts remain on whether the final CMF value fog tamble strip had been free of

confounding effects.

Another major limitation to using the EB methodtlimt a sufficiently large sample of
reference sites is required to develop the SPFRhdnvork byFayish and Gross (2010)
that examined the safety effectiveness of leadiregleptrian intervals, the EB
methodology could not be employed because theree viesufficient numbers of
signalized intersections that had similar geometraffic and operational characteristics
but came without the treatment in question. Assallt, the CG approach without the use
of a SPF had to be adopted. This meant that RTéttsfcould not be addressed, but the
authors argued that this would not be of concerrithastreatment sites had not been
selected on the basis of high crash counts. Itfarathe same reason thatiffith (1999)
chose not to adopt the EB methodology, as it wammeel that sites had rolled-in

66



CHAPTER 5 — IMPLICATIONS OF COMPARISON GROUP TYPH BAFETY EVALUATION

continuous shoulder rumble strips on freeways llestdbased on a resurfacing schedule
rather than poor accident records.

5.2.2 Comparison Group Methodology

The CG methodology is another well accepted approasopted by researchers to
evaluate safety effectiveness. Similar to the Hipreach, accident records from
reference sites are critical in the computatiosaidéty effectiveness estimates. However,
the CG method typically involves using a matchedhgarison group where reference
sites are carefully chosen to match the charatiterief treated sites. Its theory was
developed based on the concept of statistical @rpets, in which a “comparable” site is
introduced to account for all other factors (or foamding factors), other than the one
under study, which could have had an impact ontygéftauer, 1997) Seidowsky et al.
(2011) has shown that accounting for confounding varghgeimportant, as his study
found they had a significant influence on the saéétects of dynamic hard shoulders.

Although the EB procedure also has the capabiitgdcount for confounding variables,
the difficulty arises when multiple treatments Haeen appliedRichard and Srinivasan,
2011)or different crash-related characteristics exisivarious treated sites. Herein lies
the key appeal of the CG method, with sites ableetonatched such that they only differ
by the treatment itself. For instance, a treatedteat comes with an extra wide shoulder
could be matched with one that also has the sammleus¢ (apart from the treatment). To
this end, CG studies are similar to case-contrsigies in that it can account for multiple
risk factors and confounding variables.

The major limitation in using the CG method is theed for matching of crash
frequencies and comparability between the treateldcamparison sites. For the former,
Hauer (1997)has made the case that the requirement for matarash frequencies is
more important than one based on the sites’ atatb(geometry, traffic characteristics,
etc.). In terms of comparability, the rate of ofpamn crashes in the comparison group has
to be similar to the treated group in the beforaqgake the idea being that identical crash-
related variables would then be properly accoufbed The mathematical approach to
address this is to compute the sequence of oduas fabm the historical crash counts.
Sites in the comparison group are deemed to be a@ble if there is statistical evidence
to show that the sample means of the odds ratilm$e to onéHauer, 1997)

In theory, the CG method has the ability to accdanRTM effects through the use of an
SPF. However, if a SPF is needed, the EB methogloleguld have been the likely
choice, as the user would not have to deal withchiiaty and comparability issues in the
CG method. Consequently, the CG method is geneally resorted to when RTM
effects are considered to be minimal.
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5.3 Key Considerations in Choice of Methodology

The preceding sections demonstrate that EB and @thads have their strengths and
weaknesses in the computation of CMFs. Betweerivibe it appears that that the EB
method is better as it requires slightly lesser potational effort and can account for
RTM effects. The EB procedure is also more likidyyield statistically significant
results than the CG method, especially in situatimhere a few of the study sites have
zero accident history.

The literature has shown that the choice betweenBB and CG method is mostly
dictated by the availability of accident data andgement on whether RTM effects are
likely to be presenfFayish and Gross, 2010, Griffith, 1999\nother key consideration,
although not reported in the literature, is thedhéar researchers to account for site-
specific attributes. For instance, it is possithlat the installation of bicycle lanes on
existing carriageways will result in narrower traffane widths, which means a CMF for
narrower lane widths has to be applied when ugiegSPF in the EB method. Obtaining
the relevant CMF value can be challenging in pcacéis a number have been found to be
contradictory in the literatur€Elvik et al., 2009) This is not surprising as previous
studies were done across different states and wesint Disregarding the use of such
CMFs might appear a convenient option but it waukhn that all confounders could not
be fully controlled for. Another option is to appthe EB procedure to compute each
CMF value separately before a final run to deteamine CMF for the treatment in
question. However, this would be quite onerous #mgs an unlikely avenue for
practitioners. The CG method can overcome thigtdlion to a certain extent because
reference sites can be chosen to match the treaésd crash-related attributes. It is also
possible to account for RTM effects when employthg CG approach. However,
additional steps are required and its applicationat ideal when study sites have zero
accident records or when treatment and comparises @& e not well-matched in terms of
crash frequency, traffic volume and operationalrati@ristics, etc. What is left is for
users to take into account limitations associatetth wither approach when making
statistical inference from the final resulfsble 5.7).
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Table 5.1: Key Considerations when Using the EB an@G Methods

Methodology Strength Weakness

Empirical Bayes Regression to the mean - Confounding variables can be accounted
effects could be addressed for only if CMF values are known and with
in a straightforward manner certainly that they are applicable in study

- Existing SPFs, if any had ~ context
been developed earlier, - Large numbers of reference sites are
could be used required for the development of a SPF

- SPFs are likely to vary across different
geographical areas

Comparison - Sites can be matched such- Regression to the mean effects can be
Group that confounding variables accounted for, but involves additional steps
are accounted for - Unable to evaluate sites with zero accident
history

- Need for matching and comparability when
selecting reference sites

5.4 Research Aim

The aim of this phase of the research is to exanfieemplications of using different
study designs where the comparison group typesrdiiid to explore the use of a new
combined approach to compute safety effect estenaiéhe study designs are based on
the:

(a) Empirical Bayes (EB) approach based on a largeeebe group;

(b) Comparison-Group (CG) approach based on a smallerniatched reference
group, with regression to the mean effects accautate and

(c) Combined EB-CG approach that incorporates (a) bpdi{ove

5.5 Methodology

The methodology used in this research entailedisieeof both the EB and CG approaches
as outlined in thélighway Safety Manual (2010)The steps involved in both procedures
are presented iAppendices AandC, and briefly outlined below.

5.5.1 Empirical Bayes Approach (with large comparison graip)

The EB approach, which had also been outlined ictise 4.2, started with the
development of SPFs that relates crash frequetwieaffic volume for road intersections
(four-approaches and three approaches) and seg(fmuntdane undivided) based on data
collected from a large pool of reference sites.ngsihese SPFs, the relevant crash
modification factors were applied to account foe tharious crash-related attributes at
treated sites when computing the predicted humbeacadents at each treated location
(assuming the treatment had not been implementetyext, the expected crash
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frequencies for each study (or treated) site inbigiere period were determined by using
the combined knowledge of crash frequencies fraardifierence sites and study sites:

Tegi =Wg; XTpg; + (A= Wg;) XTog; (5.1)
where Tgg; = Estimate of expected crash frequency at study sit
Tes,i = Predicted crash frequency based on the SPF rfmdstudy
sitei
Tos,i = Observed crash frequency at study isite
Wa,i = Weightage based on the over-dispersion parameter tfre

SPF model and predicted crash count for studyi site

With the expected crash frequency in the beforeogen hand, the corresponding figure
in the after period was established based on ttie oh the predicted accident counts
between the before and after periods. Following, tthe odds ratio was computed by
taking the division of the observed and expecteitifrequencies in the after period.
Finally, the safety effect was determined by ugimg odds ratio and having it corrected
for the bias arising from using the estimated etguecrash frequency in computing the
odds ratio (refer té\ppendix A for full details of the EB procedure).

5.5.2 Comparison Group Approach (with small matched comgrison group)

The CG approach started with checks to ensuredh®arison sites were well matched
based on historical crash frequency and had craskg similar to those in the treatment
groups in the before period. This was done to @aacéor unobserved factors such as
trends, driving behaviour and advancement in vehiethnology, which could have an
effect on changes in road safety levels. To ddrswsample odds ratio was computed for
each sequential time series by using the crashteairthe treated and comparison sites
in the before period(Hauer, 1997) The comparison sites were deemed to be
“‘comparable” when there is no statistical evidetewshow that the sample mean of the
odds ratio is not equal to unity. Given that tapproach might lead to negative lower
confidence limit values for the odds ratio, the mfied Allsop approachAllsop et al.,
2011)was also adopted as an additional check. Congpagges with 95% confidence
interval of the sample odds ratio mean excluding @n the Hauer approach) or zero (in
the modified Allsop approach) were replaced unpbaitive test outcome was obtained.

The rest of the steps were in accordance withHighway Safety Manual (2010)n
which the odds ratio for each treated site was ecdetpas follows:

OR'= Joa (5.2)
TEA

In this research, an additional step was takeo &ltiress RTM effects through the use of
the “method of sample moment§Hauer, 1997) This involved the use of statistical
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properties from a separate group of reference sitedetermine the expected accident
count at the treated site in the before peridgpendix C provides details of odds ratio
test and key steps involved in the CG procedureluding the “method of sample
moments”.

5.5.3Combined EB-CG Safety Estimate

The completion of the EB and CG procedures setthge for determining a combined
Oes-cc estimate for the treatment in question. This emitmwas computed by taking a
weighted ratio of the results from both methods:

Bs . =Weightx O, + (L-Weight) x G, (5.3)

where 0gg = Safety estimate from the EB approach
Occ = Safety estimate from the CG approach

The weight was determined based on a subjectivessaisent of the nature of the dataset
in relation to the limitations associated with 8B and CG method in determining the
safety effect estimate. As a guide to deriving theight, a 5-point Likert scoring system
based on key considerations in the safety evaluatas proposedrable 5.2)

Table 5.2: Scoring Based Approach to Determine Weligage

Score
1 2 3 4 5 NA

Considerations

It is easy to set up safety performance functiongtfe reference sites
Safety performance is unlikely to vary across sites
Reliable CMFs are available to account for sitec#jwecharacteristics
A number of study sites have zero accident history

Study and reference sites vary significantly imtgiof crash frequencies

Score (Total)
Note: 1 - Strongly disagree; 2 - Somewhat disagB- Neutral; 4 - Somewhat agree; 5 - Stronglyeag

The scoring was designed to provide an indicatibthe method that would be more
appropriate, in which lower scores point to the @&hod and higher, EB method. The
final weight was then determined using:

Weight= %xloc% (5.4)
n

wheren = total number of considerations that were givarras
For example, in situations where treated sites coitte specific crash-related attributes,

relevant CMF values from the literature or previstsdies would be needed in the EB
procedure. In the CG procedure, reference sitesdcbe selected such that specific
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crash-related attributes are controlled foatfle 5.3. The amount of faith a user has in
the EB estimate would depend largely on how retidhe CMF values are. Should there
be doubts reliability of the CMF values, a scord auld be assigned, indicating the CG
approach would be more appropriate.

Table 5.3: Procedural Differences in EB and CG Metbdologies to Account for Crash-
Related Attributes on Treated Sites

Methodology Treated Sites Refefence / Remarks
Comparison Sites

Empirical CMFy values obtained
MPINCAL A = {AADT,CMF1,.CMFy) A = f(AADT) x CMFy " x ValUes obtaine
Bayes from literature

Compari CMF controlled for |
OMPArSon A -~ f(AADT,CMF+.CMFy) A = f(AADT,CMFy) x controfied orin
Group reference sites

Note: CMF and CMFK represent the safety effects of the treatmenti@stipn and all other crash-related
attributes at various treated sites

To obtain a sense of the precision of ég.cc value in equation (5.4), its variance was
determined using:

Var(f_cc) =Var(f. ) +Var(f.s ) - 2Covbys, 6-5) (5.5)

The EB and CG approaches were considered to beendent as different means in

setting up the comparison group and correctingtferregression to the mean effects had
been adopted. In light of this assumption, theacawice term in equation (5.5) was

disregarded, yielding the final variance:

Var(fes_cs) = Var(f. ) +Var(6..) (5.6)

5.6 Application

In applying the above methodologies, the datas#tiad been used in sectidr? was

similarly adopted here. This dataset compriseticserit number of comparable sites that
allowed for the development of safety performanggcfions for both road segments and
intersections in the EB approach. An examinatibthe study sites, however, showed
that some had certain unique features — two had lsieycle lanes implemented along
with the new bus priority, while another had nareovraffic lanes after bus priority was
implemented. As such, the safety performancethfgse sites are likely to be different to
the rest of the sites. For this research, CMFsffrevious studies in the U.S. and
Europe (Gross and Jovanis, 2007, Elvik et al.,, 2008re used to account for the
narrower lane width and bicycle lane. Arguablyesi factors might not be appropriate
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for use in Melbourne’s context but were nonethelesed as they were the only reliable
source available.

In the CG approach, a comparability check was fighe on the dataset (results are
captured inAppendix D). The results showed that the crash frequentidseastudy and
comparison sites did not vary significantly and Wouherefore not be an issue.
However, an examination of the study sites’ acdidastory revealed that some had
recorded no accident history in the before period.

Given the nature of the dataset and key considergin using both approaches, scoring
was done using the previously-defined scoring syste determine the appropriate
weighting for the EB-CG estimat&dble 5.4.

Table 5.4: Weightage based on SmartBus Program Dadat

Considerations Score

1 2 3 4 5 NA
It is easy to set up the safety performance fundtio the reference sites v
Safety performance is unlikely to vary across sites 4
Reliable CMFs are available to account for sitecjmecharacteristics v
A number of study sites have zero accident history v
Study and reference sites vary significantly imtgiof crash frequencies v
Score (Total) 15
Weighting (%) 50

Note: 1 - Strongly disagree; 2 - Somewhat disapBe- Neutral; 4 - Somewhat agree; 5 - Stronglyesg

5.7 Results and Discussion

Results of the parameter estimates for the crashtamodels in the EB approach are
presented in sectioh4.2 while that for the odds ratio test done priothe safety effect
estimation in the CG approach are summarizedppendix D. Table 5.5 captures the
results based on the CG approach, whiéle 5.6 presents a summary of the final EB,
CG and combined EB-CG safety effect estimates & friority at road corridors and
intersections respectively.

On the whole, there was general agreement in thdtseobtained from both methods.
Results from the CG approach provided confirmatioat bus priority brought about
overall positive safety effects, albeit at a lovsgnificance level (p<0.15). At the
corridor and intersection levels, the results stbweat the EB procedure was able to
generate a more precise safety estimate, i.e. otlelower variance Kigure 5.1 and
Figure 5.2). This can be attributed to the inability of 8& method to evaluate sites that
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had zero accident history, as appareriable 5.6where the lower observed crash counts
in the CG methodology indicate that such sitestbduk disregarded.

The CG estimates were also found to be higher thanEB estimates for both road
corridors and intersections. Given that RTM eBebtd been accounted for in both
approaches, this difference could be attributedhipdd the omission of sites with zero
accident history as well as the effect of matchmegtment sites with similar sites in the
CG approach. The latter might have been significgathis study as a number of treated
sites ended up with narrower traffic lane widthiéofeing the introduction of bus priority.
In terms of road safety, the discrepancy of thalfmesults from both methods on road
corridors (9%) can be considered to be significafitguably, users would not be faced
with the dilemma with regard to which result shob&ladopted as only one methodology
would have been used in computing the safety effetite first place. However, in the
event that different users adopt either approaatotopute safety effects, they would be
left in doubt as to which result would be more aggiile.

Table 5.5: Safety Evaluation based on CG Approach

Types of Treatments

Parameter

Non-TSP TSP Overall
Number of Locations 23 25 48
Total observed crash counts in the “after” period 56 91 157
Expected crash counts in the “after” period 84.3 .894 179.1
OR’ 0.771 0.960 0.877
OR 0.728 0.882 0.839
SE(OR) 0.13 0.18 0.11
Safety Effectf 27.2% 11.8% 16.1%*

Note: OR’ is the biased odds ratio (due to taking titio of random variables)
* denotes significance at 15% level

Table 5.6: Safety Evaluation of Bus Priority at Rod Corridors and Intersections

Road Corridors (Non-TSP) Road Intersections (TSP)

Parameter EB (large CG (small matched EB (large CG (small matched
comparison group) comparison group) comparison group) comparison group)
Number of study sites 25 23 31 25
Observed crash counts (after period) 66 65 94 91
Expected crash counts (after period) 80.3 84.3 4105. 94.8
OR’ 0.822 0.771 0.892 0.960
OR 0.818 0.728 0.889 0.882
Safety effectp (%) 18.2 27.2 111 11.8
Standard error df (%) 11.7 131 10.6 17.8
*Combined safety effecteg.cc (%) 22.7 115
Standard Error ofgg_cc (%) 8.8 10.3

Note: * Based on weightage of 50%
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Figure 5.1: Safety Effect Estimates (with arrows rpresenting range based on one standard
deviation) for Bus Priority along Road Corridors
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Figure 5.2: Safety Effect Estimates (with arrows rpresenting range based on one standard
deviation) for Bus Priority at Road Intersections
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In such a situation, the advantage of using thebooed EB-CG approach becomes
apparent. First, this approach acts as a formhetlcand-balance, as both results act to
provide a better sense of the actual safety eff&stcondly, in the process of weighting
results from both methods, users will be more avedréhe limitations associated with
each approach. Finally, as shown in the case sthdye is a chance of obtaining a more
precise safety effect estimate when the standaaiseof the EB and CG estimates are
comparable.

5.8 Conclusion

In conducting observational before-and-after stsidgeveral study designs are available
for researchers and the choice is often dictateddts availability and the nature of the
site/s under study. A key consideration for thigetais whether a matched comparison
group, where reference sites are chosen to clasalgh treated sites’ characteristics,
should be adopted. This study explores the imgtinaof this choice through three study
designs - (1) Empirical Bayes (EB) approach basedidarge comparison group; (2)
Comparison-Group (CG) approach based on a smalkh®adtcomparison group with
regression to the mean effects accounted for; 3nd ¢combined EB-CG approach.

Results showed that the safety effect estimateeatly influenced by the choice of study
design and comparison group type. The discrepartyeen the EB and CG estimates
could be attributed to the omission of sites withozaccident history as well as the effect
of matching treatment sites with similar sites v {CG approach. How much of the
discrepancy was contributed by the latter is naivikm but is certainly worthy of further
investigation. Results further suggested benefitsadopting a combined EB-CG
approach, as a more precise safety effect esticaatée obtained if standard errors of the
EB and CG estimates are comparable. For the thsgrapproach could act as a form of
check-and-balance and raise awareness of the tiomsaassociated with using either
approach on its own.

It is however acknowledged that the combined EB-&fproach comes with its own
drawbacks. First, this approach does not fullyroeme the limitations inherent in the
EB and CG methodologies, as it still utilizes résfilom both approaches. Until a more
robust methodology is developed in mainstream rebkeat is likely that users would
continue to use either approach for their safepiuations. This is because much effort
is required in data collection and analysis in #B-CG approach as compared to
applying either methodology individually. As sucigad agencies with budgetary
constraints may find using such an approach imjgaict In this regard, much work is
required to further the development of the techaigtoposed in this research to a stage
where practitioners find the advantages outweighhrey extra effort required for data
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collection and analysis. Future research couldetbee be targeted at formulating a
unified approach in which limitations associatedthwusing either methodology in
practice could be addressed simultaneously. Aerthftught that emerged from this
study is that it could be potential advantageowsdimpt an EB or EB based CG apprdach
depending on which approach is more suitable, twhesite. For example, the EB
approach could be employed for sites that haveceaaent history while the EB based
CG approach could be used if the treated site Ipatific attributes that are better
addressed using matched comparison sites. Thisoah@bgy will reduce considerable
amount of resources needed to collect data froererte sites for the combined EB-CG
approach proposed in this research, and still e tabaddress RTM effects in the CG
approach.

In summary, results presented in this chapter kianeonstrated that findings (in terms of
safety effect estimates) can differ depending oe ¢thoice of the methodological
approach. It does suggest that multi-analyses hearés in that they provide one with a
sense of where the actual estimate lies. In theesagard, there are also merits of using
different datasets in search of an answer to tseareh question, “what is the safety
effect of bus priority?” It is in this spirit thahe next chapter is built on, as findings in
the current and preceding chapters had been baspdlice records alone. To obtain a
better sense of the safety effects of bus prioatgtifferent (but still relevant) set of data -
bus accident records - is used.

f This involves the use of the safety performannetifin instead of “sample of moments” method torcome the
regression to the mean issue (Hauer, E., 1997).
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CHAPTER 6 ROUTE LEVEL SAFETY EFFECTS

6.1 Introduction

Findings from the before-after analyses of accslantChapter 4revealed that bus
priority had led to a reduction of 14% of all acands involving injuries. This chapter
sets out to further understand the safety effefckris priority by examining its influence
(in relation to other key risk factors) on bus-itwenl accidents. With much attention
already to understanding crash characteristicsdardifying accident causation factors at
the incident-level (or micro-level) in the litera¢y this research centred on exploring bus
priority effects on accidents at the route levelrt@cro-level).

Much of the work presented in this chapter origadain the published research paper
Goh, K., Currie, G., Sarvi, M. & Logan, D (2014)u8Accident Analysis of Routes With
/ Without Priority.Accident Analysis & Preventidsb, 18-27.

This chapter starts with a review of previous mdekel studies on bus safety. This is
followed by a bus accident type analysis and aatitequency modelling which aims to
identify the key factors and understand the infagef bus priority on bus accident
occurrence. Following a presentation of results, chapter concludes with a discussion
on implications for bus priority research and piagn

6.2 Previous Macro-Level Bus Safety Studies

From the literature, only a handful of studies haxplored bus safety at a macro-level:
that is at route-section or zonal levels. ApaonfrJovanis et al. (1991pnly two other
published studies were found. The first wasQieung et al. (2008who developed
zonal-level and route-level models that relatedisioh frequency to road geometry and
transit related characteristics in Toronto, Canadéodel results indicated that higher
traffic exposure (in terms of vehicle or bus kildnes travelled); lower posted speed and
longer arterial road length were associated witbraased risk of transit-involved
collisions. More collisions were also recorded wiweis frequency, bus stop density and
percentage of near-side stops were greater. Thessdts were expected given that
conflicts between right-turning (or left-turning Australia’s context) vehicles and buses
are likely to be higher when stops are locatedhenntear side. More conflicts are also
expected when more buses are on the road or wlogs stre located closer to one
another. The second study Quintero et al. (2013entred on zonal-level collisions, in
which prediction models were developed relatingligiohs to transit physical,
operational elements and network indicators basegraph theory. The models showed
that increased collisions were positively corredatgth the number of stops, number of
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routes, bus stop density, overlapping degree andemtivity. It was interesting to note
that high occupancy vehicle (HOV) lanes were atamtl to be positively correlated with
collisions.

