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Foreword

The Australian Government has been funding black spot projects since 1990 with the aim of
reducing the social and economic costs of road trauma by investing in projects that improve
safety at hazardous road locations.

On three occasions the Government has requested BITRE to evaluate the effectiveness of the
program from safety and economic viewpoints.

This, the third evaluation, is the largest in terms of the number of projects included and the
most advanced in analytical techniques.

The principal researchers were Dr Mark Harvey (project leader) and Dr Troy Delbridge. Joel
Mallet was a team member for part of the project. Terry Johnson contributed computer data
management expertise. Thomas Belcher; James Driver, Joanna MacFadyen, and Alex Talberg
made contributions during the early stages of the project. Peter Johnston and Tim Risbey
commented on drafts.

Phil Potterton, Rob Stewart and Gary Dolman provided executive oversight while holding the
posts of Executive Director—BITRE, General Manager—Infrastructure and Transport, and Head
of BITRE, respectively.

BITRE is grateful for the assistance of state and territory road agencies for providing data.
Department of Infrastructure and Transport staff responsible for administration of the National
Black Spot Program, Greg Moxon and Judy Raine, assisted with data and advice.

Consultants Data Analysis Australia (DAA) Pty Ltd, ARRB Group Ltd, and John PiperTraffic Pty
Ltd were commissioned to prepare reports. DAA supplied training and advice on statistical
methodology and undertook the final statistical analysis. Road safety experts from ARRB
Group provided input for the development of the treatment classification system.

Gary Dolman
Head of Bureau

Bureau of Infrastructure, Transport and Regional Economics
May 2012






At a glance

The evaluation covered 1599 black spot projects,— 62% of the 2578 Australian Government
funded black spot projects approved during the seven-year period 1996-97 to 2002-03 and
completed.

The National Black Spot Program (NBSP) is estimated to be reducing fatal and casualty crashes
in total at treated sites by 30% and property damage only (PDO) crashes by 26%.

Roundabouts are the most effective treatment, reducing casualty crashes by over 70% and
PDO crashes by 50%. New signals during the day and altering the traffic flow direction are the
next most highly effective treatments for most severity levels, reducing crashes by more than
50%. No treatment types were found to systematically increase crashes.

On average, each project is estimated to be saving |.7 reported crashes per year. For individual
severity levels, average reported crashes avoided per project per annum are 0.0! fatal,
0.1l serious injury, 0.55 minor injury, 0.6 1 injury, 0.62 casualty and I.1 PDO.

The 001 rate for fatal crashes implies that one fatal crash is avoided per year for every
100 projects completed.

By extrapolation, the 2578 projects approved between 199697 and 2002—-03 and completed
are estimated to be saving over 4000 reported crashes per annum of which about 1550 are
casualty crashes and almost 30 are fatal crashes.

On average, there are |.| deaths per fatal crash, so the 2578 projects are estimated to be
saving approximately 30 lives per year or one life per year for every 84 projects completed.

The National Black Spot Program has performed well in economic terms achieving an
estimated benefit—cost ratio (BCR) of 7.7 at a 3% discount rate and 4.7 at a 7% discount rate
based on estimated casualty crashes avoided and project costs. The average net present value
per project was $1.4 million at a 3% discount rate and $0.7 million at a 7% discount rate.

Projects in metropolitan areas have higher BCRs (9.9 and 6.1 at the respective discount rates)
than projects in non-metropolitan areas (6.1 and 3.7).

The best-performing treatment types in BCR terms are priority signs and altering traffic flow
direction with BCRs above 20 at the 3% discount rate and above |5 at the 7% discount rate.
Other high-performing treatment types are clearing obstacles, warning signs, roundabouts,
and modifying signals with BCRs around |4 or 9 at the respective discount rates. The worst
performing treatment types are altering width, realigning intersections, barriers/guardrails, non-
skid treatments and lighting treatments with BCRs of 3 and below.

Traffic impact costs of black spot projects at intersections vary greatly between projects and
can be substantial. Traffic impact costs can sometimes more than offset the safety benefits,
particularly for projects involving traffic signals.
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Executive summary

Executive summary

BITRE's third evaluation of the Australian Government’s Black Spot Program is the largest in
terms of the number of projects included and the most advanced in analytical techniques. The
evaluation addresses three principal questions.

* How effective are black spot treatments in reducing crash rates?

* How many crashes are avoided and lives saved annually as result of the program?

* Isthe program a good use of resources compared with alternatives?

The first two questions are answered using statistical analysis — Poisson regression — which
compares crash counts before and after black spot projects.

The third question, which concerns the economic worth of the program, is answered using
cost—benefit analysis.

Scope and data

The evaluation aimed to include all Australian Government funded black spot projects approved
during the seven-year period 1996-97 to 2002-03 inclusive and that had been completed.

