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Abstract  

Road crashes cause significant injuries and fatalities, hindering social and economic progress 

despite the essential role of a well-developed road network. In 2021, road crashes resulted in 

1.19 million fatalities globally, underscoring this critical health issue. Various initiatives by the 

UN, WHO, Global Road Safety Facility (GRSF), and national road entities focus on reducing 

traffic crashes through strategic road infrastructure safety management. However, current tools 

and methods used for road safety management suffer from fragmented data analysis, focusing 

on specific segments instead of the whole network, limiting comprehensive crash insights. 

There is also poor integration across decision-making levels and reliance on subjective, 

localised countermeasures rather than adaptive, data-driven investment strategies. This creates 

a need for a system utilising Data Science and Artificial Intelligence (AI) to enhance road safety 

management. 

To achieve this, the thesis begins with a systematic literature review of cutting-edge 

technologies and best practices in road safety. It emphasises the role of information technology, 

particularly big data, in crash data analysis, identifying a gap in the comprehensive 

understanding of crash databases and the need for advanced techniques from AI and multi-

objective optimisation. These insights guide subsequent research aimed at developing an 

adaptive, data-driven system for strategic management, encompassing both data analysis and 

resource allocation. 

Existing methods for data analysis often suffer from subjectivity and bias, as they rely on 

simplistic predefined parameters for frequent pattern searches without critical and logical 

thinking. Furthermore, they face a significant limitation when applied to the infrequent patterns 
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search in road safety analysis, particularly in cases where fatalities are minimal. An analytical 

framework using association rule mining and K-means clustering analyses the UK STATS 19 

database (2018) to identify associations with fatalities and overview crash data characteristics. 

This mitigates bias by integrating these methods to explore infrequent patterns, offering a 

comprehensive perspective to inform strategy development.  

Additionally, a novel two-stage model for optimising road safety strategies is introduced, 

integrating multi-objective optimisation and association rule mining. This model enhances 

decision-making and resource allocation, validated through a case study in Utrecht. 

Improvements across objectives demonstrate its efficiency, allowing local authorities to tailor 

investment plans to their road network characteristics. 

In conclusion, this thesis presents a novel conceptual framework for road safety strategic 

management using advanced data information technology. The adaptable analytical tools 

developed provide valuable insights for decision-makers at various administrative levels, 

significantly contributing to road safety. This research establishes a foundation for future 

studies and practical applications aimed at reducing road traffic crashes.  
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Chapter 1. Introduction 

1.1 Background 

As transportation networks have expanded globally and vehicle ownership has risen, road 

traffic collisions have become a significant challenge. While the expansion of road networks 

promotes economic growth and facilitates daily life, it also leads to negative impacts on 

individuals, families, communities, and economies (Haghighi et al., 2020). Road traffic 

collisions remain a major public health concern, causing millions of deaths or life-altering 

injuries annually, especially among young people aged 5-29, according to the World Health 

Organisation (2023). These collisions not only result in physical injuries but also impose 

emotional, psychological, and economic burdens on survivors and their families, disrupt 

livelihoods, strain healthcare systems, and incur substantial societal costs (Blincoe et al., 2015).  

To address this issue, the World Health Organisation et al. (2021) developed the ‘Global Plan 

Decade of Action for Road Safety 2021-2030’, aiming to prevent at least 50% of road traffic 

deaths and injuries by 2030. Despite efforts to improve road safety through engineering, 

education, and enforcement measures, significant challenges remain. These challenges include 

inadequate safer road infrastructure, insufficient enforcement capacity, low compliance with 

traffic laws, and the increasing complexity of modern transportation systems. Consequently, 

there is an urgent need to adopt an integrated approach to road safety, pursuing long-term and 

sustainable solutions while strengthening national intersectoral collaboration, including 

engagement with non-governmental organisations, civil society, academia, businesses, and 

industry (United Nations, 2020). 

The World Health Organisation et al. (2021) highlighted importance of addressing the 
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interconnection of the four pillars of the global plan—safe user, safe vehicle, safe road, and 

effective post-crash response—with a particular emphasis on safe roads and effective post-crash 

response, which involve engineering and management. Notably, these organisations 

highlighted the significance of understanding the road environment and suggested looking for 

supportive technologies to improve road safety. In alignment with these recommendations, this 

research originates from a civil engineering perspective, focusing on road infrastructure 

engineering. The aim is to optimise the road safety strategic management processes and road 

safety outcomes by exploring the inherent explanations of road traffic crashes on road networks 

and developing adaptive investment plans. 

1.2 Strategic Management 

The use of strategy has existed for centuries, originating from military contexts, and only in the 

last six decades has it gained prominence in the realm of management. Born out of military 

conflicts, the use of superior strategy enabled one warring party to defeat another. The concept 

of strategy has since been adapted by modern profit-driven organisations, where it plays a 

pivotal role in securing competitive advantage (Henry, 2021). Notably, numerous non-profit 

organisations (NPOs) did not participate in strategic planning procedures due to their lack of 

competitive orientation. Unlike private entities that rely on fee structures for financial support, 

public organisations procure funding through budget allocations or taxation, offering either free 

services or charging minimal fees to partially cover operational expenses. Therefore, NPOs are 

encouraged to explore competitive advantages beyond monetary gains, including 

considerations of environmental sustainability, market efficacy, and alternative revenue streams 

(Katsioloudes & Abouhanian, 2009). 

According to Johnson et al. (2008), strategic management comprises three core components: 
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strategic analysis; strategic choice, and strategy implementation. Katsioloudes and Abouhanian 

(2009) highlighted strategy must be dynamic. The process of strategic management involves a 

sequence of activities designed to achieve identified objectives, as illustrated in Figure 1.2.1. 

These activities include: 1) identifying objectives, representing the desired outcomes by the end 

of the cycle; 2) conducting strategic data analysis to assess the status, position, or issues; 3) 

developing strategic choices by formulating potential courses of action; 4) implementing the 

chosen strategy; and 5) evaluating the overall performance of the strategic management process 

(Rao, 2009). 

Figure 1.2.1 Process of strategic management (Rao, 2009) 

Organisations are commonly structured as hierarchical pyramids with top management, 

followed by middle management, first-line managers, and non-managerial staff. Typically 

depicted in Figure 1.2.2, it illustrates the three tiers of organisational strategic planning: 

corporate, business, and functional levels. This inverted pyramid configuration signifies the 

Objectives

Data analysis

Strategic choiceImplematation

Evaluation
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varying scope of strategies typically addressed at each level (Katsioloudes & Abouhanian, 

2009). 

 

Figure 1.2.2: Pyramid exhibition of strategic levels (Katsioloudes & Abouhanian, 2009) 

Thompson et al. (2007) identified two primary reasons why strategy is important in business 

organisations. Firstly, management is tasked with proactively creating the manner in which the 

organisation conducts its operations. A well-defined strategy serves as management's directive 

for conducting business, guiding the organisation towards competitive advantage, satisfying 

customers, and enhancing financial performance. Secondly, prioritising strategy is more likely 

to achieve robust financial performance compared to one where strategy is considered 

secondary to other priorities. Effective formulation and implementation of strategy are shown 

to significantly enhance revenue growth, earnings, and return on investment.  

Correspondingly, strategic management is crucial in road safety management for its ability to 

establish clear goals, allocate resources efficiently, assess risks, monitor progress, adapt to 

changing conditions, and promote public awareness. By employing strategic management 
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principles, road safety managers can effectively plan, implement, and evaluate initiatives aimed 

at reducing road traffic crashes, injuries, and fatalities. A comprehensive approach ensures that 

efforts are targeted where they can have the greatest impact, ultimately leading to safer road 

network environments and improved overall road safety outcomes. 

1.3 Problem Definition 

1.3.1 What are the current problems in road safety strategic management? 

Current issues in road safety strategic management stem from high rates of fatalities and 

injuries, making it a leading cause of death, particularly among children and young adults. The 

outcome of road traffic collisions exposes the inherent problems within the processes and 

methods employed for road safety management.  

Data fragmentation is a significant issue; existing methods often rely on sectional data analysis, 

focusing on specific road segments or junctions rather than the entire road network. This 

fragmented approach hinders the comprehensive understanding of crash databases, which is 

crucial for developing effective road improvement strategies (Koorey, 2009). Furthermore, 

there is a lack of strategic integration, evidenced by deficiencies in the uniform application of 

strategic, tactical, and operational levels of decision-making within road safety management. 

Additionally, subjectivity and bias in data analysis and resource allocation present challenges, 

as current methods can be subjective, concentrating on localised countermeasures from expert 

opinions without adopting an adaptive strategic approach (Varhelyi, 2016). 

1.3.2 What are the approaches being used? 

In both industry and academia, various methods are employed to execute road safety strategic 

management. Data mining (Dia et al., 2021; Jain et al., 2016; Kumar & Toshniwal, 2015) and 
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statistical analysis techniques (Karacasu et al., 2014; Ng et al., 2002), including association rule 

mining and K-means clustering, are used to analyse crash data and identify patterns related to 

fatalities. Multi-criteria analysis (MCA) (Odoki et al., 2015; J. Yu & Liu, 2012) and 

optimisation (Byaruhanga & Evdorides, 2022; Saha & Ksaibati, 2016) methods prioritise safety 

projects by balancing cost and benefit. 

Moreover, industrial best practices, such as those advocated by the Federal Highway 

Administration (FHWA) (Federal Highway Administration, 2010; Gross et al., 2021), 

recommend using net present value (NPV) and benefit-cost ratio (BCR) techniques to evaluate 

the efficiency, effectiveness, and feasibility of potential countermeasures. Initiatives utilising 

risk mapping and iRAP embedded tools (International Road Assessment Programme, 2023; 

Jane et al., 2011) apply segmentation analysis to identify and rank high-risk road networks, thus 

providing comprehensive databases for effective safety upgrades. Additionally, the New 

Zealand Transport Agency (2021a) has introduced three investment criteria to prioritise 

proposed activities.  

These diverse approaches collectively contribute to a comprehensive framework for enhancing 

road safety and optimising resource allocation. While their advancements are recognised, there 

remain constraints and areas for potential improvement. 

1.3.3 What is needed? 

To advance road safety management, it is essential to develop comprehensive methods that 

integrate diverse datasets, such as crash dataset and road attributes dataset and alternative 

countermeasures, to provide a holistic view of engineering safety issues. Minimising expert 

efforts, reducing subjectivity in data analysis with logical data mining, and facilitating objective 

investment through data-driven solutions in management processes are critical for enhancing 
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strategic road safety. Therefore, the implementation of advanced data mining techniques and 

multi-objective optimisation becomes necessary. These innovations collectively enable more 

informed and efficient road safety strategic management, thereby improving overall road safety 

outcomes. 

1.3.4 How will the proposed system address the above? 

The proposed system addresses the challenges through an adaptive approach that utilises big 

data analysis, thereby offering a comprehensive understanding of databases tailored to various 

legislative objectives, such as fatality analysis, strategic road network analysis, and specific 

area crash analysis. By employing such methods, the system mitigates bias by uncovering 

infrequent patterns, resulting in unbiased insights. Furthermore, it enhances strategic resource 

allocation through a two-stage model that integrates multi-objective optimisation and 

association rule mining, thus improving decision-making and efficiency. Without subject expert 

intervention, the system enables local authorities to formulate investment plans that are 

customised to the specific characteristics of their road networks, ultimately enhancing the 

overall road safety strategy. 

1.4 Research Aim and Objectives 

While various frameworks and technologies have been employed for road safety strategic 

management, there remains a noticeable gap, particularly within the view of engineering, 

requiring a thorough comprehension of crash databases facilitated by Artificial Intelligence (AI) 

and Data Science. Additionally, the need for innovative optimisation methodologies to enhance 

the efficiency of resource allocation based on data-derived insights becomes apparent.  

Considering these aspects, this study aims to develop the adaptive solutions to optimise road 



 

8 

safety strategic management processes and outcomes. 

The objectives of the research may be identified as follows: 

• To investigate the role of road infrastructure in reducing road traffic collisions by 

employing AI and data science techniques and comprehensively interpret the road 

collision dataset, identifying key factors influencing crash risk and fatalities. 

• To apply the proposed data analysis framework to different scenarios evaluating its 

robustness and applicability in various contexts, encompassing diverse legislation 

levels, strategic objectives and traffic conditions. 

• To optimise resource allocation by leveraging data analytics and optimisation technique 

providing data-driven solutions.  

• To examine the adaptability of models and evaluate their potential impact on road safety 

strategic management for reducing the incidence and severity of road traffic collisions. 

• To advance the field of road safety strategic management by providing robust empirical 

evidence and developing novel theoretical insights, with a particular emphasis on 

engineering perspectives. 

1.5 Methods and Innovations 

The research methodology employed in this study involves two phases of strategic 

management, of which they are data analysis and resource allocation, aimed at comprehensively 

investigating the problems of road traffic collisions and optimising safety management 

processes. Meanwhile, to achieve objectives listed above, a flow map is provided in Figure 

1.5.1. 
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Figure 1.5.1: Flow map of methodology 

Initially, the study employs an integrated approach utilising data mining methods, specifically 

association rule mining and K-means clustering (see Chapter 7), to conducts crash data analysis 

and reveal patterns and association related to fatalities at crash sites. The UK STATS 19 road 

traffic collision database (see Chapter 5) serves as the primary data source for prototype 

development, evaluating the performance of the proposed method in strategic data analysis. The 

significant innovation is to interpret the results from multiple perspectives and generate 

evidence-based strategies for reducing road traffic fatalities. This methodology not only 

contributes to methodological advancements by exploring infrequent patterns in databases 

rather than relying solely on frequent pattern searches but also validates its adaptability to 

address diverse objectives at various legislative levels through comprehensive exploration. 

Based on the findings of strategic data analysis, a data-driven methodology is proposed, 

employing multi-objective optimisation techniques. This approach integrates association rule 

mining with multi-objective optimisation method (see Chapter 10) to allocate funding based on 

insights from crash data, thereby reducing the reliance on expert intervention in selecting 

optimal solutions. The implementation of this methodology requires access to various 

databases, including crash data, road attributes data, and a recommended safer road investment 
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plan (SRIP) (see Chapter 5). To illustrate the effectiveness of the method, a case study of 

Utrecht is utilised, drawing crash data from the national road crash registration managed by 

SWOV, and road attributes data and SRIP data obtained from iRAP. The optimisation model 

demonstrates proficiency in exploring the Pareto front across diverse objectives within budget 

constraints. Notably, it underscores the practical utility of the model in real-world decision-

making contexts and offers empirical support for the efficiency of the non-dominant sorting 

genetic algorithm in identifying the Pareto front. 

1.6 Structure of Thesis 

The structure of this thesis encompasses 12 Chapters, each contributing to the comprehensive 

understanding and exploration of road safety strategic management.  

Chapter 1 initiates the introduction by outlining the problem of road traffic collisions and 

general background of strategic management, while identifying the research objectives, 

methodologies, innovations, and contributions to existing knowledge. 

In Chapter 2, a systematic literature review scrutinises existing methods for road safety strategic 

management, highlighting insights and identifying gaps in current literature and practices. 

Chapter 3 presents the overall methodology highlighting the importance of data and detailing 

the process of analysing historical collision data and discussing challenges encountered in 

strategic data analysis. Simultaneously, it explores the data-driven methodology utilising multi-

objective optimisation techniques for resource allocation. 

Chapter 4 examines the global challenges of road safety and highlights the crucial role of well-

designed, well-maintained road infrastructure in minimising accidents. It also reviews strategic 

initiatives such as the Road Safety Toolkit and Safer Road Safety Investment Plans (SRIP), 
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illustrating ongoing efforts to enhance the effectiveness of road safety management. 

In Chapter 5, the datasets considered for prototype development are introduced, providing an 

overview of various databases, their data collection methods, and applications. 

Chapter 6 provides an overview of road collision data analysis, building on previous research 

related to the application of data mining techniques. It establishes the theoretical framework for 

the proposed method and assesses various algorithms for association rule mining, aiming to 

identify the most effective approach for analysing road collision data. 

Methodological details are elaborated upon in the Chapter 7, describing the prototype 

development process, presenting results, and fostering comprehensive discussions on the result 

interpretation.  

Chapter 8 demonstrates the adaptability of integrating association rule mining and K-means 

clustering for road safety analysis across different governance levels through two scenarios: 

analysing crash data in London and on the strategic road network (SRN). 

Chapter 9 examines the impact of resource allocation on strategic road management, presenting 

an overview of the practical approaches adopted by various road authorities. It also reviews 

current optimisation methods used in strategy development and introduces the foundational 

theory of multi-objective optimisation, suggesting potential research directions for improving 

resource allocation through advanced optimisation techniques. 

Chapter 10 interprets methodologies step by step, aiming to develop a resource optimisation 

prototype through a case study in Utrecht. An evaluation is conducted to assess the efficiency 

and feasibility of the proposed methods. 
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Chapter 11 discusses the implications of the study for road safety strategic management, 

highlighting how its knowledge discovered align with international evidence on road fatalities. 

It evaluates the adaptability of the proposed methodology for data analysis and resource 

allocation, focusing on its application across both stages of strategic management. 

Finally, Chapter 12 concludes by summarising key findings and offering recommendations for 

future research and action within the realm of road safety strategic management. 

.   
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Chapter 2. Systematic Literature Review 

2.1 Background 

A road network plays an essential role in daily life, and its fundamental objective is to provide 

safe and accessible services to travellers. However, the number of deaths on roads reached 

approximately 1.3 million each year, which is unacceptably high. Notably, road traffic fatalities 

are ranked as the 12th leading cause of death across all age groups (World Health Organisation, 

2023). The occurrence of roadway crashes not only poses a tragic threat to the individuals 

directly involved but also emerges as a significant public health concern, given the ubiquitous 

use of this essential infrastructure daily. This pervasive concern extends beyond the immediate 

participants, affecting a broader spectrum of society and emphasising the imperative nature of 

addressing and mitigating the impacts of road safety on public health.  

In the initial stage of society development, road networks were conceptualised and constructed 

with the aim of establishing a connected societal framework conducive to the commuting and 

travel needs of individuals. This endeavour reflected a huge demand for the creation of a 

comfortable and convenient transport system. With the completion of road network 

construction in developed countries, the focus has shifted from creating new roads to the crucial 

realm of road management. Roadway crashes are inevitable in the complex transport 

environment, which result in a devastating toll on human lives, heavy burden on the economy 

and negative social impact. Consequently, the imperative to prioritise road safety emerges as 

an elemental consideration during both the initial design and subsequent operational phases of 

the road network. This underscores the essential need for employing diverse and strategic 

methods to address and enhance the safety of the overall road network. 
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In 2020, the United Nations General Assembly on Global Road Safety provided its 

endorsement, setting a strategic target to achieve a reduction of over 50% in road traffic 

fatalities and injuries by 2030 (World Health Organisation, 2022). This significant initiative has 

motivated researchers to study road safety strategic management, which involves the development 

and implementation of policies, programs, and plans to improve safety on the roads and decrease 

the occurrence of crashes and injuries. This can be engineering interventions, such as 

enhancements to road networks and data analysis for the identification and mitigation of high-risk 

roads. Additionally, measures ranging from educational initiatives to the enforcement of traffic laws 

are recognised as effective strategies for enhancing overall roadway safety. 

Numerous methods and tools are employed to assess road safety. Most of them aim to detect 

undesirable incidents, predict potential crashes, and identify hazardous locations at specific 

junctions or sections of road, which provides valuable and useful information for road 

administration (Elvik, 2010). However, the concept of management functions in terms of 

strategic, tactical, project and operation level decision making are not fully applied as is the 

case for general road network management. There is a need therefore to utilise explicitly the 

concepts of strategic management using appropriate tools and associated data. The practical 

implication of this shift from road segments to road networks involves a systematic and 

deliberate effort to integrate strategic considerations into the decision-making processes related 

to road safety. To learn from existing successful programmes with the view to design enhanced 

ones, a systematic literature review is carried out. This review seeks to assess and synthesise 

evidence pertaining to high-level road safety management methods. By doing so, it aims to 

provide valuable insights and guidance for researchers, practitioners, and policymakers 

involved in the enhancement of road safety at the strategic level. 
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2.2 Method 

The systematic review is a structured approach to answer a well-defined primary question with 

the aim of minimising bias and producing more reliable outcomes (Gough et al., 2017). It is a 

widely used secondary research method conducted by academia on various subjects to identify, 

scrutinise and synthesise all evidence pertinent to the primary question. The systematic review 

applies the guidelines outlined by Gough et al. (2017) to validate acquired data and underwent 

modifications based on the preferred reporting items for systematic reviews and meta-analyses 

(PRISMA). PRISMA, a reporting guideline crafted for enhanced reporting practices (Page et 

al., 2021), is employed to refine the review process. This combined approach ensures a 

comprehensive and standardised methodology in accordance with established guidelines, 

fostering a more robust and transparent presentation of the research findings.  

2.2.1 Definition 

A well-defined primary question is essential to systematic review, which defines what subject 

will be covered and what kinds of studies will be included. PICO process is utilised to formulate 

primary question as shown in Table 2.2.1. PICO question formulation lies in its role as a 

structured framework that guides the research process, from question development to evidence 

synthesis, ultimately contributing to evidence-based practice and informed decision-making 

(Counsell, 1997).  

This review addresses following question: 

•  What is the evidence supporting the different methods used for decision making in road 

safety management for strategic purposes? 

According to the review questions, the clarification of the research domain and its subsequent 
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targeted exploration require the provision of precise definitions for the terminology employed, 

as elaborated in Table 2.2.2. This strategic inclusion of definitions aims to ensure conceptual 

clarity, facilitating a comprehensive and focused examination of the specified subject matter. 

Table 2.2.1: Description of PICO 

PICO  Description 

Problems  

Road safety problems include but not restrict different types of crash 

involving different road users and stakeholders, which have a 

detrimental impact on public and economic health. 

Interventions  

Different methods including models and tools etc., are used to 

improve the safety of road network for decision makers which reduce 

the number of deaths and mitigate the severity of accident. 

Control  

Strategic road safety management is a high-level control of road 

network, particularly focusing on the highway, and develops a 

strategy to improve the high-level safety not addressing problems of a 

specific section.  

Outcome 

All kinds of evidence including academic publications and technical 

reports gathered to support the road safety strategic management are 

compiled into a paper to provide a better understanding to whom are 

interested and develop an innovative method based on the gap from 

main findings. 

Table 2.2.2: Definitions of terminologies  

Terminology Definition 

Methods 

Any topics related to existing research results or practice 

are all considered. The methods are not limited to tools, 

systems and computer software but also include models 

and AI. 

Strategic management 

Strategic management is a high-level process involving 

identifying objectives, analysing data in depth, allocating 

resources, forming strategies and evaluating 

implementation (Saloner et al., 2005). 
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2.2.2 Search strategy 

Constructing an effective search strategy is a critical component of a systematic review, 

ensuring the comprehensive identification of relevant studies. The search strategy involves 

several key steps: 

(a) Selection of Information Sources: Twenty-six bibliographic databases and twenty-four 

organisational websites (listed in Table 2.2.3) are selected to ensure a wide-ranging 

search of existing literature on road safety strategic management. 

(b) Identification of Search Terms: A comprehensive set of search terms (shown in Table 

2.2.4) is identified to broaden the scope of search results. These terms are developed 

based on the review question and definitions of key terminologies, ensuring an unbiased 

search for evidence. 

(c) Application of Boolean Operators: Boolean operators (AND, OR NOT) are used to 

refine the search strategy. These operators are fundamental to expanding or narrowing 

search parameters based on the volume of data needed, thus optimising the search 

process (Higgins, 2011). 

The initial search results are imported into EPPI-Reviewer, where duplicates are automatically 

removed. The remaining studies are then screened in two stages: 

(d) Title and Abstract Screening: Studies are initially screened based on their titles and 

abstracts to determine their relevance to the review question. Studies that do not meet 

the inclusion criteria were excluded at this stage. 

(e) Full-Text Screening: The full texts of potentially relevant studies are retrieved and 
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assessed against the inclusion criteria. Studies that meet all criteria are included in the 

final review for quality assessment. 

Table 2.2.3: Information sources 

Database Organisation websites 

ACM Digital Library Africa Development Bank 

Abstracts in New Technology & 

Engineering 
Austroads 

ASTM Digital Library Asian Development Bank 

Cambridge Core Association of National Road Agencies 

Compendex (Engineering Village) Asian Infrastructure Investment Bank 

CORE-COnnecting REpositories 
Chartered Institution of Highways and 

Transportation 

CIS-Construction Information Service Development Bank of Japan Inc. 

ASCE Department of Transport 

CSA -Cambridge Scientific Abstracts 
European Bank for Reconstruction and 

Development 

DOAJ-Directory Open Access Journals European Union 

EBSCO Federal Highway Administration  

Elsevier Science Direct 
gTKP-global Transport Knowledge 

Partnership/Practice 

Engineering Handbooks Online Global Road Safety Facility (GRSF) 

Geobase (Engineering Village) Institution of Civil Engineers, UK 

ICE Virtual Library 
iRAP-International Road Assessment 

Programme 

IEEE Xplore IRF-International Road Federation 

Inspec (Engineering Village) 
REAAA-Road Engineering Association of 

Asia and Australasia 

Knovel Roads Liaison Group 

Oxford University Press Journals 
The Organisation for Economic Co-

operation and Development 
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PubMed Transport Research Laboratory Ltd 

Royal Society Journals Transport Research Board 

SAGE Journals Online United Nations 

SciCentral 
United Nations Economic Commission for 

Europe 

SpringerLink World Bank 

ProQuest Databases World Health Organisation 

Taylor & Francis online PIARC-World Road Association 

Web of Science  

Wiley online library  

The search strategy is designed to cover various dimensions of road safety and related 

methodologies. EPPI-Reviewer, a web-based tool suitable for all types of reviews, is employed 

to facilitate this study. This tool is used for gathering references, removing duplicates, screening 

studies, coding data, and extracting relevant information based on the inclusion criteria 

(Thomas et al., 2010).  

Table 2.2.4: Search term 

2.2.3 Eligibility criteria  

A set of inclusion criteria are defined regarding the evidence being sought. All studies will be 

screened out for relevance based on the criteria given below. These criteria are categorised 

according to the primary question as defined above. 

Problems Interventions Control  Outcome  

Road safety  Methods Strategic management Research 

Accident  Models 
High-level 

management 
Projects 

Crash 
Tools and 

equipment 
Highway/motorway Manuals 

Road deaths  
Computer 

technology 
Road network Reports 
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• Countries: studies from any countries will be included without geographical restriction. 

• Road safety: focusing on the safety on highway/motorway. 

• Language: all considered studies are likely to be carried out in English. 

• Year: studies after 2000 are considered. 

Inclusion criteria extend to encompass tools, models, equipment, and methods utilised for the 

optimisation of both performance and safety within the road network. Additionally, the review 

considers research endeavours exploring the correlation between crash data and road 

infrastructure, thereby facilitating informed decision-making by managerial personnel for the 

enhancement of road safety. 

2.2.4 Weight of evidence 

A weight of evidence framework is a process of assessing the quality of studies (i.e. evidence) 

and the extent of their relevance. Even though a study has met all the inclusion criteria, it may 

not meet the relevance and quality requirements for a review.  

In general, the assessment is developed based on three criteria: 1) robustness and quality of 

execution of the study, 2) appropriateness of the research design, and 3) relevance to answer 

the question. The framework used for quality assessment of the evidence gathered is given in 

Table 2.2.5 (Gough, 2007). A study achieving high ratings in at least two criteria was included 

in the synthesis of the review. 
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Table 2.2.5: Weight of evidence (WoE) 

2.2.5 Data synthesis 

The systematic review conducts data synthesis through a narrative approach, enabling a 

descriptive analysis of the various methods employed in road safety strategic management. This 

process involves understanding of existing research and scholarly literature to identify how 

these methods were practically implemented in strategy development to achieve road safety 

goals. By systematically collating and analysing relevant evidence, researchers will gain 

valuable insights into the strengths and limitations of existing methodologies, as well as 

identifying areas where specialised knowledge is lacking.  

This process empowers researchers to pave the way for future research initiatives that can lead 

to more effective road safety strategies and interventions. The complete search process is 

illustrated in Figure 2.2.1. 

Robustness and 

quality of 

execution 

H 

The study is transparent and clearly clarifying the purpose. 

The data analysis and results are accurate and detailed. 

The overall interpretation is understandable and explicit. 

M 

The study is acceptably clarifying the purpose. The data 

analysis and results are satisfactory. The overall 

interpretation is not easy to understand. 

Appropriateness 

of research design 

H 

It covers the whole or partial network of roads or 

motorways, and it aims at reducing deaths and severity 

mitigation to improve overall road safety 

M 
It covers other types of roads or road sections, and 

methods are applied to road safety improvement. 

Relevance to 

answer the 

question 

H 
It develops a strategic plan or provides a data-based 

method to support management staff in decision making. 

M 
It focuses on the efficiency of tools or methods but does 

not concern the practice at high level. 
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Figure 2.2.1: Searching process  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Records identified from*: 
28 Databases  
3 Search engine  
26 Organization websites 

General search of over 15000 
articles 

Records removed before 
screening: 

Duplicate records removed  
(n = 176) 
 

Records screened 
(n = 750) 

Records excluded** 
(n = 472) 

Reports sought for retrieval 
(n = 234) 

Reports not retrieved 
(n = 44) 

Reports assessed for eligibility 
(n = 47) 

Reports excluded: 
Robustness and quality of 
execution (Nmedium= 8) 
Appropriateness of research 
design (Nmedium=12) 
Relevance to answer the 
question (Nmedium=18) 
 
 

Studies included in review 
(n = 25) 
Reports of included studies 
(n = 4) 
academia suggested studies 
(n=1) 

Identification of studies via databases, search engine and website 

Id
e

n
ti

fi
c
a

ti
o

n
 

S
c

re
e

n
in

g
 

 
In

c
lu

d
e
d

 



 

23 

2.3 Research Findings 

According to the 30 articles identified shown in Table 2.3.1, there are different methods 

developed for strategic road safety purposes, with several of them having practical applications. 