Although the above macro-level studies provide able insights into key risk factors in
route and zonal-level collisions, they relate tahbear and bus collisions and hence the
risk factors for collisions involving only busesmain unclear. Both studies were also
confined to applications in North America, and ashsvery little is known on the validity
of such models in other countries, where the ta#ind transit environments differ
substantially.

6.3 Research Aim

This phase of the research aims to understand hmwvabcident types and frequency
differs between routes with and without bus prorit It also aims to explore the
development of a route-section level model for @eets involving buses in Melbourne,
with the focus on understanding the safety effe€tsus priority. For analytical rigour,
two accident prediction models will be developadlith this approach, a secondary aim
is to assess and compare the performance of thentvwdels.

6.4 Research Data

Data used in this research was obtained from tladfigrincident Management System

(TIMS) and human resource database maintained uve Bus and Grenda Transit

(section3.5.2provides further details of the data). Due tauenher of route changes that

took place in 2008, only incidents which occurredween 2009 and 2011 were used for
the analysis. During this time period, a totallg213 incidents occurred along 99 bus
service routes that operate in eastern Melbour®é.these, 114 records that involved
intentional acts (e.g. objects thrown at bus), bakinown causes, missing information

(e.g. missing location details) and were non-collisin nature were discarded. The
remaining 1,099 accident records were used foatfadyses in this study. Included in the
dataset were details of the bus timetable, fromclviservice frequencies and stop
information were extracted.

The second set of data comprised Annual Averagéy Oaaffic (AADT) volume and
information related to bus priority lanes alongafe bus routes that were introduced as
part of the SmartBus program in Melbourne. Thesgewobtained from VicRoads’
information system(VicRoads, 2012a)and the Victorian Department of Transport
respectively. Further details of the data usedtlieg research, including the SmartBus
program, are provided in sectiodgl and3.5.
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6.5 Methodology

Given the different bus priority strategies thatrevapplied in Melbourne, where some
stretches had a new kerbside lane added while othad the existing kerbside lane
converted to a bus lane or clearway, the approantred on gaining an understanding of
bus safety at the aggregate route segment leveldolso, an empirical analysis of bus
accident type and frequency analysis was first uaken. Two accident prediction
models were then developed to identify key traffransit and route factors associated
with accident frequency as well as for model congoar purposes. The first model was
developed using a mixed-effects negative binomegression approach. A negative
binomial distribution assumption was used for timedel, which is a widely adopted
approach in road safety research given its alidityandle accident count data that is non-
negative and typically over-dispers@ddrd and Mannering, 2010) The second model
was developed using neural network principleseasnt studies have pointed to excellent
function approximation abilities of neural netwanmkodels(Xie et al., 2007, Li et al.,
2008, Vlahogianni et al., 2012y predicting collisions or accidents. In thisidy, a
neural network based on a commonly used back patimagalgorithm was chosen and
estimated.

6.5.1 Bus Accident Type and Frequency Analysis

Taxonomies of traffic accidents have been used lwidlg researchers, road management
agencies, police and insurance companies to sumenanid understand accident patterns
and characteristic§Wahlberg, 2002) In this study, a descriptive analysis was first
carried out to identify bus accident charactersstiefore modelling was conducted to
examine risk factors and the influence of bus figi@n bus accident frequency.

6.5.2 Mixed-Effects Negative Binomial (MENB) Modelling ofBus Accidents

With the bus accident records in the form of a sieactional and time series (or panel)
structure, heterogeneity and serial correlatiomdassmay exist. The former is due to
unobserved location-specific factors while theelatirises from the time series nature of
the data. In road safety, the random effects negdiinomial (RENB) modelling
approach has been adopted in previous studies dresgl these spatial and temporal
effects(Chin and Quddus, 2003, Kumara et al., 200B) this research, a mixed effects
negative binomial (MENB) regression approach, whicame about from recent
development in computational statistics, was adbpienodel location and time-specific
variables as crossed, independent effects. CompereRENB, MENB regression
modelling offers the following key advantag@saayen et al., 2008)

v It allows for random effects to be crossed andmemessarily nested as assumed to
be in traditional random effects modelling;
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v It is more flexible in dealing with missing dassiles; and

v It overcomes deficiencies in statistical power tueepeated observations;

With E(A;) representing the predicted number of accidentsgalus route segmentat
timej, the structure of the MENB model is given as:

E(A) =expX; B+L] +Tt; +&;) (6.1)

where X; = Matrix representing factor contrasts and covariates
B = Vector of pooled coefficients (fixed effect)
I-i

= Matrix to account for location-specific effect
Vector of coefficients representing location-spiecif

T, = Matrix to account for time-specific effect
t, = Vector of coefficients representing time-specifiteets
& = Vector of residual errors

i
Following the combination of matricds and T into to a single matriZ, and random
vectorl andt into a single vectoy, the formulation can be re-written as:

E(A) =expXB+2Zy+¢) (6.2)

The residual errore] and random effectg) terms are assumed to take on the normal
(Gaussian) distribution with means 0 and variareesnd b respectively. Table 6.1
provides a brief description and summary statisticthe covariates used in the MENB
model. Similar to the aggregate analysis, Rfe as proposeiiaou (1996)was used to
assess the model’'s goodness-of-fit:

a

RZ=1- (6.3)

1+ amax
where a = Over-dispersion parameter for final MENB modeid
omax = Over-dispersion parameter for base model willy a constant term

For the purpose of model comparison (MENB vs. newgtwork), the Root-Mean-Square
Error (RMSE) was used:

RMSE= /32\(i -Y (6.4)
miz

Here,Y; andY; are the observed and predicted accident frequalocyy route, andm is
the size of the dataset. The RMSE statistic pewid measure of the average mis-
prediction of the model, with a value close to ziadicating that the model had predicted
observed data well.
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Table 6.1: Summary Statistics of Variables Used iMENB Model

Variable Min Max  Mean S.D.
Accident Frequency (Collisions/year) 0 29 3.68 4.89
Year (2009=1; 2010=2; 2011=3) 1 3 2 0.82
Location (Route section 1 = 1 to Route section 99 = 99) 1 99 50 28.58
Length of bus route sectior(km) 2.5 55.0 15.94 10.11
Annual Average Daily Traffic (AADT) of route sectib 1,495 78,433 7,335 6,286
Number of bus services per week 6 314 11143 87.63
Stop Density (Number of bus stops/km) 0.53 7.33 025 0.941
Presence of bus priority (With = 1; otherwise = 0) 0 1 0.15 0.36

Total Observations, n = 297

Note: “Coded as string variable as required in R software
" Defined based on bus service route and presenbaopriority

*The weighted average method is applied to compet&ADT value for segments that
comprise more than one road section

6.5.3 Neural Network Modelling

Neural networks are appealing in applications whieeee exist a non-linear and complex
functional form of the relationship between inpatsl outputs. This is because unlike
statistical regression models, neural networks dbrequire a functional form to be

established linking the dependent and independariahMes. Another key advantage
these networks offer is the general tolerance ta @dath arbitrary accuracy, i.e. good

results can be generated when the model is presesitte imperfect data inputs, provided
sufficient hidden neurons are us@decht-Nielsen, 1990) These are likely to be the

reasons for the increasing application of neurtdvagk modelling in the transit fiel(Bin

et al., 2006, YuPin et al., 2010, Mazloumi et2011)

The key disadvantages in using neural network ambres is model over-fitting, which
results when the network is strong in fitting tla@dom error (noise) in the data but not
the underlying relationship. To address this issné still ensure good generalization of
the model, the “early stopping” technique was aplin this research during network
training. This involved the monitoring of the \ddktion set error such that network
training was stopped when the validation errontsthto increase. The weights and biases
when the minimum validation error was recorded wiien used for the final neural
network modelling. In this research, a three-ldged-forward neural network based on
the back-propagation approach that incorporatesL#wenberg-MarquardfHagan and
Menhaj, 1994)lgorithm (henceforth termed as BPNN) was adopfEide BPNN model
structure is shown irFigure 6.1, where X, are the input neurons that represent the
accident related characteristi&, the hidden neurons and the output neuron in the
model.
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The underlying concept in this technique is basedtlee popular back-propagation
algorithm, which works by updating the weights e tmodel such that the error between
the actual and desired outpuE s minimized. This is essentially a four-stepgess
that starts with a feed-forward computation wherergut patterr is presented to the
network. The second step involves a back-propagdtom the output layer, where the
aim is to correct the weightg ; to minimise the errok:

JE,

Aw, , =—
k1 1 aWk,l

(6.5)

wherey is the learning rate based on the gradient devetttod(Hagan et al., 1996)In
the Lavenberg-Marquardt algorithm, a parameter laimio » was adopted, which
functions to regulate the training process. Fromdign 6.5), it can be shown through
the use of the chain rule of differentiation that:

Aw,, = —%(y—O)f'(yt”“’)zk (6.6)

Here, o represents the desired value for the output nebesed on the input pattexp
while y/™ is the summation of the weighted outputs from hidden neurong. In a
similar fashion, the weights for the hidden layan be computed in the third step:

AW, ==11.9 (™), (y = 0) f (¥ )wy (6.7)

k hidden neurons

n input neurons

Xl
1 output neuron
X2
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Input Layer Hidden Layer Output Layer

Figure 6.1: Topology of a Three-Layered Feed-Forwat Neural Network
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The final step of the back-propagation algorithnthis updating of the weights for each
output and hidden neuron in the model:

— Id
WeT = weg + AW, (6.8)

new _ old
Wn,k - Wn,k + AWn,k (69)

In this study, the BPNN model was developed usit§yTMAB (The MathWorks Inc.,
2012) To facilitate comparison of model results, tlzene input variables that were
found to be significant in the final MENB model weused in the development of the
BPNN model. A single neuron was set in the outpyer to represent the accident
frequency. All transfer functions at the hiddem autput layers were hyperbolic tangent
sigmoid transfer functions. The dataset was asdomly separated into two parts (in a
3:1 proportion) for the purpose of training andtites the model. Another key step in
developing the BPNN model was to determine the remalh hidden neuron) (Kim,
1999) For this study, a range of values were utilisedk = 1, 2, 3,..., 9, 10, and the
value that produces the smallest RMSE was chosethédevelopment of the BPNN
model. Given that each run of a neural network ehgutoduced unique results, the
BPNN model was ran 10 times to obtain the RMSE.

Finally, as a means of comparing model results @amdkerstanding the key underlying
accident risk factors, sensitivity analyses werngied out to determine the relationship
between accident frequency and each variable imtbgtel. This was done by perturbing
values of the variable of interest while keepingeotvariables unchanged. With the
model generating a new network output for each kitad input, result variation could be
recorded and the effect of the single variablentdrest determinefPrincipe et al., 2000,
Delen et al., 2006).

6.6 Results and Discussion

6.6.1 Bus Accident Type Analysis

Figure 6.2 presents the accident frequency (per bus-km) atontes with bus priority
and those without. It is clear that the most commceidents involved collisions between
buses and vehicles or stationary objects. Thesknfys mirrored those in an earlier study
which found buses hitting objects to be most comnvbiist those involving pedestrians
to be rare occurrencég/ahlberg, 2002)
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Accident Frequency (per bus-km)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Bus failed to give way;

Bus hit other bus}
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Bus hit pedestrian
*Bus hit stationary object
*Bus hit stationary vehicle
Y Y,

Collision changing lanes
*Collision in-out of bus stop
*Collision when turning
*Collision when reversing

Other vehicle failed to give wa

/0
Bus hit other vehicle %

Unreported accident]

Vehicle hit stationary busy

Vehicle hit bus

m Routes without Bus Priority # Routes with Bus Priority

Note: *Indicates reduction which is statisticalligsificant at the 5% level

Figure 6.2: Accident Frequency (per bus-km) along Butes With / Without Bus Priority

When comparing between routes with and without puserity, the most noticeable
difference was in the proportion of accidents ivuay buses hitting stationary objects
and vehicles. For the former, a significant (p$).@eduction of approximately 70%
reduction was recorded. The latter registeredygdsidrop (about 80%), which was also
significant at the p<0.05 level. A similar redwcti was recorded in the number of
collisions in-out of bus stops and collisions whaming / reversing (p<0.05). These
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percentage changes are likely due to the effebusfpriority facilitating bus movements.
Given that buses need not pull in and out of bugsbas frequently as before,
manoeuvrability becomes less of an issue. Consdéguehe risk of hitting roadside
objects and colliding with stationary vehicles reglst Although bus lanes provide
exclusive right of way to buses, the downside & thuses have to contend with increased
weaving movements due to other vehicles enterinigexiting side streets. The relatively
smaller reduction in proportion of accidents inwoty other vehicles hitting buses
appeared to support this case (noting that suddextds were likely to be classified under
the “vehicle hit bus” category with them taking g#an bus lanes).

There were small percentage reductions in the nurobeaccidents involving buses
failing to give way along and lane-changing codliss, and slight increases in accidents
involving buses hitting other buses or other vedscl These differences, however, were
not found to be statistically significant.

6.6.2 MENB Model

Table 6.2 presents the parameter estimates obtained fromimmuex likelihood
algorithms in the gimmADMB package in the statatisoftware R, an open-source
language and environment for statistical computinay is freely available at http://cran.r-
project.org(R Development Core Team, 2012)

Table 6.2: MENB Model Results for Bus Accident Fregency

Variable Estimate P-value
Intercept -6.640 0.000
Services per week 0.006 0.000
Ln(AADT) 0.431 0.001
Ln(Route Section Length) 0.773 0.000
Stop Density 0.389 0.000
Bus Priority = Yes -0.766 0.002
Bus Priority = No 0 (Reference)
Random Effect: Variance Standard Deviation
Year 0.357 0.598
Location 0.195 0.441
Dispersion parameted, 0.242

95% ClI fora [0.169,0.429]

Log likelihood -607.205

AlIC 1232.4

R, 0.807
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The dispersion parameter estimate was found toidpgfisantly different from zero,
which indicated that the negative binomial errauaiure was more suitable than the
Poisson structure. The implications of the modglliesults for each of the explanatory
variables are discussed below. Apart from the &pa variable, all other explanatory
variables were found to be significant at the 5%&le

Model results showed that bus accident frequendlyeatoute-section level increases with
traffic volume (AADT), route length and service duency. These results were as
expected, given that these variables are exposlaéed, that is higher traffic volume,
longer route length and higher service frequencyldimean that buses are more exposed
to interaction with other vehicles in the traffitemm. Route length in particular, has
been shown to be a reliable predictor of crashueaqgiegVogt and Bared, 1998, Milton,
1998, Abdel-Aty and Radwan, 2000)

The model also indicated that having more bus spe@psoute km increases accident risks
(p=0.000), while the presence of bus priority reml@ccident risks (p=0.002). The
former could be attributed to the fact that havingre stops would mean buses having to
brake and accelerate at bus stop locations moen.oftA similar finding was also
recorded in other studies, where bus stop density feund to be positively correlated
with accident occurrencéChin and Quddus, 2003, Cheung et al., 2008his made
intuitive sense as higher stop density would meacreased rates of “stop-start”
movements for buses at bus stop locations to gicknal drop off passengers.

Of interest in this study was the effect of buopty given that current understanding of
its safety effects remains unclear. Results sugdethat the accident rate along routes
with bus priority was approximately exp(-0.766)0046 times the accident rate for routes
without bus priority assuming all other variables &eld constant. In other words, the
presence of bus priority was associated with a &dd@action in bus accident occurrence,
of all severity levels. A similar albeit smalleogitive effect was also found in another
study (Booz Allen Hamilton, 2006)which revealed a 12% reduction in bus related
accidents following the implementation of bus lamesondon. This finding is however
opposite to those from previous studies in Northefoa. For the case of Toronto,
Canada, it was found that HOV lanes were not sicamt in explaining the variation in
accidents(Cheung et al., 2008) Another study found that the 3+ HOV lanes were
positively correlated with accidents in the Greatancouver Regional District, British
Columbia (Quintero et al., 2013) The dissimilarity could be attributed to a diéet
transit priority design adopted in Melbourne, whatlow for a more straightforward way
of separating buses from the mainstream traffimlikg the case in British Columbia,
space based priority in the form of bus lanes inbiderne are located on the slowest lane.
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As such, buses do not have to manoeuvre across tanget in and out of the priority
lanes.

The bus priority finding was also in agreement wehults fromChapter 4which found a
14% reduction in police-reported injury, seriouguig and fatality accidents. The
difference in the safety effects can be explaingdhe nature of the data analysed —
accident data inChapter 4comprised only police reported accidents that Ivea
fatalities and/or injuries, while that in the chaptncluded all accident types including
property-only accidents that was captured by the @@mpany. What is therefore a
noteworthy finding from the present study is thas lpriority brings about significant
benefits when bus-involved accident types are demed. This is an important finding
given the time and financial impact accidents havéus agencies and commuters.

6.6.3BPNN Model

The best performing BPNN model was obtained wit tise of 1 hidden layer with 4
neurons.Figure 6.3 to Figure 6.5 present the results of subsequent sensitivityyaral
for a selected site, which depict the differingeets of AADT, stop density, route length
and service frequency on accident frequency. TFdmeensional charts were generated
as they provide a good sense of the relative $ehgsibetween accident frequency and
two variables of interest.

From Figure 6.3 it is noticeable that AADT had a greater influenon accident
frequency than stop density and there was a pacabelationship between accident
frequency and AADT. In general, accident risk eaged linearly with AADT but at a
lower rate when AADT was at the lower and highed ehthe AADT range. The effect
of stop density was also apparent, with accidesgiufency increasing with number of
stops per kilometre.

The same observation can be made when examiningftbet of route lengthRigure
6.4). Similar to stop density, collision risk increaswith longer routes but was less
pronounced as compared to AADT. The BPNN modallteslso showed that accident
risk increases at a higher rate with every uniteéase in service frequency or stop density
(Figure 6.5).

From these figures, it is apparent that the ratatiip between accident frequency and the
variables under study is non-linear in nature. iRstance, the rate of increase in accident
frequency when AADT rises can be different, depegdon the values that the other
variables take on.
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Figure 6.3: Effect of AADT and Stop Density on Acdent Frequency (Route-section 25)
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Figure 6.4: Effect of AADT and Route Length on Acailent Frequency (Route-section 25)
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Figure 6.5: Effect of Stop Density and Service Fragency on Accident Frequency (Route-
section 25)

6.6.4 MENB vs. BPNN Model

Results from the BPNN model were largely similarthe MENB model in terms of
explaining how variables relate to bus-involvedi@deot frequency. The RMSE results
indicated that the performance of the MENB and BRNddel were comparable, with the
former having a slightly better performance (RMSE.59 vs. 2.75). This suggested that
the MENB model had, as a result of accounting foshserved location and time-specific
effects, captured the complex functional form ofatienship between the input and
output variables well (something that BPNN modeésranowned for).

The focus of the sensitivity analyses was on busripr, as results would not only
provide insights into the effects of bus prioritytlalso a means to compare the models’
performance due to the dichotomous state of thiabar To carry out this analysis, the
original dataset was separated into 2 groups acgptd whether bus priority was present
initially. The first comprised routes without bysiority (N=252) while the second
consisted of routes with bus priority (N=45). Ba#ts of data were presented to the final
MENB and BPNN model with the predicted accidenigérency for buses from both
models captured imable 6.3
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Table 6.3: Sensitivity Analysis for Bus Priority

Predicted Accident Frequency (per km)

Model Route-section Dataset - — : —
With Bus Priority Without Bus Priority
MENB Without bus priority 0.093 0.201
(RMSE=2.59) (N=252) (S.D.=0.090) (S.D.=0.194)
With bus priority 0.499 1.073
(N=45) (S.D.=0.293) (S.D.=0.629)
All route-sections 0.167 0.359
(N=297) (S.D.=0.226) (S.D.=0.486)
BPNN Without bus priority 0.173 0.234
(RMSE=2.75) (N=252) (S.D.=0.216) (S.D.=0.259)
With bus priority 0.432 1.682
(N=45) (S.D.=0.289) (S.D.=1.421)
All route-sections 0.213 0.457
(N=297) (S.D.=0.247) (S.D.=0.800)

Based on results ifiable 6.3 the following key observations were made:

v The safety effect of bus priority was apparent &ir datasets. T-test results
revealed that the safety effect of bus priorityeeffwas statistically significant
(p<0.05) in all datasets for both models.

v' The BPNN model showed that bus priority had theafbf reducing route-section
level accident frequency by 53.4%. Results from MENB model showed that
this effect was 53.5% (which is equivalent whenngsthe parameter estimate
obtained from the NB model in the previous section)

On the whole, the results showed that there is @®nnm adopting a mixed-effects
negative binomial regression approach to accountirite- and location-specific effects
when modelling accident counts. In terms of RM8te performance of the MENB
model was found to be better than the BPNN modehis study. With regard to the
latter, it is noted that the application of neuratworks for accident count prediction in
practice had been limited due to the complexitgstimating these models and views that
such models operate like black-boxes on the basisindividual relationships between
the input and output variables are not developeceyineering judgmenfVogt and
Bared, 1998) The above results however showed that a neetalank can be a useful
tool for accident count prediction as sensitivihalysis results were able to address the
black-box issue and generate interpretable resuien variables in particular take on a
dichotomous state. To this end, it is perhapsulidef accident prediction modellers to
consider developing equivalent parametric and remaspetric models (e.g. NB and
BPNN) to assist with the development of neural eknmodels, as sensitivity analyses
can be done to provide useful insights into thefrmorkings of both models.
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6.7 Discussion and Conclusion

Results from the accident analysis revealed a fsgni reduction (p<0.05) in the
proportion of accidents involving buses hittingtistaary objects and vehicles, as well as
those involving collisions in-out of bus stops. €8k reductions are likely due to the
effect of bus priority facilitating bus movements.