The final database used for the regression analysis contained 1599 projects, which was 62% of
the 2578 projects in scope. Crash data from project sites covered periods up to seven years
before and after project implementation. The database contained 31 522 casualty crashes and
40 302 property damage only (PDO) crashes.

Effectiveness

The program is estimated to be reducing fatal and casualty crashes in total at treated sites by
30% and reported PDO crashes by 26%.

Roundabouts are the most effective treatment, reducing casualty crashes by over 70% and
PDO crashes by about 50%.

New signals during the day and altering the traffic flow direction are the next most highly
effective treatments across most severity levels, reducing crashes by more than 50%.

For treatment types with statistically significant effects, crash reduction factors are mostly in
the 20% to 50% range.

No treatment types were found to systematically increase crashes.Warning signs and priority
signs may have little effect at night.
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The sizes of the estimated crash reduction factors for individual treatment types are generally
consistent with factors reported in the literature. Exceptions are:

* altering road width — considerably more effective
* roundabouts, medians, and realigning intersections — slightly more effective, and

* lighting treatments at night, non-skid treatments and realigning road lengths — less effective.

Of the projects in the database, 38% consisted of multiple treatments undertaken together —
in three cases this was as many as six.

Some pairs of treatment types occurred with sufficient frequency for the statistical analysis to
discern interactions between treatments.

Diminishing returns, that is, the combined impact less than the sum of the impacts of the
treatments implemented singly, occur for turning lanes combined with any of medians, modifying
signals and other turning lane treatments.

Synergies, that is, the combined impact greater than the sum of the impacts of the treatments
implemented singly, occur between the treatment pairs sealing/resealing—line marking, altering
road width—realigning road width, medians—priority signs, and sealing/resealing—realigning road
length, and between pairs of modifying signals treatments.

Sites are selected for black spot projects because of past high crash rates. In some cases, the
high crash rates are due to chance rather than an underlying road safety problem. Without
any project being undertaken, the high crash rate is likely to be lower (regress to the mean) in
subsequent periods. Crashes during the interval of time between the date on which the funding
application was submitted to the Australian Government and the date on which work on the
project commenced provide an estimate of the pre-treatment crash rate, uncontaminated by
selection bias (selecting projects due a chance high crash rate).

Pre-application crash rates were found to be higher than post-application crash rates by
statistically significant amounts in four of the statistical models estimated — 25% for fatal
crashes, 17% for serious injury crashes, 6% for injury crashes and 7% for casualty crashes. A
certain amount of regression to the mean is to be expected in any black spot program.

Other findings :

+ Treatments are becoming more effective over time.

* Treatments are more effective in non-metropolitan areas compared with metropolitan
areas (probably due to the higher speed environments in rural areas) and more effective
on local roads compared with state roads.

+ Significant variations exist in treatment effectiveness between jurisdictions for some
regression models. Much of the variation can be attributed to differences in the way crashes
are assigned to sites and in the crash reporting requirements for PDO crashes.

* Only the PDO crash model found that projects selected by road safety audit were less
effective than projects selected by benefit—cost ratio by a statistically significant amount.
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Crashes avoided

Estimated crashes avoided are presented for 2006 — the first full year when all the projects
in the database had been completed.

The average number of reported crashes avoided per project in the database was 1.7 crashes.

For individual severity levels, average reported crashes avoided per project were 0.0! fatal,
0.1'l serious injury, 0.55 minor injury, 0.6 injury, 0.62 casualty and .| PDO.The 0.0! rate for
fatal crashes implies that one fatal crash is avoided per year for every 100 projects completed.

Making indicative adjustments for unreported minor injury and PDO crashes, there could be
as many as 6.0 crashes avoided per year of which 2.3 is a casualty crash and 3.7 a PDO crash.

Extrapolating across the entire program, the 2578 projects approved between 199697 and
2002-03 and completed are estimated to be saving over 4000 crashes per annum of which
about 1550 are casualty crashes and almost 30 are fatal crashes.

On average, there are |.| deaths per fatal crash, so the 2578 projects are estimated to be
saving about 30 lives per year or one life per year for every 84 projects completed. The
indicative under-reporting adjustments for minor injury and PDO crashes increase the total
number of crashes avoided to 4 500 of which 5700 are casualty crashes.

Even though treatments in non-metropolitan achieve higher crash reduction factors compared
with metropolitan areas, predicted numbers of crashes avoided per project per year are higher
in metropolitan areas. Higher traffic levels in metropolitan areas lead to greater crash exposure,
so the crash reduction factor is applied to higher base crash rate.

Economic evaluation

In economic terms, the National Black Spot Program has performed well overall, achieving an
estimated benefit—cost ratio (BCR) of 7.7 at a 3% discount rate and 4.7 at a 7% discount rate
— hereafter written as 7.7 (4.7) — based on estimated casualty crashes avoided and project
construction, operating and maintenance costs. At 4% and 5% discount rates, the BCRs are 6.7
and 5.9 respectively.