These methods include data mining, statistical analysis, multi-criteria models, data 

envelopment analysis (DEA), and optimisation techniques. Most of methods were implemented 

for crash data analysis and resource allocation for strategy development. This section 

demonstrates how these various methods can be employed to achieve proficient strategic road 

safety management, ultimately leading to the reduction of road traffic collisions. 

Table 2.3.1: Summary of 30 reference identified 

Data mining 

Jain et al. (2016), Castro & Kim (2016), Maji et al. (2018), 

Saranyadevi et al. (2019), El Mazouri et al. (2019), Dia et 

al. (2021), Momeni Kho et al. (2021), El Abdallaoui et al. 

(2019). 

Statistical analysis 
Ng et al. (2002), Karacasu et al. (2014), Asare & Mensah 

(2020). 

Multi-criteria analysis J. Yu & Liu (2012), Odoki et al. (2015). 

Data envelopment analysis 
Shen et al. (2012), Fancello et al. (2020), Dadashi & 

Mirbaha (2019). 

Optimisation 
Chassiakos et al. (2005), Saha & Ksaibati (2016), 

Byaruhanga & Evdorides (2022). 

Others Y. Han et al. (2011), Hogg & Mathie (2011), Park & 
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Young (2012), Coll et al. (2013), Hasan et al. (2021) 

Practice 

Herbel et al. (2010), Federal Highway Administration 

(2010), Gross et al. (2021), International Road Assessment 

Programme (2023), Waka Kotahi NZ Transport Agency 

(2022), Waka Kotahi NZ Transport Agency (2021b)  

2.3.1 Data mining 

Data mining is a technique to cope with the occurrence of big data in order to uncover various 

patterns and discover internal relationships among data items in order to extract knowledge 

(Azzalini & Scarpa, 2012; Tan et al., 2006). By analysing historical crash data, these methods 

(summarised in Table 2.3.2) assisted in identifying high-risk areas, contributing factors, and 

potential countermeasures.  

Jain et al. (2016) investigated the data from all the union territories and states of India, analysed 

58 attributes of crash to identify the crash-prone reas through K-means clustering. They 

discovered the crashes contributors in various states of India using decision trees which 

provided insightful assistance in outlining their potential relationships. In another study, Castro 

and Kim (2016) employed three data mining classifications – Bayesian network, decision trees 

and artificial neural networks – to figure out the underlying elements influencing the severity 

of a vehicle crash and predict crash severity in the UK. The study focused on the relevant 

nominal attributes sourced from STATS 19 between 2010 and 2012 and took advantage of the 

Waikato Environment for Knowledge Analysis (WEKA) to apply the data mining process. Maji 

et al. (2018) adopted a different approach to develop strategies by comparing various regions 

to benchmark regions. They used hierarchical clustering analysis based on fatal crash 

percentage of causation factors to group different regions. Three distinct criteria were 
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investigated as follows: road crash causation factors related average fatal crash, average 

severity index and average severity index growth rate. By comparing the results with predefined 

threshold values established by experts, safety improvement strategies for regions with poor 

performance could be derived, drawing insights from regions with outstanding performance. 

Furthermore, association rule mining (ARM), a data mining technique to extract knowledge in 

the form of rules, was applied to Indian crash database (Saranyadevi et al., 2019). To enhance 

the rule extraction process, they integrated ARM with fuzzy theory and context-free grammar, 

formulating a recommendation system that aids road administrators in comprehending rules 

derived from vast amounts of data attributes. In a case study conducted in France, El Mazouri 

et al. (2019) utilised ARM with multi-criteria aggregation ELECTRE II method to rank 

different rules from the best to the worst. Crash data collected from the Accident Analysis 

Bulletin Corporal (BAAC) in 2016 were used in this study. This work examined and addressed 

national level issues and found a solution to screen out redundant and unnecessary rules.  

The ARM with K-modes was developed in the study of Dia et al. (2021) to achieve a strategic 

level of road safety. They classified crash cases based on recorded variables and extract implicit 

characteristics’ rules for each group so that preventative policies and measures could be 

developed. Momeni Kho et al. (2021) investigated three years of collision data from eight states 

in the US (vehicle collisions only) between 2007 and 2009. They created and evaluated the 

prediction of risk map from three different methods: support vector machine (SVM), artificial 

neural network (ANN) and random forest (RF). The results showed that RF had a high degree 

of similarity to the actual risk map. The ARM method was then applied to extract significant 

and accurate decision rules based on the dataset predicted by the RF model. These studies 

collectively demonstrate the feasibility of utilising association rule mining by road agencies to 
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define effective road safety strategies and policies. 

Table 2.3.2: Summary of data mining 

Data analysis 

Input Procedure Output Reference 

Crash 

database 

K-means; Decision 

Tree 

Accident-prone areas  

Dominant factors of accidents 

Jain et al. 

(2016) 

Bayesian Network; 

Decision Tree; ANN 

Prediction of accident severity  

Influential factors of severity 

Castro & Kim 

(2016) 

Hierarchical Clustering 
Identification of benchmark States 

and union territories 

Maji et al. 

(2018) 

Association Rule with 

fuzzy theory  

Rules related to accident attributes  

Comparison of attributes 

Saranyadevi et 

al. (2019) 

Association Rule; 

Multi-criteria 

aggregation 

(ELECTRE II) 

Rules linking conditions and 

victims of crash  

Ranking of rules by importance 

El Mazouri et 

al. (2019)  

K-modes; Association 

Rule 

Clusters of various situations 

Rules for policy development 

Dia et al. 

(2021) 

ANN, SVM, RF; 

Association Rule 

Prediction of accident severity  

Extraction of rules by importance 

Momeni Kho 

et al. (2021) 

Crash 

database, 

crowdsour

cing data  

PCA, K-means; 

Association Rule 

Rules for strategy development 

Information for report 

El Abdallaoui 

et al. (2019) 

Due to the large amount of data being investigated into different aspects of road safety 

management, which makes data analysis complicated and nearly impossible. El Abdallaoui et 

al. (2019) were inspired to propose a system for big data gathering and analysis. The scope of 

databases extended beyond police reports to encompass information sourced from 

crowdsourcing data concerning the individuals involved in accidents. To streamline the data, a 
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process of data cleaning and pre-processing was conducted using principal component analysis 

(PCA). Subsequently, K-means clustering was utilised to classify accidents according to 

records, while association rule mining was employed to identify the most valuable and common 

attributes within each cluster. The overall process could provide preventative strategies and 

statistic and prediction reports for road safety administration.  

2.3.2 Statistical methods 

Statistical analysis is an alternative approach to interpret and describe data to explore hidden 

patterns and trends (Ott & Longnecker, 2010; Peck et al., 2020), which are crucial in 

understanding the relationships between various factors influencing road safety. They aid in 

identifying risk factors and guiding decision-making processes where three studies are screened 

out and summarised in Table 2.3.3. 

Ng et al. (2002) established an accident risk assessment algorithm to estimate crash events and 

determined the factors that have the greatest impact on crashes for high-risk zone identification. 

They used the SPSS (statistical software) to conduct clustering analysis on crash data. In order 

to explain and estimate crashes occurrence resulting from the probable contributing factors, 

negative binomial (NB) regression models were developed, and the coefficients of the NB 

models were obtained using the maximum likelihood estimation method. Based on the observed 

crash data and contributory factors, the risks of zones could be assessed through empirical 

Bayes (EB). 

There were two other studies focusing on applying regression models to crash severity analysis, 

which had policy and practical implications for road administrators in the long run. Karacasu 

et al. (2014) studied injured and non-injured types of crashes and investigated their contributing 

factors by using logistic regression. Discriminant analysis was developed to classify the crash 
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types and determine the prominent factors. Asare and Mensah (2020) also presented an ordinal 

logistic regression to study the factors which affect the severity of crashes. 

Table 2.3.3: Summary of statistical method 

Data analysis 

Input Procedure Output Reference 

Crash 

database 

Clustering analysis; NB; 

regression models; EB 

Factors on accidents 

High-risk zones 

Ng et al. 

(2002) 

Logistic regression; 

Discriminant analysis 

Significance of variables 

Function for classification of 

accident type 

Karacasu et al. 

(2014) 

Crash 

database 
Ordinal logistic regression Significant predictors 

Asare & 

Mensah (2020) 

2.3.3 Multi-criteria analysis methods 

Multi-criteria analysis (MCA) is an approach to evaluate results, assess performance, estimate 

impacts, and balance trade-offs so that many alternatives may be identified and compared with 

the criteria of preference (Converse, 2020; Triantaphyllou & Triantaphyllou, 2000). Two 

studies are identified and summarised in Table 2.3.4. 

Table 2.3.4: Summary of multi-criteria analysis methods 

Resource allocation 

Input Procedure Output Reference 

Indicators  Fuzzy-AHP Model 
Determination of weights and 

ranking score 

J. Yu & Liu 

(2012) 

Performance 

index 

HDM-4; Utility-cost 

ratio; NPV-cost ratio 
Ranking of projects 

Odoki et al. 

(2015) 

(Yu & Liu, 2012) proposed a multi-criteria model for project prioritisation in highway safety 

enhancement based on a novel analytical hierarchy process with fuzzy logic, which takes into 

account a number of indicators, concerning technical, economic and social criteria and weighs 
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them properly for decision making. Fuzzy scaling was developed by employing two fuzzy 

functions to classify indicators into two types: ‘‘the-lower-the-better’’ and ‘‘the-higher-the-

better’’ based on the characteristics of each indicator. Comparison matrix was constructed by 

using standard deviation to determine the relative importance of pair-wise indicators. Through 

a non-linear optimisation method to obtain the weights of criteria, the final ranking of each 

candidate project can be synthesised.  

Odoki et al. (2015) also considered the economic, environmental, and social impacts of various 

investment alternatives. The utility/cost ratio technique was employed in this research in order 

to propose an MCA methodology to enable road agencies to prioritise and optimise road 

network investments under different budgets. This method expanded the application of high-

level resource allocation and programming to the network level. 

2.3.4 Data envelopment analysis (DEA) 

DEA is a method for identifying the performance of decision-making units (DMUs). DEA has 

found application in road safety management to assess the performance of different regions or 

jurisdictions (summarised in Table 2.3.5). By comparing inputs and outputs, it helps identify 

best practices and areas requiring improvement (Cooper et al., 2011; Ramanathan, 2003). With 

the growing number of indicators being created, a composite road safety index is developed for 

evaluation.  

Shen et al. (2012) developed a DEA-based road safety model (DEA-RS) which aimed at 

minimising output levels given input levels. They defined input as indicators of exposure: the 

population size, the number of registered vehicles, distance travelled, and output as the number 

of road fatalities to assess the overall risk situation in terms of road safety. Road safety 

performance of 27 European Union (EU) countries was ranked by the efficiency scores, and it 
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enabled to identify the benchmark for improving the operations of those underperforming 

countries. 

Table 2.3.5: Summary of data envelopment analysis 

Data analysis 

Input Procedure Output Reference 

Indicators of 

exposure 
DEA-RS Risk ranking of countries 

Shen et al. 

(2012) 

Average annual 

daily traffic 

(AADT), conflict 

points, social cost 

DEA  

Score of road sections and 

urgent improvement need 

ranking of sections  

Fancello et al. 

(2020) 

Resource allocation 

Cost and crash 

frequency 

DEA with 

Monte Carlo 

simulation 

Ranking of projects 

Dadashi & 

Mirbaha 

(2019) 

Fancello et al. (2020) proposed a DEA-based decision support method to identify which roads 

most urgently needed safety improvements. The average number of conflict points at junctions 

and traffic flow were taken into account as inputs in this model, which used the social cost of 

crashes as its only output indicator. Two different DEA models constant returns to scale based 

and variable returns to scale based were carried out to validate the rankings of road sections 

that needed improvements immediately. 

Dadashi and Mirbaha (2019) presented a ranking approach that combined DEA with Monte 

Carlo simulation to consider uncertainty to prioritise road safety improvement projects. Instead 

of running a DEA model only, a Monte Carlo simulation was used to provide stochastic values 

as the inputs and outputs and two ranking indicators were established based on the efficiency 

scores of each DMU. 
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2.3.5 Optimisation methods 

Optimisation methods are used to identify solutions that maximise or minimise a certain 

objective function, which play a vital role in strategic road safety purposes (Adby, 2013; Ciarlet 

et al., 1989; McKeown et al., 2022). They assist in determining the optimal distribution of 

resources to maximise safety outcomes within budgetary constraints. Three studies are outlined 

in Table 2.3.6. 

Regarding resource allocation, Chassiakos et al. (2005) proposed a computerised system to 

provide road agencies with valuable suggestions based on crashes data characteristics for setting 

improvement priorities and likely countermeasures. A priority list was developed by index of 

accident and fatality rates as well as repetitive occurrence of a particular accident type. A 

weighted-objective linear optimisation was employed to assist decision makers in justifying 

safety improvement alternatives. 

Table 2.3.6: Summary of optimisation methods 

Resource allocation 

Input Procedure Output Reference 

Performance 

index 

Weighted-objective 

Linear Optimisation 

Maintenance priority 

list 

Chassiakos et 

al. (2005) 

Countermeasures, 

cost and CRF 
Linear Programming 

Best combination of 

safety improvements 

Saha & Ksaibati 

(2016) 

Countermeasures, 

cost and benefits 

Mixed Integer Linear 

Optimisation 

Prioritisation of safety 

improvements 

Byaruhanga & 

Evdorides 

(2022) 

Saha and Ksaibati (2016) developed a traffic safety management system (TSMS) that sought 

the ideal combination of safety enhancement initiatives that would reduce crashes and benefit 

society. In order to minimise the overall predicted crash, particularly fatal-and-injured crash, 
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on the segments with high traffic volume, linear optimisation was used to determine the best 

combination of safety improvement projects based on the cost and crash reduction factor (CRF) 

of each countermeasure. 

Byaruhanga & Evdorides (2022) applied mixed integer linear optimisation to determine the 

most reasonable expenditure between capital and maintenance works. It enabled to maximise 

the economic benefits created from the number of all crashes saved including property damage 

only (PDO) crashes under a constrained budget. They considered the effectiveness of 

countermeasure alternatives over their life span together with budget constraints to achieve 

high-level safety plan development. 

2.3.6 Other methods 

Building on the commonly used approaches discussed earlier, Table 2.3.7 highlights additional 

methods that contribute to road safety evaluation. These methods incorporate a range of 

techniques and tools designed to assess road safety performance, analyse risk factors, and 

optimise resource allocation. 

Han et al. (2011) established a high-level index system and developed a road safety assessment 

method for regional road safety. They employed six representative indicators: fatality per 10 

thousand vehicles (U1), traffic fatality (U2), fatality per 100 thousand population (U3), fatality 

per million passenger transport (U4), accident rate per hundred kilometres (U5), accident rate 

per million tons freight transport (U6). These indicators were merged into a comprehensive 

road safety index using a combination of analytic hierarchy process (AHP) and fuzzy logic 

theory.   
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Table 2.3.7: Summary of other methods  

Data analysis 

Input Procedure Output Reference 

Evaluation index AHP Fuzzy theory 

Weight of each 

evaluation index 

Road safety index 

Y. Han et al. 

(2011) 

Crash database, 

Vehicle miles 

Working hours 

Safety Risk Model 

Standard report of 

various dimensions 

Risk analysis 

Hogg & Mathie 

(2011) 

Crash database 
Overdispersion test; 

Beta-binomial test 

Ranking of each 

jurisdiction 

Park & Young 

(2012) 

Crash database, 

indicators 

Non-linear aggregation 

method 

Composite road safety 

index 

Identification and 

ranking of policing 

areas 

Coll et al. 

(2013) 

Resource allocation 

Raw crash data, 

project limits, cost 

and treatment 

Phase 1: treatment 

algorithm 

Phase 2: sorting, 

identification and 

ranking algorithms 

Calculation of safety 

improvement index 

List of projects 

recommended to 

improve 

Hasan et al. 

(2021) 

Hogg and Mathie (2011) developed a comprehensive safety risk model to enhance road safety 

decision-making processes. Their model integrated three distinct types of data analysis: 

standard and bespoke outputs, bow-tie modelling, and what-if analysis to facilitate 

segmentation and factor scaling. Standard and bespoke outputs provided a foundation of 

reliable data tailored to specific needs, while bow-tie modelling visually represents potential 

accident scenarios and their preventive measures. The what-if analysis further aided in 

evaluating hypothetical situations, enhancing the robustness of risk calculations. This approach 
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not only enabled precise risk calculations but also offered deep insights into various risk factors, 

ultimately aiding in informed decision-making for road safety. 

A supplementary tool called the beta-binomial test was applied to prioritisation of critical areas. 

Park and Young (2012) demonstrated the practical application of the beta-binomial test in their 

study, where they used it to rank various jurisdictions based on their safety performance. Their 

work illustrated how this tool could be instrumental in developing strategic highway safety 

plans.  

Coll et al. (2013) introduced a novel non-linear aggregation method for evaluating road safety, 

which culminated in the creation of a composite safety performance index. This index 

aggregated multiple safety performance indicators into a single measure, allowing for a 

comprehensive evaluation of road safety across different policing areas. The non-linear nature 

of this method ensured that the index could capture complex interactions between various 

factors affecting road safety. By using this composite index, authorities could more effectively 

identify and rank policing areas. 

In terms of resource allocation, Hasan et al. (2021) proposed a computational toolkit including 

sorting, identification, treatment, ranking algorithms to parse crash database. It enabled to 

identify crash hotspots, suggest proper remedies, and estimate potential safety benefits. They 

used safety improvement indices (SII), a benefit-cost ratio, to compare project safety benefits 

to implementation costs. 

2.4 Road Safety Strategic Management in Practice 

In addition to academic research findings, there are five works created by road-related 

organisations for the better understanding of the current situation of road safety network 



 

35 

management. 

Herbel et al. (2010) developed a technical report to describe the Highway Safety Improvement 

Program (HSIP) and provided a roadway safety management process and strategic approach to 

improving highway safety under the support of the Federal Highway Administration (FHWA). 

It is applicable to the United States of America. The authors introduced benefit-cost analysis 

for countermeasure prioritisation by converting benefits to a monetary value. They advocated 

the adoption of the net present value (NPV) technique as well as the benefit-cost ratio (BCR) 

to assess the efficiency, effectiveness, and feasibility of potential countermeasures. According 

to the report, project prioritisation can be established by using ranking, incremental benefit-cost 

analysis and optimisation methods.  

Subsequently, in 2021, the FHWA produced a comprehensive guide titled "Selecting Projects 

and Strategies to Maximise Highway Safety Improvement Program Performance" (Gross et al., 

2021) to explain in detail how to conduct BCR method in USA. It represented an in-depth 

examination of the BCR in relation to fatal and severe-injury accidents exclusively, with the 

aim of methodically optimising the safety impact of countermeasures in terms of mitigating 

loss of life and severe injuries. It introduced a countermeasure score to represents how much it 

costs to generate 1% of those potential benefits. Moreover, the guide clarified the limitation and 

advantages of diverse approaches—ranging from site-specific and systemic to systematic—in 

order to assist road safety personnel in selecting the most fitting approach for devising optimal 

strategies.  

Apart from the HSIP, the FHWA established a guidance for Strategic Highway Safety Plans 

(SHSP) and created an implementation process model (Federal Highway Administration, 

2010). It was also a data-driven process, and the integration of all types of data was regarded 
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as the fundamental element serving the identification of emphasis areas, crash types and 

strategy development. Performance management, strategic goals and objectives and emphasis 

areas were critical components of the SHSP process. It considered all aspects of road safety, 

including engineering, management, operation, education, enforcement, and emergency service 

elements, by coordinating different road-related plans from the corresponding agencies, as 

illustrated in Figure 2.4.1. It assisted state entities in identifying and prioritising their most 

urgent road safety needs and developing a programme or strategy that had the best chance of 

preventing fatalities and serious injuries. 

Figure 2.4.1: Coordinated transportation safety planning (Federal Highway Administration, 

2010) 

International Road Assessment Programme (iRAP) aims at mitigating the risk of road around 

the world, which is a world standard road safety amassment organisation. The programme 

introduced two methods, risk maps and star rating maps, which enabled road safety agencies to 

develop investment strategies based on ranking risk level of road and identify high-potential 

risk area based on crash related data. Jane et al. (2011) verified the feasibility and suitability of 

the RAP in Manitoba, Canada. They obtained the international jurisdictional survey regarding 
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the application of RAP and discussed different aspects of RAP implementation in terms of the 

effectiveness, strengths, weaknesses and so on. Risk mapping methodology is the process of 

determining the time period of data, road classification, road segmentation and risk level 

development, and star rating mapping is used to realise overall risk ranking. In addition to 

Canada, United Kingdom started the programme in 2020 where an enhanced visualisation of 

risk mapping in London, is shown in Figure 2.4.2. 

Figure 2.4.2: London Risk mapping visualisation (Road Safety Foundation, 2024) 

In addition, iRAP star rating and investment plan was updated by iRAP in 2023 and ViDA web 

software was developed for safety analyses (International Road Assessment Programme, 2023). 

A list of safety countermeasures that can improve star ratings and lower the level of risk was 

called a Safer Roads Investment Plan. It was a crash-based model to appraise safety 

countermeasure according to benefit cost ratio. More than 90 road treatment options were 

considered to produce feasible and economically sound investments, which was designed to 

provide a network-level assessment of risk and cost-effective countermeasures. 
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The New Zealand Transport Agency introduced a novel One Network Framework, which 

integrated the movement function, coordinating diverse transportation modes, and the place 

function, aimed at improving accessibility and travel efficiency in specific geographic areas. 

This framework served as a comprehensive approach to facilitate strategic and well-informed 

decision-making (Waka Kotahi NZ Transport Agency, 2022). Furthermore, in the 2021-24 

National Land Transport Programme, the agency utilised three investment criteria—

government policy statement (GPS) on land transport alignment, scheduling, and efficiency—

to prioritise proposed activities. It was an interesting and decisive transport funding allocation 

framework aligning with strategic objectives. In terms of its alignment with GPS priorities, it 

assessed how proposed activities correlated with strategic goals and underscores their potential 

contributions towards achieving these goals. The national land transport programme (Waka 

Kotahi NZ Transport Agency, 2021b) outlined four strategic priorities—safety, enhanced travel 

options, improved freight connectivity, and addressing climate change. Additionally, 

scheduling within this framework denoted the importance and interconnectedness of proposed 

activities within a program or package. Efficiency indicated anticipated returns on investment, 

considering comprehensive cost-benefit analyses, with the benefit-cost ratio (BCR) serving as 

a key metric for evaluation. The prioritisation process involved the application of a matrix to 

rate the three factors explained above to determine the order of precedence for these activities 

and all details of rating criteria within three factors were elaborated by Waka Kotahi New 

Zealand (NZ) Transport Agency.  

2.5 Discussion 

The main findings of the review describe various methods used for strategy development, 

categorizable into two groupings. One is data analysis considering different sources of data 
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based on a big data background, and the other is allocation of resources, involving tasks such 

as project ranking, prioritisation, and investment combinations. 

2.5.1 Interpretation and knowledge gaps 

Concerning the practical applications of methods in various countries aimed at enhancing 

strategic road safety, this review identifies a few articles that employed data mining, statistical 

techniques, and risk modelling to analyse crash-related data. These methods aim to uncover 

hidden patterns of fatalities, injuries, crash occurrence to develop strategies for improving 

overall safety of road network. 

Data mining has been widely applied to predict the severity of crashes, explore the influential 

factors of severity, and investigate the contributory factors of crash occurrence. However, the 

prediction model developed by Castro and Kim (2016) only considered road-related attributes 

to forecast severity, of which evidence was insufficient for strategic purposes, given the 

recognised relationship between crash severity, drivers, vehicles, and the environment. Jain et 

al. (2016) managed to classify different levels of crash-prone states and find their dominant 

crashes contributors.  

Nevertheless, from a strategic perspective, there exists a gap in comprehending the different 

safety performance of these states under analogous jurisdictional contexts, where Maji et al. 

(2018) offered an intriguing approach suggesting that an effective safety strategy and policy 

could be developed by exploring strategies of those benchmarking countries and validating 

these well-performance strategies in the context of one's own safety situation. 

Among the data mining methodologies, association rule mining (ARM) (Agrawal et al., 1993), 

an unsupervised technique, stands out by creating comprehensive rules based on data 
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characteristics to bolster strategy development. The basic definition and principles of ARM is 

illustrated in Figure 2.5.1. It looks at data from a grocery store and identifies that if customers 

buy item A (like ketchup), they are likely to also buy item B (like chips). It used to discover 

"if-then" rules based on customer behaviour. For instance, in purple rule, if people buy cheese, 

lettuce, ketchup and beef together, then they are likely to buy bread. 

Figure 2.5.1: Illustration of ARM 

In road safety, the efficacy of ARM has been validated by Saranyadevi et al. (2019) and El 

Mazouri et al. (2019), yet a more exhaustive comprehension of the rules, avoiding biases 

induced by minimal support and confidence thresholds, remains a subject warranting further 

investigation. It holds significance that infrequent occurrences in crash databases, such as fatal 

incidents, which are a main concern for road administrators Moreover, obtaining a 

comprehensive knowledge of a multitude of rules becomes imperative within the road safety 

context, where integrating a clustering model into the analysis of rules could provide a 

systematically classified framework, enhancing comprehensive understanding of roadway 

crashes and enabling a more thorough grasp of their reality. 

From a strategic management standpoint, the application of ARM could be extended to extract 
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rules pertinent to fatal crashes, road class and regional areas for diverse strategic purposes. This 

potential research direction will enable authorities to formulate relevant policies and strategies 

by thoroughly comprehending the rules related to fatal crashes, road class and regions. This 

adaptability caters to the varying administrative requisites across different levels.  

In terms of resource allocation, various techniques such as multiple criteria analysis (MCA), 

data envelopment analysis (DEA), and optimisation methods have been employed to prioritise 

safety enhancement projects. Yu and Liu (2012) and Odoki et al. (2015) utilised MCA, whereas 

Gross et al. (2021) and Herbel et al. (2010) employed benefit-cost ratio (BCR) to convert 

unaccountable benefits into monetary value, considering different impacts on projects. It is 

important to note that while BCR proves inadequate for comparing projects across multiple 

sites and identifying optimal project combinations, multi-criteria method Odoki et al. (2015) 

and optimisation approach (Byaruhanga & Evdorides, 2022; Saha & Ksaibati, 2016) were 

capable of accommodating project combinations. The differences between MCA and 

optimisation are their focus and their outputs. Multi-Criteria Analysis (MCA) evaluates 

alternatives by considering multiple criteria, each assigned a specific weight, to rank or identify 

the most preferred option. In contrast, optimisation focuses on determining the optimal 

solutions for a defined objective function while adhering to given constraints.  

There are only three articles used linear optimisation method to achieve resource allocation. To 

establish the accuracy and efficacy of the optimisation method, there arises a necessity to 

formulate alternative optimisation methods that facilitate the pursuit of the most optimal 

solutions and enable result comparison for multiple objectives. 

Concerning the methodologies presently employed within the road safety sector, all of them 

were considering data analysis on a road-segment level, and resources allocation was being 
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based on benefit and cost analyses of individual countermeasures. Notably, while the US 

published a strategic highway safety plan (SHSP) with an implementation process model 

(Federal Highway Administration, 2010), it relied on the safety performance function 

(AASHTO, 2010) and highway safety improvement program (Herbel et al., 2010) for plan 

implementations. An intriguing and innovative approach was exemplified by iRAP, which 

initiated with segmentation analysis and culminates in a comprehensive risk map and a ranking 

of road networks. It developed a software named ViDA to provide a valuable countermeasures 

database for professionals engaged in road safety strategic management, aiding them in 

identifying the most cost-effective road safety upgrades.  

While Waka Kotahi NZ Transport Agency (2021) formulated a comprehensive strategic 

management framework for the transportation system to align with governmental policies, there 

remains a need to explore methodologies that can assist decision-makers in the automatic 

development of user-defined investment plans for local authorities within budgetary 

constraints, utilising diverse datasets such as crash data and road inventory data etc. Data-driven 

methods for road safety strategy development will provide a set of recommendations for road 

agencies to reduce human efforts and subjectivity. It is essential to develop a practical procedure 

or programme for high-level road safety management from data, thus there is a gap of using 

data mining methods to conduct strategic data analysis to enable a systematic and automated 

resource allocation approach that caters to the diverse objectives of a strategy. 

2.5.2  Limitations of review process 

However, there are limitations to every systematic review. Resource constraints may have 

limited the authors' ability to access a complete set of relevant articles, potentially influencing 

the overall scope of the synthesis. As mentioned in Figure 2.2.1, in this review there are 44 
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articles to which the authors have no access due to license constraint. In addition, the subjective 

nature of the synthesis process is a main concern with regards to reliability and objectivity of 

the synthesised information as the selective inclusion of studies may introduce inadvertent 

biases. In an effort to mitigate these limitations, the review diligently employs reasonable 

inclusion criteria, combines different tools, and follows search strategy to structure a transparent 

process. In terms of methodology, emerging tools like PRISMA and the critical appraisal skills 

program (CASP) hold promise for future applications in systematic reviews. These tools, 

aligning with the principles and theories elaborated by Gough et al. (2017), offer a more detailed 

and transparent approach in the selection and appraisal processes. 

2.6 Conclusion 

The objective of this study is to perform a systematic review of the existing methods and 

proposed potential methods of improving road safety performance within the realm of strategic 

management and to obtain a wider and more in-depth understanding of their applications. This 

review set out to address the question: 

• What is the evidence of supporting the different methods used for decision making in 

road safety management for strategic purposes? 

In order to answer the question, 30 articles are identified, which demonstrate different methods 

applied to strategic road safety management, including: 

• Data mining 

• Statistical analysis 

• Multi-criteria analysis 

• Data envelope analysis 
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• Optimisation methods 

Additionally, the study identifies practical guidance from road-related entities, which 

contributes to a better understanding of methodologies for road safety managers. Regarding the 

countermeasure selection, existing practical methods were restricted to project evaluation based 

on benefit cost ratio and cost effectiveness analysis. Nonetheless, it is imperative to 

acknowledge that strategic management involves a higher-level process in the endeavour to 

mitigate crash occurrences, in contrast to sectional analysis and crash prediction. Consequently, 

the development of effective strategies needs a stronger foundation of objective data-driven 

evidence and an automated decision-making tool to construct a safer road network system. 