The MENB model results showed that bus acciderquieacy increases with traffic
volume (AADT), route length, service frequency atop density. They also point to the
presence of bus priority reducing accident risi#hilst the findings on effects of AADT,
route length, service frequency and stop densingweagreement with previous studies,
the bus priority effect (positive safety benefitgs found to be opposite to findings from
previous studies in North America. This is likety be attributed to the difference in
transit priority design adopted in Melbourne, whbues priority lanes are located on the
slowest lane and therefore allows for a more dttbagward way of separating buses
from the mainstream traffic.

Graphical plots from sensitivity analyses carriad on the BPNN model provided a
visual sense of the relative influence of AADT, stdensity, route length and service
frequency on accident frequency. From the plotwas noticeable that accident risk was
more sensitive to AADT than other variables. Rissalso revealed that bus priority has
the effect of reducing route-section level bus @ect frequency by 53.4%, which is
comparable to the effect estimated by the MENB rm{®i&5%). The better performance
recorded by the MENB model (RMSE = 2.59) as compéweéhe BPNN model (RMSE =
2.75) suggest benefits in adopting a MENB regresajgproach to account for time- and
location-specific effects when modelling accideniats.

Although findings from this study indicate that thes a positive road safety impact of
bus priority at the macro-level, there could patdhtbe a mix of safety impacts (positive
and negative) at the micro-level. The introductidran exclusive bus lane for instance is
likely to lead to reductions in on-path and offfpaiccidents, given that it can act as an
additional clear zone and thus reduce car-car andoadside objects collisions. The
likelihood of rear-end collisions involving buseslivalso decrease when bus priority
schemes that entail segregating buses from maearstrtraffic are implemented.
However, possible negative impacts may arise & sficbet locations, as buses may have
to contend with cars filtering in and out of thesbdanes to enter or exit side streets. For
bus lanes that result in the increase of carriagewdth, pedestrian related accident risks
may also increase due to longer crossing distamiceddestrians. In terms of accident
severity, bus lanes are likely to reduce injuryelevat bus stop and side street locations,
as the speed differential between buses and o#fecles are lower. On the other hand,
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accident severity for pedestrians may rise as altre$ greater exposure to traffic when
crossing distances increase.

For policy makers, findings from this study coulket o inform transit agencies in their

policy and operational decisions. This is becdahseeglanning and design of transit routes
by transit agencies have typically centred on plamrrelated parameters such as
patronage, operating cost, etc. Results from $tigly suggest that safety related
considerations are just as important, and theydctedture as part of overall cost-benefit
analyses that are typically done for each new iramste.

In conclusion, whilst the study findings provideefig insights into bus accidents at the
route-section level and could possibly act as uggnning tools for transit agencies,
there remains much scope for future research sndt@a. In particular, further collection
of bus accident data could be undertaken as a meammeprove model validity and
possibly identify other traffic, transit and routectors that are significant in explaining
bus accident frequency. There is also the pofenfigurther research focussed on
exploring the disaggregate safety effects of daffierbus priority schemes as well as
identifying key factors associated with differemcigent severity levels to further the
understanding of bus safety at a route-sectior.leve

The next chapter represents an attempt to exarendisaggregate safety effects of bus
priority in terms of its influence on the bus drisdeing deemed at fault when they are
involved in accidents.
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CHAPTER 7 ACCIDENT LEVEL SAFETY EFFECTS

7.1 Introduction

In this chapter, an analysis of the characteristicbus accidents was undertaken and a
mixed logit model developed to explore the probgbibf bus drivers being at-fault in
bus-involved accidents in relation to the tradiibrsafety determinants, i.e. driver,
vehicle and environmental factors. Understandmegkiey characteristics in bus accidents
and probability of bus drivers being at-fault vésist bus and road management agencies
in making better informed safety-related decisiomsbus travel. This is particularly
important in Australia, as previous research hamdobus occupant fatality rates to be
higher in Australia (0.47 per 100 million bus-krhah the U.S. (0.28) and Canada (0.34)
(Hildebrand and Rose, 2002)A key aim in this analysis is to determine wieetbus
priority plays a role (and if so, to what extent)affecting the probability of bus drivers’
being at-fault in bus-involved accidents in Mellbogir

The bulk of the work presented in this chapteriogtes in the published research paper
Goh, K., Currie, G., Sarvi, M. & Logan, D (2014)adtors Affecting the Probability of
Bus Drivers Being At-Fault in Bus-Involved Accidenfccident Analysis & Prevention,
66, 20-26.

This chapter starts with an overview of previousdss on bus safety at the accident-
level. This is followed by a description of thetalaand methodology adopted to
investigate bus drivers’ at-fault probability. Foeling a presentation of results, the
chapter concludes with a discussion on the impilotis priority and implications for bus

companies.

7.2 Research Background

Research in bus safety has received relativeletestsention and research interest, likely
because public transport is known to be a very feafe of transportation as compared to
other modes of transpo(Chimba et al., 2010) The risk of being killed or seriously
injured in a bus was found to be several times tdwebus occupants compared to car
occupantgAlbertsson and Falkmer, 2005, Yang et al., 2008% highlighted in section
2.5 the majority of previous studies focused on oecdpinjuries and crash
characteristics, with only a handful examining thele of driver, vehicle and
environmental factors in bus crashes. Apart framdbservation that these studies have
generally fallen short of adequately representihtha traditional safety determinants, it
was also clear that little attention had also bpaid to the examination of accidents in
terms of culpability (or crash responsibility). i$his despite the recognition that
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addressing culpability when analysing accidentsmgortant as earlier research has
showed better correlation between driver charattesi and culpable accidents
(Wahlberg, 2008)

7.3 Traffic Incident Management System (TIMS) and HumanResource Data

The present study drew on accident and bus drielated data captured in the Traffic
Incident Management System (TIMS) and human regodetabase maintained by the
largest bus operator in Melbourne. This data isswered to be richer and of higher
guality than police records or self-reported dataeach accident is reviewed by officers
from the bus company’s incident management team aalpdsters from the insurance
company before an at-fault assessment is madeh&omptrpose of insurance claims.
While inherent bias may still exist, the data issidered to be robust given that different
sources of evidence, e.g. CCTV and photographs uszd in the assessment.

As detailed in sectio8.5.2 the data from TIMS contained all incidents whadturred
between the year 2000 and 2011 that were captunethé purpose of settlement of
insurance claims. In total, there were 7,059 awousl recorded along 99 different bus
routes that operated in eastern Melbourne durieg?®00 to 2011 time period. Herein,
accidents are defined as any bus-involved collisioolving other vehicle, stationary
objects and people that results in property damagey or death.

The human resource database provided informatilating to the bus driver that was
involved in the accident. This includes age, genglears of experience and previous
accident records at the time of the accident.

7.4 Methodology

The methodology adopted for this research involtteel exploration of bus accident
characteristics followed by mixed logit modelling identify key accident types and
factors that influence the probability of bus dravebeing deemed at-fault in bus
accidents. For the latter, particular attentiors waid to the role of bus priority.

7.4.1 Mixed Logit Modelling

While the dataset contain much vehicle, driver,dveay and environmental related
information, certain driver-specific details such educational level and risk perception
which could influence the at-fault probability wenet captured. Given that previous
research has showed that these attributes couidfloential in accidents and at-fault
accidentqlversen, 2004, Tseng, 2012) was thus important to adopt a methodological
approach that is able to account for the effectsiraibserved factors. A preliminary
analysis of the data also revealed that a numbdrieérs have multiple accident records
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(observations). Given the above, mixed logit miiglappears to be most suited for this
study as it is able to handle panel data and at¢ctaminfluences of unobserved
heterogeneity across observations. It is also mapstfor accommodating the use of
lagged variables (at-fault records) that is presenhis study. In safety research, mixed
logit modelling has been successfully applied tovjgte new important insights into the
variations of the effects that variables have omt-belt use and injury-severity
distributions of accidents on highway segmdfkritza and Mannering, 2008, Milton et
al., 2008) For this study, mixed logit modelling on the Ipability of bus drivers being
at-fault in bus-involved accidents was undertakgndifining the following function
(Washington et al., 2011)

I:in =IBiXin +£in (71)

whereFj, is the at-fault function determining the at-facdttegoryi (either deemed to be
at-fault or not) for drivemn; X, is a vector of explanatory variables representiriger,
vehicle, roadway, and environmental factgisis a vector of estimator parameters for the
outcome categoriyande;, is the disturbance termvicFadden (1981has shown that by
assuming the disturbances to be generalised extneahee distributed, the model
structure takes the form of:

P(i) = XPBX) (7.2)
2. exp(BX,,)
|
where P(i) is the probability of at-fault categoryfor driver n. In addition, a mixing
distribution (Train, 2009)was introduced to allow for the parameter varrei@cross
drivers such that the at-fault probability takesttoa following form:

exp(B X,,)
R.=| zexpwxm)f(ﬁ“”)dﬁ (7.3)
wheref(5|p)dp is the density function gf with ¢ referring to a vector of parameters of
the density function (mean and variance), and #dieloterms as previously defined.
Equation {.3) represents the essence of the mixed logit mod¢li@able to account for
driver-specific variations of the effect oK on at-fault probability. Mixed logit
probabilities are then a weighted average for diffe values ofs across drivers where
some elements of the vector fmay be fixed while others are randomly distributed
For the latter, the mixed logit weights are detedi by the density functiof(8|e),
which can take on different forms, i.e. normal,-fe@mal, uniform, and triangular. In
this research, various forms were tested and the fbat provided the best statistical fit
was chosen.
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A simulation-based approach to estimating the marinikelihood function in mixed
logit modelling is typically employed as a key teimthe conditional density for the
random parameters is in a closed form and generafipot be computgdHensher et al.,
2005) Simulation based on Monte Carlo integration wadguences constructed from
number theory (Halton draws) is a popular choiceitasas been shown to achieve
convergence faster than the standard random d(avesn, 2009, Bhat, 2003) The
number of draws is usually chosen such that aestsdii of parameter estimates can be
achieved without incurring too much computationdifhlensher et al., 2005)For this
study, a simulation was done based on 200 dragsaatity which has been shown to be
sufficient to produce accurate parameter estim@&stza and Mannering, 2008, Milton
et al., 2008)

A key step taken in developing the model was tleatification of suitable driver, vehicle
and environmental factors that are envisaged toente the responsibility of bus drivers
in accidents. The selection of variables was ddased on the literature and
consideration of context-specific factors that deemed to have some influence on bus
drivers’ at-fault probability. For instance, preus findings have suggested that there are
safety implications in implementing transit prigrlCheung et al., 2008, Quintero et al.,
2013, Goh et al., 2013)Although these effects relate to accident o@nae, there is a
possibility that it could also have an impact orfaalit accidents. Bus priority was
therefore included as a factor in the model.

The mixed logit model was estimated by using theOMHLT software package
(Econometric Software Inc., 2007) A total of 16 driver, vehicle, roadway and
environment related variables were considered i study Table 7.1). All variables
were tested in the initial model but through thededduilding process, variables found to
be statistically insignificant at a 5% level wermitied from the final model. These
included weather, pavement condition and land uSéhe model development also
involved the selection of random parameters, foictvthe use of the Lagrange Multiplier
test as a basis for accepting or rejecting fixedupeters (over random parameters) could
be adoptedMcFadden and Train, 20Q0)Given that this test does not identify which
random parameters are to be included in the maaehlternative approach of using a
forward and backward stepwise variable selectiatguiure was adopted in this study.
The log likelihood value at convergence was used dmsis to identify the random
parameters and optimal modelensher et al., 2005)
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Table 7.1: Descriptive Statistics of Variables

Variables Description Mean  Std. Deviation

At-fault Driver at-fault in accident = 1 0.56 0.496
Otherwise = 0

6-year trend Accident occurred in 2006-11 peridd = 0.72 0.449

Accident occurred in 2000-05 period = 0

Season Autumn and Winter = 1 0.50 0.500
Spring and Summer = 0

Weather Rain/Ice/Fog=1 0.04 0.198
Fine / Sunny =0

Pavement condition Wet / Slippery = 1 0.05 0.210
Dry=0

Traffic condition Moderate / Heavy =1 0.56 0.497
Light=0

Lighting condition Daylight =1 0.85 0.354
Otherwise = 0

Priority measures Locations with bus priority = 1 .0D 0.113
Otherwise =0

Age of bus 25 years or more = 1 0.04 0.197
Otherwise = 0

Length of bus Lessthan 12m =1 0.29 0.454
Otherwise = 0

Driver’'s age 60 years or more =1 0.34 0.472
Otherwise =0

Driver's gender Male =1 0.86 0.343
Female =0

Driver’s experience Lessthan 2 years =1 0.42 D.49
Otherwise = 0

Driver’s accident record Previous at-fault accidert 0.66 0.472
Otherwise =0

Road Type Divided = 1 0.18 0.385
Otherwise = 0

Speed Limit 50kph and below = 1 0.36 0.479
Otherwise = 0

Land Use Residential = 1 0.58 0.494
Otherwise =0

7.5 Results of Bus Accident Type Analysis

Table 7.2 presents a breakdown of the bus accidents thatrrect from year 2000 to
2011. It is apparent that the most common accitigre involved collisions between
buses and other vehicles (63.0%). Over a thirduzh collisions were cases of buses
hitting stationary vehicles and vice versa. Betw#ee two, there were three cases of

99



CHAPTER 7 — ACCIDENT LEVEL SAFETY EFFECTS

buses hitting stationary vehicles for every casa @€hicle hitting a stationary bus (ratio
of 3:1). This finding suggests that bus driverpezience greater difficulty in braking and
manoeuvring, given the size and weight of busespewed to private vehicles.

Table 7.2: Breakdown of Bus Accidents

Accident Type Number Percentage of Total (%)
(A) Hit Pedestrians 6 0.1
(B) Hit stationary objects 2,461 34.9
(C) Bus-to-bus collision 142 2.0
(D) Bus-vehicle collision 4,450 63.0
(i) Bus into stationary vehicle 1,244 17.6
(i) Vehicle into stationary bus 429 6.1
(iif) During lane changing 127 1.8
(iv) When turning 511 7.2
(v) Others 2,139 30.3
TOTAL 7,059 100.0

The second most common accident type involved bhisg stationary objects, which
accounted for nearly 35% of all bus accidents. il@mto previous studie§wahlberg,
2002, Strathman et al., 201@he least common accidents involved pedestriari®4q of
all accidents).

7.6 Bus Drivers’ At-Fault Probability — Results and Implications of Findings

The parameter estimates of the final mixed logitdedcof bus drivers’ probability of
being at-fault in bus-involved accidents are presgnn Table 7.3 All estimated
parameters apart from the constant term in the made found to be statistically
significant at the 5% level and have plausible sigRarameters are considered random if
their estimated standard errors were found to aesstally different from zero, while
those that vyielded statistically non-significantarstard errors for their assumed
distribution were set to be fixed (or non-randomrrpas the population.

7.6.1 Temporal Effects

Model results showed that the 6-year trend andoseasriables were significant in
influencing bus driver’s probability of being atsfa Both parameters were found to be
non-random and positive, which pointed to a highelihood of being at-fault for bus
drivers in the latter 6-year period (2006-2011 el as in autumn and winter seasons.
With regard to the latter, it is interesting to ethat a similar finding was obtained (albeit
for accident risk) in a previous study, where sdhs crashes were found to be higher in
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the autumn and winter period¥ang et al., 2009) In this study, it is likely that the
resulting shorter daylight hours, coupled with &vaes in operating a bus given its size
and weight, contributed to a greater likelihoodb&fing at-fault in accidents for bus
drivers.

Table 7.3: Mixed Logit Model of Bus Drivers’ Proballity of Being At-Fault

Parameter

Variable Type Y] S.E. t-Statistic

Temporal

6-year trend 2006-11 vs. 2000-05 Non-random0.421 0.039 10.95

Indicator for autumn and winter Non-random 0.091 0.037 2.47

Roadway and Environmen

Indicator for divided road Non-random -0.430 0.050 -8.55

Indicator for speed limit of 50kph or below Non-random  0.310 0.042 7.46

Indicator for traffic condition — moderate / heavy Random -0.210 0.038 -5.48
(standard deviation of parameter distribution) (0.400) (0.0363) (11.01)

Indicator for daylight condition Random -0.135 0.052 -2.60
(standard deviation of parameter distribution) (0.421) (0.0297) (14.16)

Indicator for bus priority Random -0.447 0.216 -2.07
(standard deviation of parameter distribution) (2.280) (0.450) (5.06)

Vehicle

Indicator for bus age - 25 years or more Non-random 0.270  0.097 2.78

Indicator for bus length - 12m or less Non-random -0.243 0.042 -5.85

Driver

Indicator for driver’s age - 60 years or more Random 0.197 0.042 4.67
(standard deviation of parameter distribution) (0.578) (0.0492) (11.74)

Indicator for driver’s experience - 2 years or less Random 0.172 0.041 4.25
(standard deviation of parameter distribution) (0.586) (0.0432) (13.59)

Indicator for male driver Non-random -0.191 0.058 -3.29

Indicator for previous at-fault record Random 0.123 0.041 4.25
(standard deviation of parameter distribution) (0.293) (0.0331) (8.86)

Constant 0.046 0.094 0.49

Observations N = 7,059

Log-likelihood at zero - 4841.56

Log-likelihood at convergence -4531.04

Note: s and S.E. represent the parameter estimate andlatdrerror respectively
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7.6.2Roadway and Environmental (Including Bus Priority) Effects

The next set of findings relates to roadway andrenmental effects on the likelihood of

being at-fault. Model estimates for the road tppeameter, which was found to be non-
random, showed that drivers on divided roads wese likely to be at-fault compared to
other road types, e.g. undivided and one-way ro&ssults for the speed limit indicator
also pointed to road with lower speed limits (50kphbelow) increasing the probability

of drivers’ being at-fault. These findings suggesivers are possibly facing space
constraints along one-way or undivided road typésere lane widths and speed limits
are often lower than on divided roads (typicallyimarterial roads). In Melbourne, it is

common to find vehicles parked along the kerbsifldooal streets and in shopping

precincts. As such, bus drivers often have to mawree around stationary vehicles

frequently along its route. The chances of hittsigtionary vehicles and hence being
judged at-fault become higher for bus drivers gsthcontexts.

The parameter for traffic condition was found to begative which suggests the
probability of being at-fault reduces when traffienditions are heavier. This result was
surprising at first glance, but it does point te tossibility that drivers exercise greater
caution when traffic conditions become heavier.isTarameter was also found to be
normally distributed with a mean of -0.210 and dtad deviation 0.4. Based on these
estimates, the parameter takes on a negative f@@9.8% of drivers and positive value
for 30.2% of the drivers. It thus implies that tieavy traffic condition effect varies and
heavier conditions increase the likelihood of beatidault for a minority of drivers. The
parameter estimate for daylight condition was a@somally distributed with a mean and
standard deviation of -0.135 and 0.421 respectivélyis suggests the chances of drivers
being at-fault in bus-involved accidents are higthering daylight conditions for 37.4%
of drivers but lower for 62.6% of drivers. For ttmajority of drivers, this finding makes
intuitive sense as daylight conditions (as compaoeaight time) provide better visibility
for drivers. A less obvious possibility howeverthst drivers are generally more alert in
the day as compared to night time, where growingedrfatigue may have set in
(Strathman et al., 2010)

With regard to bus priority, the indicator variablas found to vary over the sample of
drivers. The parameter estimated was found todosally distributed with a mean and
standard deviation of -0.447 and 2.28 respectiwehich implies bus priority measures
reduce the likelihood of being at-fault in an aecitifor the majority (57.8%) of drivers,
but increases for some 42.2% of drivers. Thesarfgsdare plausible as they are likely to
be picking up the differences in driver behavigiven that bus priority may have given
some drivers a false sense of security leading tteret their guard down. For the
majority of drivers, bus priority in the form of sdanes may have acted to address the
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confined road-space issue mentioned earlier, ag tipically provide buses with
exclusive right of way. Consequently, the likeldoof a driver being at-fault is lower
when an accident occurs.

7.6.3Vehicle Related Effects

In terms of vehicle related factors, the age andtle of bus were found to be significant.
Both parameter estimates were fixed across thergdsalrivers, and pointed to lower
probability of being at-fault for drivers when op@ng shorter buses (12m or less) but
higher likelihood if the buses were 25 years orenldThese results were not surprising
given that longer and older buses are likely tddss responsive, e.g. when sudden hard
braking is required, due to its size and possybtlitat components had suffered greater
wear-and-teafZein and Navin, 2003) With all things being equal, it is expected that
such buses provide drivers with lower margins aforerand consequently higher
likelihood of being at-fault in an accident. Ardpyg the bus company could have
adopted a maintenance regime where parts are egplafore they reach the end of their
service lives. If so, the lower at-fault probatyilicould be attributed to the better
performance of modern buses rather than the stéite @omponents.

7.6.4 Driver Related Effects

As for driver related factors, earlier studies hatiewed demographic variables such as
age, gender and driving experience to be assocwmttd accident risk(Evans and
Courtney, 1985, Blom et al., 1987, Williams and I&reova, 2003, Strathman et al.,
2010, Di Milia et al., 2011) In this study, four driver-related factors wdéoend to be
significant in influencing the driver's probabilityf being at-fault. First, the indicator
variable for drivers’ age (60 years or above) wamitl to be normally distributed with a
mean and standard deviation of 0.197 and 0.578s mkant the likelihood of being at-
fault increases for 63.3% of drivers aged above ©his does not come as a surprise as
driving skills for drivers over 60 years of age ntegve declined. Secondly, the indicator
variable for drivers with 2 or less years of expede turned out to be normally
distributed with a mean of 0.172 and standard diewieof 0.586, which implies 61.6%
and 38.4% of the distribution is greater and Idemtzero respectively. As such, the
likelihood of being at-fault increases for less en@nced drivers (2 years or less) in
nearly 62% of the cases. A similar pattern wa®negd byTseng (2012Wwho showed
driving experience having a parabolic relationshiph at-fault accidents of tour bus
drivers. The random parameters in our study howmdicate that there exist possible
differences in driver behaviour across the ageexperience categories.