The present value of average benefits per project is $1.6 million ($0.9 million) comprised of
24%, 63% and 3% savings in fatal, serious and minor injury crashes respectively.

The present value of average costs per project is $0.2 million regardless of discount rate.
Subtracting costs from benefits, the average net present value per project is $1.4 million
(0.7 million).

Projects in metropolitan areas have higher BCRs, 9.9 (6.1), than projects in non-metropolitan
areas, 6.1 (3.7).The greater average numbers of crashes avoided per project in metropolitan
areas are offset by higher unit crash costs for rural areas so benefits per project are fairly
similar However, significantly higher project construction costs in non-metropolitan areas cause
the BCRs to differ.
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BCRs for six of the eight jurisdictions are bunched in a range from 6.4 (3.9) for Queensland
to 8.5 (5.2) forVictoria. The two smallest jurisdictions had outlying results, ACT 13.0 (7.9) and
Northern Territory —=0.2 (<0.1), but due to small sample sizes, it is uncertain whether they are
representative.

Single-treatment projects have a BCR of 9.1 (54). Each additional project reduces the BCR
indicating diminishing returns from multiple-treatment projects with a BCR of 4.8 (3.1) for
projects comprised of four or more treatments. This indicates successful combining of treatments.

The best performing treatment types in BCR terms are priority signs and altering traffic flow
direction with BCRs above 20 (15).

Other high performing treatment types are clearing obstacles, warning signs, roundabouts, and
modifying signals with BCRs around 14 (9).

The worst performing treatment types are altering width, realigning intersection, barriers/
guardrails, non-skid treatments and lighting treatments with BCRs of 3 (2) and below.

BCRs show no general trend over time.

The BCRs reported so far are based on benefits from casualty crashes avoided only. Adding
benefits from PDO crashes avoided increases benefits by 8.5% (13% urban and 5% rural)
regardless of discount rate. The increase could be as high as 30% if estimated unreported PDO
crashes were included.

Project costs

The total reported cost of the 1599 projects in the database in 2007 dollars was $251 million,
an average cost per project of $157 000.

A regression analysis of project costs in 2007 dollars indicated that project construction costs
were rising by 4.7 per annum in real terms, much higher than the BITRE Road Construction
and Maintenance Price Index, which rose at 0.6% per annum in real terms over the period.

Project construction costs are considerably higher for work undertaken in the months of July,
August and October.

Costs are, on average, 55% higher in non-metropolitan areas than in metropolitan areas,and 35%
higher on state roads compared with local roads. The greater distances that workers, equipment
and materials have to travel to reach sites in rural areas would be a contributing factor.

Treatments involving significant construction works — roundabouts, sealing/resealing, widening,
barriers and guardrails, realigning,— and new traffic signals, which involve electronic equipment
and software programming, have significantly above-average costs.Treatments involving warning
signs, priority signs and line marking have below-average costs.

The proportion of multiple-treatment projects and the number of treatments per
multiple-treatment project have been rising over time increasing the average construction
costs of projects.



Executive summary

There is strong evidence of significant under-reporting of contributions to project costs from
state and territory road agencies and local governments. Upward adjustments were made to
project costs to correct for such under-reporting. Adjustments ranged from zero for ACT and
Queensland to 19% for South Australia,Victoria and Western Australia. The adjustments caused
a 10% increase in the combined cost of all projects to $277 million or $173 000 per project.

Traffic impacts

Black spot projects at intersections can delay traffic imposing additional vehicle operating, time
and emissions costs. In cost—benefit analyses of black spot projects, it is normal to omit benefits
and costs from traffic impacts altogether. To provide some information about the relative size
of traffic impact benefits or costs compared with safety benefits, BITRE commissioned a traffic
modelling consultant to undertake case studies of |8 black spot projects at intersections.

The present values of traffic impact costs showed great variation ranging from a benefit of
$5.4 million to a cost of $26.1 million present values at a 3% discount rate, or a benefit of
$2.8 million to a cost of $16.2 million at a 7% discount rate.

Installation and modification of traffic signals have more pronounced impacts than roundabouts
reflecting the higher traffic levels at signalised intersections. Four of the projects produced
traffic benefits rather than costs because, at high traffic volumes, roundabouts and signals can
improve traffic flows.

In ten cases, the traffic costs were greater than the road safety benefits leading to overall
negative net present values for the individual projects.

The case studies show that traffic impact costs of black spot projects vary greatly between
projects and can be substantial. They are more likely to be negative and can more than offset
the safety benefits, particularly for projects involving traffic signals.

Lessons for future evaluations

The study shows how data from a very large number of black spot projects can be analysed
using Poisson regression providing practical solutions to a number of methodological issues
that arose in the course of the evaluation. A detailed treatment classification system has been
developed specifically to facilitate expost evaluations.