2.7 Summary 

The systematic review outlined above serves as a foundational exploration into various 

methodologies employed in strategic road safety management. It lays the groundwork by 

identifying key methods such as data mining, statistical analysis, multi-criteria analysis, data 

envelope analysis, and optimisation methods, all of which contribute to informed decision-

making in road safety. The review also underscores the practical guidance offered by road-

related entities, providing insights into the application of these methodologies in real-world 

scenarios. The identified knowledge gaps highlight the need to address subjectivity and bias in 

data analysis to develop a comprehensive and systematic framework. Additionally, a data-

driven approach is required to create an effective and evidence-based investment plan in road 

safety strategic management. These gaps drive the necessity for this research to contribute to 

the advancement of road safety strategic management. 

Moving forward to the methodology Chapter, this Chapter sets the stage by highlighting the 

existing methodologies and their applications in road safety management. It encourages a 
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deeper exploration into how these methodologies can be effectively utilised to develop an 

innovative system. The methodology Chapter will focus on the specific methods selected for 

detailed investigation to construct an innovative system. Additionally, it underscores the critical 

importance of objective data-driven evidence and automated decision-making tools in the 

development of a robust and safer road network system. 

In essence, the systematic review acts as a bridge between the introductory discussion of 

methodologies in road safety management and the detailed exploration that follows in the 

methodology Chapter.  
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Chapter 3. Methodology  

3.1 Introduction 

Building upon the insights discussed in Chapter 2, there exists a persistent need to enhance 

strategic management practices in road safety by developing a novel approach that minimises 

reliance on expert intervention, achieves multiple objectives, and offers data-driven solutions 

for engineering practitioners and governing authorities. Therefore, the goal of this Chapter is to 

present the methodology adopted in this research, developing an overall optimisation procedure 

framework. Specifically, the research methodology aligns with two fundamental attributes: 

Data-Driven Decision-Making and Adaptive Optimisation. These serve as guiding principles 

in selecting the most appropriate methods for data collection, processing, and analysis. 

As this research is primarily quantitative in nature, it systematically applies data science and 

mathematical modelling techniques to analyse road safety issues objectively. Quantitative 

analysis provides empirical evidence, reduces subjectivity, and enhances reproducibility, 

making it particularly well-suited for strategic decision-making in road safety infrastructure 

management. The integration of data-driven approaches and optimisation techniques ensures 

that the findings are based on measurable trends rather than expert assumptions, improving the 

reliability and validity of recommendations. 

With the development of data science, data-driven decision-making is introduced to improve 

the performance based on analysis of data rather than human intervention. Brynjolfsson et al. 

(2011) conducted research to investigate the impact of data-driven approaches on company 

performance. Their findings indicate a positive correlation between the adoption of data-driven 

methods and increased productivity, as well as higher returns on assets, equity, and asset 
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utilisation, along with enhanced market value. Moreover, the study suggests a relationship 

between the implementation of data-driven approaches and improved company performance, 

highlighting the diverse advantages of data-driven decision-making. 

3.2 Research Design  

The research follows a two-stage process, integrating both data mining methods and 

optimisation method to enhance the reliability and validity of findings. The rationale for this 

methodology is to integrate the strengths of both approaches to enhance road safety strategic 

management while minimising the need for human intervention. The key research questions 

include: 

• What are the most suitable and effective data-driven techniques for improving decision 

making? 

• How does the adaptive optimisation process improve the strategic management of road 

safety in the view of engineer? 

• How can the proposed methods be scaled and adapted to different geographic or socio-

economic contexts? 

• What are the strengths and limitations of the integrated approaches in this context? 

For road infrastructure engineers, access to diverse databases is essential for understanding the 

complexities of the road network, including crash records, road attributes, and inventory details. 

By utilising the valuable information stored in these databases, data mining methods become 

powerful tools for gaining a comprehensive understanding of road safety issues. These methods 

integrate quantitative trends with qualitative insights, facilitating a holistic approach to road 
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safety strategic management.  

Moreover, recognising the diverse objectives in selecting countermeasures, an optimisation 

model is developed to assist decision-makers in identifying the optimal alternatives based on 

the knowledge extracted from these databases. This approach reduces reliance on expert 

opinions, enhancing both the effectiveness and efficiency of resource allocation. 

The conceptual framework of overall methodology is illustrated in Figure 3.2.1, which outlines 

the interconnected steps of the procedure. The methodological steps for achieving Strategic 

Data Analysis which serves as one of the foundational inputs are discussed in Section 3.4, while 

the steps for Resource Optimisation which draws upon the data analytics are further explored 

in Section 3.5. 

Figure 3.2.1: Conceptual framework of methodology 

Overall, this study seeks to demonstrate the positive impact of integrating data mining 
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techniques within road safety strategic management. By navigating through the complexities of 

data-driven decision-making, a multi-objective optimisation method is proposed to facilitate a 

more adaptive and responsive methodology for ensuring optimal solutions aimed at improving 

road network safety. 

3.3 The Importance of Data 

In contemporary organisational strategies, the role of data has evolved into a critical asset that 

underpins adaptive optimisation across various sectors. Data-driven decision-making enables 

organisations to dynamically adjust their strategies in response to changing conditions, 

customer preferences, and operational challenges (McAfee et al., 2012; Provost & Fawcett, 

2013). Similarly, in road safety management, data plays a crucial role in informing engineering 

decisions and optimising outcomes from safety measures. Data-driven decision-making in road 

safety management allows engineers and policymakers to formulate their strategies on 

empirical evidence rather than intuition. By analysing historical collision data, traffic patterns, 

and environmental factors, decisions can be tailored to address specific safety objectives. 

Despite its transformative potential, data presents inherent challenges that can hinder effective 

adaptive optimisation: 

1) Data quality concerns such as inaccuracies, incompleteness, or biases can have 

significant impacts on both enterprise management and road infrastructure safety. From 

an enterprise perspective, these issues may result in customer dissatisfaction, increased 

operational costs, impaired decision-making, and hindered strategic execution 

(Redman, 1998). Similarly, in the perspective of road infrastructure safety, inaccurate 

or outdated data pertaining to road conditions, traffic patterns, or maintenance histories 

can lead to misunderstanding of road safety and inefficient resource allocation. 
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2) The volume of data generated and collected, often referred to as "big data," poses a 

challenge in terms of storage, processing, and analysis. The exponential growth in data 

volume overwhelms traditional data management systems and requires scalable 

infrastructure and advanced analytical tools to extract meaningful insights 

efficiently(Manyika et al., 2011). 

3) Data comes in diverse formats and structures where countries or authorities have their 

own registration systems that are not always compatible with each other (European 

Commission, 2024a). Variety complicates integration efforts and requires sophisticated 

techniques for data harmonisation and normalisation which is essential for 

comprehensive analysis and accurate decision-making in adaptive optimisation 

scenarios. 

Therefore, the quality of data is determined the effectiveness of adaptive optimisation. High-

quality data ensures that decisions are made by reliable information, minimising the risk of 

inaccurate conclusions and inefficient strategies. Organisations must invest in data governance 

practices, including data cleansing, validation processes, to maintain data quality. 

The UK and the Netherlands are recognised for their robust road traffic crash data collection 

systems, which serve as foundational resources for understanding and improving road safety 

through data-driven approaches. These datasets, namely the STATS 19 crash database in the 

UK and the BRON database in the Netherlands, are critical in facilitating evidence-based 

decision-making and adaptive optimisation of strategic management in road safety. 

By addressing challenges related to data quality and leveraging datasets from regulated 

environments like the UK and the Netherlands, it guarantees the exploration of strategic data 

analysis and resource optimisation. 



 

51 

3.4 Strategic Data Analysis 

Central to the methodology employed for data analysis is the utilisation of data mining methods, 

which serve as invaluable tools for comprehending large and complex datasets. Unlike 

traditional statistical modelling, data mining not only delves into historical data to discern past 

trends but also induces logical implications for future occurrences (Azzalini & Scarpa, 2012). 

Based on the type of knowledge discovery, data mining functions can be divided into 

unsupervised and supervised algorithms (Chen & Liu, 2004). The former recognises 

relationships in non-classified data, while the latter requires the data to be pre-classified to 

explain those relationships.  

According to these two main function types, data mining algorithms can be categorised into 

association, clustering, classification, and regression. Given the inherent challenge posed by 

categorical data in processing, this study has determined to utilise association and clustering 

techniques. These techniques are particularly well-suited for dealing with categorical data as 

they allow for the discovery of patterns and relationships within the dataset without the need 

for converting categorical variables into numerical ones. By retaining the original form of the 

data, association and clustering methods ensure that the integrity of categorical information is 

maintained, enabling more accurate and meaningful analysis. The rationale behind this choice 

is to preserve the categorical nature of the data while extracting meaningful insights. 

To comprehensively analyse annual crash data within a road network, this work integrates 

association rule mining and K-means clustering techniques to uncover hidden insights. Given 

the potential drawbacks of simple parameter setting constraints in rule mining, the frequent 

pattern search method is adapted to identify infrequent patterns, thereby catering to the 

requirements of infrequency of fatalities and serious injuries in road safety analysis. This 
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approach mitigates bias and subjectivity stemming from expert interference. The STATS 19 

dataset, renowned for its reliability and official status in UK road safety, serves as the primary 

data source, offering a substantial volume of crash-related information. The association rule 

mining algorithm is then employed to extract rules based on recorded characteristics of crash 

sites. Subsequently, the results of rule mining are applied to K-means clustering to group rules 

according to measures of interestingness, facilitating an overview of the dataset. Finally, 

visualisations are employed to comprehensively understand the revealed knowledge within the 

database. This integrated methodology, as illustrated in Figure 3.4.1, provides a robust 

framework for analysing and interpreting road crash data. 

Figure 3.4.1: Strategic data analytics procedure 

3.5 Resource Optimisation 

The crucial component of strategic management involves developing and implementing an 

investment plan to achieve the strategic objectives set by stakeholders, rooted in data analysis 

as demonstrated in previous section. In the realm of road safety, the investment plan entails the 

Data collection and preprocess

- Input: Crash database

- Preprocess: data cleaning

Parameter identification

- Minimum support and confidence

- Number of items

Association rule 
mining

- Aprior algorithms

- Redundant rule 
removal

K-mean clustering

- Clustering by lift value

- Visualisation 

Output

- Rule ranking

- Overview of rules



 

53 

identification, selection, combination of countermeasure for road infrastructure improvement, 

aiming to enhance the overall safety of road network.  

To maximise the benefits derived from these investments, optimisation methods play a vital 

role. These methods, grounded in mathematical optimisation, are utilised to search for the best 

or optimal solutions within defined constraints. This systematic approach allows for the 

evaluation of various factors, such as cost-benefits, cost-effectiveness, feasibility, and impact, 

to identify the most efficient allocation of resources. Consequently, investments are directed 

towards interventions that yield the greatest improvement in road safety within the constraints 

of available resources. By leveraging optimisation techniques, stakeholders can make informed 

decisions about resource allocation, intervention prioritisation, and fund allocation to achieve 

the most significant impact on road safety. 

In the context of decision-making, the consideration of divergent objectives poses a challenge, 

as single-objective optimisation may overlook critical aspects of different objectives, leading 

to practical dilemmas. To address this challenge, a data-driven approach is proposed for road 

safety authorities, utilising multi-objective optimisation techniques. This method aims to 

maximise the value derived from road safety enhancements while adhering to budget 

constraints. The proposed approach integrates association rule mining and optimisation 

methods to allocate funding based on insights extracted from crash data, minimising the need 

for expert intervention in seeking optimal solutions. The methodology comprises two main 

steps: firstly, understanding the associations between crash contributors and fatalities through 

association rule mining; and secondly, developing a data-driven multi-objective optimisation 

model to assist decision-makers in selecting the most suitable solutions from a set of Pareto 

optimal options.  
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This approach necessitates access to various databases, including crash data, road attributes 

data, and a recommended safer road investment plan (SRIP). To exemplify this methodology, 

a case study of Utrecht is employed. Crash data from Utrecht is sourced from the national road 

crash registration (BRON) managed by SWOV, the national scientific institute for road safety 

research in the Netherlands. Road attributes data and SRIP data are obtained from iRAP. The 

process of methodology is illustrated in Figure 3.5.1, which includes all data and tools that the 

author considered for application to improve road safety.
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Figure 3.5.1: Multi-objective optimisation procedure

Results

User defined SRIP could be chosen from ranking of combination based on association rules

Output data

Selection of coutermeasures Ranking of combinations based on data mining

Rule mining

Weighted indices of KSI contributor Aggreagtion of final weighted index

Optimisation model

Maximise estimated KSI saved Minimise cost per KSI saved
Minimise number of countermeasure with 

short service life

Input data

iRAP safer road investment plan (SRIP) Crash database Road attributes



 

56 

3.6 Strengths and Limitations 

This research adopts a data-driven decision-making approach to enhance objectivity and reduce 

human biases in road safety management. Through adaptive optimisation, strategies can be 

dynamically adjusted in response to emerging data trends, ensuring a flexible and responsive 

framework. The integrated-methods approach facilitates a comprehensive evaluation by 

combining quantitative rigor (optimisation) with qualitative insights (data mining), resulting in 

a more holistic analysis. Additionally, Furthermore, the integration of multiple data sources 

enhances the robustness of findings by leveraging diverse datasets. By prioritising fatal 

severity, the study focuses on the most critical aspects of road safety, enabling more effective 

intervention prioritisation. 

However, this research is subject to certain limitations, primarily related to underlying 

assumptions. It assumes that the collected data accurately represents real-world road safety 

conditions, that data integration from various sources is feasible without introducing 

inconsistencies, and that the chosen analytical methods effectively capture relevant 

correlations. In practice, data availability and quality vary significantly across different sources 

and countries, posing a major challenge, particularly in low- and middle-income countries 

where crash data may be insufficient or unreliable for data-driven decision-making. 

Additionally, the study primarily focuses on crash report analysis, potentially overlooking other 

critical dimensions of road safety, such as behavioural and vehicle-related factors. The 

integration of multiple datasets further introduces complexity and potential compatibility 

issues, which may impact the effectiveness of the proposed approach.  
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3.7 Summary 

This chapter outlines a data-driven framework for optimising road safety strategic management 

by leveraging diverse datasets and minimising human bias. The methodology integrates data 

mining and optimisation techniques to enhance decision-making and achieve multiple safety 

objectives. Key data sources include crash databases (e.g., UK STATS19, Netherlands BRON), 

road attributes data, and SRIP data, which provide basic information for safety interventions 

and resource allocation. 

In summary, the purpose of this methodology section is to: 

• Explain the rationale behind adopting a purely data-driven decision-making approach, 

minimising human bias and influence. 

• Justify the selected approach for addressing the posed research questions, particularly 

the use of adaptive data mining and optimisation techniques. 

• Outline the procedures used to optimise the process and the results of road safety 

strategic management. 

• Briefly discuss key methodological considerations and challenges encountered during 

the research process. 

Data analysis techniques form a central part of the methodology. Data mining methods, 

including association rule mining and K-means clustering, are employed to uncover patterns 

and relationships within the crash data. Association rule mining extracts rules based on crash 

site characteristics considering infrequent patterns. K-means clustering groups the extracted 

rules according to measures of interestingness, facilitating a comprehensive understanding of 
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the dataset. Visualisations are used to interpret and present the results of data mining, aiding in 

the communication of findings. 

Resource optimisation is another crucial component. Optimisation methods are essential for 

developing investment plans that maximise road safety improvements. These methods evaluate 

factors such as cost-benefit, cost-effectiveness, and public impact. A multi-objective 

optimisation approach addresses the conflicting objectives of road safety interventions, using 

insights from data mining to allocate resources effectively within budget constraints. This 

approach is exemplified using a case study of Utrecht, where crash data from BRON and iRAP 

are integrated to improve road safety. 

The overall process follows a structured approach: data collection, data analysis using mining 

techniques, clustering of results, and optimisation of resource allocation. Each step is designed 

to enhance the understanding of road safety issues and inform strategic decisions. This 

methodology aims to demonstrate the positive impact of integrating data mining and 

optimisation techniques in road safety strategic management. By employing a data-driven 

approach, it provides a more adaptive and responsive framework for identifying and 

implementing effective safety measures, ultimately contributing to the improvement of road 

network safety. 

Having established the innovation of a data-driven framework for enhancing road safety, it is 

essential to understand the foundational aspects of road safety and the importance of road 

infrastructure. The next Chapter will provide a comprehensive background on road safety, 

highlighting the importance of road infrastructure in mitigating risks and reducing the 

incidence of traffic accidents.  
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Chapter 4. Road Infrastructure Safety 

4.1 Introduction 

This chapter builds upon the methodology established in the previous section, presenting a data-

driven methodology for optimising road safety strategic management. While the methodology 

outlined key approaches for leveraging data mining and optimisation techniques, this chapter 

shifts focus to the role of road infrastructure in enhancing road safety outcomes revealing the 

importance of this research in contributing to the enhancement of road safety, particularly from 

an engineering perspective.  

This Chapter explores the global road safety crisis, discussing its widespread impact and the 

essential role that road infrastructure plays in mitigating traffic-related risks. The alarming 

statistics on road traffic fatalities and the substantial economic impact of traffic crashes 

worldwide underscore the urgent need for well-designed and properly maintained road 

infrastructure to prevent road collisions. 

Furthermore, the section introduces the concept of "forgiving" and "self-explanatory" roads, 

which aim to reduce the likelihood of driver errors and enhance overall safety. It also explores 

the critical role of infrastructure-related countermeasures, such as those outlined in the Road 

Safety Toolkit and iRAP, to guide the selection of effective safety interventions. The process 

of developing Safer Road Safety Investment Plans (SRIP) is discussed in detail, showcasing 

how these plans prioritise safety measures and allocate resources to reduce fatalities and 

injuries. 
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4.2 Global Road Safety 

Road safety is a critical issue affecting both developed and developing nations globally. 

According to the World Health Organisation (WHO), there were approximately 1.19 million 

road traffic fatalities in 2021, equating to a death rate of 15 per 100,000 people. Economically, 

the impact is significant, with countries losing an estimated 3% of their gross domestic product 

due to road traffic crashes (World Health Organisation, 2023). 

Without new initiatives, forecasting suggests that over the first half of the 21st century, the 

world could witness more than 50 million fatalities and 500 million serious injuries from road 

traffic accidents (Bhalla et al., 2008). In comparison, the likelihood of more than 40 million 

people being killed by mega-wars or a severe influenza epidemic over the same period is 

estimated at only 1%, and approximately 4 million deaths are expected from volcanic eruptions 

or tsunamis (Smil, 2011). 

Economic growth is a major driver of increased mobility and motorisation. It is anticipated that 

in the first three decades of the 21st century, global motor vehicle production will exceed the 

total output of the previous century. The majority of these vehicles are expected to be used in 

low- and middle-income countries (LMICs) (Bliss & Breen, 2012). However, with the rapid 

increase in motorisation rates in LMICs comes a significant rise in deaths and disabilities, where 

92% of global road traffic fatalities occur in these countries (World Health Organisation, 2023). 

The difference in road safety performance between high-income and middle-lower-income 

nations is estimated to widen further. By 2030, it is predicted that about 96% of global road 

traffic deaths will occur in LMICs, compared to just 4% in high-income countries (HICs). 
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4.3 Road Infrastructure 

Road infrastructure encompasses all physical components that support and facilitate the 

movement of vehicles, pedestrians, and cyclists across a network of roads. It includes various 

structures and features crucial for ensuring safe and efficient transportation. The road 

infrastructure significantly influences the risk of traffic crashes by shaping how road users 

perceive and interact with the road environment. Roads provide guidance and instructions to 

users, influencing their behaviour and reducing or increasing crash likelihood based on design 

and maintenance quality (Ahmed, 2013). 

Safer roads are one of the five pillars of the Global plan Decade of Action for Road Safety 

2021-2030 (World Health Organisation et al., 2021), of which pillar emphasises the need to 

raise the inherent safety and protective quality of road networks for the benefit of all road users. 

This goal involves implementing improved safety-conscious planning, design, construction, 

operation and maintenance practices to benefit all road users. Research by Pembuain et al. 

(2019) highlighted that elements within road infrastructure significantly affect traffic crash 

risks. Factors such as narrow road widths, non-compliance with safety standards, sharp curves, 

steep gradients, pavement damage, and inadequate lighting contribute to increased crash rates. 

Forgiving and self-explanatory road infrastructure have been advocating to enhance road safety 

recently concerning road design, maintenance and improvement. A forgiving road is 

specifically referring to a road network context could prevent or mitigate driving errors, 

allowing drivers to regain control without causing significant harm or damage (Bekiaris et al., 

2011). For example, roads with wide shoulders, clear recovery zones, and barriers designed to 

reduce injury can prevent fatal collisions. Approximately 25–30% of fatal accidents involve 

collisions with fixed roadside objects, often resulting from lane or road departure due to driving 
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errors. Thus, the primary objective of forgiving road environments is to minimise crashes to 

instances of minor injuries or damage, aiming to avoid undesirable injuries and fatalities to the 

greatest extent possible (iRAP, 2022a). 

Similarly, a self-explanatory road is designed to guide road users effectively, thereby reducing 

the likelihood of driver errors and promoting safe driving behaviours (Bekiaris et al., 2011). 

For example, well-placed signs, consistent lane markings, and appropriate visibility around 

curves and intersections all contribute to creating a self-explanatory road environment. This 

conception ensures that the road layout, signage, and overall roadside environment 

communicate clear and intuitive messages to users, enabling them to navigate safely and 

predictably. The goal of a self-explanatory road is to align the road environment with user 

expectations, encouraging safer speeds, manoeuvres, and interactions among road users (iRAP, 

2022b). Consistency in road types and design elements, including layout, road furnishings, and 

signage, plays a crucial role in achieving this objective. 

By focusing on these two principles, road infrastructure can enhance safety by upgrading road 

network and promoting corresponding countermeasures to create a friendly driving 

environment that aligns with user behaviour. This approach not only reduces the risk of crashes 

but also encourages safer driving through thoughtful design. Investing in forgiving and self-

explanatory road infrastructure enhancement is vital for improving road safety worldwide. 

4.4 Infrastructure Related Countermeasures 

The Road safety toolkit is originally the result of collaboration between the International Road 

Assessment Programme (iRAP), the Global Transport Knowledge Partnership (gTKP) and the 

World Bank’s Global Road Safety Facility (GRSF), which is a platform providing free 

information on the causes and prevention of road crashes that result in death and injury. In safer 
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road section, it classifies all countermeasure into five sections: intersections, mid-block, 

roadsides, vulnerable road user, speed management and traffic calming. Each section contains 

alternatives with detailed information including benefits, weakness, cost level, service life and 

potential casualty reduction, exemplified in Table 4.4.1 . It is a valuable source for road 

engineer and authorities to understand the countermeasures (iRAP, 2022c). 

Table 4.4.1: Example of countermeasures (iRAP, 2022c) 

  Treatment Costs Treatment life 

Potential 

casualty 

reduction 

Intersection 

Delineation Low 1 year - 5 years 10-25% 

Grade Separation High 20 years + 25-40% 

Roundabout 
Medium 

to high 
10 - 20 years 60% or more 

Signalise Medium 10 - 20 years 25-40% 

…       

Midblock 

Delineation Low 1 year - 5 years 10-25% 

Duplication High 20 years + 25-40% 

Lane Widening 
Medium 

to high 
5  - 10 years 25-40% 

Median 
Medium 

to high 
10 - 20 years 60% or more 

…       

Roadsides 

Paved Shoulder Medium 5  - 10 years 25-40% 

Barriers Medium 10 - 20 years 40-60% 

Hazard Removal 
Low to 

medium 
5  - 10 years 25-40% 

Side slope 

Improvements 
Medium 20 years + 10-25% 

…       
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Vulnerable 

road user 

Bicycle Facilities 
Low to 

medium 
10 - 20 years 25-40% 

Motorcycle Lanes Medium 10 - 20 years 25-40% 

Pedestrian 

Crossing – Grade 

Separation 

High 20 years + 60% or more 

Pedestrian 

Crossing – 

Signalised 

Medium 10 - 20 years 25-40% 

…      

Speed 

Management 

and Traffic 

Calming 

Speed limits Medium 5  - 10 years 25-40% 

Traffic calming Medium 5  - 10 years 25-40% 

Vertical 

deflection 
Medium 5  - 10 years 25-40% 

Speed humps Medium 5  - 10 years 25-40% 

…       

iRAP methodology was developed based on road safety toolkit to select appropriate 

countermeasures. A total of 94 countermeasures can be used in the iRAP standard 

countermeasure pack of the iRAP model. Users can also access an urban-enhanced pack with 

23 additional countermeasures specially designed for urban areas (International Road 

Assessment Programme, 2023). 

4.5 Safer road Safety Investment Plans (SRIP) 

An investment plan constitutes a structured list of safety measures prioritised to enhance Star 

Ratings and mitigate infrastructure-related risks efficiently in iRAP methodologies. These plans 

are formulated through an economic evaluation where the cost of implementing each measure 
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is calculated and the potential reduction in crash is estimated. It involves detailed engineering 

data, including road attributes, proposals for safety measures, and economic analyses applied 

to 100-meter segments across the road network. It is essential to emphasise that investment 

plans are designed to offer a comprehensive solution to risks at the network level and 

recommend cost-effective safety enhancements (International Road Assessment Programme, 

2023). 

The process of SRIP development consists of six steps: 

(1) Firstly, triggers, the prerequisite conditions to select countermeasures, of which iRAP 

has defined more than 300 triggers, are tested for further consideration of investment 

plan. A trigger must be satisfied before that countermeasure can be considered for a 

100-metre segment of road, which is a function of star rating, road attribute and traffic 

flow. As a very simple example, the trigger for the ‘Improve Delineation’ 

countermeasure is: if delineation is coded as ‘poor’, then the ‘improve delineation’ 

countermeasure is applied, regardless of what the road’s Star Rating or volume flow. 

(2) Secondly, the number of deaths and serious injuries prevented is calculated.  

𝐾𝑆𝐼𝑠𝑎𝑣𝑒𝑑 =  𝐾𝑆𝐼𝑏𝑒𝑓𝑜𝑟𝑒 ×
𝑆𝑡𝑎𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑐𝑜𝑟𝑒𝑏𝑒𝑓𝑜𝑟𝑒

𝑠𝑡𝑎𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑐𝑜𝑟𝑒𝑎𝑓𝑡𝑒𝑟
 

(4.5-1) 

where: 

𝐾𝑆𝐼𝑏𝑒𝑓𝑜𝑟𝑒 = number of killed and serious injuries that occur on the road before the installation 

of the countermeasure, where calibration factors are used to ensure that the total estimated 

number of killed and serious injuries (KSI) on the network is equal to the actual number of KSI 
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on that network. 

(3) Thirdly, benefit cost ratio (BCR) is calculated as follows: 

𝐵𝐶𝑅 = present value economic benefit / present value economic cost 

(4.5-2) 

Any countermeasures with a BCR below the predefined threshold will be screened out. 

(4) Fourthly, minimum length, minimum spacing and hierarchy rules are considered by 

analysis team to define their preference for selecting countermeasures. An example of 

a minimum length rule is that additional lanes (such as overtaking lanes or 2+1 cross 

section) must be required for a minimum one kilometre (that is a combined ten 100-

metre segments of road) within a section (which is defined during the coding stage) of 

road before they are considered viable. 

(5) Fifthly, the impact of all viable countermeasures is determined at the 100-metre level, 

and the combined deaths and serious injuries after all viable countermeasures have been 

applied are calculated for each crash type.  

(6) Lastly, the total number of deaths and serious injures prevented by the individual 

countermeasure at that location is adjusted to account for multiple countermeasures 

affecting the same crash type. A multiple countermeasure correction factor (MCCF) and 

adjustment is calculated for each 100-metre segment of road and for each crash type. 

The factor is calculated as follows: 

𝑀𝐶𝐶𝐹 =  
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑑

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒
 

(4.5-3) 
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𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑑 =  𝐾𝑆𝐼𝑠𝑏𝑒𝑓𝑜𝑟𝑒 × [1 − (1 − 𝐸𝑅1)(1 − 𝐸𝑅2) … (1 − 𝐸𝑅𝑛)] 

(4.5-4) 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 = ∑ 𝐾𝑆𝐼𝑠𝑏𝑒𝑓𝑜𝑟𝑒 ×

𝑛

𝑖=1

𝐸𝑅𝑖  

(4.5-5) 

Where 𝐸𝑅𝑛  indicates the expected reduction of KSI with the 𝑛𝑡ℎ  countermeasures 

implementation. 𝑛 denotes the number of countermeasures proposed at a given location. 

At the completion of the countermeasure selection process, a final economic analysis for all the 

countermeasures selected across all roads is undertaken, and SRIP is produced. 

4.6 Summary  

In summary, addressing the global road safety crisis needs well-maintained road infrastructure 

supported by strategic and effective countermeasures. Initiatives such as the Road Safety 

Toolkit and iRAP emphasise the importance of a systematic approach to enhancing road safety. 

Safer Road Safety Investment Plans (SRIP) illustrate the critical role of selecting and 

implementing appropriate countermeasures to improve road infrastructure and global safety 

outcomes. The structured SRIP development exemplifies the comprehensive approach for 

effective road safety management. 