Thirdly, the indicator variable for male drivers svbound to be fixed with a parameter
estimate of -0.191, which implies male drivers hgva lower probability of being at-fault
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as compared to their female counterparts. Fintdily,model results also showed that the
chances of a driver being at-fault also appearetoetated to whether he or she had been
at-fault in a previous accident. This finding aggeeto lend support to earlier studies
which point to the presence of accident prone petdy in drivers(Di Milia et al., 2011)
and increasing likelihood of a driver not being otwed in a new accident the longer
he/she goes without orfelamed et al., 1998) With the parameter estimate estimated to
be normally distributed with a mean of 0.123 arahdard deviation of 0.293, it implies
that having a previous at-fault record increases likelihood of being at-fault in an
accident for the majority (66.3%) of the driversit beduces for a minority (33.7%) of
drivers. This finding is likely to be picking upe differences in risk-taking behaviour as
a minority of drivers might have exercised greataution while some remain relatively
unaffected after a previous at-fault accident.

7.7 Conclusion

In this chapter, bus accident characteristics &edprobability of bus drivers being at-
fault in bus accidents in Melbourne were explor@gart from the observation that
previous research is limited in examining at-faadtidents, the key motivation behind
this study was on gaining an understanding on hasvgriority affects the probability of
bus drivers’ being at-fault in bus accidents.

An analysis of bus accidents revealed that simdgurevious studies, the most common
accident types were bus-vehicle and bus-objectssiools. For the former, there were
more cases of buses hitting stationary vehicles thghicles hitting stationary buses,
which suggest that bus drivers experience gredferuity in braking?, given the size and
weight of buses compared to private vehicles.

Results from the mixed logit model showed sevenaVed, vehicle, roadway and
environmental factors that influence the probapildaf bus drivers being at-fault.
Parameter estimates indicated that drivers arelilksly to be involved in an at-fault
accident if they operate shorter (12m or less) meder (25 years old or below) buses.
The likelihood of being at-fault was also lower fdnivers who are male and drive on
routes that comprise mainly divided roads. Heatnaific condition, daylight and the
presence of bus priority were also found to redtie likelihood of being at-fault.

9 Bus performance standards, as specified in Veh#fendard (Australian Design Rule 35/05 —

Commercial Vehicle Brake Systems) 2013, are als® d&ringent than for passenger cars, with maximum
braking capacity lower than that of a car. The tast is even more significant with the increasing

application of ABS in cars allowing excellent bragiin wet conditions when non-ABS heavy vehiclds wi

experience significant degradation.
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However, these three parameters varied acrossrslrinéariables found to be associated
with higher chances of being at-fault were the eiri@ge (60 years and above), experience
(2 years or less) and previous at-fault accidembliement. These patterns however
varied across the drivers.

A key focus in the modelling was to understand itifeience of bus priority on bus
drivers’ at-fault probability. Results showed thatutes having bus priority were
associated with a lower probability of being atlfault therefore suggested that bus
drivers are currently facing manoeuvrability issuestight confined road-spaces and
along routes with much roadside friction. Thisid#s to the provision of exclusive right
of way for buses or traffic management measuresdoce roadside friction as a possible
way to address road-space and safety issues fesbuBor bus and road management
agencies, findings from this study point to busopty bringing about considerable
benefits for bus companies. Not only does busrityigprovide for a better travel
experience for bus drivers and commuter, it hedplsice financial cost for bus companies
because bus drivers are less likely to be at-faléin they are involved in accidents.

There were other noteworthy findings that couldphelform policy makers in their
operational and safety-related decisions. Firgeral results suggest drivers are less
likely to be at-fault in accidents on divided roadSecondly, results showed that bus age
and size play a significant role in influencing tiéver’s probability of being at-fault. In
this aspect, it revealed that the likelihood ofnigeat-fault is higher for drivers with little
experience (2 years or less) and those aged 66 geare. When taken together with the
impact of bus priority, these suggest there co@dénefits in assigning routes with bus
priority and comprising mainly divided roads (aspoped to undivided collector /
distributor roads) to less experienced driversaldb points to the potential advantage of
assigning new drivers to buses that are shortemamner while allocating atypical buses,
i.e. longer and those aged 25 years or more, t@ rexperienced drivers. Although this
study focussed on at-fault accidents, it is likeigt many of the findings of this study
apply to all bus-involved crashes as well, sincadilition to driver behaviour, vehicle,
road and environmental factors also play a sigaificole in the majority of crashes.

In practice the implementation of the suggestedsmes above can be challenging for
some bus companies, e.g. those with route assigrisasad on drivers’ seniority. Senior
drivers may thus be displeased with having to dpecdder buses and along tougher
routes. As a way ahead, it is likely that bus cames will have to arrive at a roster
solution that also caters to individual prefereneasile rolling out the suggested

measures. This may require a negotiation process rasult in increased rostering

complexity where individual-specific constrainte aaken into account, but would ensure
to some extent that job satisfaction for bus dewgould not be compromised.
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In sum, findings from this study lent further sugpon further research in bus safety
given the financial and social impact to bus conmgmnroad users, commuters and the
community whenever an accident occurs. Althougtifigs have provided new insights
into the risk factors and effect of having bus ptyothat influence the probability of
being bus drivers being at-fault in bus-involvedidents, it is acknowledged that certain
limitations exist. First, the database only preddaccident characteristics but do not
offer any explanation on why certain accident types more prevalent. Second, while
mixed logit modelling acts as a useful tool to astofor behavioural variations in the
dataset, it should be noted that the mixing distidm in the model was assumed to take
on an arbitrary parametric form (normal distribatimmn this study). There is therefore
scope to explore other forms of distributions timaty yield better approximations to the
real behavioural profile. Third, results from tkitsidy may only be unique to Melbourne
because of certain distinctive features in itsfitaind social environment, e.g. generally
much lower pedestrian volume in Metropolitan Melbwu At this stage, verifying the
validity of the findings cannot be done until ecalant studies of this type are undertaken
in other jurisdictions. Finally, certain driverHmviour attributes were also not captured
and considered in this study. However, they d&@l\ito be important, as model results
have showed, in explaining the varying influencerafiables affecting the probability of
bus drivers being at-fault.

It is the latter point that provided the motivatifmm the next chapter, as it focuses on the
use of micro-simulation modelling approach, whikbg allows for an examination of the
safety effects of bus priority in a controlled expeent setting.
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CHAPTER 8 MICRO-SIMULATION MODELLING APPROACH

8.1 Introduction

This chapter centres on the use of microscopic laitmon modelling to understand the
road safety effects of implementing different “spdwased” bus priority schemes on a
selected road corridor in Metropolitan Melbourne.

Results from the previous chapter revealed thaptesence of bus priority had a positive
influence on bus safety at the route-section levdle question on why this is so remains
to be answered. This sets the thrust of this @nmgpis it aims to explore bus priority
effects in greater detail by examining how and wbgflicts and crash risks change when
bus priority is introduced.

This chapter originated in the paper Goh K., Cui@e Sarvi, M. & Logan, D. (In Press)

Investigating Road Safety Impacts of Bus Prioritsirig Experimental Micro-simulation

Modelling. Transportation Research Record - Journal of then§portation Research

Board (Accepted 9th February 2014). It starts witleaaew of previous research, with a
focus on studies that had examined safety perfocenah roads with bus priority or had
adopted surrogate safety measures in micro-sinoulatiodelling for safety evaluation

purpose. Details of the research context are ptedefollowing which a description of

the bus priority case study is provided. The data methodology used are then
described after which a detailing of the major gtdicidings is done. Discussion of
results and conclusions finalize the chapter.

8.2 Research Background

Various types of bus priority initiative exist int@tionally, each differing essentially by
the amount of road space or time (or combinatiotath) that has been allocated for
buses. Regardless of its form, there has beerwbeéning evidence to show that bus
priority measures bring about higher service leasld operational benefi{Sakamoto et
al., 2007, Furth and Muller, 20Q0) Whilst this bodes well for commuters and bus
agencies, its safety implications to other roadraigemain unclear as findings from
previous research have been limited and more iraptyyt mixed(Goh et al., 2013)
This is not surprising as the majority of previaiadies have relied on historical crash
records, which often come with data and methodollgissues that could lead to
erroneous results if not dealt with appropriaiglyrd and Mannering, 2010)The recent
emergence of surrogate safety measures in microkgiion modelling has now presented
an opportunity to examine the safety effects of pderity in a controlled experiment
setting thus overcoming the aforementioned issues.
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8.2.1 Emergence of Surrogate Safety Measures

Much of previous work in micro-simulation basedesgfassessments were based on the
pioneering work byGettman and Head (20Q3here five SSMs were eventually
recommended for the purpose of safety evaluatiomicro-simulation modelling - (1)
Time to collision (TTC); (2) Post-encroachment tifllRET); (3) Maximum speed
(MaxS); (4) Maximum speed difference (DeltaS) ab)l Deceleration rate to avoid a
collision (DRAC) between two conflicting vehicleS he usefulness of a sixth surrogate
measure — headway (H) — for safety evaluation t¢tjons was investigated bByogel
(2003) Results showed that there was a greater variatithe TTC values as compared
to H values, and was therefore a better indicat@ctual danger. H values on the other
hand would be useful for checking for tailgatindgpdeiour.

Subsequent studies have also explored other SSktsail et al. (2009¥or example
assessed the adequacy of gap time (GT) and decateta-safety time (DST) in addition
to TTC and PET as safety indicators for pedestvigmele conflicts. Results showed that
conflicts were better identified when all four indiors were used together instead of any
on their own. Of the four, the authors reporteat tARET was most reliable in detecting
important incidents (defined as a conceivable cbéivents that could lead to a collision
between road users). In a separate stagglavani et al. (2010)sed PET as an indicator
in their investigation on intersection safety. Ti@sults revealed PET to be a useful
safety indicator as its values varied with diffdarepeed limits and volume. However, the
authors argued that PET would only be useful feestigating transverse collisions and
as such, other indicators such as TTC should bptedof other types of collisions, e.g.
rear-end and converging are of interestcher and Young (2009)sed both PET and the
number of red light violations as surrogate safegasures to evaluate the safety and
traffic system efficiency of 5 alternative signaédtments at a metropolitan highway
intersection. Using micro-simulation (VISSIM), theftware was able to generate results
to show that amber extension treatment yieldedgtieatest effect in terms of reducing
red-light violationsSaccomanno et al. (20083ed TTC, DRAC and crash potential index
(CPI) to compare traffic conflicts at roundaboutsl gignalized intersections. The latter,
which is based on DRAC and maximum available deatte rate, was used as the
authors argued that DRAC alone would fail to coesidiehicle-specific braking
capability and varying traffic conditions. Resustsowed all three indicators were able to
reflect the effect of geometry, weather and traffidume. In a similar study, DRAC,
TTC and proportion of stopping distance (PSD), Wwhecthe ratio between the remaining
distance to the potential collision point and minmmacceptable stopping distance, were
used as indicators to evaluate the safety effectasiverting a stop sign controlled
intersection to a roundabo(#starita et al., 2012) The authors found that TTC and
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DRAC, in particular, were better safety indicatorseflecting the reduction in number of
vehicle interaction with the introduction of a ralatout.

From these studies, it is observed that the butk ddopted TTC and DRAC as safety
indicators, possibly because they are more ineligihappealing and reliable in detecting
incidents. TTC, which can be easily understoothasexpected time for two vehicles to
reach a common point on the road assuming neitbbicke change their speed and
trajectory, appears to be used commonly in bothl ro@ridor and intersection safety
studies. DRAC on the other hand, is used morenoftben speed differentials and
deceleration requirements of vehicles are consit&rée important in the study context.
Specifically, DRAC is defined as the deceleratiaedaed by the following vehicle to
come to a timely stop or attain the matching leelisle speed to avoid a rear-end crash,
and is expressed as:

(Vi,t _\/i—l,t )2
2[(Xi—lt - Xi,t)_ L

DRAG, = (8.1)

where = Time interval (s)

t
X = Position of vehiclei(= following vehicle,i - 1 = lead vehicle);
L = Vehicle length (m); and

V = Velocity (m/S)

Between the two, it appears DRAC is a better safatijcator as it overcomes a key
limitation in TTC — not accounting for speed anditsd differences between vehicles.
This is because TTC will consider two vehicles apphing each other at high speeds
from a large distance to be no different in termssafety to another pair of vehicles
approaching each other at slower speeds but owetestdistancegArcher, 2005) This
could be unrealistic as the former could potentibk risker given that much braking is
needed.

The use of DRAC alone however raises concernssaarehers have recently argued that
it does not account for vehicle-specific brakingaailities and prevailing road conditions
(Cunto and Saccomanno, 2008, Saccomanno et aB).20® overcome this limitation,
Cunto and Saccomanno (200gnoposed the use of a crash potential index (CPBI) a
provided in equatioB.2, in which values of the maximum available deceleratates for
different vehicle types are based on parameteregabdopted byAASHTO (2004),as
shown inTable 8.1

t=tf,
S p(DRAC, > MADR, Jatb

cP|, = (8.2)
T.
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where t = Time interval (in whichti; andtf; are the initial and final time
slice for a given time period for vehidle
T = Total simulated time interval,
b = Binary variable (=1 ifDRAG>0 or 0 otherwise);
At = Observation time interval (s); and
MADR = Maximum available deceleration rate (A/s

Table 8.1: Truncated Normal Distribution Parametersfor MADR (Source: AASHTO, 2004)

o Vehicle Type
MADR distribution parameters
Car Truck / Bus
Average (m/§ 8.45 6.82
Standard deviation (nfjs 1.40 1.40
Upper limit (m/3) 12.68 10.05
Lower limit (m/<) 1.23 0.60

8.2.2 Summary of Findings

In summary, previous research on the safety imjdica of bus priority have been few
and far between. From the limited studies thatlieeh done, results have generally been
mixed. Readers have to also contend with poteni@gah and methodological issues,
which are inherent in historical crash data that haen used in these studies. As such,
our understanding on why certain bus priority sceetnad led to positive safety benefits
while others have yielded opposite effects remaiciaar. With the emergence of SSMs
in micro-simulation modelling, there is now an ofdpaity to examine the safety effects
of bus priority in a controlled experiment setting.he choice of the surrogate safety
measure however has to be made with careful caaside of the study context.

8.3 Research Context

8.3.1 Hypotheses on Safety Benefits of Bus Priority

The safety review carried out @hapter 4gave rise to a number of hypotheses on the
safety benefits of bus priority which are summatizeTable 8.2 It was clear that some
of these could be tested in a micro-simulation mment, given that SSMs such as
DRAC and TTC are particularly good at assessingassociated with lane changing and
breaking behaviours. DRAC in particular appearsd@ useful indicator of rear-end and
side swipe accident risks, and would be most sdidetesting hypotheses associated with
impacts at bus stop and intersection locations. thi@nother hand, corridor level safety
issues associated with ‘run-off accidents (hypsihel) and issues associated with
improved traffic visibility (hypotheses 2 and 6)utd not be assessed using micro-
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simulation modelling alone. For this reason, theut of this research was on intersection
and bus stop locations.

Table 8.2: Hypotheses on Safety Benefits of Bus Brity

Testable Using Micro-
simulation / SSM?

1 Reduced risk of run-off accidents with bus lane No
acting as roadside buffer

No. Location Hypothesis

Corridor . . ,
2 Improved visibility for drivers with buses Unclear
segregated from main traffic stream
3 Reduced risk of rear-end accidents for vehicles Yes

entering side streets as bus lane allows vehicles
(bus and turning traffic) to break away / separate
Uncontrolled from mainstream traffic and slow down before

Intersections turning

4 Reduced risk of side-swipe accidents for vehicles Yes
entering main street as bus lane allows vehicle to
pick up speed before joining mainstream traffic

5 Reduced risk of rear-end accidents as vehicles Yes
Controlled move into bus lane before turning at intersection

6 Intersections |mproved intersection visibility for vehicles Wit Unclear
buses segregated from main traffic stream

7 Reduced risk of vehicles hitting rear of slowing Yes
or stationary bus

8 Reduced risk of side swipe accidents as a rebult Yes
Bus Stops vehicle changing lane to overtake slowing or
stationary bus

9 Reduced side-swipe accident risk for buses Yes
moving off

8.3.2Research Aim

This phase of the research aims to explore the satedy performance of a representative
3-lane road corridor in Melbourne across three madigurations - (1) mixed traffic; (2)
kerbside lane relocated for bus use only; and €3} kerbside lane created for bus use
only (Figure 8.1).

As highlighted, given the limitations of SSMs irfleeting corridor level accident risks,
the focus of this research will be on conflictsomeled at intersection and bus stop
locations, where rear-end and side-swipe accidamtsnost prevalent and safety effects
can be established in micro-simulation. Conflietsthe corridor level will still be
recorded, but they are intended more for broadébasenparison of schemes rather than
interpretation of safety effects.
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Scheme 1 - Mixed traffic configuration

T L

Scheme 3 - New kerbside lane

T

Figure 8.1: Exploring Safety Effects of Different Bis Priority Schemes

8.4 Case Study

To examine the effect of the bus priority measumeBSigure 8.1, a case study approach
was adopted in which a road corridor deemed to dmresentative in Metropolitan
Melbourne was selected.

This corridor is a 1.6km stretch of three-lane diéd arterial road in Metropolitan
Melbourne - Blackburn Road from Wellington Road-&rntree Gully Roadgure 8.2).
There are four intersections along this route, Wwihas a speed limit of 70kph. Two bus
services ply along this north-south route (withaalditional from Normanby to Ferntree
Gully Road), which currently operates as a mixedfitr configuration where no priority
is provided for buses. There are five bus stopegakach bound, and of these, only one
is provided with a bus bay. With Blackburn Roaem@ing in a mixed traffic condition
with no bus priority (Scheme 1), it acts as a basdior the collection of validation and
calibration data for the model, following which aan then be used to determine the
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effects of the implementation of the two differesgace based bus priority schemes

(Schemes 2 and 3).

@ - Bus Stoj

Normanby Roag
=]

Figure 8.2: Road Corridor in Case Study
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8.5 Modelling Approach

8.5.1 Data Collection

Traffic data collected for this study was obtairfeasim the signal control (or SCATS)
system maintained by the Traffic Operations UnitMi€Roads, Australia. This data
included turning volume at the intersections, whaait to inform the micro-simulation
model on the turning percentages at each inteecin addition, through the use of the
video equipment detailed in section 3.5.2, traffata on a representative section of the
road corridor was recorded for two weeks (ten weagkdl in December 201Figure
8.3. The afternoon peak period (17:00-19:00hrs) data then extracted for the model
development.

Figure 8.3: Video Equipment Used (Inset) and Covege of Road Corridor

Empirical data were also collected through a natima travel time survey on 3
weekdays during the afternoon peak period. Fraervileo and travel time data, it was
possible to check against the SCATS data to ersaffec volume was comparable and
help facilitate model calibration and validatiora -crucial step in the micro-simulation
modelling.

8.5.2 Micro-Simulation Modelling

AIMSUN (Advanced Interactive Microscopic Simulatidior Urban and Non-urban
Networks) micro-simulation tool (Version 7.0) wased to model the road corridor and
explore the safety implication of implementing tdéferent bus priority measures.
AIMSUN allows for both microscopic and mesoscopiodalling of various networks
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including public transport operatio(i8SS-Transport Simulation Systems, 2Q1#)d is a
useful tool for the analysis and assessment oémdifft transport planning schemes and
traffic management measures. In this researchAIKSUN base model was developed
using an aerial photograph and map based GIS ddtzecsite. Traffic data collected
which included vehicle counts and traffic compasitias described in the preceding
section, were then used as inputs to the base model

As highlighted earlier, a number of surrogate safeeasures can be used for safety
evaluation. From the literature, it is clear l#emre that TTC, PET and DRAC are most
commonly used as they are likely to have stronglvance to safety. Given that the
case study is on a road corridor where rear-endamechange conflicts are of interest,
DRAC was chosen as the surrogate safety measureecénd measure, CPIl was also
selected to account for vehicle-specific brakingatalities. For this research, a conflict
was registered when DRAC exceeded the thresholdevefl 3.35m/s This value was
selected as previous studies have shown decelenaties exceeding this level appear to
reflect unsafe conditiongArcher, 2005, van der Horst, 1991)Video analysis was
subsequently done using the motion analysis soétwéotionView - Advanced edition
(AllSportSystems Inc., 2012which allowed video data to be processed on fraye
frame basis. Through this, DRAC conflicts over the-week period were recorded for
model calibration and validation purposes.