Future evaluations will be quicker, more comprehensive and more accurate with the following:

* improved crash data collection and management

+ standardised crash severity definitions and reporting requirements
* astandardised way of assigning crashes to sites

* reduced under-reporting levels for minor injury and PDO crashes
+ availability of legal speed limit and traffic flow data for all sites

* greater consistency and care in describing treatments

* reporting of all contributions to project construction costs.
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Introduction

Black spot projects

Motor vehicle crashes can usually be attributed to one or a combination of three factors —
the road user, the road environment, and the vehicle.

Drivers need to continually adjust their performance levels to meet the changing demands
of the road environment. Black spots sites have comparatively high performance demands.
Crashes occur when driver performance falls below that required level. Black spot projects
alter the road environment to lower the performance demands on the driver at black spot
sites, reducing the probability of a crash (BTCE 1995, pp. I 1-13).

The sites are either intersections or lengths of road. Common measures or ‘treatments’
undertaken at intersections are installation of roundabouts, traffic signals and turning lanes.
Common treatments applied to lengths of road are sealing the surface, installation of barriers
or guardrails, and widening. For the black spot projects in the database for the present study,
the median cost in 2007 dollars is around $ 100 000.

Sites are identified for treatment either because they have had unusually high rate of crashes
involving fatalities or injuries in the recent past or because, on the basis of expert judgement,
they are expected to do so in the future. The particular type of treatment is selected to address
the specific road safety problems at the site taking account of the specific characteristics of the
site and traffic throughput. A single project can consist of more than one treatment.

Australian Government Black Spot programs

The first Australian Government black spot program ran from | July 1990 to 30 June 1993.
A total of 3176 projects were approved with an average cost of $85 000 per project (BTCE
1995, pp. 1-2). The program was reintroduced from July 1996, and was extended a number
of times, continuing up to the present. During the | July 2002 to 30 June 2006 extension,
the program was called the National Black Spot Program (NBSP), the term used to refer to
the program throughout this report. Currently, the Australian Government funds black spot
projects under the ‘Nation Building Program’, not as a distinct NBSP
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Previous BITRE Evaluations

In 1995, the Bureau of Transport and Communications Economics (BTCE) evaluated the first
black spot program using a sample of 254 projects out of the total of 3176. A simple ‘before
and after’ methodology was used, comparing crash rates (crashes per year) before and after
implementation of projects. A benefit—cost ratio of 5.9 was estimated for the program at an
8% discount rate and categorising crashes by severity level.

In 2001, the Bureau of Transport Economics, (BTE) evaluated the first three years of the
1996-2002 program from a sample of 604 projects out of a total of 983 projects completed
up to 30 June 1999.

The present study covers projects completed in the same time period as BTE (2001) with an
additional four years after.

None of the data from BTE (2001) were reused. BTE (2001) also adopted a ‘before and
after’ approach but with a Poisson regression procedure. The Poisson regression used crash
frequencies rather than crash counts as in the present study and had the treatment as the
sole explanatory variable. A benefit—cost ratio of 4.4 was estimated for the program at a 7%
discount rate.

Present evaluation

The present report is the third BITRE evaluation of Australian Government's black spot
program.Each evaluation has progressively employed larger sample sizes and more sophisticated
methodologies.

BITRE was asked to undertake the evaluation in 2005, and wrote to state and territory road
agencies requesting data. It took considerable time to obtain and process the data and to
convert it into a form suitable for analysis. A treatment classification system was developed for
the study by BITRE with input from road safety experts from the ARRB Group.The treatments
applied for each project had to be classified according to the new system.

Questions addressed

The evaluation answers three principal questions.

Effectiveness
How effective are black spot treatments in reducing crash rates?

Effectiveness can be measured with crash reduction factors — the percentage reduction in
the crash rate at a project site engendered by a black spot treatment or combination of
treatments, other things being equal. Statistical analysis of crash data provides estimated crash
reduction factors for individual treatment types in a range of circumstances.



Chapter | ¢ Introduction

Crashes avoided, lives saved

How many crashes are avoided and lives saved annually as result of the NBSP?

The pre-treatment annual crash rate at the site of a black spot project multiplied by the crash
reduction factor gives an estimate of the number of number of crashes avoided per year as a
result of the project.

Economic value
Is the NBSP a good use of resources compared with alternatives?

The resources society invests in black spot projects could be used in other ways to the benefit
of society. Cost-benefit analysis (CBA) of the program compares the costs with the benefits
expressed in monetary terms to see if it has a net positive value to society as a whole.

Consultancies

Three consultants were engaged to assist. Their reports are published in full in volume 3.

Statistical consultancy

BITRE engaged a consulting firm of expert statisticians, Data Analysis Australia Pty Ltd (DAA)
initially to advise on the methodology. DAA's report, Henstridge et al. (2006), reviewed the
statistical methodology employed in the two previous BTRE black spot program evaluations,
BTCE (1995) and BTE (2001), and proposed a methodology for the current study.

BITRE later decided to engage DAA to undertake the final Poisson regression modelling. DAA
(2009) describes the methodology and regression model results.