By setting the foundation for understanding the relationship between road infrastructure and 

safety, this chapter paves the way for the next section, which will focus on the datasets 

considered for model development. Understanding the data behind road safety strategies is 

essential for informed decision-making and the development of effective, data-driven safety 

measures. The precision and dependability of any data-driven approaches are dependent on the 

quality and comprehensiveness of the data employed. A thorough understanding of the data 
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sources, and types used in the analysis is fundamental for developing robust models that can 

accurately maximise the impact of various safety measures. This understanding is crucial for 

guiding strategic decision-making in road safety management.  
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Chapter 5. Data Sets Considered 

5.1 Introduction 

Data are raw elements that are measured, recorded, and stored through various means, 

representing observable phenomena. They comprise elements derived from observation, 

experimentation, computation, and documentation (Kitchin, 2014). Data can be categorised into 

quantitative and qualitative forms. Quantitative data primarily consists of numerical values 

(e.g., age, height, and weight), whereas qualitative data encompass non-numeric formats (e.g., 

text, images, and music). A data-driven approach to making fact-based decisions as opposed to 

relying on individual opinions and feeling, requires high-quality of data, as poor-quality data 

can lead to serious consequences in data analysis, resulting in inconsistency and inaccuracy. 

When applied to the domain of road infrastructure safety, the strategic management framework 

can be delineated as follows: 1) identifying objectives aimed at enhancing road safety; 2) 

identifying road attributes and their multi-attribute impact on road safety; 3) determining road 

infrastructure improvements and selecting a combination of various countermeasures; 4) 

implementing the investment plan; 5) evaluating the outcomes of road safety initiatives.  

This project focuses specifically on the first three steps to develop data-driven tools for strategy 

development. The primary objective of this project is identified to decrease the number of 

Killed or Seriously Injured (KSI) crashes. Concerning the requirement of data for strategic 

analysis and countermeasures identification, crash databases are utilised to comprehend 

existing problems and issues within the road network. Road attribute data are employed to 

interpret the road context and provide precise information about road infrastructure. 

Additionally, a recommended Safer Road Investment Plan (SRIP), formulated based on a 
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comprehensive analysis of various countermeasures, serves as a crucial guiding direction for 

investment decisions.  

The selection and utilisation of road safety databases play a crucial role in this study, as they 

provide the foundation for quantitative analysis and optimisation. Various databases, including 

STATS19 (UK), BRON (Netherlands), and iRAP, have been assessed to determine their 

applicability and transferability in road safety research. STATS19 and BRON are highly 

context-specific, designed to reflect the road safety environments, reporting standards, and data 

collection methodologies of their respective countries. STATS19 relies on police reports and 

self-reported incidents, while BRON integrates data from police reports, hospital records, and 

insurance claims, potentially providing a more comprehensive perspective on crash severity. 

Conversely, iRAP operates on an international scale, offering standardised methodologies such 

as risk mapping, star ratings, and safer road investment planning (SRIP), making its approaches 

more transferable across regions. 

The transferability of findings derived from these databases depends on several factors: 

• Data collection: differences in police reporting standards, crash definitions, and data 

availability can influence comparability across different regions. 

• Geographic and socioeconomic contexts: variations in road design, traffic laws, driver 

behaviour, and enforcement affect the applicability of findings in different settings. 

• Infrastructure effectiveness differences: the effectiveness of countermeasures in one 

context may not be directly replicable in another due to differences in infrastructure 

investment, regulatory frameworks, and enforcement practices. 

• Data integration and adaptation: while some data elements, such as collision trends and 
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risk factors, may offer transferable insights, applying findings from one country’s 

dataset to another requires careful calibration to account for local conditions. 

By acknowledging these factors, this research ensures that the data-driven methodologies 

proposed can be adapted effectively to various contexts while maintaining robustness and 

reliability in road safety strategic management. In the subsequent subsections, all considered 

databases utilised for research purposes are introduced and elaborated upon in details. 

5.2 STATS 19 Crash Database 

STATS19 is a UK national database containing detailed information about road traffic 

collisions. It is maintained by the Department for Transport (DfT) and compiled from reports 

submitted by police officers who attend road traffic incidents. Self-reported crashes are also 

included, although with limited information. The quality of STATS19 data can vary depending 

on factors such as the accuracy of reporting by police officers, the completeness of information 

provided, and any biases in the reporting process. Despite these variations, STATS19 data 

provides a comprehensive overview of road traffic collisions in the UK, making it a valuable 

resource for researchers, policymakers, and practitioners in the field of road safety. It offers a 

wealth of information that can be used to analyse trends and patterns in road traffic collisions, 

identify high-risk areas, and evaluate the effectiveness of interventions and policies aimed at 

improving road safety.  

The data collected in STATS19 includes various details classified into four types: collision data, 

vehicle data, casualty data and contributory factors. The collision data, which form the 

foundation of this research, includes 36 detailed variables. These variables encompass temporal 

factors (e.g., date, day of the week, and time), spatial factors (e.g., local authority district, first 

road class, and road type), and contextual factors (e.g., weather conditions, light conditions, and 
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road surface conditions). By focusing on collision data, researchers can identify patterns and 

correlations between various factors and road traffic collisions, which is crucial for developing 

targeted interventions. 

5.3 BRON Crash Database 

The national road crash registration database in the Netherlands, often referred to as BRON 

(Bestand geRegistreerde Ongevallen in Nederland), serves as a comprehensive source of data 

related to road traffic collisions across the country. BRON collects information from various 

sources, including police reports, hospital records, and insurance claims. SWOV (Stichting 

Wetenschappelijk Onderzoek Verkeersveiligheid), the Dutch Institute for Road Safety 

Research, manages the crash database with the mission of contributing to safer road traffic 

through scientific research. This research aims to address the questions that policymakers and 

other traffic professionals must deal with. 

One of the notable features of BRON is its web platform, which allows users to access a wide 

range of information related to road traffic collisions. This platform supports data exportation, 

enabling researchers and policymakers to conduct detailed analyses and generate reports 

tailored to specific needs. The high quality of BRON data, underpinned by rigorous reporting 

standards and comprehensive data collection protocols, makes it a reliable resource for 

developing and evaluating road safety initiatives. 

5.4 iRAP 

The International Road Assessment Programme (iRAP) is a global initiative dedicated to 

enhancing road safety and mitigating severe injuries worldwide. It offers a range of 

methodologies, including risk mapping, star rating, and safer road investment planning (SRIP), 
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to adopt a comprehensive and evidence-driven approach toward ensuring safer road 

infrastructure for all users. In the process of risk mapping, iRAP considers different data sources 

involving traffic flow, crash density, crash rate and crash cost. Vida, an online platform 

developed by iRAP, is fundamental for conducting star rating evaluations through on-site 

surveys and data coding. Vida facilities the calculation, management, analysis, and presentation 

of star ratings and SRIP whiles providing in-depth insights into road networks, encompassing 

their attributes and operational characteristics. 

A total of 78 attributes, coded and stored in Vida, are collected during road inspections 

conducted via road survey and road coding procedures. Road surveys require the acquisition of 

detailed geo-referenced image data of a road network, while road coding involves recording 

road attribute categories using survey images. As per SRIP requirements, attribute data are 

extracted based on the locations or road segments of each proposed countermeasure. 

Additionally, Vida integrates countermeasures databases from the road safety toolkit, 

facilitating the development of SRIP. Given that SRIP serves as a crucial data source in the 

proposed methodology, it forms the basis for decision-makers to develop user-defined 

investment plan. An example of data with performance of each countermeasure is summarised 

in Table 5.4.1. 
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Table 5.4.1: Example of safer road investment plan data 

Countermeasure 
Length / 
Sites 

KSIs 
saved 

PV of 
safety 
benefit 

Estimated 
Cost 

Net 
monetary 
benefit 

Cost per 
KSI save life 

Additional lane (2 + 1 road with barrier) 15.10 km 80 25660031 20655000 5005031 258188 medium 
Bicycle Lane (off-road) 3.50 km 3 1122681 392156 730525 130719 medium 
Central hatching 5.70 km 0.6 184481 34173 150308 56955 medium 
Central median barrier (1+1) 34.80 km 41 13286137 6288200 6997937 153371 medium 
Central median barrier (no duplication) 0.70 km 1 365701 95182 270519 95182 medium 
Centreline rumble strip / flexi-post 1.80 km 0.3 108423 19512 88911 65040 low 
Clear roadside hazards (bike lane) 1.20 km 0.5 160633 216000 -55367 432000 low 
Clear roadside hazards - driver side 0.10 km 0.1 34232 20000 14232 200000 low 
Delineation and signing (intersection) 8 sites 0.5 149378 88582 60796 177164 low 
Duplication with median barrier 1.20 km 26 8323159 6480000 1843159 249231 high 
Footpath provision driver side (>3m from road) 25.40 km 28 9060036 2922040 6137996 104359 low 
Footpath provision driver side (adjacent to road) 27.90 km 35 11319681 4388280 6931401 125379 low 
Footpath provision driver side (informal path >1m) 4.70 km 1 307139 114747 192392 114747 low 
Footpath provision passenger side (>3m from road) 26.80 km 29 9267974 3085368 6182606 106392 low 
Footpath provision passenger side (adjacent to road) 44.10 km 52 16843531 6939120 9904411 133445 low 
Footpath provision passenger side (informal 
path >1m) 5.80 km 1 406768 141451 265317 141451 low 
Improve curve delineation 0.40 km 0.5 148419 7460 140959 14920 low 
Improve Delineation 45.70 km 13 4190892 847446 3343446 65188 low 
Lane widening (>0.5m) 0.10 km 0.6 186272 152529 33743 254215 low 
Lane widening (up to 0.5m) 1.00 km 2 684333 656756 27577 328378 low 
Overtaking lane 0.30 km 1 339394 405000 -65606 405000 medium 
Parking improvements 1.50 km 0.3 99666 18900 80766 63000 low 
Pedestrian fencing 27.20 km 9 2976955 179606 2797349 19956 medium 



 

75 

5.5 Summary 

In conclusion, the integration of high-quality data is essential for developing effective strategies 

to improve road safety. Accurate data is imperative for making evidence-based decisions in 

road safety management, as poor-quality data can lead to inconsistencies and inaccuracies in 

analysis. Each database provides unique insights into road traffic collisions, offering valuable 

information for analysis and model development. 

The strategic management framework for road infrastructure safety comprises several critical 

steps: identifying objectives, strategic data analysis, determining infrastructure improvements, 

implementing investment plans, and evaluating outcomes. This thesis specifically focuses on 

data analysis and investment plan development, utilising crash databases to understand current 

road network issues and employing road attribute data to provide detailed information about 

road infrastructure. 

The STATS19 database, with its extensive collision data, enables the identification of patterns 

and correlations essential for targeted interventions. As we transition to the next Chapter, 

"Strategic Data Analysis using Road Crash Data," the theoretical foundations and analytical 

methodologies used to interpret these datasets will be explored. This analysis forms the basis 

for developing robust models to understand the impact of various safety measures, thereby 

guiding strategic decision-making in road safety management. By introducing relevant 

background information and examining the theory and methods behind strategic crash data 

analysis, a comprehensive framework is established for understanding and addressing road 

safety challenges effectively.  
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Chapter 6. Strategic Data Analysis using Road Crash Data  

6.1 Introduction 

Road crashes are a significant public health issue estimated to be one of top ten leading killers 

of death globally. Each year, approximately 1.35 million deaths occur worldwide due to road 

crashes involving cars, buses, motorcycles, bicycles, trucks, or pedestrians (World Health 

Organisation, 2018). From an economic perspective, Chen et al. (2019) calculated global 

macroeconomic cost of road injuries to be 1.8 trillion dollars (in 2010 USD) from 2015 to 2030, 

equivalent to a yearly tax of 0.12% on global GDP. Crashes are inevitable in complex operation 

environment involving the interaction of road infrastructure, drivers, vehicles, and surroundings, 

but road infrastructure is an essential and controllable element to improve road safety. Therefore, 

a high-level road infrastructure safety management tool is required to provide strategic insights 

to road authorities and policymakers. 

Building upon the understanding of various sources of road crash data discussed in the previous 

chapter, this chapter explores the application of data mining techniques, specifically integrating 

Association Rule Mining (ARM) and K-means clustering, to enhance road safety analysis. It 

begins by introducing the core concepts of ARM and K-means clustering, detailing their 

individual applications in road safety analysis. While ARM is widely used for discovering 

patterns in large datasets, it has limitations, such as sensitivity to parameter settings and 

challenges in detecting rare but critical events, such as fatal crashes. To address these limitations, 

K-means clustering is proposed as a complementary technique for refining and grouping crash 

data patterns. 

The integration of ARM and K-means clustering allows for a more comprehensive and nuanced 
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analysis of crash data, enabling the identification of rare but significant fatality patterns while 

improving the overall visualisation and interpretation of high-risk crash scenarios. This 

combined approach provides deeper insights into the relationships between road infrastructure 

attributes and crash severity, supporting the development of more effective road safety 

management strategies. 

Followed by theoretical framework, the chapter reviews related works that demonstrate the 

application of ARM in road safety studies, highlighting the strengths and weaknesses of various 

methodologies. The chapter concludes by providing a detailed explanation of the basic 

definitions and algorithms used in ARM, along with a discussion of clustering methods, 

including K-means clustering, to justify the proposed methodology. These foundational 

concepts will lay the groundwork for understanding the novel methodology designed in this 

study. 

6.2 ARM and K-mean clustering 

In recent years, there has been a growing interest in using data mining techniques to analyse 

road crash data. There are two types of data mining tasks: prediction and description. Data 

mining is a process to extracting previously unknown and potentially useful information from 

data, which can provide valuable knowledge for decision making, prediction, and estimation 

(Pujari, 2001). Association rule mining (ARM) is one of such techniques developed by Agrawal 

et al. (1993), to describe patterns and their interactions between products in large-scale 

transaction data from supermarket point-of-sale (POS) systems. These rules operate based on 

conditional statements, often expressed through an "if, then" framework, where the antecedent 

denotes the conditional patterns leading to an outcome, known as the consequent.  

The ARM process consists of three main steps: (1) Frequent Itemset Generation, which 
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identifies commonly co-occurring attributes using algorithms such as Apriori; (2) Rule 

Generation, which extracts association rules based on predefined confidence thresholds; and 

(3) Rule Evaluation and Pruning, where rules are assessed using support, confidence, and lift 

metrics to ensure their significance and relevance. 

In road crash analysis, ARM has been employed to uncover key contributors to crashes by 

analysing historical crash databases. The main advantages of ARM include its ability to 

discover hidden patterns, process large datasets efficiently, and provide interpretable results for 

decision-making. Despite its strengths, ARM has several limitations. It is computationally 

intensive, can generate redundant or spurious rules, lacks causal inference, and is sensitive to 

parameter selection. These drawbacks present challenges when analysing crash data, where rare 

but critical events such as fatalities must be identified and examined effectively. To enhance 

effectiveness of ARM in road crash analysis, integrating clustering techniques—specifically K-

means clustering—is a justified and strategic choice. 

The concept of K-mean clustering was firstly introduced by MacQueen (1967). It described a 

process to group several dimensions of dataset into a pre-defined number of clusters. Hartigan 

& Wong (1979) developed a variation of K-means algorithm to search for the local minimum 

of distance sum of square within each cluster. K-means clustering has emerged as a prevalent 

methodology employed across various academic disciplines for the purpose of feature learning 

and cluster analysis. A further enhancement of K-mean clustering was introduced by Hahsler 

& Karpienko (2017), providing a method for enhancing the visualisation of association rules 

by grouping rules efficiently. This technique offers an innovative approach to visualising 

association rules, allowing for improved comprehension and analysis of complex datasets, 

which enhances the interpretability of association rules, making it a valuable tool for data 



 

79 

analysts and researchers in various fields.  

The integration of K-means clustering with ARM offers several advantages. K-means is highly 

efficient for large datasets, easy to implement, and capable of uncovering meaningful patterns 

that might otherwise be obscured. However, it also has challenges, such as sensitivity to the 

initial selection of cluster centroids and potential convergence to local minima. Despite these 

drawbacks, its ability to refine association rules and reveal rare yet critical fatality patterns make 

it an indispensable tool in road crash analysis. By combining ARM with K-means clustering, 

road safety analysts can enhance pattern recognition, improve the detection of high-risk factors, 

and develop more effective crash mitigation strategies. This integrated approach provides a 

robust framework for data-driven decision-making in road safety management, supporting 

targeted interventions that ultimately contribute to reducing crash risks and improving roadway 

safety outcomes.  

This study conducts a rigorous data analysis to elucidate the relationships between road 

infrastructure attributes and fatal crashes. Adopting a strategic approach, it comprehensively 

examines road network safety from multiple perspectives by integrating Association Rule 

Mining (ARM) with K-means clustering. Instead of relying solely on simplistic parameter 

settings like minimum support and confidence levels, which can overlook valuable insights, 

this methodology strengthens the detection of complex and rare crash patterns. 

The primary contribution of this study is the novel combination of ARM and K-means 

clustering to analyse road crash data. While ARM is traditionally used for rule-based pattern 

discovery and K-means clustering for segmentation, their integration in road safety analysis 

offers a multi-dimensional understanding of how infrastructure attributes and crash severity 

interact. This novel analytical framework enhances the ability to uncover rare but critical 
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fatality patterns, offering a structured method to visualise high-risk crash scenarios. Although 

ARM has been applied to road safety in previous studies and K-means clustering is a well-

established technique, their combined application to systematically analyse road safety data, 

particularly for identifying rare crash patterns, is relatively uncommon. 

The proposed procedure involves several steps as illustrated in Figure 3.4.1. First, the road crash 

data is pre-processed to remove any irrelevant data and deal with missing data. Next, ARM is 

used to generate rules based on predefined minimum support and confidence values, describing 

the association between antecedent and consequent. Then, by applying the K-means clustering 

to rules, stakeholders will obtain an overall understanding of the rules concerning roadway 

crashes. Finally, rules are visualised by different clusters with support and lift illustration to 

inform road infrastructure safety strategic management from three different perspectives: 

quantitative analysis, qualitative analysis, and clustering analysis. 

The subsequent sections provide a comprehensive review of existing literature on road safety 

studies utilising association rule mining techniques and elaborate the theoretical framework of 

the two data mining methods following an appraisal of various algorithms to determine the most 

appropriate one based on the characteristics of the crash database. 

6.3 Related works 

Association rule mining is one of the prevalent methods used to generate rules and figure out 

the hidden information of database, which has been applied to road safety analysis. Some 

studies integrating association rules mining and multi criteria analysis to find out the most 

interesting and relevant rules based on crash data analysis. Addi et al. (2016) used Apriori 

algorithm with setting a threshold of support, confidence, and lift to extract more relevant rules. 

At the same time, they presented ELECTRE TRI (multi criteria analysis method) to eliminate 
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redundant and non-interesting rules, but it was sensitive due to the preference of decision 

makers. Furthermore, they (Ait-Mlouk et al., 2017)  applied Frequent Pattern Growth algorithm 

to perform association rules mining and ranked the rules by PROMEHEE (multi criteria 

analysis method) calculating the degree of preference. Another case study was carried out by 

El Abdallaoui et al. (2019). They employed Apriori algorithm and ELECTRE II to rank all the 

association rules by outranking of each rule based on three criteria: support, confidence, lift. 

Kumar & Toshniwal (2015) combined K-modes clustering used to classify different types of 

crash and association rules mining used to understand factors in each cluster. Das et al. (2019) 

investigated the vehicle-pedestrian crashes by Apriori algorithm to discover vehicle-pedestrian 

crash patterns based on eight years of Louisiana crash data. Xu et al. (2018) studied the 

contributory factors that have high co-occurrence in serious casualty crashes by using 

association rules mining. They used relatively higher threshold values for support and 

confidence to increase the accuracy and strength and the results enables policymakers to 

develop corresponding policy initiatives and engineering safety improvement countermeasure.  

Geurts et al. (2003) conducted a comparative analysis of the rules sets of the high-frequency 

accident locations and the low-frequency accident locations. They explained the relationship 

between results from chi-squared test introduced by Silverstein et al. (1998) and lift to identify 

the dependency between antecedent and consequent based on rules mined by setting minimum 

support and confidence.  

Pande & Abdel-Aty (2009) applied Apriori algorithm to investigate crash data in United States 

as first attempt based on five variables. They evaluated rules based on lift value as it is more 

important for determining the strength of an association rule than the other two criteria: support 

and confidence and they also empathised that the rare events of interest such as fatal crashes 
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were needed to consider. Yu et al. (2019) considered more variables involving environment, 

management, drivers, and vehicles, which achieved a big size of database analysis using 

association rule mining. They conducted a validity test of rules, but the result indicated that 

three criteria: support, confidence, and lift threshold can do an excellent job of filtering out 

most rules that are not statistically significant. 

Montella (2011) explored the crash contributory factors in 15 urban roundabouts in Italy. They 

summarised contributory factors based on site inspections and knowledges from specialists and 

applied those factors as input to obtain rules, which was helpful to identify most important co-

occurrence of crash contributory factors by ranking lift of rules.  

Yang et al. (2019) used Analytic Hierarchy Process (AHP) based association rules mining to 

improve the operation efficiency and extract essential association rules. By AHP calculation, 

the input data was cut down from 481 to 200 which was considered as most influential attribute 

to crash. Three different regions of crash attributes were investigated, and the results provided 

a better understanding of crash risk in different areas. 

Current studies in this field prioritise rules based on predefined criteria, often using minimum 

support and confidence thresholds, which can introduce bias and subjectivity into outcomes. 

This issue is particularly critical in datasets involving infrequent events like fatal crashes, where 

important patterns may not meet minimum support thresholds and could be excluded from 

analysis (Tan et al., 2006). High thresholds can also obscure subtle relationships, favouring 

common attributes over potentially insightful but less frequent ones (Freitas, 2002). Tactical 

management of these thresholds is essential for producing actionable insights, as high 

thresholds limit rule diversity and practicality, hindering effective interpretation for strategic 

decision-making. 
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Despite extensive literature on association rule mining, gaps remain in understanding the 

tactical setting of minimum support and confidence thresholds, especially in datasets with 

infrequent events. Existing studies often overlook adaptivity and applicability of data mining 

in strategic management, particularly in data analysis in line with different objectives. 

Addressing these gaps can enhance analytical approaches and broaden the comprehension of 

infrequent patterns in fields such as road crash analysis, extending the utility of association rule 

mining. 

6.4 Theoretical Framework  

6.4.1 Basic definitions of association rule mining 

Support and confidence are two measures to assess the significance of association rules. Support 

represents how frequently an itemset appears in dataset (Agrawal et al., 1993). For association 

rules, support corresponds to the occurrence frequency of both the antecedent and consequent 

item sets. With regards to road safety, support is defined as the percentage of crash-recorded 

attributes that appear together with a specific consequent in database denoted as: 

𝑆𝑢𝑝𝑝(𝑋 → 𝑌) =  𝑃(𝑋 ∪  𝑌) =
𝑁(𝑋 ∪  𝑌)

𝑁(𝑡𝑟𝑎𝑛𝑠𝑎𝑐𝑡𝑖𝑜𝑛𝑠)
 

(6.4-1) 

where X and Y represent distinct item sets in RHS and LHS of a rule respectively that co-occur. 

Confidence serves as an additional measure that quantifies the extent to which the right-hand 

side (RHS) of rules consistently appears in a database that already contain items from the left-

hand side (LHS). In the context of road safety, confidence is defined as the percentage of 

occurrences where crash attributes and a specific consequent are observed together in the 
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dataset, relative to the rules containing the same crash attributes. Mathematically, it can be 

represented as follows: 

𝐶𝑜𝑛𝑓(𝑋 → 𝑌) =  𝑃(𝑌|𝑋) =
𝑆𝑢𝑝𝑝(𝑋 → 𝑌)

𝑆𝑢𝑝𝑝(𝑋)
=

𝑃(𝑋 ∪ 𝑌)

𝑃(𝑋)
 

(6.4-2) 

Association rule mining aims to illustrate the relationships between antecedents and 

consequents within frequent patterns. However, two constrained parameters are configured to 

be as minimal as feasible, with the intention of comprehending the entire databases, rather than 

solely focusing on frequent patterns. To facilitate the elucidation of associations, the parameter 

of "lift" (Berry & Linoff, 2004), used to validate rule robustness, is also incorporated to extract 

interesting and strongly associated rules. Lift serves as a reliable indicator of the rule's 

performance and interestingness. It quantifies the relationship between the observed support 

and the support that would be anticipated under the assumption of independence between the 

left-hand side (LHS) and right-hand side (RHS). This parameter measures the robustness of the 

association between specific consequents and attributes within the domain of road safety. Its 

representation is as follows: 

𝐿𝑖𝑓𝑡(𝑋 → 𝑌) =
𝑃(𝑌|𝑋)

𝑃(𝑌)
=

𝑆𝑢𝑝𝑝(𝑋 → 𝑌)

𝑆𝑢𝑝𝑝(𝑋) ∗ 𝑆𝑢𝑝𝑝(𝑌)
=

𝑃(𝑋 ∪ 𝑌)

𝑃(𝑋)𝑃(𝑌)
 

(6.4-3) 

In cases where the lift is greater than 1, it signifies a mutual reliance between two instances of 

the left-hand side (LHS) and right-hand side (RHS), suggesting the rule is potentially useful 

and LHS has positive effect on RHS. In simpler terms, the occurrence of LHS substantially 

increases the likelihood of RHS occurrence. Conversely, when the lift is less than 1, it indicates 
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LHS and RHS are alternatives to each other, suggesting the rule is not interesting and useful. A 

lift value of 1 implies that the probability of occurrence of the antecedent and that of the 

consequent are independent to each other, suggesting that no rule can be drawn involving these 

two item sets. 

6.4.2 Rule mining algorithm selection  

There are different algorithms introduced since 1993, which can be applied to discover hidden 

patterns and knowledge. These mainly includes AIS algorithm, SETM algorithm, Apriori 

algorithm, Frequent Pattern Growth (FP-Growth) algorithm and other variation of these 

algorithms. With regards to road safety data analysis, it is essential to select an appropriate 

algorithm to explore the crash databases so that knowledge could be provided for strategic level 

management.  

Figure 6.4.1: Process of AIS algorithm 

AIS algorithm was first introduced by Agrawal et al. (1993) for mining association rules. It 

generates rules that satisfy two additional constraints: syntactic constraint and support 
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constraints. Syntactic constraint refers to restricting items involved by predefining a specific 

item in antecedent or consequent. Support constraints include minimum support and 

confidence. The process of AIS is constructed by two phases as shown in Figure 6.4.1. All items 

combination of which support is above the predefined minimum support, called large item sets, 

are generated by scanning transaction database multiple times. Rules are extracted based on 

predefined confidence by combining items in large item sets with a specific item in antecedent 

or consequent, and the iteration of item sets generation terminates when none of itemset is 

obtained under the same constraints. However, AIS only can extract rules with one item in the 

consequent and only consider large item sets as interest of research. The iteration of going 

passed databases reduces the efficiency of rule mining. Consequently, it requires more space 

with highly computational cost. 

A set-oriented mining algorithm, called SETM, based on sort-merge strategy to was introduced 

by Houtsma and Swami (1995). It is similar to AIS that both need multiple passes over 

databases. It consists of two sort operations and one merge-scan join as shown Figure 6.4.2. 

Firstly, transactions are sorted by individual item with transaction identifier and determine 

whether they are frequent items in database. Then, it expands the item sets based on previous 

pass so that, ultimately, rules can be generated under constraints of predefined support and 

confidence. It saves the transaction identifier with item sets, but it has the same problem to AIS 

that every iteration needs pass database resulting in low efficiency. 
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Figure 6.4.2: Process of SETM algorithm 

In both the AIS and SETM algorithms, candidate item sets are generated on-the-fly during the 

pass as data is being read. Specifically, after reading a transaction, it is determined which of the 

item sets found large in the previous pass are present in the transaction. New candidate item 

sets are generated by extending these large item sets with other items in the transaction. This 

results in unnecessarily generating and counting too many candidate item sets that turn out to 

be small. 
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Figure 6.4.3: Process of Apriori algorithm 

The Apriori and AprioriTid algorithms (Agrawal et al., 1994) generate the candidate item sets 

to be counted in a pass by using only the item sets found large in the previous pass without 

considering the transactions in the database. Figure 6.4.3 illustrates the process of Apriori 

algorithm, where two phases are built for Apriori. First, the large 1-itemsets (L1) are determined 

by counting item occurrences. Then, the candidates of large 2-itemsets (C2) are found from last 

item sets (1-itemsets) and the large 2-itemsets (L2) are obtained by scanning transaction database 

and calculating support of candidates (C2). The second phase will repeat for k-item sets rules 

mining. 
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Figure 6.4.4: Process of FP-Growth algorithm 

FP-growth is an alternative algorithm utilised in mining a comprehensive collection of frequent 

patterns through pattern fragment growth. Han et al. (2000) introduced this method as a solution 

to address the limitations of the Apriori technique, which faces challenges in handling a vast 

number of candidate-sets and repeatedly scanning the database for pattern matching. The FP-

growth algorithm was designed in three distinct stages. Initially, the algorithm scans the 

database, counting the occurrences of each item and selects the frequent items based on a 

minimum support threshold. These frequent items are then sorted and used to construct the FP-

tree. A node list is generated from the frequent items, and these nodes are connected to 

corresponding nodes within the tree. Subsequently, the database is re-examined, and if an item 
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in a transaction is deemed frequent, it is incorporated into the tree structure. Finally, starting 

from the least frequent item, a recursive procedure is employed to discover frequent patterns. 

The algorithm calculates the support count of each pattern and presents the frequent ones. 

Figure 6.4.4 illustrates the step-by-step execution of the FP-Growth algorithm. 

The four prominent algorithms prove to be valuable tools in the process of rule mining. We 

have previously outlined the principles and procedures associated with each algorithm, and a 

concise comparison has been presented in Table 6.4.1.  

Table 6.4.1: Four rules mining algorithms comparison 

Algorithm Advantages Disadvantages 

AIS Easy to understand and use. 

Only one item allowed in the 

consequent. 

Multiple scans of database 

Large size of candidate set. 

STEM 
Separates generation from 

counting. 

Large execution time. 

Large size of candidate set. 

Apriori 
Easy to implement. 

Less candidate sets. 
Many scans of database 

FP-Growth 

Only twice scanning databases. 

Faster than others (Győrödi et al., 

2004) 

More memory consumption. 

Tree structure creates 

complexity. 