Given the danger that inappropriately calibratedlet® could lead to misleading findings
(Park and Qi, 2005)much effort was focussed on model calibration aalidation to
ensure the base model (scheme 1) reflected aatwaiglsafety-related behaviour well.
Following the work byHuang et al. (2013)a two-stage approach was similarly adopted
for model calibration and validation in this resgar In stage 1, vehicle and behaviour
parameters were fine-tuned so that the model amtynepresented the observed traffic
and driving behavioufFang, 2005, Cunto and Saccomanno, 2008)is step centred on
ensuring that (1) travel time along the northboeadiageway of the road corridor and
(2) queue discharge headway distribution of a setemtersection closely matched the
observed data. The GEH-statistic was used to cmeng@apirical and modelled travel
time, while the Kolmogorov-Smirnov (K-S) and Manrhitviey U test statistic were used
to compare observed and modelled headway distoibsiti Model parameters were
adjusted until a GEH-value of less than 5 was agltien more than 85% of the cases,
and K-S and Mann Whitney U test results indicatat tthe observed and modelled
headway are comparable. In stage 2, efforts weoeissed on fine-tuning model
parameters to replicate observed safety-relatechvib@ir and conflicts. To obtain
modelled conflicts, a separate software moduleditfSurrogate Safety Assessment
Model (SSAM)” (Gettman and Head, 2003jvas used to extract conflict information
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from vehicle trajectory files generated by AIMSUNwo commonly used error measures
- mean absolute percentage error (MAPE) and meswoiwb error (MAE) - were used to
measure the differences between the observed addlied conflicts for the purpose of
finding the optimal set of model parameters:

ObservedConflicts =C, :EZCQ) (8.3)
mi=1
Modelled Conflicts =C,, :EZCiM (8.4)
ni=1
MAPE =|Zm_~Co (8.5)
CO
MAPE=C,, -C, (8.6)

whereCo andCy represent the observed and modelled number dlictsnrespectively.
The above represents a minor deviation to workibging et al. (2013)s it aims to find
the optimal DRAC threshold value in the model thast replicate the number of pre-
defined observed conflicts (DRACs < 3.35fVs

Model validation was subsequently done by collecam additional four hours of video
data on two separate weekdays. Similar to thdredion process, the GEH, K-S and
Mann Whitney U test were used to assess the modaleilisy to replicate observed travel
time and queue discharge headway. Another criteioo successful model validation
used was that the observed number of conflicts ldhbe within the 90% confidence
intervals obtained from 10 simulation runs. Witle tompletion of model calibration and
validation, simulation models were developed farheaf the three scenarios. To ensure
stable resultgYoung et al., 1989)each model was run 10 times with different random
seed numbers. For each run, the number of modetieflicts was then extracted at the
following three locations:

v’ Intersection approaches (on two leftmost lanes);
v Bus stops (two leftmost lanes up to 50m upstrehail bus stops); and
v Entire corridor (all lanes of the carriageway)

Each model was also subjected to 5 levels of trafémand to test the effect of volume
on conflicts. The number of conflicts recorded ro¥@ runs was averaged and its value
used as a basis for comparing the safety effectdiftdrent traffic and bus priority
schemes. Figure 8.4 summarizes the approach adopted in this studybtairo the
conflicts from the micro-simulation models.
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Stage 1 Calibration

Base model 1

Observed Travel time / headv Modelled travel time / headway Adjust parameter values*

Travel Time: GEH Statistic < 5 for at least 85%cafes No
Headway: Mann-Whitney U test to ensure distribugiare comparablg

Stage 2 Calibration / Validation Yes
Base model
Observed DRA! Modelled DRAC Adjust parameter values

No

Lowest MAPE/MAE
Yes

Fully calibrated model

Stage 3 Model Development
[ Data Extraction Scenario development

Extraction of DRAC/CPI conflict

Note: * Key driver and vehicle parameters in misimulation model
#
Key driver and vehicle parameters in micro-simiglatmodel as well as the DR AC threshold valu&&é3SAM module

Figure 8.4: Staged Approach to Safety Evaluation iMicro-Simulation Modelling
8.6 Results

8.6.1 Model Development

Results from Stage 1 of the calibration procespagsented im\ppendix E-1. In stage

2, a sensitivity analysis revealed that the paramiiat had the greatest impact on the
number of modelled conflicts was the threshold @alti DRAC in the SSAM. Based on
the MAPE and MAE results, it was found that besbdyess-of-fit was achieved when
the DRAC threshold value was set at 3.3Grt#sgure 8.5). This value was subsequently
adopted for the conflict analysis in SSAM. Theafirtalibrated model (with adopted
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parameter values provided Appendix E-2) was validated using data extracted from the
video recordings on 2 separate weekdays.
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Figure 8.5: MAPE and MAE Values for Observed and Malelled Conflicts across Different
TTC and DRAC Threshold Values

8.6.2 Conflict Analysis

Conflicts from the micro-simulation runs were reted based on the traffic scheme,
traffic volume and locations where conflicts toolage. Table 8.3 summarizes the
number of conflicts (averaged over 10 simulationsjurom the micro-simulation model
in terms of DRAC and CPI. Based on the model testhe following observations were
made:

1. Traffic volume had a direct effect on number of fiots in all three traffic
schemes, as results of the Kruskal-Wallis H tesiwgld that the number of
conflicts were statistically significantly differemcross the five levels of traffic
volume in each scheme tested in the micro-simulati@del at the corridor-level.
A plot of conflicts and traffic volume point to aiwilinear relationship between
the two variables, i.e. the rate of increase innhmnber of conflicts increases with
higher traffic volume.

2. Whilst traffic volume had an effect on conflictstime mixed traffic configuration
(scheme 1), its effect was less obvious at intéise@nd bus stop locations when
space reallocation (scheme 2) or space creationbfises (schemes 3) were
applied. Kruskal-Wallis H test results showed tthet differences in the number
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of conflicts at intersection locations in schemesriZi 3 were not statistically
significant when traffic volume varied from 600 1800 vehicles per hour. A
similar finding was obtained at bus stops locati¢fiable 8.4. These findings

appear to be reasonable because we would exp#ict imathe leftmost lanes to be
much lower in the schemes involving space realionand new lane creation for
buses.

Table 8.3: Number of Conflicts (over 2-hour period)from Simulated Traffic Scenarios

Traffic Volume (Vehicle per hour)
Traffic Scheme Location 600 900 1200 1500 1800
DRAC CPI DRAC CPI DRAC CPI DRAC CPlI DRAC CPI

1 - Mixed Intersections 5.0 0.4 6.1 1.9 8.0 23 9.6 4.8 20.7 12.7
Bus Stops 0.9 0.5 3.1 1.5 3.6 1.7 6.1 3.4 7.1 3.7
Corridor 25.0 7.7 56.4 24.3 98.1 446 161.5 82.4 .809170.2

2 - Reallocation Intersections 0.7 0.0 1.0 0.3 1.1 0.2 1.0 0.1 1.1 0.4
Bus Stops 0.8 0.0 2.2 0.6 2.8 0.4 2.1 0.8 1.7 0.3
Corridor 25.6 9.9 60.5 254 1213 59.4 233.1 136.355.31 314.6

3-Newlane Intersections 1.5 0.0 21 0.0 1.3 0.0 1.2 0.3 0.8 0.1
Bus Stops 0.1 0.1 0.1 0.0 0.3 0.2 0.9 0.4 0.5 0.4
Corridor 26.0 9.1 58.7 26.9 85.7 47.2 149.8 78.1 229 125

Table 8.4: Results of Kruskal-Wallis H Test for Voume Effect

Traffic Scheme

Safety Measure Location Volume (Veh'/hr) 1 5 3
DRAC Intersections 600 to 1800 0.00 0.92 0.08
Bus Stops 600 to 1800 0.00 0.06 0.10
Corridor-level 600 to 1800 0.00 0.00 0.00
CPI Intersections 600 to 1800 0.00 0.33 0.06
Bus Stops 600 to 1800 0.00 0.09 0.19
Corridor-level 600 to 1800 0.00 0.00 0.00

Note: “Indicates absence of statistical evidence to rejaet hypothesis that the number of conflicts varies
across different traffic volumes

Table 8.5 captures the changes in the number of conflictesnndchemes 2 and 3 were
compared against scheme 1. The Mann-Whitney U bt statistical significance
established at the 5% level was employed to dstatstical differences in the number of
conflicts across traffic schemes. Results showet t
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1.

3.

At intersections, the number of conflicts was foundbe consistently lower in
schemes 2 or 3 than scheme 1, regardless of the di/safety performance
measure adopted (DRAC or CPI). These differencee wrtistically significant
(p<0.05) when the DRAC measure was used, or wherC#l measure was used
and traffic volume exceeded 900 vehicles per hbigufe 8.63).

Similar observations were recorded at bus stoptitmts, in which the number of
conflicts was found to be consistently lower ineties 2 or 3 than in scheme 1.
Differences in CPI or DRAC conflicts were howevignificant only when volume
exceeded 900 vehicles per hour in scheme 2. Hwnse 3, differences were
significant when the DRAC measure was used but ablyve traffic volume of
1500 vehicles per hour when the CPI measure wak(Eggure 8.6h).

At the corridor level, the number of conflicts wiasgeneral higher in scheme 2
and lower in scheme 3 as compared to scheme 1. eHowas noted earlier,

corridor results were not a close focus of the ymiglsince SSM would only

explore safety effects of bus priority at intergmtiand bus stop levels. What was
interesting however is that some increases in s flvere noted at the corridor
level for scheme 2. Since actual evidence shatsaductions, the implications

are that modelled increases in conflicts must beentiwan offset by safety effects
not being modelled using micro-simulation. It imegla mix of safety impacts is

occurring with scheme 2.

Table 8.5: Change in Number of Conflicts Comparedd Scheme 1 (Mixed Traffic)

Safety Traffic . ) Traffic Volume (vehicles / hour)
Measure Scheme ez
600 900 1200 1500 1800
2 _ -4.3 5.1 -6.9 -8.6 -19.6
Intersections . . .
3 -3.5 -4.0 6.7 -8.4 -19.9
2 -0.1 -0.9 -0.8 -4.0 5.4
DRAC Bus Stops . . . . .
3 -0.8 -3.0 -3.3 5.2 -6.6
2 0.6 4.1 23.7 71.6 145.8
Corridor .
3 1.0 2.3 -12.4 -11.7 -80.0
2 -0.4 -1.6 2.1 4.7 -12.3
Intersections . .
3 -0.4 -1.9 -2.3 4.5 -12.6
2 -0.5 -0.9 -1.3 2.6 3.4
CPI Bus Stops .
3 -0.4 -1.5 -1.5 -3.0 -3.3
2 _ 2.2 1.1 14.8 53.9 144.4
Corridor . . .
3 1.4 2.6 2.6 -4.3 -45.7

Note: " Statistically different (p<0.05) as compared to renof conflicts in scheme 1 (mixed traffic)
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Figure 8.6: Conflicts Recorded at Intersection andBus Stop Locations

8.7 Implications of Findings

Firstly, overall results suggest that as compaoed mixed traffic configuration (scheme
1), the provision of bus lanes, regardless wheatheas created though space reallocation
(scheme 2) or space creation (scheme 3), act t@rldhe number of conflicts at
intersection and bus stop locations. These reputigide support for the hypotheses in
Table 8.2associated with these locations:

At Intersections:

v" Hypotheses 3 and 5 - Reduced risk of rear-endlents for vehicles entering side
streets as bus lanes allow vehicles (bus and witrarffic) to break away / separate
from mainstream traffic and slow down before tugniand
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v" Hypothesis 4 - Reduced risk of side-swipe accildat vehicles entering main
street as bus lanes allow vehicle to pick up speéore joining mainstream traffic

At Bus Stop Locations:
v" Hypothesis 7 - Reduced risk of vehicles hittingrref slowing or stationary bus;

v' Hypothesis 8 - Reduced risk of side swipe accidasta result of vehicle changing
lane to overtake slowing or stationary bus; and

v" Hypothesis 9 - Reduced side-swipe accident riskhémes moving off

The results on bus priority bode well for bus andd management agencies as they
suggest such schemes are likely to reduce riskeafend and lane-change (or side-
swipe) conflicts significantly. This is an intetieg finding because previous studies have
shown that rear-end and side-swipe accidents ramngst the top three most common

accidents for busg@egeer et al., 1993, Yang et al., 2Q09)

Secondly, findings point to the importance of thieiional capacity provided by scheme
3 in influencing road safety. The micro-simulatimodel suggests that scheme 3 has the
best safety performance at the corridor levelofeéid by scheme 1 and then 2. Scheme
3’s superior performance was likely to be due nyaiolthe additional capacity provided
for private vehicles, which resulted in lower trafflensity per lane and hence fewer
conflicts amongst private vehicles. The differermmween scheme 2 or 3 however
became less obvious when traffic volume fell bel®@0 vehicles per hour, as both
schemes brought about significant benefits at $etdron and bus stop locations, without
having any significant bearing on road safety atdbrridor level.

Thirdly, modelled increases in traffic conflicts astm with scheme 2 (road space
reallocation) at the corridor level are interestbegause before-after empirical results in
Chapter 4showed that accidents had declined and not inaleasbe implication is that
safety effects not being modelled in the micro-datian must act to offset these effects.
It also shows that there is a mix of safety impdptsitive and negative) but that the net
impact is positive.

8.8 Conclusion

In this chapter, an exploration of the safety irgiions of implementing different “space
based” bus priority schemes on a selected 3-lagx corridor in Metropolitan Melbourne
was done. A microscopic simulation modelling apggtowas adopted, in which conflicts
in terms of DRAC and CPI were analysed across ttnedic configurations: Scheme 1 -
vehicles in mixed traffic condition; Scheme 2 -l®de lane relocated for bus use only;
and Scheme 3 - new kerbside lane implemented foube only.
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In terms of bus priority, findings from this studyggest that the provision of bus lanes,
regardless whether it was created though spacecatbn (scheme 2) or space creation
(scheme 3), act to lower the number of conflictsxdrsection and bus stop locations. A
possible explanation for this finding is that basds perform the role of acceleration or
deceleration lanes at side street locations, asdhew vehicles to pull away or join the
mainstream traffic when speed differential with tiearest vehicle is much lower.

The findings suggest an important area for furttesearch in bus safety given the
financial and social impact to bus companies, nosets, commuters and the community
whenever an accident occurs. Whilst this resedash provided new insights into the
varying safety effects of different bus priorityaffic schemes, it is acknowledged that
certain limitations exist. First, the focus ofglstudy had been on a specific road corridor
in Metropolitan Melbourne. Although the chosen ssteonsidered to be representative of
main arterial roads in the suburb areas (with majtarsections typically spaced 1.6km
apart), it is likely that results will differ foromd corridors with different geometrical and
operational characteristics. Further researchersamly needed to further investigate
these effects. Second, this study had adoptedS®#ls to capture traffic conflicts.
Although both SSMs performed similarly with rega their ability to differentiate
between each of the priority schemes, results mglve been different if other SSMs
were used. Future research efforts could thereferdre on exploring other SSMs and
identifying the best SSM for use in different cotigein safety studies. Third, the speed
limit for the road corridor in the case study iki#h. With speed limits of 60km/h or
80km/h also common for arterial roads in Melbouibheould be worthwhile to explore
how conflicts patterns will differ for roads withfigrent speed limits. Fourth, micro-
simulation models are only able to reflect risksaotident types like rear-end or side-
swipe accidents. The impact of bus priority oneothccident types is thus worthy of
further investigation. Finally and in relationttze previous limitation, this study has not
assessed the ability of the safety performance uneds reflect actual crashes. As such,
it could be worthwhile in future research to egslbk statistical link between simulated
conflicts and observed crashes.

The following chapter sets forth the attempt toradd the latter limitation, as a conflict-
crash relationship is established for the purpdsestimating the quantum of crash risk
involved for vehicles behind buses. It dovetaiishwesults from the micro-simulation
modelling, which showed the number of conflictbas stop locations to be significantly
higher in the mixed traffic configuration than whiems priority was provided for. A key
question that arises from this, which will be ated to be answered is “What is the
level of crash risk involved for vehicles behintus that is slowing down or stationary at
a bus stop in a mixed traffic configuration?”
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CHAPTER 9 CRASH RISK FOR VEHICLES IN MIXED TRAFFIC

9.1 Introduction

The focus of this chapter is on an estimation efrdar-end crash risk of a vehicle behind
a bus that is slowing down or stationary at a bag 81 a mixed traffic configuration.

The key motivation in establishing this risk quantis the potential to understand and
guantify the safety benefits of having bus priorityat segregates buses from the
mainstream traffic. This is because buses in @&ditxaffic configuration face the risk of
being involved in a rear-end accident when theyeligate or stop at bus stops for
boarding and alighting passengers. Rear-end iooilissks also exist for any of the
following vehicles behind, as drivers may be caugtdware of the slowing or stationary
vehicle ahead. Findings from this research maydsdul for road management agencies
and bus companies as evidence from the existiagtiire (sectio.5) have shown that
rear-end collision ranks as one of the highestsrigk buses and that bus stops is a
common location where collisions ocdivahlberg, 2002, Wahlberg, 2004a)

This chapter starts with a review of previous redean rear-end accident risks before
presenting the research aim. Details of the metlogg are then provided, where a

description of the modelling approach to estimassic risks for vehicles behind a bus is
provided. This is followed by an application oketmethodology on a selected site in

Melbourne. Model results and implications of fingls are presented before the chapter
concludes with a discussion on the implicationthefresults.

9.2 Research Context

Previous studies on bus safety show that certaidat types are common for buses.
Jovanis et al. (1991pund that the two most common collision typesldases are side-
swipe and rear en@ovanis et al., 1991)Findings from this study revealed that a high
percentage of automobile occupant injuries resuftech rear-end accidents between
private vehicles and buses, leading the authorugmest that stationary buses (either
stopped for a queue of vehicles or to process pgesg) pose the greatest risk to
automobile occupants. In examining bus and coadupant injuriesBjornstig et al.
(2005) found that approximately half of the occupant iiiga were due to buses or
coaches being rear-ended by other vehiclegeer et al. (1993bund likewise that rear-
end accidents in which one vehicle stopped andswige accidents to be the most
common accident type in commercial bus crashesadige states in the U.S. A similar
finding was obtained bRRey et al. (2002)vhen they investigated transit bus crashes in
Florida, U.S. In analysing school bus crashesiapulies, Yang et al. (2009also found
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cases of vehicles rear-ending buses as well agleshiitting buses when the latter were
turning to be most common. With regard to accideattion, published evidence
suggests that bus stop locations and intersectimasthe most accident prone areas
(Jovanis et al., 1991, Wahlberg, 2002)

Numerous studies have been done to investigateerghcrash risks. A number focused
on applications in work zonesVieng et al. (2010)leveloped a probabilistic quantitative
risk assessment model to estimate crash frequeassdion the work zone characteristics.
Similarly, Harb et al. (2008)developed conditional logistic regression and ipigt
logistic regression models to identify key work edineeway crash characteristics. An
analysis of rear-end accidents in work zones was dbne byQi et al. (2005) from
which truncated count models based on historicditdata in New York were developed
to identify work zone characteristics that are asded with crash frequency. Using
crash data from work zones in California, Ulshattak et al. (2002)leveloped negative
binomial models, which revealed that crash fregiesnicrease with increasing work
zone duration, length and average daily traffic. hid{ the above studies relied on
historical crash data, a recent study leveragedvideo technology to analyse and
evaluate rear-end crash risk at a work zone areginigaporgMeng and Weng, 2011)
Its approach is based on the traffic conflict tegha, in which a surrogate safety measure
(Deceleration Rate to Avoid a Crash) was used tasme rear-end crash risk, following
which crash risk models were developed to exameerelationship between rear-end
crash risk and its contributing factors.

There are other studies on rear-end crash riskctivatentrated on freeway (or highway)
and intersection locationsWang and Abdel-Aty (2006)tilized generalized estimating
equations with the negative binomial link functimnmodel rear-end crash frequencies at
signalized intersections. Results showed thatibe#raffic, additional right and left-turn
lanes, high speed limits on the major roadway,rgelaaumber of phases per cycle and
high population areas are correlated with high-esat crash frequenciesdourdos et al.
(2006)focussed on high-crash locations at a freewaynayyaing video data collected by
detection and surveillance equipment. Along witkual observations, an identification
of the most relevant real-time traffic was done autbsequently incorporated into a
model to estimate crash likelihoo®ande and Abdel-Aty (200&)eveloped probabilistic
neural network models to identify traffic conditethat are associated with higher risks
of rear-end crashes on a highway in the U.S. Alaimapproach of using data collected
from inductive loop detectors was adopteddiyet al. (2006ao develop a methodology
to identify rear-end collision potentials on fregiwa Key in this methodology is the
formulation of a rear-end collision risk index bagm the safety distance in car-following
situations to reflect freeway rear-end traffic mins. Oh et al. (2009jollowed up with
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a study that utilized sensor and communicationreldyy to capture time-to-collision
(TTC) and stopping distance for the purpose of bgreg a methodology to detect
hazardous traffic events and evaluate the real-tafety performance of a freeway. In a
subsequent study)h and Kim (2010)3eveloped another approach to estimate rear-end
crash probabilities on freeways based on real-tmat@cle trajectory data. Through the
development of a binary logistic regression modellane-changing and derivation of
crash probability based on TTC values, a crashindi&x was developed in the analysis
to establish rear-end crash potential for eachestivehicle along the freeway.

In summary, there have been numerous studies ctewltw investigate rear-end crash
risks. However, their focus had been on work zpfreeway and intersection locations.
At present, our understanding on rear-end crasks rinvolving buses at bus stop
locations remains unclear. This is surprisingnasevidence from existing literature show
that rear-end collision ranks as one of the highisgis for buses, and that collisions
occurring at bus-stops are common.

9.3 Research Aim

Given the knowledge gap above, this phase of theareh aims to estimate the crash risk
potential for vehicles that are behind a bus wiécklowing down or stationary at a bus
stop in a mixed traffic configuration. Establisithe quantum of such risk involved will
provide an appreciation of the safety benefit detd by bus priority measures that
segregate buses from mainstream traffic.

9.4 Methodology

Drivers of vehicles travelling along a road withmexed traffic configuration are faced
with two options when they find themselves behirfalia that is slowing down to call or
stationary at a bus stop ahead. To avoid a amtijsihey can choose to either: (1) slow
down and wait for the bus to move off after prooegpassengers or (2) switch lanes to
overtake the busFigure 9.1 shows vehicla in such a situation, in which collision risks
exist if the driver of vehicle fails to decelerate in time in the current laného@d the
driver decide to switch lanes to overtake the these exists the risk of collision with the
lead or lag vehicle in the adjacent lane. In lmthations, a key factor in whether a crash
would occur is the time-to-collision (TTC) betwettie subject and lead or lag vehicles,
i.e. lower TTC values are associated with higheglilhood of collision.