Road safety consultancy
ARRB Group Ltd (Turner et al. 2008) was engaged to work on three topics.

* a review of how road safety treatments reduce crashes and the relative merits of using
different treatments. Chapter 6 of the present report compares the crash reduction factors
estimated by the regression analysis with those from ARRB's literature review for individual
treatment types.’

* a data analysis to estimate crash reduction factors for black spot treatments by vehicle
movement type. For program administration, benefit—cost ratios of prospective black spot
projects are estimated using a matrix of crash reduction factors by crash type (column
headings) and treatment type (row headings). An example is appendix A of DIT (2009a).
ARRB used the data collected for the present study to derive new factors for such matrices.

* a data analysis to determine crash reductions for multiple engineering countermeasures
used at the same location. ARRB used the BITRE data to investigate how the combined
crash reduction factors for treatment types undertaken together in multiple-treatment
black spot projects compares with the actual crash reduction factors.

| The literature review was undertaken in early 2007 and so omits material published between then and publication of
the BITRE report in 2012.

<9
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Traffic modelling consultancy

CBAs of black spot projects invariably count safety benefits only. Yet the CBA methodology
aims to incorporate all impacts on society. Black spot projects can have significant impacts on
vehicle operating costs, road users' time and emissions. The treatment types with the largest
impacts are installation of roundabouts and traffic signals at intersections.

Estimating the traffic impacts of black spot projects at intersections is demanding in data and
modelling. BITRE engaged John PiperTraffic Pty Ltd to undertake case studies of |8 black spot
projects. The vehicle operating cost and time delay estimates from the case studies illustrate
the potential effects of including traffic impacts in CBAs of black spot projects. See chapter 10
for the discussion.

Report structure

Figure |.I summarises the structure of the report. To improve readability, discussions of
methodology, data and results have been interspersed throughout the report.

Chapters 2 to 7 relate to the Poisson regression analysis of crash counts.

This part of the report commences with an introduction to the Poisson regression technique,
followed by descriptions of the data with discussion of issues arising. Reporting of the regression
analysis results is spread over three chapters. Findings from the regression analysis that apply to
all treatments types are presented in chapter 5. Findings for individual treatment types are set
out in chapter 6. Chapter 7 details predictions of crashes avoided as a result of the program as
estimated from the regression models.

Chapter 8 opens a new topic, the construction costs of the projects in the database described
earlier in chapter 3. It includes an analysis using ordinary least squares regression.

The CBA in chapter 9 brings together the predictions of crashes avoided from chapter 7 and
project costs from chapter 8 to assess the economic value of the program.

Chapter 10 covers the supplementary topic of traffic impacts and how their inclusion affects
the CBA results.

A brief discussion in chapter || of lessons learned for the benefit of future evaluations
concludes the report.

o |0~
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FI.1 Report structure







CHAPTER 2
Poisson regression

Summary

Evaluation of the National Black Spot Program (NBSP) in hindsight, involves comparing
crash counts over a period of years before and after implementation of each project. An
effective project would be expected to result in a lower number of crashes per annum after
implementation compared with before.

There is a large random element in crash counts. For any individual project, it is difficult to
determine how much of the difference between the pre-treatment and the post-treatment
crash rate is due to the project and how much is due to chance. Information from a large
number of projects needs to be combined to average out the randomness so as to discern
the impact of the black spot projects.

The technique employed to do this is based on an assumption about the probability distribution
of crashes. The Poisson distribution is a standard probability distribution for counts of discrete
events where the probability of occurrence is low, and the events are statistically independent
— that is, the probability of occurrence in one period is not in any way affected by occurrences
in other periods.

The Poisson distribution has just one parameter, the mean, which is the rate of occurrence —
for example, the average number of crashes per year The variance is equal to the mean. In the
regression model, the mean of the Poisson distribution for crashes at the site of each project
during an observation period is a function of a number of parameters including whether or
not a black spot project is in place at the time.

The model is fitted to data consisting of crash counts during observation periods at project
sites before and after black spot treatments. A variable is created for each project site set to
one for all observation periods at the project site and zero for observation periods at other
sites. The regression coefficient estimated for each site variable is the pre-treatment crash rate
at the site. The site coefficients separate out all the characteristics associated with the site
leaving the effect of the black spot treatment to be explained by the treatment variable.

The variable for the black spot treatment is set at zero for pre-treatment observation periods
and one for post-treatment observation periods. The regression coefficient for a black spot
treatment indicates the proportionate change in the crash rate as a result of the treatment. A
given treatment type is assumed to have the same proportionate impact across all sites. Other
coefficients, discussed in later chapters, enable factors affecting treatment effectiveness to be
distinguished.

o |3
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The coefficients are estimated using the maximum likelihood method, that is, the set of
coefficients that has the highest likelihood of producing the data set. Measures of goodness
of fit exist to compare model specifications with different sets of explanatory variables.
The statistical software also provides standard errors of individual coefficient estimates. The
estimates have an approximate normal distribution enabling statistical significance testing to be
undertaken using a z-statistic.