It is imperative to select an appropriate algorithm to optimise the data analysis efficiency, 

particularly in the context of road safety investigations. The yearly crash data in STAT19 under 

investigation is medium-sized, consisting of approximately less than 200,000 records. Each 

record represents a unique traffic crash, capturing various attributes such as date of occurrence, 

location, weather conditions, vehicle types, and other related information. The traditional 

mindset of association rules mining aims at extracting frequent patterns, which may overlook 
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the significance of rare attributes in understanding crash patterns comprehensively.  

The decision to employ the Apriori algorithm for this crash database analysis is based on several 

key factors. Firstly, the algorithm excels in handling large datasets, making it suitable for the 

medium-sized crash database under examination. Furthermore, the Apriori algorithm can 

handle exceptionally low minimum support and confidence values without introducing 

excessive complexity, a characteristic that holds significant importance in achieving a 

comprehensive comprehension of crash patterns. This capability sets Apriori apart from FP-

growth, making it particularly suitable for analysing the crash database under investigation. 

Thus, by identifying and analysing infrequent attributes, the algorithm can unveil previously 

unnoticed insights, contributing to a more complete analysis. 

6.4.3 Clustering methods  

Clustering is a common technique for statistical data analysis, which is used in many fields, 

including machine learning, data mining, pattern recognition, image analysis and 

bioinformatics. Clustering is the process of grouping similar objects into different groups, or 

more precisely, the partitioning of a data set into subsets. There are mainly three types of 

clustering methods are employed in data analysis: hierarchical, partitional and density-based 

clustering (Han et al., 2011).  

Hierarchical clustering encompasses agglomerative (bottom-up) and divisive (top-down) 

approaches, constructing a hierarchy of clusters represented as dendrograms. This method 

iteratively merges or splits clusters based on proximity measures between data points. 

Hierarchical clustering does not require the prior specification of the number of clusters and 

offers a visual representation of cluster relationships through dendrograms. It is beneficial for 

understanding nested structures within data. However, this method can be computationally 
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intensive and sensitive to noise and outliers. Additionally, once clusters are merged or split, 

these decisions are irreversible (Madhulatha, 2012; Rokach & Maimon, 2005). 

Partitional clustering methods, such as K-means, are widely used in data analysis to partition 

data into 𝑘 clusters, where each data point is assigned to the cluster with the nearest centroid. 

K-means iteratively updates cluster centroids to minimise the variance within clusters, making 

it computationally efficient and straightforward to implement (A. K. Jain et al., 1999). This 

efficiency makes K-means particularly suitable for handling large datasets, where it can 

efficiently scale with the size of the data (Xu & Tian, 2015). However, K-means does have 

limitations. It requires the prior specification of the number of clusters 𝑘, which can be 

challenging without prior knowledge of the data structure.  

Density-based clustering identifies clusters as regions of high data point density separated by 

low-density areas. Unlike partitional methods, it does not require specifying the number of 

clusters beforehand. It can discover randomly shaped clusters and is robust to noise and outliers. 

It adapts well to varying cluster densities within a dataset and does not require strict 

assumptions about cluster shapes. However, Performance can depend heavily on parameter 

settings, such as the radius and minimum points required to define a cluster. It can also be 

computationally expensive for large datasets with varying density levels (Ester et al., 1996; 

Madhulatha, 2012). 

K-means clustering is chosen for its efficiency, simplicity, and scalability in handling the large 

volumes of association rules generated in data mining. Its ability to produce clear and 

interpretable clusters aligns well with the objective of identifying distinct groups of association 

rules based on their lift and support metrics. While hierarchical and density-based clustering 

methods offer distinct advantages, the straightforward implementation and robust performance 
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of K-means clustering make it the preferred choice for data analysis. Its capacity to handle large 

datasets and derive meaningful clusters from association rule data support the analytical 

objectives of this research. 

Hahsler & Karpienko (2017) developed a method for grouping the rules using K-means 

clustering to manage the substantial number of rules. They took advantage of Lift as a measure 

of interest to group antecedent containing substitutes and used K-means clustering to partition 

the set of antecedents into K groups 𝑆 = {𝑆1, 𝑆2, 𝑆3, … , 𝑆𝑘} while minimising the within-cluster 

sum of squares. Formally, the objective is to find: 

arg 𝑚𝑖𝑛𝑠 ∑ ∑ ‖𝑚𝑗 − 𝜇𝑗‖
2

𝑚𝑗∋𝑆𝑖

𝑘

𝑖=1

 

(6.4-4) 

where 𝜇𝑖   is the mean (also called centroid) of vectors in 𝑆𝑖.  

6.5 Summary 

In this Chapter, the background information of data mining methods specifically association 

rule mining as well as related work to crash data analysis have been demonstrated. The 

theoretical foundations of association rule mining and clustering methods within the context of 

road crash data analysis have been explored. The strategic analysis on road crash data involves 

leveraging these methodologies to uncover hidden patterns and associations that inform road 

infrastructure safety management. Specifically, association rule mining using the Apriori 

algorithm is proposed to reveal intricate relationships between road attributes and fatal crash 

occurrence. K-means clustering has been selected for its efficiency in organising association 

rules into distinct clusters based on similarity in lift and support metrics. 
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The forthcoming Chapter will extend this theoretical foundation into a practical application 

through the prototype development of a data analysis framework. This prototype will integrate 

association rule mining results with K-means clustering, aiming to provide stakeholders with 

valuable insights for enhancing road safety strategies. By building a bridge between theory and 

implementation, the prototype development phase will demonstrate how these analytical 

techniques can be applied to real-world crash data to support informed decision-making and 

strategic management of road infrastructure safety. 
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Chapter 7. Development of the Prototype Strategic Tool 

7.1 Methodology 

This research aims to employ association rule mining, a data mining technique, to 

comprehensively analyse the entire crash database in terms of fatal crash contributors and 

association analysis. To facilitate a holistic view of rules from three dimensions of strategic 

perspectives, K-means clustering is utilised for grouping and visualising the rules. The research 

process involves several essential steps, including identifying minimum support and confidence 

thresholds, determining the number of items, applying rule mining, applying K-means 

clustering, and finally, visualising the results as illustrated in Figure 3.4.1. Detailed 

explanations of each step are elaborated in the following subsections to provide a 

comprehensive understanding of the overall procedure. 

7.1.1 Data preparation 

In the context of road safety, the primary concern is fatal crash, which result in substantial 

economic losses and have a profound impact on public health. To comprehend the factors 

contributing to fatal crash and their underlying causes, association rule mining combined with 

K-means clustering is employed. The dataset used in this study is derived from the STATS 19 

road accident injury statistics database for the year 2018. STATS20 is an introduction document 

used for completion of road accident report, which provides a detailed explanation of the 

information to understand the attributes. The definitions of killed were elaborated in STATS20 

corresponding to the severity of crash. A fatal crash is when deaths occur within a period of 

fewer than 30 days following the accident, which excludes fatalities resulting from natural 

causes or suicide. Serious incident is defined as any detention in hospital as an in-patient, either 

immediately or later, and injuries to casualties who die 30 or more days after the accident from 
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injuries sustained in that accident. Slight injury includes but not limited to whiplash or neck 

pain, shallow cuts/lacerations/abrasions, sprains and strains (not necessarily requiring medical 

treatment), bruising and slight shock requiring roadside attention. 

To identify the infrastructure related engineering problems, some irrelevant variables are 

eliminated, and collision data was specifically considered. There are in total 36 variables in 

STATS 19 collision dataset, which furnishes comprehensive details such as accident location, 

road type, junction details, junction control, lighting conditions, and more. Repetitive and 

unnecessary information are excluded from consideration, while missing values are deemed to 

have minimal impact on the overall dataset. Consequently, 20 relevant and meaningful 

attributes are identified as shown in Table 7.1.1 for utilisation in the data mining process.  

Table 7.1.1: Roadway crash attributes data (derived from STATS 20) 

Roadway crash attributes Detailed information 

Accident severity 

1 (Fatal); 

2 (Serious);  

3 (Slight). 

Month January to December  

Day of week 

1 (Sunday); 

2 (Monday);  

3 (Tuesday);  

4 (Wednesday);  

5 (Thursday);  

6 (Friday);  

7 (Saturday). 

Time 0-24 

Local authority ons district 
Names and codes for a wide range of 

geographies (See STATS 20) 

Regional area 
North East; North West;  

Yorkshire and the Humber;  
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East Midlands; West Midlands;  

East of England. London;  

South East; South West. 

First road class 

1 (Motorway);  

2 (A(M));  

3 (A);  

4 (B);  

5 (C);  

6 (Unclassified). 

Road type 

1 (Roundabout);  

2(One way street);  

3 (Dual carriageway);  

6 (Single carriageway);  

7 (Slip road);  

12 (One way street/Slip road). 

Speed limit 
20,30,40,50,60,70 are the only valid speed 

limits on public highways 

Junction detail 

0 (Not at junction or within 20 metres);  

1 (Roundabout);  

2 (Mini roundabout);  

3 (T or staggered junction);  

5 (Slip road);  

6 (Crossroads);  

7 (More than 4 arms not roundabout);  

8 (Private drive or entrance);  

9 (Other Junction). 

Junction control 

0 (Not at junction or within 20 metres);  

1 (Authorised person);  

2 (Auto traffic signal);  

3 (Stop sign);  

4 (Give way or uncontrolled) 

Pedestrian crossing human control 0 (None within 50 metres);  
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1 (Control by school crossing patrol);  

2 (Control by other authorised persons) 

Pedestrian crossing physical facilities 

0 (None within 50 metres );  

1 (Zebra);  

4 (Pelican, puffin, toucan, or similar non-

junction pedestrian light crossing);  

5 (Pedestrian phase at traffic signal junction);  

7 (Footbridge or subway);  

8 (Central refuge) 

Light condition 

1 (Daylight);  

4 (Darkness - lights lit);  

5 (Darkness - lights unlit);  

6 (Darkness - no lighting);  

7 (Darkness - lighting unknown) 

Weather condition 

1 (Fine no high winds);  

2 (Raining no high winds);  

3 (Snowing no high winds);  

4 (Fine + high winds);  

5 (Raining + high winds);  

6 (Snowing + high winds);  

7 (Fog or mist); 8 (Other) 

Road surface condition 

1 (Dry);  

2 (Wet or damp);  

3 (Snow);  

4 (Frost or ice);  

5 (Flood over 3cm deep);  

6 (Oil or diesel);  

7 (Mud) 

Special condition at site 

0 (None);  

1 (Auto traffic signal - out);  

2 (Auto signal part defective);  
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3 (Road sign or marking defective or 

obscured);  

4 (Roadworks);  

5 (Road surface defective);  

6 ( Oil or diesel);  

7 (Mud);  

Carriageway hazard 

0 (None);  

1 (Vehicle load on road);  

2 (Other objects on road);  

3 (Previous accident);  

4 (Dog on road);  

5 (Other animals on road);  

6 (Pedestrian in carriageway - not injured);  

7 (Any animal in carriageway (except ridden 

horse)) 

Urban or rural area 

1 (Urban);  

2 (Rural)l;  

3 (Unallocated) 

Trunk road flag 

1 (Trunk (Roads managed by Highways 

England));  

2 (Non-trunk) 

Additionally, the dataset contains some missing values and meaningless entries, such as 

"nonspecial condition at site" and "unknown information (self-reported)." As these information 

cannot provide valuable insights for decision making, these entries are treated as missing 

values. The proportion of missing values for each variable is calculated and presented in the 

Table 7.1.2. Each row corresponds to a variable, with the accompanying number indicating the 

percentage of missing values for that variable. Ten variables (1, 2, 3, 4, 5, 6, 7, 8, 9, and 14) 

exhibit no missing values, indicating that the dataset is complete and reliable for these fields. 

Their completeness ensures robustness in any analysis involving these variables. While some 
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variables are entirely observed, others display minimal (less than 5%) to moderate (less than 

30%), various levels of missing data, and a few exhibits significant (more than 30%) 

proportions of missing data. 

Table 7.1.2: Percentage of missing values for each variable 

Numerous methods exist for handling missing categorical data, including imputation techniques 

such as Missing Categorical Data Imputation Based on Similarity (MIBOS) (Wu et al., 2012), 

k-nearest neighbours (KNN) (Batista & Monard, 2002), and various prediction models. 

Imputation aims to estimate and fill in missing values using identified relationships within the 

dataset's observed values. The goal is to leverage known patterns to make informed estimates 

of the missing data. However, when employing association rule mining, which focuses on 

uncovering associations based on the frequency and conditional probability of different 

No. Variable Percent 

(%) 

No. Variable Percent 

(%) 

1 accident severity 0 11 junction control 44.7197 

2 date 

0 

12 pedestrian crossing 

human control 2.587353 

3 day of week 

0 

13 pedestrian crossing 

physical facilities 2.32397 

4 time 0 14 light conditions 0 

5 Local authority 

Ons district 0 

15 weather conditions 

0.015493 

6 regional areas 

0 

16 road surface 

conditions 0.1533 

7 first road class 

0 

17 special conditions at 

site 96.71301 

8 road type 0 18 carriageway hazards 97.25119 

9 speed limit 0 19 urban or rural area 0.000815 

10 junction detail 0.000815 20 trunk road flag 8.685938 
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patterns, imputation can fundamentally alter the data, potentially leading to skewed or 

inaccurate analysis results. Consequently, in the context of association rule mining, the optimal 

strategy for handling missing data may be to exclude it altogether. This approach preserves the 

integrity of the analysis by avoiding the introduction of potentially misleading imputed values. 

Retaining variables with a high proportion of missing data, such as special conditions at site 

and carriageway hazards, is particularly crucial. Despite their missingness, these variables can 

provide invaluable insights into infrequent patterns that are essential for reflecting the true state 

of road infrastructure conditions. By considering these variables, even with their substantial 

missing data, the analysis remains comprehensive and representative of all potential scenarios, 

ensuring that critical yet uncommon patterns are not overlooked. The analysis does not ignore 

the missing data problem; instead, it acknowledges and systematically validates the findings 

through robustness check elaborated in Section 7.4.2. 

7.1.2 Measurement of interest identification. 

Confidence is a crucial metric for assessing the strength of an association rule (Agrawal et al., 

1993). However, it is essential to recognise that confidence operates within the context of 

support. When mining association rules involving rare consequents, the confidence value may 

be significantly low due to frequent patterns in the database. Determining an appropriate 

confidence threshold can be challenging. To extract interesting rules, it’s common to set the 

minimum confidence value equal to the minimum support value. This approach aims to capture 

a maximal number of potential rules.  

To gain a comprehensive understanding of the attributes contributing to fatal crashes, frequency 

of fatalities is calculated. Based on this frequency, minimum support and confidence thresholds 

are established, corresponding to 10% of the total killed crash occurrences. This approach 
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ensures that a significant number of rules, even those with low support and confidence, are 

considered in the analysis. By doing so, the focus extends beyond individual attributes to 

encompass broader patterns.  

7.1.3 Item number identification 

The Apriori algorithm was selected for rule mining from the STATS 19 database. However, 

this database contains numerous attributes, potentially resulting in extended programming 

execution time when experimenting with various rule lengths. Additionally, the number of rules 

is influenced by the items within each rule. To capture all interesting rules, a correlation analysis 

was conducted to establish the maximum number of items within the rules. The objective of 

this analysis is to avoid bias introduced by varying item counts in the rules and to obtain the 

majority of potentially interesting rules aligned with the essential mining criteria as mentioned 

in section 7.1.2. 

7.1.4 Rule mining and redundant rules removal 

In the process of analysing the data, Rstudio is utilised, specifically the 'arules' package based 

on Apriori algorithms, to extract rules while adhering to predefined constraints. However, due 

to the aim of comprehensively understanding the entire database rather than focusing 

exclusively on frequent patterns, the resulting rules often become excessively numerous, 

thereby hindering efficient mining and comprehension by end users. To address this issue, 

Bayardo et al. (2000) proposed an algorithm integrated to eliminate redundant rules that can be 

simplified to yield an equally or more predictive rule. 

In frequent pattern mining, identifying a suitable pair of constraints, minimum support and 

confidence, is vital important to filter out extraneous and less predictive rules. However, there 

is a dilemma that discovering association rules with a high support tends to overlook rare item 
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rules, whereas setting a low support gives rise to an excessive abundance of rules, leading to 

redundancy and consequently reducing the effectiveness of the exploration. Usually, a 

redundant subgroup collection is several tens to hundreds of times greater in size than a 

subgroup collection (Li et al., 2014). Removing redundant rules simplifies the analysis, making 

it easier for analysts to understand and interpret the remaining rules. This clarity aids decision-

makers in identifying actionable insights and making informed decisions, which generally 

enhances the clarity, efficiency, and quality of data analysis, aiding in effective decision-

making 

Bayardo et al. (2000) introduced a conception of minimum improvement which signifies the 

minimum difference between its confidence and the confidence of any of its simplifications. If 

the improvement of a rule is positive, removing any subset from antecedent decreases the 

confidence by at least its improvement. Conversely, a rule with negative improvement is 

undesirable because the rule can be simplified to yield a proper sub-rule which is more 

predictive. Briefly, a parent rule is defined as redundancy, if a more general rule with the same 

or a higher confidence exists. It can be explained as follow: a rule X→Y is redundant, if  

∃𝑋′ ∈ 𝑋, 𝐶𝑜𝑛𝑓(𝑋′ → 𝑌) ≥ 𝐶𝑜𝑛𝑓(𝑋 → 𝑌) 

(7.1-1) 

7.1.5 K-mean clustering and visualisation 

To avoid the usage of a few rules or ranking of rules from some biased weight assignments to 

represent the underlying knowledge within the database, a balloon plot is utilised for the 

purpose of illustrating the organised rules. In the visual representation, antecedent groups are 

depicted as columns, while consequents are displayed as rows, as described by Hahsler & 
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Karpienko (2017) in their study. The colouration of each balloon in the plot corresponds to the 

collective interest measure within the group, whereas the size of the balloon indicates the 

combined support. Additionally, the grouped matrix visualisation offers an interactive option 

for zooming in on specific groups and examining rules in a finely detailed manner. Groups are 

labelled by the most interesting item in the group. Hahsler M et al. (2023) advocated using 

highest ratio of support in the group to support in all rules as a metric to measure the relative 

significance of a particular item within a specific group compared to its prevalence in the entire 

dataset. This indicates that the item is more prevalent and significant within the specific group 

compared to its overall occurrence in the entire dataset suggesting that the item is remarkable 

characteristic of the that group. The ratio is denoted as follows: 

𝑅𝑎𝑡𝑖𝑜 =
𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑝

𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑖𝑛 𝑎𝑙𝑙 𝑟𝑢𝑙𝑒𝑠
 

(7.1-2) 

7.2 Prototype Application  

To comprehensively understand the attributes contributing to fatal crashes, the frequency of 

such crashes in the database is calculated to establish minimum support thresholds 

corresponding to 10% of its frequency. For instance, in 2018, the STATS 19 dataset recorded 

a total of 122,635 incidents, including 1,671 fatal cases. Based on the rule support definition, 

the highest support values for rules related to fatal outcomes are 0.0136. Consequently, the 

minimum support value is set at 0.001. In this study, specifying confidence is less critical 

because the primary parameter for assessing interestingness is the lift value. Confidence is the 

conditional probability of the support value of a rule. Therefore, the minimum confidence is set 

to match the minimum support value, which is very low, indicating patterns with relatively 
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weak associations and frequencies in the crash database. This approach ensures that a 

significant number of rules with low support and confidence levels regarding fatal crashes are 

considered in the analysis, rather than focusing exclusively on attributes that may not capture 

broader patterns.  

Concerning the quantity of roadway crash attributes within rules, an investigation was 

conducted on rules with varying attribute number, ranging from 1 to 10 shown in Figure 7.2.1. 

illustrates how the increasing number of attributes affects the total count of rules. Notably, 

flatten at the point of seven items, suggesting that further increments in attribute count do not 

yield a significant impact on the total number of rules. Thus, it is determined that mining rules 

with seven attributes is s suitable choice for obtain potential rules without excessive efforts in 

both scenarios. 

Figure 7.2.1: Correlation between number of attributes and rules 

7.3 Result 

In compliance with the mining constraints, a comprehensive set of rules amounting to 4992 

rules are produced from the STATS 19 dataset, corresponding to fatal cases. To identify 
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meaningful rules, two crucial steps: sorting based on lift and eliminating redundancy are 

employed. Consequently, a subset of 643 rules as displayed in Appendix A is extracted 

pertaining to fatal crashes, which are subsequently utilised in K-means clustering and 

visualisation analyses. 

The outcomes of rule mining using K-means clustering are visually presented in Figure 7.3.1. 

To elucidate concealed insights regarding contributing attributes, ten groups are established. 

The size of each circle in the visual representation signifies the combined support of all rules 

within a specific group. A larger circle indicates that all rules within that group have relatively 

high support, suggesting those attributes presented in these rules have high frequency of 

occurrence to fatal crash. Furthermore, the colour of each circle signifies the common lift value 

of all rules within that particular group. A darker red shade indicates that the collective lift of 

all rules within the group is relatively higher, suggesting a highly likelihood that these attributes, 

when occurring together, contribute significantly to fatal crashes. 

Figure 7.3.1 summaries all significantly affected roadway crash attributes to fatal crash, where 

left-hand side (LHS) indicates the road attributes and right-hand side (RHS) refers to the fatal 

results. These includes Light condition=6 (Darkness: no street lighting); Road surface 

condition=1 (Dry); Speed limit=60; Junction detail=0 (Not at or within 20 metres of junction); 

Regional areas=East Midlands; Urban or rural area=2 (Rural); Trunk road flag=1 (Trunk roads 

managed by Highways England); Day of week=7 (Saturday); Speed limit=70; Speed limit=50; 

Regional areas=Scotland; Light condition=4 (Darkness: streetlights present and lit); Regional 

areas=South West; Regional areas=South East; Month=August; Month=July.
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Figure 7.3.1: Fatal crash rules visualisation 
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In order to extract noteworthy rules, ranking the rules based on different criteria such as support 

and lift, can help prioritise rules and identify the most relevant and influential ones. These two 

measures, introduced in Section 6.4.1, represent the frequency with which the rule appears in 

the dataset and the extent to which its occurrences are statistically associated. Table 7.3.1 and 

Table 7.3.2 and are shown as below to demonstrate the top ten rules ranking by support and lift 

respectively. 

According to the findings presented in Table 7.3.1, fatal road crashes predominantly occur on 

roads without human control within 50 metres and on roads without pedestrian crossing 

facilities within the same distance. Additionally, the data reveals that adverse weather 

conditions are not a common factor in these incidents, as fatal crashes typically occur under 

fine weather conditions without high winds. It is evident that single carriageways are the road 

type where fatal crashes occur most frequently. 

Furthermore, Table 7.3.2 reveals a significant correlation between specific road characteristics 

and fatalities. Notably, parent rules D, H, and J, which will be discussed in the subsequent 

section 7.4, identify scenarios with a higher likelihood of fatal incidents. 

Rule D suggests that fatalities are more likely to occur on roads that are not at or within 20 

metres of a junction, are in darkness without street lighting, have dry road surfaces, and are in 

rural areas. Rule H emphasises that fatalities are more associated on A roads under similar 

lighting conditions and in fine weather without high winds. Additionally, it has been observed 

that fatalities more likely occur on A roads, without human control at pedestrian crossings, 

occur, in darkness without street lighting, under fine weather without high winds, and are 

situated in rural areas  
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Table 7.3.1: Ranking of rules by support 

No. Rules Support Lift 

1 
pedestrian crossing human control=0 

(No human control within 50 metres) 
0.013512 1.031237 

2 
pedestrian crossing physical facilities=0 

(No physical facilities within 50 metres) 
0.011652 1.105374 

3 

Pedestrian crossing human control=0 

(No human control within 50 metres), 

pedestrian crossing physical facilities=0 

(No physical facilities within 50 metres) 

0.011636 1.109275 

4 
weather conditions=1 

(Fine no high winds) 
0.011171 1.013339 

5 

pedestrian crossing human control=0 

(No human control within 50 metres),  

weather conditions=1  

(Fine no high winds) 

0.011098 1.039322 

6 
road type=6 

(Single carriageway) 
0.010217 1.041155 

7 

road type=6 (Single carriageway),  

pedestrian crossing human control=0 

(No human control within 50 metres) 

0.010136 1.06375 

8 

Pedestrian crossing physical facilities=0 

(No physical facilities within 50 metres), 

weather conditions=1 

(Fine no high winds) 

0.009565 1.114218 

9 

Pedestrian crossing human control=0 

(No human control within 50 metres), 

pedestrian crossing physical facilities=0 

(No physical facilities within 50 metres), 

weather conditions=1 

(Fine no high winds) 

0.009557 1.11845 
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10 

road type=6 (Single carriageway),  

pedestrian crossing physical facilities=0 

(No physical facilities within 50 metres) 

0.008888 1.141241 

Table 7.3.2: Ranking of rules by confidence (lift) 

No. Rules Support Lift 

A 

first road class=3 (A road),  

pedestrian crossing human control=0 

(No human control within 50 metres),  

light conditions=6 (Darkness no street lighting),  

weather conditions=1 (Fine no high winds), 

urban or rural area=2 (Rural area). 

0.001085 5.823923 

B 

first road class=3 (A road),  

light conditions=6 (Darkness no street lighting),  

weather conditions=1 (Fine no high winds), 

urban or rural area=2 (Rural area). 

0.001085 5.810056 

C 

junction detail=0  

(Not at junction or within 20 metres), 

pedestrian crossing human control=0 

(No human control within 50 metres),  

light conditions=6 (Darkness no street lighting), 

road surface conditions=1 (Dry), 

urban or rural area=2 (Rural area). 

0.001239 5.608501 

D 

junction detail=0 

(Not at junction or within 20 metres), 

light conditions=6 (Darkness no street lighting), 

road surface conditions=1 (Dry), 

urban or rural area=2 (Rural area). 

0.001239 5.597244 

E 

first road class=3 (A road), 

Pedestrian crossing human control=0 

(No human control within 50 metres),  

pedestrian crossing physical facilities=0 

0.001093 5.594019 
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(No physical facilities within 50 metres) 

light conditions=6 (Darkness no street lighting), 

weather conditions=1 (Fine no high winds). 

F 

first road class=3 (A road), 

pedestrian crossing physical facilities=0 

(No physical facilities within 50 metres),  

light conditions=6 (Darkness no street lighting), 

weather conditions=1 (Fine no high winds). 

0.001093 5.581319 

G 

first road class=3 (A road), 

Pedestrian crossing human control=0 

(No human control within 50 metres),  

light conditions=6 (Darkness no street lighting), 

weather conditions=1 (Fine no high winds). 

0.001109 5.579131 

H 

first road class=3 (A road), 

light conditions=6 (Darkness no street lighting), 

weather conditions=1 (Fine no high winds). 

0.001109 5.545036 

I 

first road class=3 (A road), 

junction detail=0  

(Not at junction or within 20 metres), 

Pedestrian crossing human control=0 

(No human control within 50 metres),  

light conditions=6 (Darkness no street lighting), 

urban or rural area=2 (Rural area). 

0.00115 5.527786 

J 

first road class=3 (A road), 

junction detail=0  

(Not at junction or within 20 metres), 

light conditions=6 (Darkness no street lighting), 

urban or rural area=2 (Rural area). 

0.00115 5.513061 
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7.4 Discussion 

STATS20 is an introduction document used for completion of road accident report, which 

provides a detailed explanation of the information to understand the result. The definitions of 

killed were elaborated in STATS20 corresponding to the severity of crash. A fatal crash is when 

deaths occur within a period of fewer than 30 days following the accident, which excludes 

fatalities resulting from natural causes or suicide.  

7.4.1 Strategic prospectives 

This part will analyse the results of fatal crashes as example from three different perspectives, 

elucidating the accuracy and impact of tools are elaborated through a comparison of reports 

sourced from the Department of Transport.  

(a) Quantitative analysis 

Quantitative analysis in Association Rule Mining is essential for ensuring that the discovered 

rules are meaningful, reliable, and applicable to the dataset. It helps in making informed 

decisions and extracting valuable insights from large datasets. Table 7.3.1 and Table 7.3.2 are 

displayed the top 10 rules in terms of support and lift, which is explained for quantitative 

analysis. 

Rule 1 has a support of 1.35%, indicating that 1.35% of all crashes involve “no human control 

within 20 metres” crash on-site attributes. Although this support rate is relatively low, when 

compared with the occurrence of fatal crashes at 1.36% of the entire crash dataset, the rule 

suggests that more than 99% of fatal crashes observable with this specific attribute, which could 

still be significant in a large dataset when analysing the fatal crashes. Moreover, rule 4 is 

evidenced that over 80% of fatal crashes occur under fine without high winds weather 
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condition. According to rule 6, rule 6 has a support of 1%. Correlating with fatal crash, nearly 

74% of fatal crashes occur on “singe carriageway”. All these knowledges are based on the 

calculation from the Equation (6.4-1) reflecting the facts of the data. 

In this scenario, rules are acquired with regard to a specific fatal consequent, thus from the view 

of mathematical definition, confidence and lift are the same measurement but they will be 

elaborated in separate ways in the context of road safety. 

Rule A has the highest confidence and lift within the results derived from Association Rule 

Mining, registering at 7.9% and 5.82, respectively. The value of 7.9% indicates that when 

individuals drive vehicles, on “A roads”, in “rural areas”, particularly “in the evening without 

street lighting”, “in a good weather with no high wind environment” setting, and there is “no 

pedestrian crossing with human control within 50 metres”, there's a 7.9% chance they will 

involve in a fatal crash. This suggests a strong association. In the sense of lift, rule A has a lift 

of 5.82, which is quite high. This signifies a strong association between attributes mentioned 

above, the LHS of rules, and the consequent of fatal crash. The lift of 5.82 implies that this 

association is 5.82 times more likely to occur than if the two sides were independent of each 

other. This finding highlights a robust and statistically significant association between the 

specified driving conditions and the occurrence of fatal crashes.  

Notably, as shown in Figure 7.4.1 Rule H is the parent of rule A, B, E, F and G. Similarly, Rule 

D serves as the parent rule for Rules C, while Rule J serves as the parent rule for Rule I. What 

makes this pattern particularly interesting is the observed characteristics in the child rules. 