Given the possibilities above, a three-stage amhroaas adopted to estimate the
vehicle’s crash risk potential:
(1) Calculation of lane change probability;

(2) Calculation of crash probability given a TTC valaed
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(3) Estimation of crash risk potential based on vahl#sined in (1) and (2)
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Figure 9.1: Vehiclen Behind a Slowing or Stationary Bus
9.4.1 Lane Change Probability

With lane changing essentially involving decisioakimg between two choices, discrete
choice modelling approach can be adopted to estaldne change probability. In this
field, two widely adopted approaches are binaryitloggression (BLR) and atrtificial
neural network (ANN) modelling. For this researbbth approaches as well as a third
incorporating both BLR and ANN (hybrid approach)reveised to model lane change
probability. A key step in the methodology is #edection of the best performing lane-
change model for the subsequent estimation of arash

In the BLR approach, the lane change probabilitg eamulated as:

p(LC, | X,) = ZP&aA) ©.1)
1+exp(X,.B)
P(NLG, | X,) =1- p(LC, | X,) ©.2)

wherep(LGC,|X,) andp(NLG|X,) are the probabilities that the subject vehicleill and
will not switch lane respectively under traffic abiions X,. In both equations¥X,
represents a vector of explanatory variables affgdhe decision of subject vehicte
As part of the BLR model development, the “linktefsinction in STATA (2005) was
used and inspection of Variance Inflation Factdfd-) values done to ensure the final
model was free from specification errors and hetegdasticity respectively.

In the ANN approach, a ANN model structure simiiarthat adopted iChapter 6was
used for modelling for lane changing, i.e. a theger feed-forward neural network based
on the back-propagation approach that incorpothtetavenberg-Marquardtagan and
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Menhaj, 1994)algorithm. In this modelRigure 9.2, X, are the input neurohghat
represent the traffic conditiongx the hidden neurons ang the output neuron in the
model that represents the lane change probabifiy.highlighted in sectioB.5.3 a key
issue in neural network modelling is over-fittinghich results when the network is
strong in fitting the random error (noise) in thetad but not the underlying relationship.
To address this issue and still ensure good gepatiah of the model, the “early
stopping” technique was similarly applied when nnag the network. Likewise, the
dataset was also randomly separated into two fiarés3:1 proportion) for the purpose of
training and testing the model.

k hidden neurons

n input neurons

X

! 1 output neuron
XZ

Y

X

n

n,k
- — Zk
Input Layer Y '

Hidden Layer Output Layer

Figure 9.2: Three-Layer Feed-forward Artificial Neural Network for Modelling Lane
Change Probability

A typical approach in ANN modelling is the applicat of an algorithm for selection of
the input variable(s). In the hybrid BLR-ANN appaoh, a similar principle was used in
which variables found to be significant as welllas predicted probability from the BLR
model were used as inputs to the BLR-ANN modEigure 9.3 presents the key steps
involved in the BLR-ANN approach.

h X, used in the ANN modelling are the variables that viewsad to be significant in the BLR approach
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Figure 9.3: Key Steps in the Hybrid BLR-ANN Approad

9.4.2 Probability of a Crash and Crash Risk Estimation

The crash risk modelling was done using TTC vathes were extracted from video data
of the site under study. AccordingAonundsen and Hyden (197 &he TTC value is the
time that remains from an instanbefore a collision between two vehicles takes glac
(assuming both vehicles’ direction and speed remaahanged). If the subject vehicle
decides to remain in the lane in which the bus @hess slowed down, then the TTC
value can be derived as follows:

Trertey =—se® oy sy, 9.9
Vo () =Viotead(t)
whereD1. ¢a¢iS the gap between the subject and lead vehiclée Wh andV;. eaq are the
speeds of the subject and lead vehicle respectatelynet. If the driver of the subject
vehicle decides to switch lane, then the correspon@TC values between the subject
and lead or lag vehicle in the adjacent lane catiebermined as:

T-I-CnZ—Lead (t) = D2—Lead (t) DVn (t) S Vg_Lead (t) (94)
Vi (1) = Vo eaq (1)

D2—Lag(t)
V2—Lag (t) _Vn (t)
In the above equation®),..ead and D2 g are the gaps between the subject and lead,

subject and lag vehicles respectively, whilg .oqrepresents the speed of the lead vehicle
andV,. 5 the speed of the lag vehicle in the adjacent lane

TTC () = Va1 (1) > DV, (1) (9.5)
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It is generally accepted that TTC values are cloeked to crash potential. Following
previous researcfOh and Kim, 2010, Weng and Meng, 201the probability of a crash
based on a TTC valup can be assumed to take on the following exponledgaay
relationship in which:

p=e (9.6)
where/ is a parameter that reflects crash propensity givan road segment (its value
differs across roads with different characterigtici can be computed based on the
historical crash records of the study site and Tpr@file obtained from the video data.
The probability of a crash occurring in an hour tauns be computed as follows:

N _
Crastrisk /hour=>"e iz (9.7)
i=1

In this equation,TTG is the time-to-collision value recorded for vebiclandN is the
number of vehicles with TTC values recorded in anrhon a selected day. Following
this, the probability of a crash between subjedticie n and lead vehicle based on a
given TTC can be estimated by the following:

p(Crash**)(t) = p(NLC, | X,,)(t). p(Crash = | TTO)(t) (9.8)

Using the above approach, the probabilities ofasltbetween the subject vehioland
the lead or lag vehicles in the adjacent lane easimilarly computed.

The establishment of probabilities of lane changg@ash based on a given TTC sets the
stage for the estimation of the rear-end crash bséed on a Monte Carlo simulation
approach. Figure 9.4 shows an overview of the variables involved in simaulation to
estimate crash risk.

Given that the TTC information came from a samgléraffic data, it was important to
account for uncertainty in the analysis. For te&son, the bootstrapping technique based
a resampling size of 500 was employed to obtainntlean and variance of The
uncertainty in the final crash risk estimation vedso accounted for through the use of a
stochastic analysis software tool available in @GiyBall (Decisioneering, 2013).This
was used to analyse and generate the best-fit Ipitdpp@r frequency distribution for each
variable with inherent uncertainty. The distriloatiinformation was then fed into a
Monte Carlo simulation model to compute the meath \ariance of the final crash risk
estimate from 1,000 trials. Through this approaciguantifiable degree of uncertainty
was incorporated in the final crash risk estimateeflect the likelihood that drivers at
times in reality base their driving decisions orpratise perceptions of the surrounding
traffic (Ma, 2004)
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Vehicle behind bus data

2—Lead 1-Lead
p(Crashi~tead|TTC1-Lead) p(Crash;, X |TTCy )

p(Crash’™ %9 |TTCL Lead)

{ - Indicates presence of inherent uncertainty in the variable

Figure 9.4 A Monte Carlo Simulation Approach to Esimate Crash Risk

9.5 Application and Data Collection

For this research, the three-lane divided artewald with a speed limit of 70kph in
Melbourne (Blackburn Road) used @hapter 8was selected for the rear-end crash risk
estimation. The focus was on the area upstreaabofs stop located on the northbound
carriageway of Blackburn Roa#igure 8.3), where movements of vehicles in relation to
buses were tracked. The bus stop of interest s¢iwvee different bus services, with each
operating at a service frequency that ranges bettazeto sixty minutes.

As described in sectioB.5.3 the video recording equipment mounted on top of a
thirteen-story building was used to capture videoordings of the traffic in the vicinity
of the bus stop over two weeks in December 201&xmRhe video recordings, vehicle
trajectory information on weekdays were extractethirvals of 0.2s using the Tracker
software(Brown, 2013) This software facilitated axis definition in nes of orientation
and origin setting for measurement purpose, tHosvadg for calibration to be done prior
to extraction of vehicle trajectory informationAppendix F captures details of the
calibration done before the data extraction. The& accident record of the site was
also extracted from CrashStdigicRoads, 2012bfor the purpose of computing thie
value and its statistical properties.

The final dataset consisted of a total of 338 sétsajectory information, with each set
comprising individual position (in x-y coordinatd®y the subject as well as lead and lag
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vehicles in the current and adjacent larfégyre 9.1). From here, data on the following
variables, which were chosen based on existingatitee(Toledo et al., 2003, Moridpour
et al., 2010, Moridpour et al., 201 2yere extracted:

1) V, - Speed of subject vehicte

2) dViiead - Speed difference between subject and leading etridhe current lane;

3) dVi4 - Speed difference between subject and lagging \ehidhe current lane;

4) dV, eqq - Speed difference between subject and leading \ehidhe adjacent lane;

5) dV..4 - Speed difference between subject and lagging vehidhe adjacent lane;

6) Di.eaq- Distance between subject and leading vehicle irctieent lane;

7) Di.aq - Distance between subject and lagging vehicle ircthieent lane;

8) D, caq- Distance between subject and leading vehiclaératjacent lane;

9) D,..aq - Distance between subject and lagging vehicle iratjacent lane; and

10) BA- Dummy variable to indicate whether bus is direettgad in the current lane

9.6 Results and Discussion

9.6.1 Lane Change Probability

Table 9.1 presents results of the parameter estimates éoBIHRR model whileTable 9.2
captures the performance of the BLR, ANN and BLRMModels based on sensitivity,
specificity, correct classification rate (CCR) aaka under ROC curve (AUC). From
Table 9.1, the BLR model indicated that speed differences/éen the subject and lead
vehicles in the currentd{1.eag and adjacent lanesl\:.eag are significant factors that
influence lane change. Just as significant wesedtbtances between the subject and lead
vehicle Dziead as well as subject and lag vehic,(yg) in the adjacent lane. The
coefficient signs for these variables were as etggeand similar to previous findings
(Moridpour et al., 2010Q)in that lane change was more likely when the dpdehe lead
vehicle in the current lane was smaller or leadiclehin adjacent lane was greater.
Results from a previous study also found that gelagap between the subject and lead or
lag vehicles in the adjacent lanes were associattdlane changingMoridpour et al.,
2012) An interesting result found in this researctinat drivers were more likely to
switch lanes if the bus was directly ahe®@®) as compared to being a few vehicles
ahead. While such a finding was as expected ggests that drivers in Melbourne have
good lane discipline as they are unlikely to switmes until the ones ahead of them (and
behind a slowing or stationary bus) had done shis mirrors what has been observed
from the video recordings in that lane changing wase in an orderly and sequential
manner on several occasions.
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Table 9.1: Results of BLR Model on Lane Change Prability (based on training dataset)

Variable p S.E. Wald Statistic ~ Odds Ratio p-value
dVi-ead 0.074 0.016 20.119 1.077 0.000
dVs.ead -0.059 0.027 4.861 0.943 0.027
D2-jead 0.042 0.019 4.861 1.043 0.027
Da.1ag 0.044 0.009 21.331 1.045 0.000
BA 1.146 0.383 8.970 3.147 0.003
Intercept -2.511 0.536 21.916 0.081 0.000
-2LL 187.87 387.78

AIC 199.87 389.78 (intercept only)
BIC 221.89 393.45

LR chi-square <0.001

Wald chi-square <0.001

Table 9.2: Performance of BLR, ANN and BLR-ANN Modds

BLR ANN BLR-ANN BLR ANN BLR-ANN
Measure —
Training Dataset (290) Test Dataset (48)

Sensitivity 0.8421 0.9204 0.9204 0.7143 0.8571 0.8571
Specificity 0.9034 0.8644 0.8588 0.8824 0.8529 0.8824
CCR 0.8790 0.8860 0.8830 0.8330 0.8540 0.8750
AUC 0.9290 0.9442 0.9458 0.9430 0.9097 0.0945
MSE 0.0989 0.0928 0.0851 0.0973 0.1153 0.0843

Note: Shaded figures indicate the best performindehfor each measure and dataset

Results fromTable 9.2 show that the ANN and BLR-ANN approach resultedbatter
performing models, as they were able to corredigsify an additional 0.7% to 4.2%
lane changing decisions as compared to the BLR médteough this represents only a
marginal improvement in model performance, the Itespoint to the potential of
adopting neural network approach as an alternativenodelling binary outcomes and
usefulness when variables are nonlinear or havespeaific function form.

For this study, the BLR-ANN model was considerethave the best performance and its
lane change probability prediction was thus setechs inputs for the subsequent
computation of crash risk estimation.

9.6.2 Probability of a Crash and Crash Risk Estimation

Table 9.3 able 9.3captures results of the parameter estimates thsiobwtained when the
Crystal Ball software was used to find the besedit distributions of the variables
involved in the crash risk estimation, whieure 9.5 presents results of estimated crash
risk (expected value and range based on one sthedar) that emerged from the Monte
Carlo simulation.
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Table 9.3: Best-Fit Distributions for Variables (ugd as inputs in Monte Carlo simulation)

Variable Best-Fit Distribution Parameters
A Beta Min.= 0.10; Max.= 0.44; a=41.48; f=53.44
NLC Beta Min.= 0.0; Max.= 1.0; a=0.3; £=0.42
TTCA Lead Log-normal Location =1.52 Mean=11.33; S.D.=111.
TTCZ tead Log-normal Location =0.51 Mean =26.15; S.D. =446.
TTC: "9 Gamma Location =1.74 Scale =30.31; Shape =0.643
0.030
0.0250
0.025 A
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g
@
g ) 0.0154
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Figure 9.5: Monte Carlo Simulation Results (with dé and arrows representing the expected
value and range based on 1 standard error) for CrasRisk

As reflected by statistics imable 9.3 it was observed that the average TTC value for
vehicles that do not change lanazdt-te*?) is generally lower than those that do
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(TTC2teed or TTC:7%9). However,rTc2 e values in the lower range were found to be
smaller in comparison tarci-te¢ as reflected by the location (or shift) parameter
values. This difference showed up in the finakhraisk estimates, where the average
crash risk for vehicles that changed lanes (LC) fwaad to be higher than those that do
not (NLC).

Simulation results showed the average crash riskebfcles in the NLC group and LC
groups are 0.0062% (with a standard error of 0.8908nd 0.0185% (with a standard
error of 0.0065%) respectively. When both grouds vehicle were considered
collectively, the crash risk was found to be 0.0454vith a standard error of 0.0063%).
Based on the latter crash risk value and assumphi@nan average of thirty (30) TTC
conflicts occur a day, it worked out that thereais approximate 80% chance of one or
more accidents taking place on an annual basigesult of buses slowing down or being
stationary at bus stops.

The risk estimates represent important findings bas safety and in particular bus
priority research, as the risk of rear-end crasthes to buses slowing down or being
stationary at bus stops is generally eliminatedrines priority measures that segregate
buses from mainstream traffic are implemented.s Bhidy represents the first attempt to
quantify such risks and highlights the importan¢eca@nsidering safety implications in
bus priority strategies. Results frof@hapters 4and 6 have shown that the
implementation of bus priority in Metropolitan Mellrne led to an approximate 14% and
53.5% reduction in reported injury accidents ang-imwolved accidents, respectively.
Given that these reductions were recorded at thheeggte-level, it was not possible then
to identify and quantify any specific safety effattplay. Findings from this research are
therefore significant because the quantum of a corapt of the safety benefits delivered
by bus priority is now known. In this regard, thesults present an opportunity for
policy-makers to account for safety benefits ag paithe overall cost-benefit analyses
typically done prior to bus priority implementation

9.7 Conclusion

In this chapter, a three-stage modelling approaak adopted to estimate the crash risk
for vehicles behind a slowing or stationary bus &ius stop on a selected representative
road in Metropolitan Melbourne. The main aim irntakfishing the quantum of risk
involved was to gain an appreciation of the sabstyefit that is delivered by bus priority
schemes that segregate buses from the mainstratia tr

The first stage involved the development of comqgetiegression and neural network
models to represent drivers’ lane changing behawbehind buses, while the second and
third stages involved the establishment of crask probability followed by an estimation
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of crash risk. For the latter, a Monte Carlo siatioih approach was adopted using time-
to-collision and accident data collected from askld road corridor. Results in the first
stage revealed that speed differences betweenubjecs and lead vehicles in the current
(dVi-eag and adjacent lanesl\..eag, distances between the subject and |€adefqy or

lag vehicle D..ag) in the adjacent lane as well as whether the $@slead vehicleBA)

are significant factors that influence lane changée latter finding was interesting and
likely to be reflective of driving behaviour in M®urne, as it indicated that drivers are
unlikely to switch lanes until the ones ahead #ratbehind the bus had done so. Results
also showed that the hybrid regression-neural métwapproach vyielded the best
performing model. As such, predictions from thisdel were used as inputs in the
second stage. Following a calculation of crastbabdity based on TTC values in stage
2, the Monte Carlo simulation results in stage \Baéed that the average crash risk of
vehicles that performed the lane change (LC) amdehremaining in the current lane
(NLC) are 0.0185% (with a standard error of 0.00p%#d 0.0062% (with a standard
error of 0.0008%) respectively. The overall crask was found to be 0.0154% (with a
standard error of 0.0063%).

The risk estimates serve as important findingsfos safety and bus priority research, as
an estimate of the safety benefit delivered by pusrity that segregate buses from
mainstream traffic is now available. In practitteés estimate could serve as an important
consideration for policy-makers given this new kienige of the quantum of risk
involved in designing bus stops in a mixed traffanfiguration as well as bus priority
schemes where buses are segregated from maingtedim

Whilst findings from this study can act as a us@lahning tool for road agencies, there
remain limitations that policy makers should be mwvaf. Firstly, the lane change
modelling and fitting of TTC distributions were dobased on a sample of (two weeks)
data. As such, additional data can be collectednfmove the model performance and
reliability. Secondly, this research was baseddius stop that is located along a three-
lane divided road (with a speed limit of 70kph)Ntetropolitan Melbourne. Although
such roads are considered typical in Melbourneyltesould differ when roads with
different characteristics are considered. In thigard, further research could be done to
establish a more precise value for thparameter and additional ones for different road
types. Finally, a linear bus stop (mixed traffienfiguration) was considered in this
research. Hence, there exists much scope to igaéstcrash risks on roads with other
bus stop configurations, e.g. indented bus bay.
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CHAPTER 10 CONCLUSION AND RECOMMENDATIONS

10.1 Introduction

This thesis has been concerned with gaining inFdepterstanding on the road safety
implications of implementing bus priority (both ggaand time based) measures in
Metropolitan Melbourne. The research work caribed to generate new knowledge in
this area has been presented in the previous e¢kapidis chapter concludes this thesis
through a summary and discussion of key findingg bave emerged from the research,
contributions to new knowledge, implications forsbpriority research and practice as
well as areas where future research could be waddsrtin this field.

10.2 Summary of Key Findings

10.2.1 Aggregate-Level Safety Analysis

Research at the aggregate level was done to fisgtsa the overall road safety impact of
bus priority measures that had been implementeldletbourne through a before-after
safety evaluation. Given the availability of diéat study designs in before-after studies,
subsequent efforts were made to explore the intmhies of using different comparison
group types when employing the Empirical Bayes @ondhparison Group approaches in
safety evaluation. Finally, the safety effects bofs priority were further evaluated
through an analysis of bus-involved accidents afetg performance of bus routes with /
without bus priority. The major findings from thissearch at the aggregate level are
summarized as follows:

v' Results of before-after safety evaluation basedhenEmpirical Bayes approach
showed that the implementation of bus priority tmeents led to a 14% reduction in
accidents (after accounting for regression to tleameffects). Non-Traffic Signal
Priority treatments (mainly bus lanes) yielded worgger positive safety effect
(18.2%) compared to TSP treatments (11.1%).

v" The number of Fatal and Serious Incidents droppediderably from 42 to 29 per
annum. This was found to be significant at the 839 the rigorous WSRT test.

v Safety review findings revealed a reduction imlettable accidents risks and some
concerns in the ‘after’ situation that relate teemaction of buses and traffic at bus
lane setbacks and increasing pedestrian road wogpsdistances due to the
introduction of bus lanes. The analysis of acdidgme changes suggested that bus
lanes are acting as an additional “clear zone” ceau vehicle collisions with
roadside objects and improving vehicle interactiovith vehicles entering and
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emerging from side roads. Bus lane treatmentsalsie thought to increase sight
distances at un-signalised intersections actingethuce side vehicle accidents.
Some treatments are also thought to increasedrdéinsity acting to slow traffic
creating safety benefits.

v" When different comparison group types were employethe Empirical Bayes
(EB) and Comparison Group (CG) approaches, disomea were obtained in the
final estimates for bus priority on road corriddds8.2% vs. 27.2%) and road
intersections (11.1% vs. 11.8%). These differsncan be attributed to the
omission of sites with zero accident history and #ffect of matching treatment
sites with similar sites in the CG approach.

v A new approach that combines both EB and CG resuékled final safety
estimates of 22.7% (road corridors) and 11.5% (iog&fsections). Although this
approach requires additional effort in data coitectand analysis, it could
potentially provide a more precise safety estimate.

v For routes with bus priority, there were fewer deaits (significant at p<0.05)
involving buses hitting stationary objects (70%sk3 or vehicles (80%), and those
occurring at bus stop locations (80%).

v Results from the MENB and BPNN models showed thiatfriority had the effect
of reducing route-section level accident frequebgyabout 53.5%. The MENB
model recorded better performance which suggestsfie in adopting the MENB
approach to account for time- and location-specdftects in accident count
modelling.

10.2.2 Disaggregate-Level Safety Analysis

Research at the disaggregate level focussed onrexgpbus accident characteristics and
the impact of bus priority in relation to the kagkrfactors that influence the probability
of bus drivers being at-fault in bus-involved aerits. Through a micro-simulation
modelling approach, the safety implications of ierpénting different “space based” bus
priority measures were also investigated. Finalgearch was done to estimate the rear-
end crash risk quantum for vehicles that are behirstbwing or stationary bus at a bus
stop in a mixed traffic configuration. This wasnéoto further an understanding of the
safety benefits delivered by bus priority measuhes segregate buses from mainstream
traffic. The key findings from this disaggrega¢e4| research are as follows:

v' Accidents involving bus-vehicle and bus-objects #ne two most common
accident types for buses in Melbourne.
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v" Results from mixed logit modelling showed that kersgth / age, driver’s gender /
age / experience / accident record, road type, dspieeit, traffic / daylight
conditions, and the presence of bus priority aftéet likelihood of bus drivers
being at-fault in bus-involved accidents. Theapaeter for bus priority was found
to be random and indicated that bus priority doesraduce this likelihood for
some drivers (42.2%).

v" Micro-simulation results showed that the provisa@frbus lanes, whether they are
created through space reallocation or creatiorsléa@ reduction in the number of
conflicts (which suggest lower rear-end and lan@age accident risks) at
intersections and bus stop locations.

v" The average crash risk of vehicles that are in @ €dnflict with a decelerating or
stationary bus at a bus stop was found to be 0%1&«ith a standard error of
0.0063%). Based on the assumption that an avexfagerty (30) TTC conflicts
occur a day, it works out that there is an apprexeé80% chance of one or more
accidents taking place annually as a result of $usdewing down or being
stationary at bus stops.