Introduction

BITRE used Poisson regression analysis to estimate the effectiveness of black spot treatments
and numbers of crashes avoided as a result of the treatments from the data on black spot
projects and crashes at project sites. BITRE commissioned a consulting firm of expert
statisticians, Data Analysis Australia (DAA) to advise on the methodology and undertake
the statistical modelling. DAA’s written reports (Henstridge et al. 2006 and DAA 2009) are
reproduced in volume 3.

Terminology

Before proceeding, it is useful to clarify some terms: site, treatment, and project.

A site is the geographical location at which a project or projects have been undertaken. A site
can be either a spot, usually an intersection, or a length of road, or a combination of both.

A black spot treatment is a single alteration made to the infrastructure at a site with the
intention of improving road safety. At some sites, multiple treatments are undertaken together.

A black spot project consists of a single treatment or multiple treatments carried out over a
limited and continuous time period at a given site.The engineering works comprising the project
have a defined start and end date. A project with an unsatisfactory safety outcome might be
followed by another project at the same site some years later using different treatments.

Choice of statistical methodology

The choice of a statistical methodology depends on the question to be answered and the
statistical properties of the data available. The basic question is whether the National Black
Spot Program, taken as whole, leads to a measurable reduction in the number and severity of
crashes.

Then there are two supplementary questions.

First, what is the size of the reduction in crashes! The size of the reduction measured in
crashes avoided is an essential input to the cost—benefit analysis.

Second, what factors affect the reduction in crashes — for example, type of treatment,
site location?

Information about factors affecting the reduction can help to improve the effectiveness of the
program in the future, for example, altering the selection of treatments in favour of types found
to be more effective.

o4
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Each question has a before and after-treatment context. In other words, the questions are
concerned with changes over time. There s, further, the need to link any apparent change in
crashes with a cause.

The data takes the form of crash counts. A standard probability model for the counting of
events is the Poisson distribution.

Poisson regression analysis

Poisson probability distribution

The Poisson probability distribution is often used to model rates of occurrence. VWhen the
probability that an event occurs is small, but the number of occasions when it can occur is
large and the events are statistically independent, the Poisson distribution gives the probability
of 0, 1,2,3, ... events occurring in the time period (¢, #+1]. Because the Poisson distribution is
often used to describe failures or errors, it has been called the ‘model of catastrophic events’
(BTCE 1995 p.50).

The Poisson distribution gives the probability of a random quantity Y taking on the value y as

P(Y=y)="" »=0123..

!

v

where m is the mean of the random variable, that is £(Y) = m, and e is the base for natural
logarithms.

For example, say that on average, a crash occurred at a particular site once every two years.
The mean number of crashes is then 0.5 per year The Poisson distribution then predicts a 0.6
probability of zero crashes per year, a 0.30 probability of one crash per year, a 0.08 probability
of two crashes per year, and a 0.01 probability of three crashes per year. The probability of
four or more crashes occurring in a year is extremely small, 0.002. When m is less than one,
the mode of the distribution is zero crashes. In general, the mode of a Poisson distribution is
the largest integer less than m.” Hence, the distribution is highly skewed for low values of m.

The Poisson distribution can be derived from the binomial distribution by allowing the number
of Bernoulli trials to approach infinity and the probability of success to approach zero, with the
mean (= number of trials % probability of success) held constant.

The variance of the Poisson distribution equals the mean. The standard deviation is then
Jm and the coefficient of variation ~m/m = 1/~+m . Poisson variables with low mean values
therefore have high coefficients of variation.

The choice of time units does not affect the distribution because the sum of two independent
Poisson variables is a Poisson variable with mean equal to the sum of the means. Data can be
aggregated over a day, a month or a year. Substituting a value of m of |3 crashes per year into
the Poisson distribution would give probabilities for zero, one, two and so on crashes per year.
Redefining m as 13/52 = 0.25 crashes per week, the Poisson distribution produces probabilities
for zero, one, two and so on crashes occurring in a week. The probability of any given number
of crashes occurring during a week will, of course, be much smaller than the probability of the

2 When m is a positive integer, there are two modes, m and m—1.
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same number occurring in a year The coefficient of variation will be much larger because a
single crash is a much larger percentage of 0.25 than of I3.

Generalised linear models

In the classical linear regression model, the dependent variable Y is assumed to be related to
the explanatory variables X, X, X;, ..., X, in the following way

Y=P0)+ B X; +B.Xo + X5+ .. + BX, + &

where the fs are the regression coefficients and ¢ is the error term or random component.
This random component is assumed to be normally distributed with a mean of zero.

The above equation can be rewritten as

Y—&=py+ BiX; + BoXo + B3Xz + .. + B,X,

showing that Y is normally distributed as well, with

E(Y) =By + BiX; + BoXy + B3X; + .+ BX,.
Generalised linear models extend the concepts of the classical model in two ways.