Specifically, there is a minor decrease in support, accompanied by a slight increase in both 

confidence and lift, which suggests that certain conditions may amplify each other's impact to 

fatal crash.  
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Figure 7.4.1: Visualisation of top 10 fatal rule ranking by lift 

(b) Qualitative analysis 

Specifically, within the road setting context, the repeatedly presence of “pedestrian crossing 

human control=0”, “pedestrian crossing physical facilities=0”, are obviously discovered across 

multiple rules. These factors not only show a relatively high frequency but also demonstrate a 

robust association with fatal crashes. This underscores the prominent significance of absence 

of crossing facilities and crossing control as contributory factors to fatal crashes as indicated by 

the high lift. Conversely, considering the inverse way, no crossing human control and no 

crossing facilities are frequent fatal roadway crash attributes, which points out the interesting 

fact that roads were not built for crossing. The absence of pedestrian crossings calls for a deeper 

investigation on ideal design and strategic placement of crossing facilities. This enhancement 

should be formulated by an understanding of pedestrian behaviour, aiming to encourage safe 

road crossing practices. In addition, “road type=6” (single carriageway) is another repeated road 

feature in fatal incident. To improve the road safety, an in-depth investigation into the attributes 

of A road and single carriageway, is necessary. This analysis outlines a prospective strategy for 

enhancing road safety, offering insights to guide precisely targeted interventions with the 

objective of reducing fatal crashes.  
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Notably, the presence of "light conditions=6" (Darkness - no lighting) and "weather 

conditions=1" (Fine no high winds) in several rules suggests a noteworthy impact on fatal crash 

occurrences, which implies that fatal crashes are more likely under these specific driving 

environment setting, Darkness - no lighting and fine no high winds. This aligns with common 

safety knowledge that reduced visibility during darkness can contribute to serious incidents. 

In summary, all these rules exhibit similar conditions, indicating consistency in the attributes 

of fatal crashes and contributors to fatal crashes. The qualitative analysis enables to understand 

rules in two reversed mindsets based on different meaning of support and confidence/lift. It 

describes varied attributes of fatal crashes, emphasising the frequent occurrence of diverse 

characteristics. Simultaneously, it reveals consistent patterns in the rules highlighting the 

relationship between antecedent of numerous factors such as road class, lighting, and weather 

conditions, urban or rural areas, pedestrian crossings, junction details and consequent of fatal 

crashes. These findings can guide further investigation and intervention strategies to enhance 

road safety. 

(c) Overview of visualisation 

Hundreds of rules were grouped by K-mean clustering to enhance comprehension of the 

collective characteristics of the outcomes. The resulting visualisations, depicted in Figure 7.3.1 

illustrates distinct metrics for highlighting the most noteworthy rules. As explained in section 

7.1, two measurements are used for identifying interesting rules. Concurrently, essential factors 

for each group are labelled and summarised as outlined below in Table 7.4.1. 
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Table 7.4.1: Interesting attributes in groups 

Group Attributes 

1 
Light condition=6  

(Darkness: no street lighting) 
Road surface condition=1 (Dry) 

2 light conditions=6 Speed limit=60 

3 light conditions=6 Speed limit=60 

4 Speed limit=60 
Junction detail=0(Not at or within 20 

meters of junction) 

5 Regional areas=East Midlands Urban or rural area=2 (Rural) 

6 
Trunk road flag=1 (Trunk roads 

managed by Highways England) 
Day of week=7 (Saturday) 

7 Speed limit=70 Speed limit=50 

8 Regional areas=Scotland 

Light condition=4  

(Darkness: streetlights present and 

lit) 

9 Regional areas=South West Regional areas=South East 

10 Month=August Month=July 

Ten clusters were classified by lift, where the attribute labels within each group exerted the 

most pronounced influence on fatal outcomes. This determination was made by evaluating the 

relative implication of specific attributes within their respective groups, compared to their 

occurrence within the entire dataset to understand and extract rules with these outstanding 

attributes in each group as they could represent a cluster with regards to a specific lift value. 

All rules considered in this study have a lift value over 1, which consequently provides valuable 

insights into the underlying patterns of association between roadway crash attributes and fatal 

outcomes within each cluster. 

7.4.2 Robustness check 

To verify robustness of the results, 2018 annual report (Department of Transport, 2019) was 
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used for validation. This report conducted statistical analysis utilising crash data from the year 

2018. While the report primarily undertook casualty-based analysis, our study focused on 

mining crash-based rules. In addition, the report presented crash-based statistics, which were 

adapted for the purpose of conducting a robustness check. However, it is important to note that 

basic statistics alone provide limited insights, revealing only numerical values such as the count 

(support of item) without researching for a deeper understanding of the underlying data. 

According to the Table 7.4.2, the data reveal an obvious contrast in fatality rates between road 

classes. Motorways, characterised by higher speeds, exhibit a lower fatality rate (6%) compared 

to A roads (56%). Notably, the study highlights the importance of considering crash-based rules 

to acknowledge that A road is not only a frequent pattern to roadway fatalities and has a strong 

association with fatal crash. In addition, the table underscores a significant rural-urban different 

impact on fatality rates. Rural roads show evidence of a higher fatality rate (60%) than urban 

Roads (40%), suggesting potential differences in infrastructure, traffic patterns, or emergency 

response capabilities between these settings, which aligning with the knowledge from rules.  

Furthermore, the statistics across varying speed limits unveils that 30-mph speed limit stands 

out with a substantial fatality rate of 36%, closely followed by 60 mph at 34%. This challenges 

the common assumption that higher speed limits directly correspond to higher fatality rates. A 

critical factor in understanding this phenomenon is the distinction between speed limits and 

actual driving speeds. Speed limits are regulatory measures set by authorities to manage traffic 

flow and enhance safety, but they do not necessarily reflect the real-world speeds at which 

vehicles travel. In urban areas with a 30-mph speed limit, factors such as pedestrian density, 

frequent intersections, and stop-and-go traffic contribute to a complex driving environment 

with increased risk of collisions. These conditions can result in a high frequency of accidents, 
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which, despite the lower speeds, can still lead to severe injuries or fatalities. 

Table 7.4.2: Reported accidents and rates by severity, road class, and speed limit 

Roads 
Fatal 

(count) 
Rate (%) 

Motorways 92 6 

A road 939 56 

B road 205 12 

Other roads 435 26 

Total 1,671  

(Motorway excluded) 

All rural roads 952 60 

All urban 

roads 
626 40 

Total 1578  

Speed limit 

20 mph 49 3 

30 mph 567 36 

40 mph 168 11 

50 mph 134 8 

60 mph 542 34 

70 mph 119 8 

Total 1579  

As per the data presented in Table 7.4.3, the Southeast exhibits the highest number of fatalities 

(237). Additionally, fatal incidents are reported in the Southwest, Northwest, and East Midlands 

regions, indicating a certain degree of conformity with the overview of patterns outlined in 

grouped fatal rules This observation lends credibility to the consistency and reliability of the 

established rules.  
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Table 7.4.3: Reported accidents by region, severity 

Region authority Fatal 

Northeast 51 

Northwest 184 

Yorkshire and The Humber 165 

East Midlands 179 

West Midlands 167 

East of England 163 

Southeast 237 

Southwest 172 

The report demonstrates a noteworthy alignment with the rules derived from the crash database, 

providing empirical evidence that association rule mining serves as an advanced tool for 

uncovering hidden information and enhancing insights within the context of road safety. 

Tailoring interventions based on road class characteristics and critically evaluating the 

effectiveness of speed limits, especially in rural areas, can contribute to more targeted and 

impactful safety measures.  

The overview provides a clear ranking of how different attributes associated with the 

consequent and how robust correlation they have. This study provides an integrated 

methodology to investigate the specific crash factors impact. Meanwhile, the report 

(Department of Transport, 2019) emphasises that there is no single underlying factor that drives 

roadway crash. Notably, the available police-reported road casualty data offers only a 

constrained view. To address this limitation, this methodological approach could be employed 

involving the integration of diverse data sources related to crashes. This integrated approach 

aims to provide a strategic perspective on roadway safety to enhance our understanding of road 

safety dynamics and inform evidence-based policy decisions. 
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7.5 Summary 

This Chapter presented a methodology for identifying and analysing fatal crash contributors 

using association rule mining and K-means clustering. By examining crash database, critical 

patterns and associations are extracted that provide a comprehensive understanding of the 

factors contributing to fatal crashes. The visualisations and rules derived from strategic data 

analysis highlight specific road attributes, environmental conditions, and temporal factors that 

significantly influence crash outcomes. This data-driven approach provides valuable insights 

for tailored investment plan to enhance road safety. 

The upcoming Chapter will explore the adaptability and applicability of the proposed 

methodology in alignment with diverse objectives set forth by various legislative levels. This 

section will emphasise how this methodology can be applied using same database to achieve a 

comprehensive understanding of road infrastructure relating to crash catering to a range of 

legislative goals. By exploring the intersection of methodology and legislative objectives, the 

Chapter aims to demonstrate the versatility of the approach in addressing different policy aims, 

thereby enhancing its overall utility and relevance in the field of road safety analysis. 
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Chapter 8. Exploration of the Adaptive Data Analysis 

8.1 Introduction 

Integration of association rule mining and K-means clustering offers adaptability and 

applicability across various levels of governing bodies, catering to diverse strategic objectives. 

At the local authority level, decision-makers may seek to understand the influence of road 

infrastructure on crash occurrences, enabling the formulation of tailored road safety 

enhancement strategies within specific geographic areas. Similarly, at the national road division 

level, decision-makers focus on the broader network, emphasising considerations such as road 

class to crashes. This section provides a broad overview of how this methodological framework 

can be applied for crash data analysis to address distinct strategic inquiries across different 

administrative levels. 

To illustrate the adaptability of the proposed methodologies, the Chapter will present two 

scenarios with distinct objectives. The first scenario aims to explore the internal relationship 

between crash occurrences in London and various road infrastructure attributes. The second 

scenario seeks to understand the association between crash site attributes and road 

classification. Through these examples, the Chapter will demonstrate how the methodology can 

be tailored to meet the specific needs of different levels of governance, thereby highlighting its 

versatility and potential for enhancing road safety analysis. 

8.2 London scenario 

The choice of London for this extended analysis is primarily driven by its unique combination 

of high traffic density, diverse road infrastructure, and complex accident patterns. As the capital 

and a major transportation hub, London provides a rich context for studying the relationship 
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between road infrastructure and crash occurrences. Its varied road types and urban density offer 

valuable insights into how infrastructure influences accident rates, which can be generalised to 

other areas with similar characteristics. 

However, when considering other areas in the UK, results may vary significantly due to 

differences in road characteristics, traffic flow, population density, and even weather 

conditions. For example, rural areas or smaller cities may have less traffic congestion but higher 

speed limits, which could influence accident severity differently than in urban settings like 

London. These differences would require the development of adaptive methodologies to 

address regional differences in influencing factors, thereby highlighting the need for such an 

extension to facilitate comprehensive exploration and analysis. 

The analysis utilises the same year of 2018 data from the STATS 19 database, which recorded 

25,662 crash occurrences in London. To conduct the association rule mining, a minimum 

support and confidence of 0.02 were established, ensuring that 90% of the crash data in London 

is considered for extracting significant rules. The maximum number of rules was set to 7, 

determined through the methodology detailed in Chapter 7. 

This study employs a combined quantitative and qualitative approach to understand the rules 

and uncover hidden insights essential for strategic management. However, this section will not 

provide exhaustive details; instead, it will highlight a few key rules to illustrate the significance 

of the associations discovered. The results are visualised in Figure 8.2.1, and representative 

rules from each group are summarised in Table 8.2.1, providing crucial information.
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Figure 8.2.1: Overview of rules to crash occurrence in Londo
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Table 8.2.1: Representative rules within each cluster 

Group Representative rules 

1 First road class=3 (A road), speed limit=20, urban or rural area=1 (Urban), 

trunk road flag=2 (non-trunk). 

2 Speed limit=20, junction detail=3 (T or staggered junction), urban or rural 

area=1 (Urban), trunk road flag=2 (non-trunk). 

3 Accident severity=3 (Slightly injured), first road class=5 (C road), urban or 

rural area=1 (Urban), trunk road flag=2 (non-trunk). 

First road class=3 (A road), pedestrian crossing physical facilities=5 

(Pedestrian phase at traffic signal junction), road surface conditions=1 

(Dry), urban or rural area=1 (Urban), trunk road flag=2 (non-trunk) 

4 Pedestrian crossing physical facilities=5 (Pedestrian phase at traffic signal 

junction), light conditions=1 (Daylight), urban or rural area=1 (Urban), 

trunk road flag=2 (non-trunk). 

5 Pedestrian crossing physical facilities=5 (Pedestrian phase at traffic signal 

junction), trunk road flag=2 (non-trunk). 

Accident severity=3 (Slightly injured), junction control=2 (Auto traffic 

signal), road surface conditions=1 (Dry), urban or rural area=1 (Urban), 

trunk road flag=2 (non-trunk) 

6 First road class=3 (A road), speed limit=30, light conditions=4 (Darkness - 

lights lit), trunk road flag=2 (non-trunk). 

First road class=5(C road), trunk road flag=2 (non-trunk). 

7 Junction detail=6 (Crossroads), road surface conditions=1 (Dry), urban or 

rural area=1 (Urban), trunk road flag=2 (non-trunk). 

Accident severity=3 (Slightly injured), road type=3 (Dual carriageway), 

weather conditions=1 (Fine), road surface conditions=1 (Dry), trunk road 

flag=2 (non-trunk). 

8 Junction detail=6 (Crossroads), road surface conditions=1 (Dry), urban or 

rural area=1 (Urban). 

Weather conditions=2 (Raining no high winds), urban or rural area=1 

(Urban), trunk road flag=2 (non-trunk). 
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9 Day of week=1 (Sunday), urban or rural area=1 (Urban). 

Day of week=6 (Friday), road surface conditions=1 (Dry), urban or rural 

area=1 (Urban). 

10 Accident severity=3 (Slightly injured), day of week=3 (Tuesday), road 

surface conditions=1 (Dry), trunk road flag=2 (non-trunk). 

Day of week=5 (Thursday), road surface conditions=1 (Dry), trunk road 

flag=2 (non-trunk). 

Group 1, identified as the cluster with the strongest association to crash occurrences in London, 

highlights it significance. Specifically, it reveals that non-trunk roads categorised as A road, 

featuring a speed limit of 20 in urban areas of London, exhibit an enhanced likelihood of causing 

crashes. Moreover, the case of road users on non-trunk roads with a 20-mph speed limit, 

particularly at T or staggered junctions in urban areas, significantly increases the probability of 

incidents in London. 

According to the result, several strategic recommendations and policy initiatives can be 

formulated to improve road safety in London. Enhanced traffic calming measures, such as speed 

bumps, should be implemented on non-trunk A roads with a 20-mph speed limit. Additionally, 

redesigning T and staggered junctions to enhance visibility and reduce conflict points is crucial. 

There should be increased enforcement of speed limits through the deployment of speed 

cameras and regular police patrols, accompanied by public awareness campaigns to educate 

drivers about the dangers of speeding and the importance of adhering to the 20-mph speed limit. 

Furthermore, infrastructure for pedestrians and cyclists should be improved by creating 

dedicated bike lanes, enhancing crosswalks with better lighting and signage, and installing 

pedestrian islands.
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8.3 Strategic road network scenario 

In the analysis, crash data from the same year 2018 is utilised, encompassing a total of 4566 

occurrences on the strategic road network (SRN). This network comprised 1865 miles of 

motorway and 2571 miles of trunk A-roads. The strategic road network plays a vital role in 

facilitating both national and local economic growth by fostering connectivity between 

communities and facilitating essential activities (Nick, 2015). To ensure the inclusion of a 

significant portion of crash data concerning to incidents on SRN, three parameters are 

determined, the minimum support and confidence established at 0.004 and the maximum 

number of rules restricted to 8. 

The result of the analysis shown in Figure 8.3.1 offers clear insights can inform strategic 

management initiatives aimed at enhancing road safety. Notably, the result highlights specific 

regional areas, such as the Northwest, East of England, and Yorkshire and the Humber, which 

exhibit high frequencies or associations with crash occurrences. Furthermore, the analysis 

reveals a noteworthy pattern, indicating that crashes predominantly occur on Thursdays, 

Fridays, and Saturdays. 
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Figure 8.3.1: Overview of rules to crash occurrence on SRN
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In response to these findings, road administrators and decision makers can formulate strategy 

and policy to improve road safety. Enhancing road safety in the identified high-risk regions can 

be achieved by conducting detailed investigations into the specific factors contributing to 

crashes in these areas. Furthermore, increasing enforcement and supervision on the strategic 

road network during Thursdays, Fridays, and Saturdays is essential. Deploying additional 

traffic police, utilising automated enforcement technologies, and conducting public awareness 

campaigns focused on high-risk behaviours during these days can help reduce the incidence of 

crashes. By prioritising resources and interventions based on the spatial and temporal patterns 

identified in the analysis, authorities can develop a more focused and effective road safety 

strategy. This approach not only addresses the specific areas and times of heightened risk but 

also ensures that resources are used efficiently to maximise their impact on reducing crash 

occurrences and enhancing road safety for all users. 

8.4 Summary 

Chapter 8 justifies the use of the proposed methodology, integration of association rule mining 

and K-means clustering, to enhance road safety analysis across various governance levels. Two 

scenarios illustrate this adaptability by using the same year of data in STATS 19. 

In the first scenario, it reveals a higher likelihood of crashes on non-trunk A roads with a 20-

mph speed limit, especially at T or staggered junctions. Recommendations include 

implementing traffic calming measures, redesigning junctions, increasing speed limit 

enforcement, and improving pedestrian and cyclist infrastructure. 

The second scenario focuses on the strategic road network (SRN), identifying high-risk regions 

(Northwest, East of England, Yorkshire and the Humber) and a pattern of crashes occurring 
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predominantly on Thursdays, Fridays, and Saturdays. Strategies include investigating crash 

causes in high-risk areas, increasing enforcement on high-risk days, and prioritising resources 

based on identified patterns. 

This Chapter demonstrates the feasibility of proposed methodology for different levels of 

administrations, enabling decision-makers to identify the current problems on road networks. 

The next Chapter will introduce the concept of strategic resource optimisation in road safety 

management. It will explore optimisation techniques by reviewing current research findings in 

road safety optimisation and providing a comprehensive overview of various techniques, 

widely acknowledged for their efficacy in resource allocation. Additionally, the Chapter will 

highlight the importance of data-driven optimisation in road safety management and propose 

an innovative methodology for improving safety outcomes. 
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Chapter 9. Road Safety Resource Optimisation 

9.1 Background 

After identifying problems within the road network—where incidents lead to not only 

substantial human suffering but also considerable economic burdens, such as medical costs, lost 

productivity, and infrastructure damage—policymakers and road authorities bear the primary 

responsibility for allocating resources to enhance overall road safety. The insights gained from 

data analysis (see Chapter 7) provide an evidence-based foundation for these investment plans. 

At the core of an effective strategy is the development of a data-driven investment plan aimed 

at achieving optimal safety outcomes for society. 

Certain studies have demonstrated the ability of enhancing road safety through the 

implementation of structured safety management processes. For instance, the Highway Safety 

Improvement Program (HSIP) outlined a three-phase approach to allocate resources effectively 

for road safety, which involves identifying high-risk areas, proposing appropriate 

countermeasures, and allocating funds within budgetary constraints (Herbel et al., 2010). This 

methodical approach ensures a systematic assessment of safety priorities and efficient resource 

allocation.  

Similarly, international road assessment programme developed a suite of tools based on iRAP 

methodology to support road infrastructure safety management. It includes four protocols: risk 

mapping, star rating, safer road investment plans and performance tracking (International Road 

Assessment Programme, 2023), which aligns with the three-step structure promoted by HSIP.  

In 2022, Waka Kotahi NZ Transport Agency (2022) developed a definition of ‘one network 

framework’ (ONF) to put people, place and movement at the heart of planning and investment, 
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which allows land use and transport planning to be integrated. The ONF aligns with strategic 

transport planning at all levels, where road to zero strategy is one of the objectives to achieve 

zero death on road. Meanwhile, they adopted an investment method that utilised three 

investment criteria—government policy statement (GPS) on land transport alignment, 

scheduling, and efficiency—to prioritise proposed activities (Waka Kotahi NZ Transport 

Agency, 2021a). It is an interesting and decisive transport funding allocation framework 

aligning with strategic objectives.  

In recent years, scholars and practitioners have investigated diverse methodologies and 

frameworks aimed at optimising the allocation of resources for road safety. These approaches 

involve traditional cost-benefit analyses to prioritise countermeasures, as well as more 

advanced optimisation techniques for selecting combinations of interventions. However, the 

search for an optimal investment plan in road safety strategic management is hindered by a 

variety of practical constraints which are often conflict, leading to trade-offs between benefits, 

efficiency, and costs. Additionally, the unmeasurable impacts on road network operations 

exacerbate these challenges (Odoki et al., 2015; Augeri et al., 2021; Byaruhanga & Evdorides, 

2022). These conflicting objectives and unaccountable effects emphasise the complexities and 

gaps in current road safety strategic management practices. Decision-making subjectivity and 

expert preferences often overlook those pertinent road network issues, highlighting the need for 

advanced and comprehensive optimisation methodologies that accommodate diverse objectives 

with less human intervention. 

This study seeks to overcome these limitations by introducing a novel two-stage optimisation 

model that integrates multi-objective optimisation with association rule mining. By 

systematically analysing crash databases, this model shifts decision-making from expert-driven 
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heuristics to a data-driven, computationally optimised framework, reducing human bias while 

enhancing strategic planning efficiency. The approach also studies unmeasurable impacts of 

construction by considering the lifecycle of countermeasure, making optimisation more 

objective and quantifiable. Moreover, using the non-dominated sorting genetic algorithm, the 

model optimally balances conflicting road safety investment objectives, lifting the constraints 

of conventional trade-offs. 

The effectiveness of this methodology is demonstrated through a case study from Utrecht, 

developed by iRAP, where significant improvements across multiple road safety objectives are 

achieved. While this approach marks a substantial advancement in strategic road safety 

management, further refinements are required to fully capture the interactive effects of multiple 

road attributes in risk assessment. By addressing long-standing limitations in road safety 

optimisation, this study provides a scalable, data-driven framework that enables road authorities 

to design targeted, evidence-based investment plans tailored to their specific network 

characteristics. 

This study exclusively examines investment planning for road safety, focusing on the third step 

of the Highway Safety Improvement Program (HSIP). The identification of high-risk areas and 

the proposal of countermeasures will not be addressed within the scope of this investigation. 

The subsequent sections provide a comprehensive review of existing literature on optimisation 

techniques applied to road safety investment plan and elaborate the theoretical framework of 

the multi-objective optimisation following an elaboration of Non-dominated Sorting Genetic 

Algorithm II (NSGA II), which is applied to search the optimal solutions in this research. 

9.2 Related Works 

The optimisation of road safety resource allocation is a critical endeavour in road infrastructure 
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engineering, where the aim is to minimise crash or severity for improving overall safety 

outcomes within constrained budgets. Over the years, researchers have proposed various 

methodologies and frameworks to address this complex challenge. 

The mixed integer linear programming (MILP) model was developed by Banihashemi & 

Dimaiuta (2005) to maximise the benefits obtained by predefined alternatives for different 

segments of the highway which was achieved by minimising the expected number of crashes. 

Their subsequent work (Banihashemi, 2007) extended this model to incorporate travel time 

considerations, seeking to minimise both crash and delay costs within budget constraints. 

Chowdhury et al. (2000) introduced a multi-objective approach that emphasises keeps the 

objectives in their respective units and provides a set of solutions rather than a single optimal. 

The core to their methodology is the introduction of disutility values, which estimated the 

relative severity of different crash levels. By identifying causal factors on road segments and 

suggesting appropriate countermeasures, the study aims to optimise resource allocation while 

minimising expected loss of disutility at all road types. 

Lambert et al. (2003) proposed a multi-objective framework tailored for guardrail resource 

allocation, which facilitated interpretation of variety of benefits and costs in their own units. 

Their approach allows for subjective evaluations of different objectives, accommodating the 

varied needs and preferences of stakeholders. 

Importance segregated multi-objective optimisation (ISMO) model was proposed by Yu et al. 

(2012). They separated objectives into two levels: decision and supporting level, so that fewer 

optimal solutions would be obtained from decision level and the process avoided overrating 

less important objectives.  
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Mishra et al. (2015) presented optimal multiple resource allocation strategies to improve urban 

intersections under policy and budget constraints. focused on optimal resource allocation 

strategies for urban intersections, with a particular emphasis on equity in safety benefits and 

allocation within counties. Their approach considers policy and budget constraints to maximise 

safety benefits while ensuring fair distribution within communities. 

Augeri et al. (2021) proposed an interactive multi objectives optimisation method using 

dominance-based rough set approach (DRSA) to provide an explicit structure for road safety 

decision makers. They applied DRSA to formulate decision rules after acquirement of pareto 

solutions, iteratively refining constraints until an optimal solution is reached. 

While the literature review provides a brief overview of various methodologies and frameworks 

for optimising road safety resource allocation, a notable gap lies in the limited discussion on 

the integration of emerging technologies and data-driven approaches. Artificial intelligence, 

machine learning, and big data analytical methods offer promising opportunities for enhancing 

road safety initiatives. There is therefore a need for further exploration of holistic and data-

driven optimisation procedure that consider a broader socio-economic impacts of road safety 

interventions. 

9.3 Theoretical Framework 

9.3.1 Multi-objective optimisation techniques 

According to Chang (2015), the primary objective of multi-objective optimisation is to capture 

the preferences of the designer concerning the prioritisation importance of objectives. Hence, 

multi-objective optimisation techniques are classified based on how these preferences are 

articulated: those with a priori articulation and those with a posteriori articulation. 
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Methods involving a priori articulation of preferences require specifying preferences first in 

terms of goals or the relative significance of different objectives. Many of these approaches 

incorporate parameters such as coefficients, exponents, or constraint limits, which can be 

adjusted to reflect the preferences or dynamically modified to discover multiple solutions. 

Among these methods, the weighted-sum method is the simplest and most widely used, where 

multiple objectives are combined into a single scalar function for optimisation. 

Expressing preferences for objective functions can sometimes be challenging, yet choosing 

from a set of Pareto-optimal solutions remains feasible. In contrast, methods with a posteriori 

articulation of preferences, also known as generate-first-choose-later approaches, defer 

preference articulation until after the generation of potential solutions. Non-dominated sorting 

genetic algorithms was proposed by Srinivas & Deb (1994) and revised to NSGA II (Deb et al., 

2002) is one of this kind of method. 

This thesis aims to minimise human influence on decision-making processes by employing the 

NSGA II method, a posteriori articulation of preferences, to derive Pareto-optimal solutions. 

These solutions will be ranked based on data analysis results to provide an unbiased ranking 

list. To facilitate comprehension of NSGA II and for the development of the model, it is 

essential to establish fundamental definitions. 

9.3.2 Basic definitions of Pareto-based approaches 

Obviously, the multi-objective optimisation implies the exploration of optimal solutions, 

constituting a process essentially based on trade-off analysis. It is impossible to obtain a 

solution that is the best for all considered objectives. In comprehending the mechanics of multi-

objective optimisation in facilitating trade-off analysis, it becomes imperative to understand 

several foundational definitions. As interpreted by Chang (2015), these definitions serve as 
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crucial conceptual foundations within multi-objective optimisation frameworks.  

Definition 1: Nondominated and Dominated. A Pareto optimal point has no other point 

that improves at least one objective without detriment to another; that is, it is non-

dominated, vice versa. 

Definition 2: Pareto front. A set of solutions that are non-dominated to each other but 

are superior to the rest of solutions in the search space. 

Figure 9.3.1: Random data set for definition illustration 

By elucidating these fundamental concepts, researchers gain a general understanding of the 

operational mechanisms governing trade-off analysis within the context of multi-objective 

optimisation. If a random data set is considered with two objectives aiming at maximisation a 

plotted may be created as shown in Figure 9.3.1. 

As depicted in the above figure, the red dots are the set of non-dominated points called pareto 
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front, each representing a unique trade-off between competing objectives. The Pareto front is 

deemed Pareto optimal (combination of countermeasures), as they offer the best achievable 

compromises across the objectives under consideration. Conversely, points located below or 

within the Pareto front as shown as blue dots are considered dominated, as they can be surpassed 

by other solutions in at least one objective without any corresponding improvement in other 

objectives. 

9.4 Summary 

Chapter 9 focuses on the critical issue of reducing road traffic accidents and their impacts 

through effective road safety resource optimisation. It emphasises the global significance of 

road accidents in terms of human lives lost and economic costs, underscoring the need for 

efficient resource allocation strategies. 

The background section surveys strategic frameworks and methodologies used worldwide to 

enhance road safety, while related works review various optimisation models aimed at 

maximising safety benefits within specific constraints. The theoretical framework focuses on 

multi-objective optimisation techniques and some basic definitions are introduced to elucidate 

trade-off analysis in multi-objective optimisation. 

This Chapter lays the groundwork for Chapter 10, which will develop and validate a 

comprehensive methodology for a multi-objective resource optimisation prototype. Building 

upon the theoretical foundations established in this Chapter, the subsequent Chapter aims to 

demonstrate the practical application and effectiveness of the proposed model in automating 

and enhancing decision-making processes for allocating road safety resources 
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Chapter 10. Prototype for Resource Optimisation 

10.1  Methodology 

In this section, a multi-objective optimisation integrated with association rule mining is 

introduced for road safety strategic resource allocation considering estimated net present value 

(NPV) of benefit, cost per KSI saved and service life of countermeasure. 

Since the objectives and the constraints involved are often heterogeneous and conflicting, a 

multi-objective optimisation methodology is proposed. Decision makers are trying to minimise 

the overall cost per KSI saved and minimise the construction impact to road network to 

maximise the overall benefits for road network and reduce KSI crash. This method is a data 

driven procedure composed of two methods to avoid subjectivity and bias in selection of 

countermeasures. The Pareto optimal set generates a sample of solutions (e.g. combination of 

countermeasures) where the non-dominated soring genetic algorithm (NSGA II) was employed. 