As a summary, the key findings from this researshih® safety impacts of bus priority
can be presented in relation to the safety pyraadapted fronHydén (1987)as shown
in Figure 10.1

F
Reported Accidents (Police Records) S| Bus-involved accidents only

v' Fewer accidents with objects /
vehicles and at bus stops (Chapter 6)
(v Occurrence at route-section level
reduces by 53.5% (Chapter 6)
v At-fault probability reduces for
57.8% of drivers (Chapter 7)

v" Reduction in numbers (Chapter

v' 14% reduction using EB approac
(Chapter 4)

v" EB and CG estimates differ when
different group types were adopted
in before-after evaluation -

(Chapter 5) Observed / Modelled Conflicts

v' Lower occurrence at bus
stop and intersection

Conflicts \ (Chapter 8)

v" Rear-end risk for vehicles
behind buses is 0.0154%
(Chapter 9)

<

Note: Shaded area indicates crashes while F an@f8l to fatal and serious injury accidents, respesly

Figure 10.1: Key findings in terms of safety pyrand adapted from Hydén (1987)
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10.3 Contributions to New Knowledge

This research has made contributions in six majeasarelevant to the safety effects of
bus priority and bus safety. These are itemizetedaborated below:

v’ Establishing the safety effects of bus priorityMelbourne Chapter 4 — Although
bus priority safety effects have been investigategrevious studies, they have
focused on applications in the U.S. and EuropesuRe from these studies have
yielded mixed results and as such our understanoiings safety effects remains
unclear. This research represented an attempiviesiigate in-depth the safety
effects of bus priority in Melbourne. Results shivat positive safety benefits are
delivered, which is contrary to those found in th&. A possible hypothesis that
arose from this research is that buses in Melboaneeable to move into bus
priority lanes with greater ease as compared teethio the U.S. Bus lanes could
also act as an additional “clear zone” and imprsight distances at un-signalised
intersections, thus acting to reduce off-path add gehicle accidents.

v' Presenting an alternative way to establish safstiynates Chapter % — Various
study designs are available in before-after sad@piuation. Whilst the choice is
often dictated by availability and nature of theaddittle attention has been paid to
understanding how the choice of study designs @&ffdee final safety estimate.
This research explored the implications of usinffecent comparison group types
(large, unmatched vs. small but matched) in the iEca Bayes and Comparison
Group approaches and proposed an alternative ofyusoth the EB and CG
methodologies in computing the safety estimate.thdlgh additional efforts
(mainly in data collection and analysis) are regghircase study results showed the
potential of the alternative EB-CG approach in dilelj a more precise safety
estimate (i.e. one with lower standard error).

v' Understanding the effect of bus priority and othisk factors that influence
accident occurrence at the bus route-section igMehpter § — Only a handful of
studies had explored transit or bus safety atdheersection or zonal level. These
were also mainly confined to applications in No#imerica and relate to both auto
and transit collisions. As such, risk factors émilisions involving only transit
vehicles remain unclear. In this research, twoidaedt prediction models, i.e.
MENB and BPNN, were developed to understand howgrigsity (in relation to
other key factors) influence bus accident frequentythe route-section level.
Model results showed that the implementation of pgrity had led to a 53.5%
reduction in bus-involved accidents in Melbourndhrough a comparison of
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model performance, the results also showed thenpakein using MENB
modelling to account for unobserved location antetspecific effects in the data.

v' Understanding the effect of bus priority and othisk factors that influence bus
drivers’ at-fault probability in bus-involved aceidts Chapter ¥ — Previous
research on bus accidents has generally fallent sifoaccounting for all the
traditional safety determinants, i.e. driver, véhiand environmental factors at the
same time. More importantly, none had examinedtbfacthat influence at-fault
probability of bus drivers in bus-involved accidentThis research employed a
mixed logit modelling approach to identify fixeddarandom parameters for some
thirteen driver, vehicle and environmental facttrat influence bus drivers’ at-
fault probability. Through this process, the preseof bus priority was found to
lower at-fault risk. However, its parameter wasrfd to be random which implies
that this effect does not apply to some 42.2% afdnivers.

v’ Differentiating the safety effects of different @& based” bus priority measures
(Chapter 8 — There had been no previous studies done to ammihe safety
effects of different bus priority measures. Thlasearch made a contribution in this
area by exploring the road safety performance eélacted 3-lane road corridor
across three road configurations (1) no bus pyio(R) kerbside lane reallocated
for bus use; and (3) new kerbside lane added far uBe. Results from this
research showed that the introduction of kerbsidelanes leads to fewer conflicts
(and hence lower rear-end and side-swipe accidskd)rat intersection and bus
stop locations.

v Establishing the safety benefit of bus priority m@&&s that segregate buses from
mainstream traffic Ghapter 9 - There have been numerous studies conducted to
investigate rear-end crash risks. However, thetu$ had been on work zones,
freeway and intersection locations. An understagdon rear-end crash risks
involving buses at bus stop locations is still eacl This research employed a
three-stage modelling approach to represent diileme changing behaviour and
establish crash risk probability for estimating ttrash risk of vehicles behind a
slowing or stationary bus. Results from the MoGtelo simulation revealed that
the quantum of the average crash risk is 0.0154%h (& standard error of
0.0063%).

10.4 Implications for Bus Priority Research and Planning

Given the results that have been obtained in #8earch, it would be apt to attempt a
synthesis and discuss the implications of findiogdus priority research and planning.
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Firstly, the aggregate-level findings that bus ptyobrings about positive safety effects
are exciting as they suggest an entirely new petsqgein planning for bus priority
measures. The quantum of safety benefit foundhisrresearch suggest it is significant
enough for road management agencies to considatsnfier priority schemes that are
beyond bus travel time savings and operational fiieneFrom a planning perspective,
results from this research suggest bus priorityccdeature as part of the overall cost-
benefit analyses that are typically done for ealv bus route. The establishment of the
average crash risk for vehicles behind a slowingtationary bus (0.0154%) provide a
possible way of quantifying the benefit of bus ptio schemes where buses are
segregated from mainstream traffic.

On this issue, it is worth noting that there colbéda mix of safety impacts at the micro-

level. Results from the safety review suggest thatintroduction of an exclusive bus

lane for instance is likely to lead to reductionson-path and off-path accidents, given
that it can act as an additional “clear zone” andstreduce car-car and car-roadside
object collisions. The likelihood of rear-end ¢sithns involving buses will also decrease
when bus priority schemes that entail segregatimged from main stream traffic are

implemented. On the other hand, possible negathgacts may arise at side street
locations, as buses may have to contend with déesrfg in and out of the bus lane to

enter or exit side streets. For bus lanes thatfltreésthe increase of carriageway width,

pedestrian related accident risks may also increageto longer crossing distance for
pedestrians.

Secondly, findings from this research on routedléws accidents could go a long way in
providing additional justifications for the prowisi of bus priority measures, especially in
North American and Australian contexts where thgonts of road travel is by private
vehicles.

Thirdly, the research findings suggest that buspames and drivers in particular stand
to benefit considerably in terms of safety, as ltssshowed that bus priority had a greater
influence in reducing bus-involved accidents (53.%% compared to all accidents (14%).
This is a noteworthy finding as the social andficial cost involved in bus accidents are
likely to be greater than private vehicle accident$his is because the number of
occupants in buses is likely to be greater as cosdp@ private vehicles. The severity of
accidents is also expected to be greater when karsemvolved (given the weight and

size of buses).

Fourth, findings on drivers’ at-fault probabilitpuld act to further inform policy makers
in bus and road management agencies in their opeahtand safety related decisions.
Results suggest bus priority is able to addresomarrability issues faced by bus drivers
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in areas where road space is confined and alortggauith much roadside friction. With
the finding that at-fault probability is higher fégss experienced drivers, they suggest
there could be benefits in assigning routes with fmiority to this group of drivers.

Finally, while results from this research provideigh insight into the safety effects of
bus priority, they are likely to only represent thip of the iceberg” in terms of what is

known. This is because findings in other bus fisiarontexts are likely to be different to

what was found for Melbourne’s case. Pedestridarwes, for instance, are particularly
low in Melbourne. Bus priority schemes are als@lemented in sub-urban areas of
Melbourne, with a number done by introducing a Hame instead of reallocating an

existing lane for buses. As such, there is cdgtaimuch scope for further research in this
area to explore the influence of these featuresiciwimay not be typical in other

countries) on the safety impact of bus priority.islin with these considerations that the
next section is presented.

10.5 Areas for Future Research

The areas where future research can be undertaladvance existing knowledge on bus
priority safety effects and bus safety are idemdifbelow:

v’ Before-after analysis results showed that “spaceediabus priority measures
produced a greater safety effect compared to “bamed” ones, while the accident
analysis results revealed that certain accidergsygre more prevalent for buses.
Further research could therefore be done to betiderstand the reasons for the
patterns observed. The results also gave risertonaber of hypotheses on the
safety effects of bus priority measures, which ddug explored further as part of
future research efforts.

v' Results from the before-after analyses also beggedtions on how Melbourne’s
experience of bus lanes (applied in suburban ctsjteompares with bus priority
in other areas and whether Melbourne’s experieacenique. As such, further
research efforts could focus on carrying out edaiMastudies on bus priority
overseas.

v In terms of before-after study designs, this rede&ad focused on the use of two
common approaches in EB and CG. Hence, there nsnsabpe for exploring the
implications of using other study design, e.g.-Bélyes, cross-section methods, to
gain an appreciation on how such a choice afféedinal safety estimate and its
precision.

v' To further our understanding of bus accidents edude-section level, additional
data could be collected to identify the disaggregsatfety effects of different bus
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priority measures and key factors associated witbrdnt accident severity levels.
The latter could prove to be especially usefuleiping quantify the safety benefits
of bus priority schemes.

v’ It is acknowledged that certain driver behaviotnilaites (such as education level),
which were not available in this research, couldehhad an influence on bus
drivers’ at-fault probability. As such, it mighelworthwhile to collect such data in
future to examine whether they improve the expianapower of the mixed logit
model developed in this research. In this modééngpts could also be made to
explore other forms of distribution to see if thagld better approximations to the
real behavioural profile of bus drivers.

v' The estimation of crash risk i@hapter 9was done based on the assumption that
the probability of crash based on a given TTC vasikes on an exponential decay
relationship. In the real world, the link betwesich surrogate safety measures /
conflicts and crashes could be more complex. lld/@ertainly be worthwhile to
devote part of future research efforts to estaiigshan improved statistical
relationship between conflicts and crashes.

v' Results of the crash risk estimation were also dasedrivers’ behaviour near a
far-sided bus stop in a mixed traffic configuratioHence, there is much scope to
examine the safety impacts of bus priority operniim different traffic schemes
and other bus stop configurations such as partdinsdanes or indented bus bays.

10.6 Final Discussion and Conclusions

The safety implications of providing bus priorityave been examined through an
analytical, statistical and micro-simulation modwg]l approach in this research. Results
from the analyses suggest that the safety berdfitas priority not only include a decline
in injury accidents but also reductions in propenyy damage and conflicts for buses.
The quantum of safety benefit was found to be figamt, which suggests that there
could be merits to consider priority schemes beydud travel time savings and
operational benefits alone. For road managemeenaes, it could therefore be
worthwhile to account for the positive safety imigaof bus priority in cost-benefit
analyses that are typically carried out in trap&nning.

From a methodological perspective, this researolwet that it could be advantageous in
accident count modelling to adopt approaches ttaiunt for location- and time-specific
effects as well as unobserved factors that ardylilkebe present in the accident dataset.
It also highlighted the usefulness of addressimgvidual effects when modelling drivers’
behaviour.
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In concluding, it is worth highlighting two pointisat have a bearing on an understanding
of the safety implications of bus priority. Fisstthe research done was based purely on
the Melbourne’s context. Whether similar safetigets can be achieved when applying
Melbourne’s experience in other jurisdictions remanknown. Secondly, whilst the
methodologies adopted in this research are comsidebust, it is acknowledged that they
each come with their own limitations. Given thiege work presented in this thesis
provides much impetus for future research in tiaklf In particular, future efforts could
aim to build on the knowledge gained from this aesk by exploring and uncovering
specific disaggregate safety effects brought abgutus priority.

146



APPENDIX A

APPENDIX A — KEY STEPS IN EMPIRICAL BAYES (EB)
PROCEDURE

This appendix presents the key steps in the EBréeffier procedure that were takien
compute the safety effect of bus priority that Haglen implemented on roads in
Melbourne (treated sites). The steps below applydad segments, but the same
principle can be used to compute the safety eéfstinate for road intersections:

(1) Accident data from the group of sites with charmasties similar to the treated sites
(apart from the treatment itself) to representfaresce population are collected.

(2) Based on data collected in step (1), a model irclwkiie expected annual number of
accident€£(A) along an arterial road is taken to be a functibitsaraffic flow, Qo (in
terms of AADT) and length, was developed:

E(A)=a, xQf x L” (A-1)

(3) In line with section 10-7 ofighway Safety Manual (2010dhe predicted number of
accidents for each treated site in the before &ed period Trg andTpa) is adjusted
through the use of a relevant modification factGMg) to account for any site-
specific attribute, such as narrower lane widtha eessult adding a new bus lane:

TPB = [E(A)]beforexCMFx (A'Z)

TPA = [E(A)]after ><CI\/”:x (A'3)
(4) The expected number of accidents in the before@€fig) for each treated site was

then determined using the observd@dg] and predicted crash count§pg) in the
before period:

TEB =W XTPB + (1_ WB) XTOB (A'4)

wherews is the weight assigned to account for the predecsirength of the model
established in equation (A-1):

1
W,=— - A-5
" ltk DY T (A-5)

before years

wherex is the over-dispersion parameter value obtaineth the model in (A-1).

(5) The expected number of accidents in the after gefign was determined as:
T,

TEA = — XTEB
PB
For sites where more than two or more years’ woftaccident data is available, the

ratio Tpa / Tpg represents the total number of accidents prediciéde entire before
and after periods.

(A-6)

147



APPENDIX A

(6) The odds ratio for each treated site, which canséen as the value of doing
something over nothing, was then derived by conmgutie ratio between the number
of observed accident3{,) over the number of expected accideéRta) in the after
period:

T
OR=-"%A (A-7)
TEA

(7) Given that the odds rat@R’ is potentially biasedHauer, 1997)an adjustment was

made to obtain the unbiased odds rali&{) estimate:

"= OR -
OR 1+ Var(Tg,) (A-8)
Téa

2
whereVar(Tg,) = (Iﬂj XTeg X (11— W) (A-9)

PB

(8) The pooled (average) effe@R, or safety effectd.;, and corresponding variance
were then determined by summing the quantities fiteerindividual sites:

ZTOA [ ZVar (TEA) }l
OR= 1+ ’ (A-10)
STl (T
0., =1-OR (A-11)
: var(te) Y, Svar(e) |
Var(OR) = (OR) ( 1,2 = J{u - J (A-12)
TOA (ZTEA) (Z TEA)
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APPENDIX B — RISK ANALYSIS DEFINITION, LEVEL RATING S
AND CATEGORY ASSIGNMENT

Definition of Risk Analysis Rating

Category Definition Guide
Frequency of Occurrence
Frequent Likely to occur often 10 times per yeamore
Occasional Likely to occur several times less th@nimes per year but more
than once per year
Remote Likely to occur during the less than 1 per year but more than
system's operational life once every 10 years
Improbable Unlikely to occur but possible  less thidn 10 years but more than 1
in 100 years
Incredible Unlikely to occur Once every 100 yeartess
Accident Severity
High Multiple fatalities and/or Head-on collision; Right-angle
severe injuries collision; High speed collision
Medium Single fatality or severe injury, Pedestrian or cyclist struck by car;
with possible other minor Side-swipe collision; Medium speed
injuries collision
Low Minor injuries or Low speed collision; Pedestrian or
property damage only cyclist fall
Negligible Property damage only Car reverses it p

Risk Level Rating

Accident Severity Category

Risk Category — : :
Negligible Low Medium High
Frequent Undesirable Intolerable Intolerable Intolerable
. Occasional Tolerable Undesirable Intolerable Intolerable
Accident
Frequency = Remote Acceptable Tolerable Undesirable Intolerable
Category Improbable  Acceptable Acceptable Tolerable Undesirable
Incredible Acceptable Acceptable Acceptable Tolerable
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Risk Category Assignment

No. Safety Hazard

Frequency Severity Category

Pre-Implementation

1

2

3

4

At locations without bus bays, the risk of rear Occasional
end collision increases when buses slows down

or make sudden stops for commuters at bus

stops

Inadequate intersection sight distance raises Occasional
the risk of side collisions as motorists from a

side street would not have a good field of

vision to check for traffic

At locations where bus bays are provided, Occasional
buses run the risk of side-swipe collisions
when attempting to merge with the main traffic

Any inadequate clear zones on the side-table Remote
raise the risk of motorists colliding into
roadside objects if they veer off-path

Post-Implementation

5

The introduction of an additional lane for Occasional
buses would mean pedestrians need extra time
to cross the road

Motorists may resort to illegal use of bus lanes Remote
to beat the heavy traffic during peak hours

The operational hours and use of red Improbable
pavements for bus lanes are not consistent

across sites, which could lead to confusion for

motorists

At locations where bus lanes end, buses run thRemote
risk of side-swipe collision if there is
insufficient length for merging

The introduction of bus lanes raises the risk o©ccasional
side-impact collisions involving buses at

locations where vehicles enter or exit side

streets

10 Atlarge intersections, buses may not be able tRemote

clear the intersection in time if the length of
the “B” phase duration is insufficient

Medium

Medium

Low

High

High

Medium

Medium

Medium

Medium

Medium

Intolerable

Intolerable

Undesirable

Intolerable

Intolerable

Undesirable

Tolerable

Undesirable

Intolerable

Undesirable
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APPENDIX C — KEY STEPS IN COMPARISON GROUP (CG)
PROCEDURE

This appendix presents the key steps in the CGrdelfiber procedure that were taken to

compute the safety effect of bus priority that Haglen implemented on roads in
Melbourne (treated sites):

(1) A group of sites with characteristics similar tcettreated sites (apart from the
treatment itself) were collected and matched tatée sites on a 2:1 or 1:1 basis.

Comparability Check based on Odds Ratio Test

(2) The odds ratio test based on the Hauer apprgbeuer, 1997)was applied to
determine whether the comparison sites were seitédyl estimating the accident

count in the treated sites assuming the treatmadtriot been applied in the after
period. Using the following notations,

Before Period Treated Site Comparison Site
t-1 Torw Tere Cotn Cea
t TO,t- TE,t Co,tv CE,t

where Te and Og are the expected values in the treated and cosguasites that
correspond to the observed courig,andCo, in the before time period concerned,

the odds ratia; for each pair of counts in successive yetdst) in the before period
was computed as:

—_ TE ,t—lCE,t

Q= (C-1)
TE,tCE -1

Using of the observed counts as approximationtferadds ratio sample would result

in a biased estimate. As such, the following equat were used to obtain the
unbiased odds ratio estimate and variance:

-1
.
& = torCor {1+ ., 1 } (C-2)
TO,ICO,t—l TO,t CO,’(—l
g;:@f(lJ, t .1, 1} (C-3)
CO,'( TO,'(—l TO,t CO,I—l

A problem with the above approach is that it miglaid to negative lower confidence
limit values for the odds ratio. Given that thig@me is not possible in reality, the
modified Allsop approacliAllsop et al., 2011)n which a logarithm transformation
of the odds ratio was adopted by defining Inw. Following the work byAllsop et
al. (2011) the unbiased estimator for the varialyidor each pair of counts in
successive years-1.t) in the before period was determined by:
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-1 -1
5, =InCo, [1-;] : mTOJ_l[l- L ]
2C4,(InCy,) M54 (INTo )

_1 _1
1 1
-INTg,|1-————| -InCy,,|1- C-4

O"[ 2Tovt(InTovt)J ot 1[ 2Co,t_1(|nco,t_l)J (C-4)

(3) With crash counts obtained from a totalroftime points in the before period, the
expected value and variance of the sample meamdutfied Allsop (and similarly
Hauer) approach were determined by:

_ 1 m—1A
y= m—1 — Yi (C'5)
1 ml 1 T 1 1 1 1
SR TR
% {(m—l)(m—Z) ; ' ( ) (m_l)zé Cot Tora Tor Cora
2 o S cos..9)
+———Y couV,, C-6
(m—1)2 ; yt 1 yt ( )

In this research, comparison sites were not corsildé the 95% confidence interval
of the sample mean does not include one (in theeHapproach) or zero (in the
modified Allsop approach). In such a case, anotlwenparison site was selected
until a positive test outcome was obtained.

Estimation of expected accident count in treateebsi

(4) Following the odds ratio test, the expected acdidennt in the treated site assuming
the treatment had not been applied was then estimatUsing the following

notations,
Period Treated Site Comparison Site
Before Tos, Tes Cog: Ces
After TOA; TEA COA! CEA

the comparison ratior{) that represents the percentage change in thearsuon
sites’ accident counts between the before and péeod was computed:

r

[

C
=Sy L 4 2)xeMmE (C-7)
COB OB
where CMFy is the relevant crash modification factor to actdofor any site-
specific attribute, if any (in this research, comgan sites were chosen to match
any site-specific attribute in the treated sitebliterating the need for the
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application ofCMF) andS\f, is the estimated variance of the odds ratio fergair
of treated and comparison site as defined earlier.

(5) The expected number of accidents in the before@dTficg) for each for each treated
site was then determined based on knowledge ofmtban and variance of counts

from sites from a reference grdup
T =axE(k)+(L—a)xTey (C-8)

where E(x) represents the average crash counts of the refergroup andx
represents the “weight” which can be computed Hevis:

_ Var(x)
a_yu . (c-9)

(6) The expected number of accidents in the after gdefig, was then determined as:

(C-10)

Tea =T XTeg

(7) The odds ratio for each treated site, which canséen as the value of doing
something over nothing, was then derived by conmgutie ratio between the number
of observed accident3{,) over the number of expected accideéRta] in the after
period:

_TOA
OR=-°4 (C-11)
TEA

(8) Given that the odds ratiOR’ is potentially biasedHauer, 1997)an adjustment is

made to obtain the unbiased odds rab&{):

"~ OR )
OR | Var(Ty,) (C-12)
Te,

WhereVar(TEA)z(TEA)zx[ t, .1 +Var(w)} (C-13)
TOB COB COA

and o represents the unbiased ratio between the treatddcamparison sites’
percentage change in the accidents counts as ebftairequation (C-2).