First, instead of assuming that the random component has a normal distribution with unknown
mean value, it assumes that the random component has a distribution from the exponential
family, which includes the Poisson distribution. For purpose of modelling crashes, the value of
Y'in the last equation is assumed to have a Poisson distribution.

Second, instead of assuming that the mean value of the distribution is a linear function of the
parameters, it assumes that the mean value is a non-linear function of the parameters. This
non-linear function is called the ‘link function’ given by the function A(:)

h[E(Y)] =By + BiX; + B.X5 + B3X; + ... + B,X,

For each distribution used with generalised linear models, there is a canonical (natural) link
function that has desirable mathematical properties. In the case of the Poisson distribution, the
canonical link is the logarithmic function.

log[E(Y)] = By + BiX; + B2X5 + B3X5 + ... + BX,
For analysis of crash counts, use of a logarithmic link function means that

* the predicted average number of crashes per time period can never be negative —
a desirable property, and

+ all the Xs have multiplicative impacts — which is mostly desirable.
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The multiplicative property means that a black spot treatment is assumed to reduce crashes
by a proportion that is constant across sites, not by a constant absolute number of crashes.

To illustrate, say the same treatment is implemented at two sites, A and B. Prior to treatment,
site A has an average of four crashes per year and site B has an average of two. If the treatments
cause the same proportional reduction in crashes at each site, say 50%, then in absolute terms,
the reduction in the average number of crashes will be two at site A and one at site B.

The classical regression model is fitted using the ‘least squares’ method, that is, finding the
regression coefficients that minimise the sum of squared differences between the actual and
estimated values for Y in the data set.

Where the Ys follow a Poisson distribution, the least squares method does not produce the
regression equation with most efficient estimate of Y, that is, the estimate with the lowest
possible variance.

The most efficient estimate is obtained by using the ‘maximum likelihood’ method. Given
a set of parameter values (fs) and the X values for any observation in the data set, one
could estimate the probability or likelihood that the Y value for that observation could occur
One could estimate the likelihood (p;) for each observation in the data set from 1 to n.
The likelihood for the entire data set is the product of the likelihoods for all the observations

P1 X P2 Xp3 > .. %Xp,=[]p;.

The maximum likelihood set of parameter values is the one that has the highest likelihood
of producing the data set, that is, the one that maximises [] p;. In practice, it is simpler to
maximise the log of the likelihood, which is a summation Y /n(p;) and leads to the same result.
Statistical software packages use search algorithms to locate the maximum log-likelihood set
of regression coefficients via an iterative process.

Goodness of fit

The ‘deviance’ is one of the measures most often used to test the goodness of fit of Poisson
models (how well the model fits the data). The deviance is defined as twice the difference
between the maximum log likelihood achievable and the log likelihood achieved by the model.
The maximum log likelihood achievable occurs where the model has a parameter for each
observation, called the full model’. In the case of the Poisson model, for a single observation i
with Y; crashes, the maximum log likelihood achievable (setting the estimated mean of the
distribution equal to ;) is

Y; log(Y) - Y;— log(Y}!) .
The log likelihood for the observation with the mean estimated by the model, m, , is
Y; log(m;) — m; —log(Y;!) .

The deviance is therefore D = 2% ,[Y;log(Y,/i;) — (Y; — m;)] .

Provided the fitted model has a constant term, the sum of ¥, — m, over all observations is zero,
enabling the last term to be omitted (McCullagh and Nelder 1989, pp. 33—4).
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The Poisson deviance has an asymptotic chi-square distribution with degrees of freedom
given by the number of observations minus the number of parameters. The question asked
is whether the full model improves the fit over the hypothesised model. If the hypothesised
model fits the data significantly less well than the full model, it indicates that a better model can
be achieved by adding parameters (Hoffman, J.R 2004, p. 38).

The deviance can be used to help decide whether or not to add groups of parameters
to the model. Adding parameters increases the potential to replicate the observed values.
Hence it increases the log likelihood and reduces the deviance. Inclusion of extra variable(s) is
warranted only if they reduce the deviance by a statistically significant amount.’

The Bayesian Information Criterion (BIC) and the Akaike’s Information Criterion (AIC) can
also be used to compare models. They are similar to the deviance method except that they
penalise models with more explanatory variables. This can be desirable because larger models
may dilute the significance of more important parameters and will also be more difficult to
interpret. The BIC penalises additional parameters more so than the AIC. Using the deviance
test alone will lead to selection of a larger model than the AIC and BIC techniques.

The AIC was used for the present study. It is defined as —2L + 2p where L is the maximised
log likelihood (which has a negative value) and p is the number of parameters. Lower values of
the index indicate a preferred model. The best model is the one with the fewest parameters
yet still provides an adequate fit of the data.

Standard errors of coefficients

The standard errors of the coefficients of a model estimated using the maximum likelihood
method are obtained from the log likelihood function.