The results of association rule mining are applied to weigh the optimal solutions through 

aggregation method, where a rule-based model expressed in terms of easily understandable 

“if…, then…” decision rules is used. Figure 10.1.1 illustrates how these two different methods 

are integrated to facilitate decision maker developing investment strategy with minimum 

subjective interference. 
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Figure 10.1.1. Flowchart of integrated optimisation method 

10.1.1 Stage 1: multi-objective optimisation 

The first stage involves generating a Pareto optimal set of solutions using the Non-Dominated 

Sorting Genetic Algorithm II (NSGA II) (Deb et al., 2002), implemented in R Studio. NSGA 

II is chosen for its ability to provide a better spread of solutions and convergence compared to 
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other multi-objective evolutionary algorithms. 

Figure 10.1.2: Flow chart of NSGA II 

It consists of two main steps: nondominated levels sorting and diversity preservation to search 

optimal solutions. The overall procedure of NSGA II is illustrated in Figure 10.1.2 and 

demonstrated as followed. First, a random parent population (P0) of size N is initialised 

evaluating objective functions to rank their front tier level. Offspring (G0) of size N is created 

by elitism election recombination, and mutation operators. The loop will begin once the first 

initial generation ends. The combined population of C1 is composed of P0 and G0 with size of 

2N. Nondominated levels sorting is used to rank the front tier level (Fi) and search best solutions 

in the combined population of C1. Next, in order to identify the new population (P2) with size 

of N, which is composed of F1 to Fi, crowding distance is calculated for each solution in ith 
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front tier level to guarantee a good spread of solutions, where a partial operator was identified 

for binary tournament selection. Between two solutions, solution with a lower rank of front tier 

level is preferred; solution in a less crowded region if preferred if they are ranked as the same 

front tier level. The new population (P1) of size N is now used for selection, crossover, and 

mutation to create an offspring (G1) to make up the new combined population of C2. The process 

will iterate until the maximum generation is achieved (Deb et al., 2002).  

10.1.2 Stage 2: association rule mining 

Once solutions are searched out, it is necessary to identify a most suitable solution based on 

different weight criteria, where some studies (Augeri et al., 2021; Yu & Liu, 2012) tried to 

employ multi criteria and interactive method to select the best solution based on experts’ 

preference and predefined criteria. Existing methods are subjective resulting in bias and neglect 

of the importance of historical data. Thus, association rule mining is introduced to provide data-

driven evidence in the context of road engineering. 

Association rule mining is a widely used data mining method to extract hidden information for 

road safety, which reflects the overall safety performance and potential problems of road 

network in the form of “if …then…”. There are some studies focusing on employing association 

rule mining to carry out crash data analysis, where the rules were extracted by simple setting 

measure of interestingness such as minimum support and confidence. There is a crucial 

parameter named lift indicating the robustness of association between antecedent (e.g. road 

type) and consequent (e.g. fatalities) in a rule (Berry & Linoff, 2004). It quantifies the 

relationship between the observed support and the support that would be anticipated under the 

assumption of independence between the left-hand side (LHS) and right-hand side (RHS). The 

value of lift implies how strong association of a rule, where a value of 1 indicates the items in 
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rules are independent, a value of over 1 indicates items are more likely to occur than if items 

were independent to each other. Therefore, road attributes data at all sites and road sections for 

proposed road improvements are required to carry out lift weight aggregation.  

For holistic road safety improvement, prioritising the reduction of KSI incidents is a 

fundamental goal in road safety. EU Road Safety Policy Framework 2021-2030 aims at halving 

the number of fatalities and serious injuries on European roads by 2030, as a milestone on the 

way to ‘Vision Zero’ (European Commission, 2019), supporting the importance of 

understanding of KSI incidents to improve overall public safety and well-being. Therefore, this 

study employs lift values as indicators to gauge the strength of associations contributing to KSI 

crashes. A higher lift value in a rule signifies a greater likelihood of resulting in fatal or serious 

injury outcomes. Given that the performance of investment plan is based on overall 

countermeasure effectiveness, resulting in various characteristics within the same road attribute 

category, the traits with higher lift values are used for lift aggregation. Ultimately, the lift 

aggregation countermeasure is calculated by summing the lifts of all associated road attributes 

(see eq. (10.1-1) ). Similarly, the lift aggregation of combinations is the sum of lift of all selected 

countermeasures, which stands for the risk level of roads where these selected countermeasures 

are required to enhance road safety.  

𝐿𝑖𝑓𝑡 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =  ∑ 𝑘𝑖  ( ∑ 𝑙𝑛,𝑖

𝑛

𝑛=1

)

𝑖

𝑖=1

 

(10.1-1) 

Where n indicates the nth road attributes associated to fatal crash, 𝑖  denotes the 𝑖𝑡ℎ 

countermeasure proposed for road investment plan, 𝑙𝑛,𝑖 is the lift value of the rule specified the 

strongness of association between nth attribute and KSI outcome for 𝑖𝑡ℎ countermeasure option, 
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and 𝑘𝑖 is a binary parameter denoting that 𝑘𝑖 =1, if the 𝑖𝑡ℎcountermeasure is selected in the 

combinations, otherwise, 𝑘𝑖= 0. 

10.1.3 Multi objectives identification 

The optimisation model is structured to address multiple objectives, and the objectives are 

considered from various perspectives. Benefit cost analysis (BCA) and cost effectiveness 

analysis (CEA) stand as two fundamental approaches for evaluating the efficacy of 

countermeasures. Within the iRAP methodology, the benefit cost ratio (BCR) serves as a key 

metric for assessing countermeasures in economic terms. This involves computing the present 

value of safety benefits, considering the prevention of fatalities and serious injuries alongside 

the economic valuation of human life and severe injury. The costs associated with 

countermeasures are derived from construction expenses and data on service life. While BCR 

effectively quantifies the monetary implications of each countermeasure, decision-makers, 

operating under budgetary constraints, often aim to maximise the net present value of benefits, 

where the first objective is determined.  

Behnood & Pino (2020) proposed an optimisation framework grounded in cost effectiveness 

analysis. Their procedure seeks to minimise the costs of countermeasures while simultaneously 

maximising the reduction in the number of crashes. A critical aspect of this approach lies in 

understanding the resource allocation required for each additional unit of prevented fatalities 

and serious injuries. Accordingly, the second objective is identified as the minimisation of the 

cost effectiveness ratio (CER), which quantifies the resources expended per additional unit of 

prevented fatalities and serious injuries. 

From the economical perspective, this model has chosen the service life as the third objective. 

Service life is a sensible measure in the way that it indicates the duration of the countermeasure 
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after the implementation. Thus, the longer the service life, the more economical benefits (larger 

net present values) the countermeasures would yield for the same cost of implementation (Yu 

et al., 2012). In addition, according to the study of Elvik (2014) and Byaruhanga & Evdorides 

(2022), the service life could affect the selection of countermeasures. In instances where the 

budget is sufficiently robust, prioritising countermeasures characterised by long service life 

becomes instrumental in optimising economic advantages and ensuring enduring safety 

benefits. This strategic emphasis on countermeasures with continued effectiveness contributes 

to a reduction in treatment recurrence at specific locations, thereby minimising disruptions to 

the operational efficiency of the road network.  

Therefore, three objectives optimisation model is formulated focusing on: 1) maximise the net 

present value of benefits (see Eq. (10.1-2)); and 2) minimise the cost per KSI saved; (see Eq. 

(10.1-3)); and 3) minimise the total count of countermeasures characterised by a short service 

life (SSL) (see Eq. (10.1-4)). 

𝑀𝐴𝑋  𝑓1 = ∑(𝐵𝑖𝑘)

𝑛

𝑖=1

 

(10.1-2) 

𝑀𝐴𝑋  𝑓2 = ∑(𝐸𝑖𝑘)

𝑛

𝑖=1

 

(10.1-3) 

𝑀𝐼𝑁  𝑓3 = ∑ 𝑘𝑖,   𝑆𝐿=𝑠ℎ𝑜𝑟𝑡

𝑛

𝑖=1

 

(10.1-4) 

In these equations, n represents the total number of recommended improvement activities 

outlined in the iRAP safer road investment plan. The parameter 𝑖  signifies the 𝑖𝑡ℎ 
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countermeasure proposed for road enhancement, where 𝐵𝑖  denotes the NPV of benefits by 

implementing the 𝑖𝑡ℎ countermeasure, and 𝐸𝑖 indicates the cost per KSI saved after 

implementing the 𝑖𝑡ℎcountermeasure. 𝑆𝐿 is an abbreviation for service life, representing the 

duration for which the countermeasure remains effective. The variable 𝑘𝑖,   𝑆𝐿=𝑠ℎ𝑜𝑟𝑡 signifies the 

decision to implement the 𝑖𝑡ℎcountermeasure with SSL (where 𝑘 =1 if it is selected and it has 

short service lift, otherwise 𝑘 =0), and the main constraint of the model is the total budget (B) 

given by: 

∑ 𝐶𝑖𝑘 ≤ 𝐵

𝑛

𝑖=1

 

(10.1-5) 

Where, 𝐶𝑖  denotes the cost of 𝑖𝑡ℎcountermeasure, k is a binary parameter, where 𝑘=1 indicates 

the 𝑖𝑡ℎcountermeasure is selected, otherwise 𝑘=0. 

10.1.4 Data collection  

This research utilises three distinct databases, with a focus on Utrecht-related data for prototype 

development. The first database is the national road crash registration (BRON), housed within 

SWOV, the Dutch national scientific institute for road safety research. The remaining two 

databases consist of the safer roads investment plan (SRIP) and road attribute data, both stored 

within the Vida web software integrated into the iRAP methodology. 

The BRON database is a collection of all road traffic crashes in the Netherland. It offers a great 

variety of characteristics and attendant circumstances and the results, which are used 

extensively for research work and for guidance in the improvement of road safety in relation to 

roads, road users, vehicles and traffic movement. Crash data records the onsite situation, where 

in this study, information about year, accident severity, mode of transport, inside/outside built-
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up area, light condition, road condition road surface, road type, situation of road are applied to 

association rule mining to understand the relationship between context of road infrastructure 

and KSI crashes.  

SRIP are the results of iRAP embedded in the Vida application, a web online tool, which has 

been elaborated in the methodology of iRAP (International Road Assessment Programme, 

2023). There are plenty of road related data required to develop SRIP in ViDA, which also 

includes a calibration of fatalities estimation.  

Road attribute data, totalling 78 attributes, are coded and stored in ViDA. According to the 

SRIP methodology, these attribute data are coded based on the locations or road segments 

associated with each proposed countermeasure. Through a comparative analysis between road 

crash data in the Netherlands and the road attribute data embedded in ViDA, four specific 

representative attributes have been identified. These attributes are consistently recorded in both 

databases and expected to have significant implications for road infrastructure safety. A 

summary of road attribute data pertaining to countermeasures is presented in Table 10.1.1. 
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Table 10.1.1: Example of road attribute data related to countermeasures 

Countermeasure 

Length / 

Sites Area 

Street 

lighting Speed limit  

Junction 

detail 

 Additional lane (2 + 1 road with barrier) 15.10 km rural partly 80 not  

 Bicycle Lane (off-road) 3.50 km both present 50/80 not 

 Central hatching 5.70 km urban present 50/60/80 not 

 Central median barrier (1+1) 34.80 km rural partly 60/70/80 not 

 Central median barrier (no duplication) 0.70 km rural present 70/80 not 

 Centreline rumble strip / flexi-post 1.80 km rural present 50/60/70/80 not 

 Clear roadside hazards (bike lane) 1.20 km both present 60/80 not 

 Clear roadside hazards - driver side 0.10 km urban present 50 not 

 Delineation and signing (intersection) 8 sites both present 50/60/80 at 3/4 legs 

 Duplication with median barrier 1.20 km rural present 80 not 

 Footpath provision driver side (>3m from road) 25.40 km rural partly 50/60/80 not 

 Footpath provision driver side (informal path >1m) 4.70 km rural partly 50/60 not 

 Footpath provision passenger side (>3m from road) 26.80 km rural partly 50/60/70/80 not 

 Footpath provision passenger side (informal path >1m) 5.80 km rural partly 50/60/70 not 

 Improve curve delineation 0.40 km rural present 80 not 

 Improve Delineation 45.70 km both partly 50/60/80/100 not 
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10.2  Results  

10.2.1 Result of optimisation model 

R studio, an integrated development environment for R which is a programming language for 

statistical computing and graphics, is used for searching front pareto solutions. Three objectives 

were identified in section 3: 1) maximise the NPV of benefits, 2) minimise the cost per KSI 

saved, 3) minimise the number of countermeasures with SSL selected. Initial population was 

identified as 50, and the probability of crossover and mutation was set to 0.8 and 0.1 by default. 

Maximum iteration was determined to 1000 times. 

Budget constraint used in this study were identifies from the user-defined investment plan 

determined by the Royal Dutch Tourist Association (ANWB). They ultimately chose 30 

countermeasures out of 47 countermeasures recommended by iRAP (presented in Appendix B) 

to improve the provincial road in Utrecht, which estimated saving 777 fatalities and serious 

injuries, 250 million euro, with benefit cost ratio of 2.2 by costing 113 million euro. Therefore, 

the budget constraint was set to 113 million euro to validate the advancements of the 

methodology proposed in this study. 

After eliminating duplicates and solutions exceeding the budget constraint, 45 optimal solutions 

of combination emerged where alternatives are depicted in detail in Appendix C. These 

solutions are assessed based on their objective values, as detailed in the Table 10.2.1, and the 

findings were visually presented in the accompanying Figure 10.2.1.   
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Figure 10.2.1: Visualisation of Pareto front  

The net present value of benefits, as determined by ANWB, amounts to 135.7 million euros. 

Among the 45 solutions, 8 of them (designated as solutions 1, 12, 20, 23, 24, 25, 28, and 43) 

outperform ANWB's investment decision, specifically in maximising the net present value of 

benefits. It costs 147,281 euros to save each KSI occupant in their investment plan, with only 

two solutions (designated as solutions 6 and 8) performing less favourably compared to 

ANWB's decision, while the majority of solutions prove to be more cost-effective. According 

to investment strategy determined by ANWB, which involves the selection of 19 

countermeasures with short service life, it is noted that over half of the improvements 

necessitate reconstruction or rebuilding within a period of one to five years. This would result 

in periodic efforts and potentially disrupt the standard functioning of the road network 

significantly. Among the 45 solutions evaluated, only two investment combinations opt for at 

least 19 countermeasures with short service lives, while the remaining alternatives exhibit 

superior performance with respect to the third specified objective.
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Table 10.2.1: Objective value of optimal solutions

Solutions 1 2 3 4 5 6 7 8 

Obj. 1: NPV of benefits 163745935 62355466 106094212 61624941 45647564 62128373 57182693 62187724 

Obj. 2: cost per KSI saved 129629 69897 125084 69145 58020 153058 125139 153890 

Obj. 3: Number of SSL Countermeasures 21 2 2 2 1 0 0 0 

Solutions 9 10 11 12 13 14 15 16 

Obj. 1: NPV of benefits 102935572 58817531 88288245 151958418 88295800 37919102 95286182 49288692 

Obj. 2: cost per KSI saved 100203 50570 82046 123103 120504 25673 89228 118680 

Obj. 3: Number of SSL Countermeasures 4 3 8 14 1 1 8 0 

Solutions 17 18 19 20 21 22 23 24 

Obj. 1: NPV of benefits 93173174 89325513 21084157 141657702 108866915 101958742 145938452 139524884 

Obj. 2: Cost per KSI saved 84663 121505 92654 108621 96799 98967 118656 120238 

Obj. 3: Number of SSL Countermeasures 8 2 0 15 5 3 9 7 

Solutions 25 26 27 28 29 30 31 32 

Obj. 1: NPV of benefits 142835876 131532448 129387034 155634348 106692602 101194832 94390118 20143355 

Obj. 2: cost per KSI saved 108972 98601 115371 126531 95753 143154 87614 84887 

Obj. 3: Number of SSL Countermeasures 16 11 6 19 16 1 8 0 

Solutions 33 34 35 36 37 38 39 40 

Obj. 1: NPV of benefits 14086220 94960805 95066993 105514428 13875943 95120643 65815468 38649627 

Obj. 2: cost per KSI saved 43457 93587 93634 95033 27584 87935 66995 28086 

Obj. 3: Number of SSL Countermeasures 0 3 3 15 0 8 3 1 

Solutions 41 42 43 44 45    

Obj. 1: NPV of benefits 117578318 74322784 139007051 118748037 58905038    

Obj. 2: cost per KSI saved 101829 72487 118310 116720 51984    

Obj. 3: Number of SSL Countermeasures 7 6 8 4 3    



 

151 

10.2.2 Result of integrated method 

Once the optimal solutions are searched, all alternative combinations are employed to weight 

assignment process. As mentioned in methodology, the lift value is used as a weight metric in 

the form of rule to indicate the association between road attributes to KSI result, where 

association rule mining is applied to explore their association. The overall result of rule mining 

of Utrecht crash database is shown in Appendix D, where the rules concerning the four road 

attributes data are extracted and demonstrated in Table 10.2.2. 

Table 10.2.2: Decision rules associated to KSI crash 

LHS RHS Support Lift 

Inside outside built-up areas=Urban area KSI 0.005359057 3.513389 

Inside outside built-up areas=Rural area KSI 0.005716327 2.839102 

Speed limit road =60 km/h KSI 0.011432655 1.873808 

Situation of road =Bend KSI 0.016434441 1.395647 

Situation of road =Intersection - 3 legs KSI 0.019649875 1.314533 

Road surface=Concrete KSI 0.00785995 1.238695 

Road surface=Porous asphalt KSI 0.034297964 1.230071 

Speed limit of road =100 km/h KSI 0.016791711 1.228641 

Speed limit of road =120 km/h KSI 0.010360843 1.195872 

Situation of road =Intersection - 4 legs KSI 0.03965702 1.160673 

Street lighting=Not burning KSI 0.123258307 1.108781 

According to the attributes derived from ViDA database and the result of crash databases rule 

mining analysis, four distinct risk attributes are used for lift aggregation method involving the 

road area, speed limit, situation of road, and street lightning. To highlight the urgency and 

significance of countermeasures recommended by ViDA across diverse locations and sections, 

the level of risk associated with roads will be signified by greater lifts of attributes among 

varying road segments. For instance, in the scenario where the construction of refuge islands is 
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recommended for both three-leg and four-leg intersections, the lift value observed for the three-

leg intersection will serve as a measure for urgency due to its comparatively higher lift. The top 

ten solutions ranked by lift aggregation with their objective value are demonstrated in Table 

10.2.3. 

Table 10.2.3: Ranking of investment plan 

10.3  Discussion  

It is impossible to obtain a solution that is the best for all considered objectives, whereas it is 

imperative to discover the pareto front where a set of optimal solutions could be identified for 

decision makers. This approach enables an evidence-based assessment of prioritisation 

concerning differential risk levels identified across distinct road infrastructure configurations, 

thereby informing the allocation of resources and interventions in road safety management. 

Contrasted with the investment plan outlined in the Utrecht report (details shown in Appendix 

E), which involved the selection of 33 countermeasures within a budgetary allocation of 

Investment 

alternatives 

Obj. 1 

(Maximise) 

Obj. 2 

(Minimise) 

Obj. 3 

(Minimise) 
Weight  Ranking  

1 163745935 129628.5 21 163.85 1 

29 155634348 126531.3 19 145.06 2 

26 142835876 108971.9 16 134.27 3 

13 151958418 123103 14 132.94 4 

30 106692602 95752.54 16 128.32 5 

21 141657702 108620.5 15 119.24 6 

37 105514428 95032.68 15 113.29 7 

25 139524884 120238 7 96.42 8 

24 145938452 118656 9 93.05 9 

16 95286182 89227.85 8 89.47 10 

Utrecht  135739970 135739970 19 - - 
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114,378,840 euros, their strategy selected for 19 countermeasures characterised by a limited 

operational lifespan of fewer than 5 years. This selection was estimated to generate a net present 

value of benefits amounting to 135,739,970 euros, with an associated cost of 147,282 euros per 

KSI saved. However, our model diverged in its selection.  

The top 10 alternatives are ranked by lift aggregation. In other word, these alternatives concern 

road locations and sections with high risky road attributes that are very likely to cause KSI 

crash. Each objective will be discussed separately to validate the advancement of our 

methodology. With regards to the objective 1, aimed at maximising the NPV of benefits, it is 

noteworthy that alternative 1 shows a visible enhancement of about 20% when compared with 

the NPV estimation described in the Utrecht report. This improvement implies the advanced 

ability of our proposed methodology in searching the best solution for maximising monetary 

gains.  

As for objective 2, which strives to minimise the cost per KSI saved, alternative 16 emerges as 

a standout performer, with an average cost of 89,227.85 euros per KSI saved. This represents a 

significant improvement from the Utrecht plan, where the cost per KSI saved is approximately 

147,281.5 euros, thereby signifying a substantial 39% reduction in anticipated expenditures. 

This marked reduction underscores a valuable advancement by applying the proposed method 

in cost-effectiveness measures.  

Regarding the objective 3, trying to minimise the number of countermeasures with a short 

lifespan of less than 5 years selected, the Utrecht report identified a total of 19 such 

countermeasures. In contrast, Alternative 25 selected only seven short-lived road improvement 

interventions. This plan is anticipated to result in reduced frequency of construction activities 

and decreased disruption to the operation of the road network. This discrepancy also highlights 
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the capacity to identify optimal solutions in quantitative terms. In addition, the proposed 

methodology facilitates the proficiency in simultaneously optimising various objectives across 

different metrics as it is a critical consideration given that real-world objectives typically extend 

beyond financial concerns to encompass diverse units of measurement. 

Figure 10.3.1: 3D visualisation of top 10 investment plan 

Despite the presence of trade-offs among the three objectives, the model identifies top 10 

optimal countermeasure combinations based on lift aggregation. The 3D visualisation depicts 

the 10 alternatives as blue circles, comparing with the investment plan of Utrecht represented 

by red squares as show in Figure 10.3.1. Intriguingly, all solutions outperform in the second 

objective, minimising the cost per KSI saved, which suggests that these investment plans are 
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particularly effective in reducing costs associated with preventing KSIs. Half of these solutions 

show superior performance across all three objectives compared to the investment plan 

formulated by ANWB. This indicates that these solutions not only excel in cost-effectiveness 

but also in achieving other objectives related to safety and efficiency 

Due to their exceptional performance regarding the second objective, a 2D visualisation is 

presented for a clearer understanding of the performance and compromises of all solutions 

considering the first and third objectives as illustrated in Figure 10.3.2. 

Figure 10.3.2: Two objectives analysis 

The analysis of the figure interprets the comparative performance of various solutions in terms 

of optimising the objective. Notably, alternatives 15, 29, and 36 exhibit a strategic inclination 

towards reducing the number of Short Service Lift (SSL) countermeasures, with sacrifice of the 
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Net Present Value (NPV) of benefits. Conversely, combinations 1 and 28 prioritise the 

maximisation of NPV of benefits, even employing an equal or greater number of SSL 

countermeasures. Remarkably, the methodology employed in this study has found five 

solutions (12, 20, 23, 24, and 25) which simultaneously optimise three objectives to varying 

extents. This optimisation method is contributory in realising substantial value within resource 

constraints, featuring the multiple considerations and diverse measurement metrics involved. 

This highlights the value of the proposed methodology in achieving a balance between 

competing priorities and underscores its potential to outperform conventional planning 

strategies in optimising outcomes across multiple dimensions  

10.4  Summary 

This Chapter introduces an innovative methodology for optimising resource allocation in road 

safety, specifically focusing on minimising the cost per KSI (killed or seriously injured) saved, 

reducing construction impacts on the road network, and maximising overall benefits. The 

methodology combines multi-objective optimisation with association rule mining, ensuring a 

data-driven approach to strategic decision-making. 

The methodology unfolds in two main stages. The first stage involves generating a Pareto 

optimal set of solutions using the Non-Dominated Sorting Genetic Algorithm II (NSGA II), 

selected for its superior performance in spreading and converging solutions. The second stage 

employs association rule mining to weigh the optimal solutions. Lift values are used as a metric 

to determine the strength of associations between road attributes and KSI outcomes, thus 

providing an objective basis for selecting countermeasures. 

This Chapter also emphasises the value of the proposed methodology in providing an evidence-

based assessment for road safety interventions. The approach not only achieves a balance 
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between competing priorities but also demonstrates potential superiority over conventional 

planning strategies by optimising outcomes across multiple dimensions. This Chapter sets the 

stage for a detailed discussion in the subsequent Chapter. 

In the subsequent Chapter, methodology and implementation of strategic data analysis and 

resource optimisation techniques, building upon the foundation laid by the systematic literature 

review will be discussed. This next phase of the thesis aims to translate theoretical insights into 

practical applications, supported by sophisticated data-driven approaches to enhance road 

safety outcomes. By leveraging advanced optimisation algorithms and association rule mining, 

how these techniques can be effectively utilised to allocate resources strategically will be 

explored. This transition from theoretical evaluation to practical application underscores the 

core objective of this research: to provide adaptive tools for strategies that road authorities and 

policymakers can implement to achieve tangible improvements in road safety management. 

Additionally, the next Chapter will explore the implications of these findings and propose 

avenues for future research. Special attention will be given to addressing identified limitations, 

exploring new data sources, and refining optimisation models. This forward-looking 

perspective ensures the continuous enhancement and relevance of strategic management 

practices in achieving optimal road safety outcomes.  
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Chapter 11. Discussion  

11.1 Introduction 

In this section, a critical analysis and appraisal of the findings presented in the preceding 

sections, focusing on the innovation, implications, and advantages of technology integration for 

optimising road infrastructure safety strategic management. The research question and 

summary of the key findings are recalled before exploring their significance in the context of 

road safety. 

This study aims to optimise road safety strategic management processes and outcome through 

assessing the impact and feasibility of integrating data-related technologies. Utilising integrated 

data mining techniques, the research investigates the frequency and correlations between 

fatalities and various roadway crash characteristics, such as road class, type, and junction 

details. This integrated approach to data mining enables a comprehensive analysis of crash 

databases, addressing the challenge of identifying rare patterns. Additionally, leveraging 

strategic data analysis, the study proposes a data-driven multi-objective optimisation method. 

This method accommodates diverse unit metrics within objectives and generates optimal 

combinations of countermeasures based on the risk, aggregated weight of roads and 

intersections. 

In the following discussion, the innovation of the proposed methodology will be investigated, 

highlighting how the integration of data-related technologies has enhanced the efficiency and 

effectiveness of road safety strategic management processes. Furthermore, the significant and 

impact of the research for road safety practice will be discussed. By elucidating the potential 

benefits and advantages associated with technology integration, valuable insights will be 
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provided for road authorities, policymakers, and researchers. It is essential to acknowledge the 

challenges and limitations of this research. By doing so, areas for improvement and suggest 

avenues for future research will be identified in the field of road safety strategic management. 

The primary goal of this discussion is to critically evaluate the implications of data-related 

technologies for road safety practice. By examining the feasibility and effectiveness of 

technology integration in road safety initiatives, the discussion will convince the usage of 

evidence-based approaches which will contribute to the continual progress within the field. 

11.2 Innovation  

This research covers two distinct phases of strategic management aimed at addressing the 

challenges posed by road crash databases and optimising resource allocation. Adhering to the 

principles of strategic management, the research presents two interconnected models designed 

to achieve strategic objectives through comprehensive data analysis (see Chapter 6 and 7) and 

resource optimisation (see Chapter 9 and 10). Positioned within the framework of strategic 

management principles, this study introduces an innovative two-stage methodology that 

ultimately realises optimisation of outcomes.  

In terms of strategic data analysis, the integration of data mining methods, association rule 

mining and k-mean clustering, provides robust evidence of descriptive analysis of databases. 

While previous studies (Addi et al., 2016; Ait-Mlouk et al., 2017; Geurts et al., 2003; Xu et al., 

2018) have utilised association rule mining for crash database analysis, their findings have often 

lacked specificity and clear objectives. For instance, (Lambert et al., 2003) attempted to refine 

the analysis by specifying crash severity as the consequent variable, aiming to elucidate the 

correlation between onsite crash attributes and severity levels. 
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However, simple setting high parameter thresholds employed in prior studies have failed to 

provide a comprehensive understanding of crash databases, particularly in capturing infrequent 

factors associated with fatalities. In contrast, the integrated methodology employed in this study 

demonstrates a novel approach. Beginning with the logical identification of minimum 

parameters and extending to clustering and visualisation techniques, it effectively mitigates bias 

and subjectivity in rule extraction. This advancement represents a significant improvement in 

the application of association rule mining, or frequent pattern search methods, as it allows for 

the exploration of infrequent patterns through the integration of k-means clustering. 

Furthermore, this study offers a multi-dimensional perspective to strategy development, which 

aids decision-makers in gaining a comprehensive understanding of databases. By considering 

frequency, association, and an overview of rules, this approach enhances the interpretability 

and utility of the analytical insights derived from crash databases. 

With regards to resource optimisation, a data-driven weighted approach is applied to multi-

objective optimisation. The research attempts to employ nondominated sorting genetic 

algorithms (NSGA II) to conduct optimal solutions search and utilise the lift value from 

association rule mining as weighted indicator to demonstrate the risk level of road and the 

urgency of road improvements. In recent years, there has been a prevalence of single objective 

optimisation methods in the road context, each focusing on different aspects. These methods 

commonly revolve around optimising specific performance indices (Chowdhury et al., 2000), 

minimising the number of crashes and time delays (Banihashemi, 2007), or considering the 

service life of countermeasures (Byaruhanga & Evdorides, 2022). In addition, some multi-

objective optimisation models have been developed, all rely heavily on expert input, often 

involving subjective evaluations of stakeholder needs and preferences (Lambert et al., 2003), 

two-level optimisation processes by classifying decisions and supporting objectives (J. Yu et 
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al., 2012), or the formulation of decision rules by experts (Augeri et al., 2021).  