(9) The pooled (average) effe@R or safety effectd.;, and corresponding variance
were then determined by summing the quantities fiteerindividual sites:

OR= %IOA [1+ Z(ga; (T)EZA)J (C-14)

I Based on “Sample of Moments” methodH&UER, E. 1997. Observational Before-and-After &iih Road Safety:
Estimating the Effect of Highway and Traffic Engirneg Measures on Road Safety, Oxford, Elseviezrsei Ltd, this
involves using crash data from the reference gro(wish characteristics similar to the treated site®) address
regression to the mean effects.
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6. =1-OR (C-15)

Var(OR) = (OR){T:L + zéia)i’*) J{u Zé?ﬁ)i’*)} (C-16)
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APPENDIX D — COMPARABILITY CHECKS FOR COMPARISON GR OUP METHOD

Odds Ratio Test — Approach and Results

Hauer Approach

Modified Allsop Approach

No. Location / Site From To ggr:ngﬁg/'s Odds ratio, ® Confidence limit *Test QOdds ratio, ® Confidence limit *Test
Period 1-2 Period 2-3 Mean Lower Upper result  Period 1-2 Period 2-3 Mean Lower Upper result
1 Banksia St Dora St Rosanna Rd D11 NA 0.00 0.00 NA NA NA NA NA NA NA NA NA
2 Banksia Rd / Lwr Heidelberg Rd - - Al12 1.20 0.70 0.95 0.26 1.64 v 0.44 0.14 0.29 -1.01 1.01 v
3  Stud Rd George St High St D3 0.00 0.57 0.29 -0.51 1.08 NA 0.00 0.00 NA NA NA
4 Stud Rd High St George St D5 NA 0.00 0.00 NA NA AN NA NA NA NA NA NA
5 Stud Rd/ High St - - Al4 0.20 1.14 0.67 -0.64 981. v NA NA NA NA NA NA
6 Stud Rd George St Glenifer Rd D4 1.00 0.26 0.63 0.40 1.66 v 0.36 -0.98 -0.31 -0.92 0.92 v
7  Stud Rd/ George St - - B10 NA NA NA NA NA NA NA NA NA NA NA NA
8 Stud Rd Kellets Rd Fulham Rd D7 1.02 0.57 0.80 180. 1.42 0.32 -0.19 0.06 -0.87 0.87
9 Stud Rd Fulham Rd Wellington Rd D8 0.38 0.84 0.61 -0.04 1.26 v -0.46 0.23 -0.11 -1.02 1.02 v
10 Stud Rd Sunshine St Bergins Rd D5 0.12 1.11 0.61 -0.77 1.99 NA NA NA NA NA NA
11 Stud Rd Timbertop Dr Sunshine St D1 NA NA NA NA NA NA NA NA NA NA NA NA
12 Stud Rd Brady Rd McFees Rd D10 0.60 0.07 0.33 .41-0 1.07 v NA NA NA NA NA NA
13 Stud Rd / Monash Fwy - - c4 1.79 0.44 1.12 -0.75 2.99 v 0.82 -0.44 0.19 -0.78 0.78 v
14 Stud Rd Monash Fwy Heatherton Rd D11 2.21 025 231 -1.48 3.94 v 1.08 -0.99 0.04 -0.93 0.93
15 Dandenong-Frankston Rd / Kirkham Rd - - B11 1.00 0.40 0.70 -0.13 1.53 v NA NA NA NA NA NA
16 Dandenong-Frankston Rd Jayco Dr Willow Rd D12 290. 1.00 0.64 -0.35 1.63 v NA NA NA NA NA NA
17 Dandenong-Frankston Rd / Jayko Dr - - B13 NA NA NA NA NA NA NA NA NA NA NA NA
18 Dandenong-Frankston Rd Seaford Rd Excelsior Dr 2 D NA 0.50 0.50 NA NA NA NA NA NA NA NA NA
19 Dandenong-Frankston Rd / Seaford Rd - - A13 NA 440 0.44 NA NA NA NA -0.36 -0.36 NA NA NA
20 Dandenong-Frankston Rd / Klauer St - - B12 NA 000. 0.00 NA NA NA NA NA NA NA NA NA
21 Mickleham Rd Tullamarine Fwy Broadmeadows RdD14 0.70 0.35 0.52 0.05 1.00 v 0.04 -0.58 -0.27 -0.91 0.91 v
22 Johnstone St/ Pearcedale Pde - - B1 NA 0.22 202 NA NA NA NA NA NA NA NA NA
23 Dalton Rd Keon Pde Wood St E1 0.05 2.40 1.23 03-2. 4.48 v NA NA NA NA NA NA
24 Springvale Rd / Wellington Rd - - Al 0.15 1.29 7D -0.86 2.30 v -1.29 0.57 -0.36 -1.19 1.19 v
25 Millers Rd/ McArthurs Rd - - B2 NA NA NA NA NA N NA NA NA NA NA NA
26 Millers Rd/ Blackshaws Rd - - A2 0.00 NA 0.00 NA NA NA NA NA NA NA NA NA
27 Geelong Rd / McDonald Rd - - B3 NA 0.00 0.00 NA NA NA NA NA NA NA NA NA
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Compari-

Hauer Approach

Modified Allsop Approach

No. Location / Site From To son Sitefs Odds ratio, ® Confidence limit *Test QOdds ratio, ® Confidence limit *Test
Period 1-2 Period 2-3 Mean Lower Upper result  Period 1-2 Period 2-3 Mean Lower Upper result
28 Market Rd / Sunshine Rd - - B4 NA NA NA NA NA NA NA NA NA NA NA NA
29 Wright St/ Hampshire Rd - - B5 0.00 0.67 0.33 059 1.26 v NA NA NA NA NA NA
30 Anderson Rd / Ballarat Rd - - A3 0.00 NA 0.00 NA NA NA NA NA NA NA NA NA
31 Mcintyre Rd Suffolk Rd Bershire Rd E2 0.00 NA 00. NA NA NA NA NA NA NA NA NA
32 Mclintyre Rd / WRR southern signal - - C1 0.15 910. 0.53 -0.52 1.58 v -1.06 0.42 -0.32 -1.05 1.05 v
33 Mcintyre Rd / WRR northern signal - - C2 0.00 NA 0.00 NA NA NA NA NA NA NA NA NA
34 WRR exit ramp / Keilor Park Dr - - c3 NA NA NA A NA NA NA NA NA NA NA NA
35 Keilor Park Dr Western Ring Rd  Milleara Rd D15 .38 NA 0.38 NA NA NA NA NA NA NA NA NA
36 Milleara Rd McPherson St Buckley St E3 1.60 NA .601 NA NA NA NA NA NA NA NA NA
37 Buckley St Milleara Rd Dickson St E4 0.94 0.15 0.55 -0.54 1.64 v 0.43 -1.06 -0.32 -1.28 1.28 v
38 Buckley St/ Russell St - - B6 NA 0.00 0.00 NA AN NA NA NA NA NA NA NA
39 Bell St Tullamarine Fwy Sydney Rd E5 0.75 2.18 461 -0.51 3.44 -0.13 0.91 0.39 -0.79 0.79
40 Bell St Gilbert Rd St Georges Rd D16 0.77 0.46  .610 0.18 1.05 v 0.05 -0.38 -0.17 -0.85 0.85 v
41 Burgundy St/ Mount St - - B7 0.00 NA 0.00 NA NA NA NA NA NA NA NA NA
42 Manningham Rd High St Williamsons Rd D13 0.27 860. 0.56 -0.25 1.37 v NA NA NA NA NA NA
43 Williamsons Rd King St George St D13 NA 0.00 00.0 NA NA NA NA NA NA NA NA NA
44  Williamsons Rd / Doncaster Rd / Tram Rd - Ad 0.42 1.85 1.14 -0.84 3.12 v -0.57 0.90 0.17 -0.83 0.83 v
45 Wellington Rd Monash Fwy Brandon Park Dr D17 00.0 NA 0.00 NA NA NA NA NA NA NA NA NA
46 Monash University / Wellington Rd - - B8 NA NA AN NA NA NA NA NA NA NA NA NA
47 Wellington Rd Nantilla Rd Springvale Rd D18 NA .00 0.00 NA NA NA NA NA NA NA NA NA
48 Sir John Monash Drive / Dandenong Rd - - A5 0.86 NA 0.86 NA NA NA 0.21 NA 0.21 NA NA NA
49 Dandenong Rd / Koornang Rd - - A6 2.18 0.51 1.35 -0.96 3.66 v 1.06 -0.26 0.40 -1.13 1.13 v
50 Dandenong Rd / Murrumbeena Rd - - A7 0.32 NA 20.3 NA NA NA -0.44 NA -0.44 NA NA NA
51 North Rd Dandenong Rd  Huntingdale Rd D19 1.01 081. 1.05 0.94 1.15 v 0.20 0.32 0.26 -0.70 0.70 v
52 Warrigal Rd / Dandenong Rd - - A8 0.73 0.40 0.56 0.11 1.02 0.23 NA 0.23 NA NA NA
53 Wellington Rd / Jells Rd - - A9 NA NA NA NA NA N NA NA NA NA NA NA
54 Wellington Rd / Jacksons Rd - - B9 NA NA NA NA AN NA NA NA NA NA NA NA
55 Wellington Rd / Springvale Rd - - A10 0.00 NA 00. NA NA NA NA NA NA NA NA NA
56 Wellington Rd / Blackburn Rd - - All 1.32 1.09 .24 0.89 1.52 v 0.61 NA 0.61 NA NA NA

Note: “NA” arises because one or more terms indlie@ominator of the equation is zero, thus the edtls cannot be computed
*“v" or “ ¥"indicate comparison sites that passed or failed tds ratio test respectively
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(1) List of Control Sites (Road Corridors and Intersectons)

No  Location/ Site From To Control Site/s (CS) Key Characteristics
1 Springvale Rd / Lower Dendenong Rd - - Al

2 Ferntree Gully Rd / Clayton Rd - - Al

3 Paramount Rd / Sunshine Rd - - A2

4 Millers Rd / Kororoit Creek Rd - - A2

5 Barallat Rd / Gordon St - - A3

6 Barallat Rd / Duke St - - A3

7 Doncaster Rd / Wetherby Rd - - A4

8 Mitcham Rd / Springvale Rd - - A4

9 Waverley Rd / Darling Rd - - A5

10 Grange Rd / Neerim Rd - - A5

11 Dandenong Rd / Chadstone Rd - - A6

12 Dandenong Rd / Kooyong Rd - - A6

13 Clayton Rd / Bayview Avenue - - A7 ) _
14 Ferntree Gully Rd / Huntingdale Rd - - A7 KZ?SeAC_ﬁ:rlinahsed
15 Dandenong Rd / Clayton Rd - - A8

16 Clayton Rd / North Rd - - A8

17 Stud Rd / Avalon Rd - - A9

18 Westhall Rd / Spring Rd - - A9

19 Ferntree Gully Rd / Blackburn Rd - - A10

20 Springvale Rd / Ferntree Gully Rd - - Al10

21 Westhall Rd / Centre Rd - - All

22 Westhall Rd / Heatherton Rd - - All

23 Springvale Rd / High St - - A12

24 Warrigal Rd / North Rd - - Al2

25 Warrigal Rd / High St - - Al13

26 Springvale Rd / Waverley Rd - - A13

27 Warrigal Rd / Centre Rd - - Al4

28 Dimboola Rd / Pascoe Vale Rd - - B1

29 Airport Drive / Sharps Rd - - B1

30 Blackshaws Rd / Hansen St - - B2

31 Melton Highway / Pamelia Drive - - B2

32 McDonald Rd / Somerville Rd - - B3

33 Sommerville Rd / Paramount Rd - - B3

34 Sommerville Rd / Market Rd - - B4

35 Geelong Rd / Grieve Parade - - B4

36 Ballarat Rd / Hampshire Rd - - B5

37 Ballarat Rd / Northumberland Rd - - B5

38 Buckley St/ Flower St - - B6 Type B - Signalised
39  Buckley St/ Roberts St - - B6 T-Junctions
40 Lower Plenty Rd / Bellevue Avenue - - B7

41 Upper Heidelburg Rd / Montgomery St - - B7

42 Wellington Rd / Westminster Drive - - B8

43 Wellington Rd / Nantilla Rd - - B8

44 Wellington Rd / Tirhatuan Drive - - B9

45 Wellington Rd / Taylors Lane - - B9

46 Springvale Rd / Dunlop Rd - - B10

47 Springvale Rd / Kingsway - - B11

48 Springvale Rd / Railway Parade North - - B12

49 Springvale Rd / Mackay St - - B13
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No  Location/ Site From To Control Site/s (CS) Key Characteristics

50 Northern Ring Rd / Edgars Rd - - C1

51 Northern Ring Rd / Dalton Rd - - c2 Type C - Interchange

52 Northern Ring Rd / Plenty Rd - - C3 (Intersectign of .
freeway with arterial

53 Warrigal Rd / Monash Fwy - - Cc4 road

54 Blackburn Rd / Monash Fwy - - C4

55 Springvale Rd High St Railway Pde D1

56 Springvale Rd Railway Pde Waverley Rd D2

57 Springvale Rd Waverley Rd FT Gully Rd D3

58 Springvale Rd Police Rd Mary St D4

59 Springvale Rd Mary St Heatherton Rd D5

60 Springvale Rd Heatherton Rd Athol Rd D6

61 Springvale Rd Athol Rd Cheltenham Rd D7

62 Springvale Rd Cheltenham Rd Hutton Rd D8

63 Greenwood Highway Somer Rd Banksia Rd D9

64 Warrigal Rd Cantebury Rd Burwood Hwy D10

65 Warrigal Rd Centre Rd S. Dandenong D11

66 Warrigal Rd C. Dandenong L. Dandenong D12 Type D - Divided

67  Manningham Rd Bulleen Rd Thompsons Rd D13 Arterial Road

68 Williamsons Rd Foote St King St D13

69 Mickleham Rd Somerton Rd Johnstone St D14

70 Melrose Drive Mickleham Rd Western Ring Rd D14

71 Dinah Parade Rachelle Rd Milleara Rd D15

72 Airport Drive Western Ring Rd Sharps Rd D15

73 St Georges Rd Miller St Bell St D16

76 Ferntree Gully Rd Monash Fwy Springvale Rd D17

77 Blackburn Rd Monash Fwy Ferntree Gully Rd D17

78 Dandenong Rd Blackburn Rd Springvale Rd D18

79 Ferntree Gully Rd Clayton Rd Huntingdale Rd D18

80 Dandenong Rd Browns Rd Eastlink D19

81 Childs Rd Betula Avenue Plenty Rd El

82 Mclintyre Rd Furlong Rd Western Ring Rd E2

83 St Albans Rd Furlong Rd Ballarat Rd E3

84 Milleara Rd Holden Avenue Buckley St E3 Type E - Undivided

85  Buckley St Hoffmans Rd Cooper St E4 Arterial Road

86 Waverley St Buckley St Holmes Rd E4

87 Brunswick Rd Citylink Sydney Rd E5

88 Heidelberg Rd Chandler Highway  The Boulevard E5

Note: Treated sites are matched with control ditesed on similarity in key characteristics
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APPENDIX E-1 — RESULTS OF MICRO-SIMULATION MODEL
CALIBRATION

Tables Eland E2 capture the observed and modelled travel timasgaBlackburn Road
from Wellington Road to Ferntree Gully Road in eastib-stage of the calibration
process. Travel time calibration is considered gleted when the GEH-statistic is less
than 5 for more than 85% of the cases.

Table E1: Observed Travel Time

Observed Travel Time (Afternoon Peak Period)

Date Trip 1 Trip 2 Trip 3
11" Dec 2012 185.5 122.0 96.0
12" Dec 2012 215.5 158.0 103.5
13" Dec 2012 201.0 135.0 123.0

Table E2: Modelled Travel Time in Stage 1 Calibraton

Travel Time from Micro-Simulation Model

Run Default 1* Calibration 2" Calibration
1 156.36 136.80 143.08
2 260.98 141.01 143.55
3 161.97 138.88 147.60
4 153.88 145.12 147.36
5 169.03 139.51 149.44
6 155.00 144.33 141.60
7 161.06 141.40 148.96
8 173.23 136.99 146.42
9 154.17 140.19 145.80
10 153.83 143.33 145.81
Average 169.95 140.76 145.96

Proportion of cases where

GEH-Statistic < 5 0.778 0.889 (OK) 0.911 (OK)

Further calibration is done to ensure there isaealsle goodness-of-fit between observed
and modelled queue discharge headway distributaynaf 30-minute period (17:30-
18:00hrs). To do so, non-parametric tests - Kolonog-Smirnov and Mann Whitney U
tests - were employed to compare the observed amtkliad distributions. These tests
were chosen as they are suitable alternativesetaribre restrictive t-test, in which the
data is assumed to follow the normal distributiowisual inspection of the headway
distribution showed that this assumption cannofubiled, hence the use of K-S and
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Mann Whitney U tests. Table E3 presents results of these tests through the model
calibration process.

Table E3: Non-Parametric Tests (at p<0.05) for Comgwring Headway Distribution

Mann Whitney U Test Kolmogorov-Smirnov Test
Model - Retain null - Retain null
SIEliile hypothesis? SIEliile hypothesis?
Default 0.007 x 0.024 x
Stage 1 — % Calibration 0.032 x 0.190 4
Stage 1 —"? Calibration 0.098 v 0.140 v

Note: * The null hypothesis is that the observed amodelled headway distributions are the same
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APPENDIX E-2 - PARAMETER VALUES ADOPTED IN VARIOUS
STAGES OF MODEL CALIBRATION

Micro-simulation Model

Parameters
Default Stage 1A Stage 1B Stage 2
Global
Look-Ahead  Zone 1 Distance B (m) 15 200 200 200
Model Zone 2 Distance B (m) 5 150 150 150
Reaction Time (s) 0.75 0.75 1.0 1.0
Reaction Time at Stop (s) 1.0 1.0 1.35 1.35
Simulation Time Step 0.75 0.75 0.5 0.5
Vehicle
Car — length / width (m) 4/2 4/2 46/2 46/2
Bus — length / width (m) 12/2.4 12/2.4 12/2.4 12/2.4
Rigid — length / width (m) 8/2.25 8/225 75/23 75/23
Semi-trailer — length / width (m) - - 19/2.4 19/2.4
Car - maximum acceleration (rfy's 3 3 2.4 2.4
Bus - maximum acceleration (rfy/s 1 1 1.18 1.18
Rigid - maximum acceleration (m)s 1 1 1.18 1.18
Semi-trailer - maximum acceleration (R)/s - - 0.86 0.86
Car — normal / max. deceleration (fy/s 4/6 4/6 4/6 4/6
Bus - normal / max. deceleration (R)/s 215 2/5 25/5 25/5
Rigid - normal / max. deceleration (ff)/s 35/5 35/5 25/5 25/5
Semi-trailer - normal / max. deceleration (fi/s - - 22/45 22/45
Traffic
Minimum headway (s) 0 0 0.4 0.4
Behaviour
Car — Speed limit factor 1.0 1.0 1.04 1.04
Bus — Speed limit factor 1.0 1.0 1.00 1.00
Rigid — Speed limit factor 1.0 1.0 1.04 1.04
Semi-trailer — Speed limit factor 1.0 1.0 1.04 1.04
Surrogate Safety Measure
TTC threshold value (s) 15 15 15 1.7
DRAC threshold value (mfs 3.35 3.35 3.35 3.30

Note: Figures in bold represents changes in eatissquent calibration, while those underlined are
values adopted from AustRoads Project NS1229 —d\Wiicnulation Standard@ARRB Group,

2007)
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APPENDIX F — AXIS CALIBRATION FOR EXTRACTION OF
VEHICLE TRAJECTORY DATA

Using the Tracker (Brown, 2013) software, the axas set up as shown kigure F-1to
extract trajectories of vehicles along Blackburra®o The actual X and Y coordinates of
ten points between these two lanes were then @utana site measurements for the
purpose of calibrating this axis. Following thtee corresponding image coordinates
were extracted using the Tracker software andvielig function employed to calibrate
the axis and achieve minimal error in the measunésne

0* = Arg Min,P(9,Y/) where P(3) = X2, oY Y/ (F-1)

Y/ is the image Y-coordinate of the point ahdthe modification factor to be applied to
minimize the measurement errofable F-1 captures the actual and image coordinates of
the ten points. Through the optimization procéssas found that @ value of 1.00777
yielded the smallest measurement error (1.12%)is Value was subsequently applied
after extracting vehicle trajectories informationTiracker.

Figure F-1: Axis Setup for Blackburn Road in Tracke

Table F-1: Axis Calibration for Distance Measuremenhin Tracker

Poilnt X,ib\ctual T V|deoYil Factor=9" ¥/ _ Y, (iYYi” Error

1 3.7 0 -2.82 0.08 1.00 -0.35 0.35 -

2 3.7 3 -2.86  2.70 1.02 2.71 0.29 9.58%
3 3.7 12 -2.67 10.9 1.09 11.84 0.16 1.32%
4 3.7 15 -2.75 13.2 1.11 14.58 0.42 2.82%
5 3.7 36 -248 294 1.26 36.89 -0.89 -2.48%
6 3.7 39 -2.43  30.9 1.27 39.33 -0.33 -0.84%
7 3.7 48 -2.37 36.6 1.33 48.63 -0.63 -1.30%
8 3.7 51 -250 38.0 1.34 50.97 0.03 0.05%
9 3.7 60 -2.30 429 1.39 59.88 0.12 0.21%
10 3.7 63 -2.32 443 1.41 62.52 0.48 0.77%

AVERAGE 1.12%
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