The ‘Fisher Information matrix’ is negative the matrix of partial derivatives (the Hessian matrix)
of the log-likelihood function at its maximum point.

The inverse of the Fisher Information matrix is the variance—covariance matrix for the model,
the diagonal elements of which are the variances of the individual coefficient estimates.

The partial derivative of the maximum likelihood function with respect to any given parameter
estimate measures how steep or flat the function is around the maximum point with respect
to that variable. Intuitively, the steeper the approach to the maximum, the greater is the level
of certainty (lower the variance) about the correctness of the estimate.

The coefficient estimates have an approximate normal distribution so z-statistics can be used
for testing in the usual manner.

When deciding on a model, any or all of the deviance, AIC and BIC, can be considered along
with the significance tests on individual variables. At same time, judgement needs to be
exercised to ensure the model is sensible.

3 The statistical significance of an increase in deviance from adding parameters is tested by determining whether the test
statistic (Dg — Dy )/(ps — pr) is significantly different from zero, where Dg and D; are the deviances of the smaller and
larger models respectively and pg and p; are their numbers of parameters. The number of degrees of freedom for the
chi square distribution is pg — py.

« |8



Chapter 2 ¢ Poisson Regression

Poisson regression: simple illustrative example

A simple numerical example will illustrate how Poisson regression is applied to estimate the
effectiveness of black spot treatments.

Table 2.1 shows hypothetical crash count data for three black spot sites over a five-year period.
Each project was implemented between the end of year 3 and the start of year 4. Data are
available for all five years for sites | and 2, but is not available for years | and 5 for site 3. A zero
crash count for a site in a year is not the same as data not being available.

For the pre-treatment period, there are 40 crashes in 8 observed site-years, giving an average
crash rate of 5.0 crashes a year. For the post-treatment period, there are |5 crashes in
5 observed site-years giving an average crash rate of 3.0 crashes a year. A simple approach is
to conclude that the ratio of pre- to post-treatment crash rates, or the treatment effectiveness
index (TEl) is 60% = 3.0 / 5.0 x 100.The ‘effect’ of the black spot treatment or the crash
reduction factor (CRF = | —TEl) is 40%.

T2.1 Hypothetical crash count data for three treated sites

Pre-treatment period Post-treatment period

Year | 2 3 4 5
Totals Totals
Site | 9 5 8 22 3 6 9
Site 2 4 7 3 14 2 3 5
Site 3 na 4 0 4 | na |
Total crashes 40 15
Total observed time periods 8 5
Average crash rate 5 3

If there had been no missing data for site 3, that is, the number of observation periods was
the same for all sites pre-treatment and the same for all sites post-treatment, 60% would be
the maximum likelihood TEI. Where numbers of observation periods differ between sites, a
more complicated formula must be used (see appendix C). The maximum likelihood TEI for
this example is 57.6% and the CRF 42.4%.

Table 2.2 shows how the data in table 2.1 would be arranged for regression analysis. Table 2.3
shows the coefficient output from the Stata statistical package used for this study. One of the
three site variables has to be dropped, in this case, site |.“ The constant term is an estimate
of the pre-treatment annual crash rate at site |, and the coefficients for the other sites are
comparisons with site |.

4 If the constant term and all the site variables were left in the regression model together, there would be infinitely
many ways to express the model. Any arbitrary amount could be added to the constant term and the same amount
subtracted from all the site terms, without changing the estimated crash rates produced by the model.
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T2.2 Example crash count data arranged for regression analysis
Year Crashes Site | Site 2 Site 3 Treatment
| 9 | 0 0 0
2 5 I 0 0 0
3 8 | 0 0 0
4 3 I 0 0 \
5 6 ! 0 0 !
| 4 0 | 0 0
2 7 0 | 0 0
3 3 0 I 0 0
4 2 0 | 0 [
5 3 0 I 0 |
2 4 0 0 | 0
3 0 0 0 | 0
4 | 0 0 | |
T2.3 Stata coefficient output for example data

Coeff. Std.err. z P>|z| 95% Conf. interval
site_2 0490 0.291 -1.68 0.093 (-1.061  0.082)
site_3 -1.347 0482 2.79 0.005 (2292 -0402)
treatment -0.551 0.303 -1.82 0.069 (1145 0.043)
_cons 2.010 0.198 10.14 0.000 (1621 2.399)

All the coefficients in table 2.3 are expressed as logarithms. The estimated pre-treatment
annual crash rates at the three sites are

° site |:
° site 2
° site 3

7.5 = exp(2.010)
4.6 = exp(2.010 —0.490)
1.9 = exp(2.010 — 1.347)

The estimated TEl is 0.576 = exp(-0.551).

The standard error of the estimated log of the TEl is 0.303 (see appendix C for a formula).
Statistical significance is gauged by testing the hypothesis that the log of the estimated TEl, the
coefficient from the Poisson regression, is 