In contrast, the proposed two-stage model not only considers diverse objectives, even when 

they differ in units, but also provides data-driven evidence of road context characteristics with 

minimal expert efforts to allocate resource. Illustrated by a prototype case study of the Utrecht 

safer road investment plan, the model achieves significant improvements individually in 

optimising objectives, with the net present value (NPV) of benefits improving by approximately 

20%, and the cost per killed or seriously injured (KSI) saved reduced by approximately 39%. 

The optimisation model effectively explores the Pareto front across various objectives within 

the constrained budget. Specifically, it underscores the practical applicability of the model in 

real-world decision-making scenarios and provides empirical evidence of the effectiveness of 

the non-dominant sorting genetic algorithm in identifying the Pareto front. Furthermore, this 

study highlights the potential of data-driven preferences to guide resource allocation and offers 

a framework for integrating data-driven insights with less expert efforts to enhance decision-

making in complex road management scenarios.  

11.3 Impact  

The primary aim of this study is to propose adaptive strategies for optimising road safety 

management, with a focus on adaptation as the core element driving its effectiveness. The 

research outlines the strategic management process, emphasising the importance of strategic 

data analysis and resource allocation. This section seeks to extend the international insights 

gained from the strategic fatality analysis discussed in earlier chapters, aiming to demonstrate 

the adaptability of these models for different levels of authorities, each with unique objectives. 
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11.3.1 Knowledge discovered about fatal crashes  

The findings from the strategic data analysis on road fatalities reveal key patterns. Fatal road 

crashes predominantly occur on roads where human control is absent within 50 meters, and on 

roads lacking pedestrian crossing facilities. Additionally, adverse weather conditions are rarely 

a factor in these incidents, as most fatal crashes occur under good weather conditions without 

strong winds. Single carriageways are identified as the most common road type where fatal 

crashes occur. 

Certain road infrastructure attributes are individually significant in understanding the 

contributors to fatalities on the road network, as supported by international evidence. Regarding 

light conditions, darkness is another influential factor in fatal crashes, particularly on roads 

without street lighting. The Royal Society for the Prevention of Accidents (2018) published a 

report examining the evidence on the road safety benefits of street lighting. Research in New 

Zealand (Jackett & Frith, 2013), which compared the quality of road lighting with accident 

reduction, found that improved lighting does enhance safety. Before-and-after studies have 

indicated reductions in collisions of around 30% or more where lighting has been improved. 

Additionally, the International Road Assessment Programme (2013b) established risk factors 

related to specific road attributes, highlighting that installing streetlights could improve overall 

road safety and mitigate crash severity. 

In terms of speed limit, 70 mph (approximately 112.7 km/h) and 60 mph (approximately 96.6 

km/h) emerge as significant patterns in crash fatalities. This factor is recognised as one of the 

key elements contributing to fatal crashes (European Commission, 2024b). Evidence from 

Queensland Government (2023) as shown in Figure 11.3.1 demonstrates indicates that higher 

speeds lead to reduced reaction times in unexpected situations, as the distance travelled before 
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a driver can respond increases with speed, given the same reaction time. Additionally, increased 

speed extends the braking distance, which is proportional to the square of the speed. 

Figure 11.3.1: Reaction distance and stopping distance for different driving speeds 

(Queensland Government, 2023) 

Rural areas also emerge as a significant road attribute associated with crash fatalities. The data 

analysis is crash-based rather than casualty-based. The percentage of fatalities by crash area 

and by country for car occupants, as reported by the European Commission (2024a) shown in 

Table 11.3.1, underscores the significance of this international road safety knowledge. 

Statistical analysis indicates that the majority of road crash fatalities occur in rural areas, 

regardless of whether the occupants are in cars, lorries, or heavy goods vehicles. According to 

the International Transport Forum (2023) rural roads are the deadliest in almost all countries, 

as depicted in Figure 11.3.2. In 17 countries, more than half of road deaths occurred on rural 

roads. In Finland, Ireland, and New Zealand, two-thirds of road deaths occurred on this type of 
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road. Only in Korea, the Netherlands, Japan, and Portugal are urban roads deadlier than other 

road types. 

Table 11.3.1: Percentage of fatalities by crash area and by country, occupants of cars 

(European Commission, 2024a) 
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Figure 11.3.2: Road death by road area (International Transport Forum, 2023) 

The location of fatal crashes shows that deaths rarely occur at junctions, indicating that on-

carriageway locations are the primary sites of crash fatalities. This finding is supported by data 

from the European Commission (2024a) as shown in Table 11.3.2. 
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Table 11.3.2: Percentage of fatalities by junction and by country (European Commission 

2024a) 

Single carriageways are also highlighted as a road attribute with a high frequency of fatalities. 

The International Road Assessment Programme (iRAP) provides an overview of different 

median types to assess road infrastructure risks. The separation of opposing traffic flows 

reduces the likelihood of severe crashes. Physical barriers can prevent errant vehicles from 

crossing the median, and physical medians reduce the potential for head-on impacts by making 

it less likely that vehicles will reach opposing traffic before recovering. The risk factors 

associated with single carriageways are presented in the Table 11.3.3.
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Table 11.3.3: Risk factors by road attribute category, road user type and crash type(International Road Assessment Programme, 2013a) 

Median Type  Vehicle occupant and 

motorcyclist loss of 

control (head-on)  

Vehicle occupant and 

motorcyclist overtaking 

(head-on)  

Pedestrian  

crossing road  

Vehicle occupant and 

motorcyclist property 

access point crash  

Continuous central 

turning lane  

77  25  3.0  1.0  

Centreline rumble 

strip (or flexipost)  

90  0  2.7  1.0  

Central hatching 

(>1m)  

83  82.5  2.4  1.0  

Centre line  100  100  3.0  1.0  

Wide centre line 

(0.3m to 1.0m)  

95  100  2.7  1.0  
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In addition to the individual risks associated with specific road infrastructure attributes, the 

findings also indicate that certain combinations of attributes increase the likelihood of fatalities. 

Fatalities are more likely to occur on roads that are not within 20 meters of a junction, are in 

darkness without street lighting, have dry road surfaces, and are in rural areas. A roads, in 

particular, are associated with higher fatality rates under these conditions. Fatalities are also 

more likely to occur on A roads that lack pedestrian crossings, are in darkness without street 

lighting, are under fine weather conditions without high winds, and are situated in rural areas. 

While it is challenging to find global efforts that support the significance of these rules, the 

proposed methodology—an integration of association rule mining and K-means clustering—

could validate the knowledge gained from conditional probability analyses. 

11.3.2 User defined investment plan 

The optimisation model was developed based on the outcomes of a standard investment plan 

derived from the iRAP methodology, which encompasses all feasible safety measures along a 

given route or network, optimised to minimise fatalities and serious injuries (International Road 

Assessment Programme, 2023). Customisation of investment plans is feasible to meet specific 

client requirements or contextual considerations in road assessment, where International Road 

Assessment Programme (2023) offers various methods for customisation known as user-

defined investment plans, involving the identification of budget thresholds, economic returns, 

preferences for mass-action programs, maintenance-only approaches, and consideration of 

construction lead times. The proposed optimisation method empowers local authorities to 

develop user defined investment plans tailored to the specific characteristics of their local road 

network environment, thereby addressing urgent issues and minimising subjective influence on 

preferences. This approach provides decision-makers with a range of solutions, affording 
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flexibility in determining the final investment plan. While not advocating for complete 

elimination of expert control, this model empowers experts with greater insights from natural 

data pertaining to diverse road contexts, thereby reducing the pressure associated with searching 

for optimal solutions. 

Considering the adaptable nature of the model, some potential ways will be discussed to 

enhance its ability in accommodating diverse requirements. When identifying the objectives of 

optimisation, the methodology is capable to address multiple objectives, even when they are 

measured in different unit metrics. This ensures that various aspects of road safety and 

infrastructure improvement can be simultaneously considered, ranging from minimising 

fatalities and serious injuries to optimising traffic flow and enhancing environmental 

sustainability. Furthermore, the flexibility of the model allows adjustments in defining the 

consequent of rules to meet various needs, as exemplified in the exploration of strategic data 

analysis. This adaptability enables decision-makers to tailor the optimisation process to suit 

specific contexts and priorities. For instance, the rules can be extracted to figure out what type 

of the roadway attributes affect the occurrence of crash in a specific area, where aggregation of 

weight could be used to prioritise certain safety measures or select optimal combination of 

countermeasures based on the road infrastructure characteristics of the road network. 

By embracing such flexibility and adaptability, the model enables stakeholders to devise 

comprehensive and specific strategies for road safety and infrastructure development. This 

approach not only enhances the effectiveness of investment plans but also fosters greater 

awareness to evolving needs and objectives in the road transport sector. Ultimately, it enables 

decision-makers to make informed and strategic choices that maximise the benefits of limited 

resources while effectively addressing the complex challenges of modern road management. 
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11.4 Summary 

This Chapter presents a critical analysis and appraisal of the findings related to the integration 

of data-related technologies in optimising road infrastructure safety strategic management. The 

research emphasises the innovation, implications, and advantages of this integration, aiming to 

enhance the efficiency and effectiveness of road safety management processes. The study 

employs integrated data mining techniques to analyse crash databases, focusing on identifying 

rare patterns and providing a three dimensions framework for rule understanding. In addition, 

the research utilises data analysis result to propose a multi-objective optimisation method for 

resource allocation.  

The innovative two-stage methodology integrates data mining methods such as association rule 

mining and k-means clustering, offering a comprehensive approach to analysing fatal collision. 

The methodology addresses the challenge of infrequent pattern identification and minimises 

bias and subjectivity in rule extraction. Furthermore, the study demonstrates the practical 

applicability of the data-driven optimisation model through a case study, showcasing significant 

improvements in resource allocation and decision-making. 

The strategic data analysis and resource optimisation approaches are shown to be adaptable and 

applicable to various levels of governing bodies, each with distinct strategic objectives. The 

findings of strategic fatal crash analysis present some valuable insight according to international 

knowledge. Additionally, the Chapter discusses the potential of the user-defined investment 

plan model, highlighting its flexibility and adaptability to address specific local road network 

characteristics and needs. 

The next Chapter will synthesise the findings from three key stages of the process of research: 

the systematic literature review, the strategic data analysis, and the resource optimisation 
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processes. This synthesis will demonstrate how the integration of data-related technologies 

enhances road safety strategic management, offering evidence-based approaches for continual 

progress in the field.  

  



 

172 

Chapter 12. Conclusions 

12.1  Overview 

This thesis focused on road safety strategic management and existing critical challenges, 

emphasising the imperative of data use. By conducting a thorough systematic literature review, 

the study evaluates existing academic findings and practical implementations aimed at 

enhancing road safety performance within the strategic management domain, thereby fostering 

a comprehensive understanding of their application. The review advocates for further 

exploration of research concerning data analysis and resource allocation for road safety 

enhancement, charting a clear trajectory for future research. 

Following the process of strategic management, the research begins with data analysis, aiming 

to extract key patterns and correlations between road traffic fatalities and road infrastructure. 

This analysis underscores the significance of understanding rules from crash database and offers 

invaluable insights for road authorities and policymakers. Subsequently, resource allocation 

emerges as a critical step, introducing cutting-edge optimisation techniques tailored to diverse 

objectives. The emphasis on rule mining applications for solution searching highlights the 

importance of hidden knowledge involvement in the process, facilitating a less interfering 

approach. Additionally, the thesis also explores and validates the adaptability of the proposed 

methodology within the framework of pyramid strategic levels, in relation to road networks. 

This approach seeks to achieve diverse objectives across different administrative levels. 

This Chapter concludes the essence of the research, across distinct sections focused on the 

systematic literature review, strategic data analysis, and strategic resource optimisation, 

emphasising its contributions and paving the way for further scholarly exploration in the field 
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of road safety strategic management. 

12.2  Systematic Literature Review 

As part of the study's objectives, a systematic review was conducted to assess existing methods 

and potential approaches for enhancing strategic road safety management. Moreover, insights 

gathered from road-related entities provided practical guidance for road safety managers, 

expanding comprehension of methodological approaches. The main conclusions are: 

1) Diverse methodologies are applied in strategic road safety management, including data 

mining, statistical analysis, multi-criteria analysis, data envelope analysis, and optimisation 

methods.  

2) Practicing methods primarily focuses on project evaluation via benefit-cost ratio and cost-

effectiveness analysis for countermeasure selection. 

3) Strategic management needs a higher-level and data integrated approach in mitigating crash 

occurrences, distinct from sectional analysis and crash prediction.  

4) The development of effective strategies requires a robust foundation of objective data-

driven evidence. 

5) The implementation of automated decision-making tools cultivates a safer road network 

system. 

12.3  Strategic Data Analysis 

With regards to data analysis, this study has provided valuable insights into road strategic 

management through the utilisation of data mining techniques, specifically integrating 
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association rule mining and K-means clustering. The research highlights that while fatalities 

resulting from crashes are infrequent, they hold significance in uncovering hidden knowledge 

due to the profoundly negative impacts and their strong association with multiple contributing 

factors. The main conclusions and implications of the study are: 

1) Fatal road crashes predominantly occur on roads without human control. 

2) Fatalities are more likely to occur when road users are traveling on A roads, without 

human-controlled pedestrian crossings, in conditions of darkness without street lighting, 

under good weather conditions without high winds, within rural areas. 

3) All significantly roadway crash attributes leading to fatal crashes are summarised as 

followed: Darkness: no street lighting, Road surface dry condition, Speed limit of 60 

mph, Not at or within 20 meters of junction, East Midlands, Rural area, Trunk roads 

managed by Highways England, Saturday, Speed limit of 70 and 50 mph, Scotland, 

Darkness: streetlights present and lit, South Wes, South East, August and July.  

4) The findings of the data mining process were consistent with the statistical analyses 

conducted by the Department of Transport. 

5) The suggested methodology, from identification of minimum parameters to clustering, 

and visualisation, has effectively mitigated bias and subjectivity in the extraction of 

rules.  

6) The study offers a three-dimensional perspective to strategy development in terms of 

quality, quantity and significance of knowledge extracted from the data.  

7) The potential application of the methodology involves tailored strategies catering to the 
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distinct needs and objectives of different administrative levels.  

12.4  Resource Optimisation 

To optimise resource allocation, this study highlights the novelty and importance of its 

methodology in addressing the complexities of multi-objective optimisation for road safety 

strategy development. The main conclusions are: 

1)  The proposed methodology presents a data-driven approach to develop the investment 

plan. 

2) This equips road agencies and stakeholders with a valuable tool for more efficient 

resource allocation and road safety improvement, requiring less human intervention.  

3) The optimisation model demonstrates a visible maximum enhancement of about 20% 

compared with the NPV estimation of Utrecht investment plan. 

4) It also achieves a maximum 39% reduction with regards to cost per KSI saved  

5)  The integrated data-driven optimisation method ranks top 10 solutions of investment 

plan outperforming in minimising the cost per KSI saved suggesting its effectiveness. 

6) Half of top 10 solutions show superior performance across all three objectives compared 

to the investment plan formulated by Utrecht. 

7) It provides optimal alternatives for decision makers to choose the most suitable one for 

implementation. 

8) The study emphasises the practical implications of the methodology by providing a 

systematic framework for diverse objectives and decision rule mining.  
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9) By overcoming challenges associated with simultaneous optimisation of three 

objectives, this approach offers a novel solution that promises to improve decision-

making processes and optimise resource allocation in road infrastructure management. 

12.5  Knowledge Discovered 

This thesis highlights the critical road infrastructure attributes contributing to fatal road crashes 

and emphasises the importance of adaptive strategies in road safety management. Some of the 

attributes are supported by international statistical analysis and established work in different 

organisations and countries. The main knowledge discovered is summarised below: 

1) Fatal road crashes primarily occur on single carriageways. 

2) Fatal crashes occur frequently on road in darkness without street lighting. 

3) High speed limit road, specifically at 60 mph and 70 mph, holds high frequency of fatal 

crashes. 

4) The absence of pedestrian crossing facilities within 50 meters is one of frequent road 

attributes of fatalities. 

5) Junctions are fewer common sites for fatal crashes, with most fatalities occurring on 

open roads carriageway. 

6) Fatalities are more likely to occur on roads that are not within 20 meters of a junction, 

are in darkness without street lighting, have dry road surfaces, and are in rural areas.  

7)  Fatalities are also more likely to occur on A roads that lack pedestrian crossings, are in 

darkness without street lighting, are under fine weather conditions without high winds, 
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and are situated in rural areas. 

12.6  Challenges, Limitations, and Future Improvements 

While this study has made noteworthy contributions to advancing road safety management and 

the research community, it is crucial to acknowledge the challenges and limitations encountered 

summarised in Table 12.6.1. One significant challenge lies in the scope of the study, which 

primarily focused on crash attributes related to fatalities, thereby neglecting other critical 

dimensions of crash occurrence, such as the involvement of casualty and vehicles. However, 

combining and analysing diverse datasets related to road infrastructure, traffic patterns, 

historical crash data, and other relevant factors pose challenges due to differences in data 

formats. A more comprehensive study is warranted to demonstrate how this methodology can 

be applied in practice to address all dimensions of crash occurrence and inform strategy 

development. 

Furthermore, the methodology employed in this study relies heavily on the availability of high-

quality crash databases, which presents a significant challenge, particularly in many developing 

countries where such data may be limited or of poor quality. Poor data quality or insufficient 

data coverage can significantly compromise the accuracy and reliability of the analysis, thereby 

reducing the effectiveness of the methodology. This constraint underscores the need for robust 

data collection and interpretation processes to ensure the reliability and accuracy of the analysis. 

Table 12.6.1: Summary of challenges and future improvements 

 Challenges/limitations Future improvements  

Research design 

Research scope only focuses 

on severity 

Combining and analysing 

diverse datasets related to road 

infrastructure. 

General evaluation of Segmentation approach for 
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countermeasure performance  detailed evaluation. 

Overestimation of risk and 

urgency of countermeasure 

Considering multi-factors 

association for risk assessment 

Data 

Collection and quality  

Develop strategies to address 

data quality issues, particularly 

in regions with limited or poor-

quality crash databases. 

Integration analysis 

Refining analytical approaches 

based on state-of-the-art 

technologies 

Moreover, the study assesses the collective effectiveness of individual countermeasures without 

considering the varied characteristics of road sections and junctions within the same category 

of road attributes. To improve the precision and detail of investment plans, there is a need to 

divide the road network into homogeneous segments and junctions, each exhibiting distinct 

patterns of countermeasure performance. This segmentation approach would enable a clearer 

understanding of the varying safety needs across different sections of the road network, 

facilitating the development of tailored strategies to address specific challenges. Additionally, 

such an approach would enhance the accuracy of investment prioritisation by aligning 

countermeasure interventions with the unique characteristics and safety requirements of each 

road segment or junction. 

The methodology uses lift values from association rule mining to weight risk levels, assuming 

road attributes independently indicate countermeasure urgency. However, this may overlook 

interactions among attributes, leading to overestimations of risk levels for certain road sections 

or junctions, and exaggerating the urgency of addressing them. 
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12.7  Summary 

The conclusion of this thesis underscores the significant efforts made in advancing road safety 

strategic management through academic research. Beginning with a comprehensive systematic 

literature review, the study identified various methodologies and highlighted the importance of 

data-driven approaches in mitigating road traffic fatalities. The subsequent focus on strategic 

data analysis revealed valuable insights into crash occurrences and emphasised the need for 

integrated data mining techniques to uncover hidden patterns. Moreover, the innovative 

approach was proposed to resource optimisation offered a promising framework for multi-

objective decision-making. 

Despite the notable contributions, the conclusion acknowledges several limitations, including 

the need for more detailed analyses beyond fatalities and the challenges posed by data quality 

in certain contexts. Additionally, while the methodology presents advancements, further 

refinement is necessary to address interactive effects among multiple road attributes and to 

enhance the accuracy of risk assessment. 

Overall, the thesis advocates for continued research efforts to refine methodologies, improve 

data collection processes, and develop more sophisticated models to fully realise the potential 

of data-driven approaches in enhancing road safety outcomes. By addressing these challenges, 

researchers can contribute to the promotion of positive road networks and the well-being of 

road users in safer environments. 
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Appendices  

Appendix A: Result of fatal rules in 2018 

Group No.   support lift 

1 2619 
first road class=3 pedestrian crossing human control=0 light conditions=6 weather conditions=1 urban or rural 

area=2 
0.001085 5.823923 

1 1286 first road class=3 light conditions=6 weather conditions=1 urban or rural area=2      0.001085 5.810056 

1 2611 
junction detail=0 pedestrian crossing human control=0 light conditions=6 road surface conditions=1 urban or 

rural area=2 
0.001239 5.608501 

1 1280 junction detail=0 light conditions=6 road surface conditions=1 urban or rural area=2      0.001239 5.597244 

1 2645 
first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 light 

conditions=6 weather conditions=1     
0.001093 5.594019 

1 1316 first road class=3 pedestrian crossing physical facilities=0 light conditions=6 weather conditions=1      0.001093 5.581319 

1 1318 first road class=3 pedestrian crossing human control=0 light conditions=6 weather conditions=1      0.001109 5.579131 

1 402 first road class=3 light conditions=6 weather conditions=1       0.001109 5.545036 

1 2604 first road class=3 junction detail=0 pedestrian crossing human control=0 light conditions=6 urban or rural area=2     0.00115 5.527786 

1 1278 first road class=3 junction detail=0 light conditions=6 urban or rural area=2      0.00115 5.513061 

1 1303 first road class=3 junction detail=0 pedestrian crossing human control=0 light conditions=6      0.001191 5.392535 

1 394 first road class=3 junction detail=0 light conditions=6       0.001191 5.36822 

1 1310 junction detail=0 pedestrian crossing human control=0 light conditions=6 road surface conditions=1      0.001297 5.36261 

1 396 junction detail=0 light conditions=6 road surface conditions=1       0.001297 5.342967 

1 1295 pedestrian crossing human control=0 light conditions=6 road surface conditions=1 urban or rural area=2      0.00146 5.1376 

1 389 light conditions=6 road surface conditions=1 urban or rural area=2       0.00146 5.123574 
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1 4652 
first road class=3 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface 

conditions=1 urban or rural area=2   
0.001403 5.043193 

1 3875 first road class=3 road type=6 speed limit=60 junction detail=0 road surface conditions=1 urban or rural area=2    0.001403 5.035146 

2 3999 
first road class=3 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface 

conditions=1    
0.001411 4.921125 

2 2801 first road class=3 road type=6 speed limit=60 junction detail=0 road surface conditions=1     0.001411 4.913507 

2 1287 first road class=3 pedestrian crossing human control=0 light conditions=6 urban or rural area=2      0.001345 4.898617 

2 387 first road class=3 light conditions=6 urban or rural area=2       0.001345 4.884784 

2 1330 pedestrian crossing human control=0 light conditions=6 weather conditions=1 road surface conditions=1      0.001435 4.789274 

2 411 pedestrian crossing human control=0 light conditions=6 road surface conditions=1       0.001517 4.781287 

2 410 light conditions=6 weather conditions=1 road surface conditions=1       0.001435 4.759275 

2 2615 
junction detail=0 pedestrian crossing human control=0 light conditions=6 weather conditions=1 urban or rural 

area=2     
0.001541 4.756771 

2 58 light conditions=6 road surface conditions=1        0.001517 4.751331 

2 1282 junction detail=0 light conditions=6 weather conditions=1 urban or rural area=2      0.001541 4.74538 

2 4655 
first road class=3 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather 

conditions=1 urban or rural area=2   
0.001582 4.736426 

2 3877 first road class=3 road type=6 speed limit=60 junction detail=0 weather conditions=1 urban or rural area=2    0.001582 4.728561 

2 3886 
first road class=3 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface 

conditions=1 urban or rural area=2    
0.001451 4.716048 

2 2718 first road class=3 speed limit=60 junction detail=0 road surface conditions=1 urban or rural area=2     0.001451 4.707551 

2 403 first road class=3 pedestrian crossing human control=0 light conditions=6       0.001386 4.706274 

2 1314 junction detail=0 pedestrian crossing human control=0 light conditions=6 weather conditions=1      0.001647 4.683987 

2 56 first road class=3 light conditions=6        0.001386 4.671034 

2 398 junction detail=0 light conditions=6 weather conditions=1       0.001647 4.667764 
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2 4003 
first road class=3 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather 

conditions=1    
0.001598 4.644648 

2 2803 first road class=3 road type=6 speed limit=60 junction detail=0 weather conditions=1     0.001598 4.637162 

2 2601 road type=6 speed limit=60 pedestrian crossing human control=0 light conditions=6 weather conditions=1     0.001003 4.538458 

2 2812 
first road class=3 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface 

conditions=1     
0.00146 4.528384 

2 1273 road type=6 speed limit=60 light conditions=6 weather conditions=1      0.001003 4.524808 

2 1519 first road class=3 speed limit=60 junction detail=0 road surface conditions=1      0.00146 4.519038 

2 3879 
first road class=3 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 urban or 

rural area=2    
0.001957 4.465934 

2 2716 first road class=3 road type=6 speed limit=60 junction detail=0 urban or rural area=2     0.001957 4.453513 

2 3841 
road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 light conditions=6 urban or 

rural area=2    
0.001101 4.444897 

2 2591 road type=6 speed limit=60 junction detail=0 light conditions=6 urban or rural area=2     0.001101 4.430982 

2 3890 
first road class=3 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather conditions=1 

urban or rural area=2    
0.001631 4.427764 

2 2598 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 light conditions=6     0.001117 4.421484 

2 2720 first road class=3 speed limit=60 junction detail=0 weather conditions=1 urban or rural area=2     0.001631 4.418434 

2 2805 first road class=3 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0     0.00199 4.412815 

2 1269 road type=6 speed limit=60 junction detail=0 light conditions=6      0.001117 4.407916 

2 1517 first road class=3 road type=6 speed limit=60 junction detail=0      0.00199 4.400886 

2 1277 speed limit=60 pedestrian crossing human control=0 light conditions=6 weather conditions=1      0.001019 4.387266 

2 384 speed limit=60 light conditions=6 weather conditions=1       0.001019 4.372628 

2 1300 pedestrian crossing human control=0 light conditions=6 weather conditions=1 urban or rural area=2      0.001802 4.344825 

2 391 light conditions=6 weather conditions=1 urban or rural area=2       0.001802 4.334375 
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2 2816 first road class=3 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather conditions=1     0.001655 4.297147 

2 1521 first road class=3 speed limit=60 junction detail=0 weather conditions=1      0.001655 4.287254 

2 1271 speed limit=60 junction detail=0 pedestrian crossing human control=0 light conditions=6      0.001133 4.280838 

2 381 speed limit=60 junction detail=0 light conditions=6       0.001133 4.266514 

3 1284 junction detail=0 pedestrian crossing human control=0 light conditions=6 urban or rural area=2      0.002022 4.210217 

3 386 junction detail=0 light conditions=6 urban or rural area=2       0.002022 4.2005 

3 2722 first road class=3 speed limit=60 junction detail=0 pedestrian crossing human control=0 urban or rural area=2     0.002014 4.17874 

3 1481 first road class=3 speed limit=60 junction detail=0 urban or rural area=2      0.002014 4.166255 

3 416 pedestrian crossing human control=0 light conditions=6 weather conditions=1       0.001908 4.163225 

3 412 pedestrian crossing physical facilities=0 light conditions=6 weather conditions=1       0.001884 4.149078 

3 60 light conditions=6 weather conditions=1        0.001908 4.142138 

3 400 junction detail=0 pedestrian crossing human control=0 light conditions=6       0.002145 4.126923 

3 55 junction detail=0 light conditions=6        0.002145 4.111101 

3 3934 
first road class=3 road type=6 speed limit=60 pedestrian crossing human control=0 road surface conditions=1 

urban or rural area=2    
0.001892 4.085058 

3 1523 first road class=3 speed limit=60 junction detail=0 pedestrian crossing human control=0      0.002055 4.081732 

3 2745 first road class=3 road type=6 speed limit=60 road surface conditions=1 urban or rural area=2     0.001892 4.078209 

3 609 first road class=3 speed limit=60 junction detail=0       0.002055 4.069159 

3 2861 first road class=3 road type=6 speed limit=60 pedestrian crossing human control=0 road surface conditions=1     0.001908 4.003101 

3 1546 first road class=3 road type=6 speed limit=60 road surface conditions=1      0.001908 3.99658 

3 2595 road type=6 speed limit=60 pedestrian crossing human control=0 light conditions=6 urban or rural area=2     0.001272 3.96429 

3 1266 road type=6 speed limit=60 light conditions=6 urban or rural area=2      0.001272 3.953339 

3 1274 road type=6 speed limit=60 pedestrian crossing human control=0 light conditions=6      0.001288 3.942757 

3 382 road type=6 speed limit=60 light conditions=6       0.001288 3.932061 
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3 3900 
road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 

urban or rural area=2    
0.0023 3.867694 

3 2724 road type=6 speed limit=60 junction detail=0 road surface conditions=1 urban or rural area=2     0.0023 3.862641 

3 3939 
first road class=3 road type=6 speed limit=60 pedestrian crossing human control=0 weather conditions=1 urban 

or rural area=2    
0.002112 3.859504 

3 2747 first road class=3 road type=6 speed limit=60 weather conditions=1 urban or rural area=2     0.002112 3.852464 

3 2826 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface conditions=1     0.00234 3.828937 

3 1525 road type=6 speed limit=60 junction detail=0 road surface conditions=1      0.00234 3.824071 

3 4183 
first road class=3 road type=6 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 

urban or rural area=2    
0.002006 3.820949 

3 393 pedestrian crossing human control=0 light conditions=6 urban or rural area=2       0.002332 3.8066 

3 3154 first road class=3 road type=6 junction detail=0 road surface conditions=1 urban or rural area=2     0.002006 3.805646 

3 54 light conditions=6 urban or rural area=2        0.002332 3.79696 

3 385 speed limit=60 pedestrian crossing human control=0 light conditions=6       0.001305 3.795226 

3 2866 first road class=3 road type=6 speed limit=60 pedestrian crossing human control=0 weather conditions=1     0.002136 3.79255 

3 1548 first road class=3 road type=6 speed limit=60 weather conditions=1      0.002136 3.78583 

3 53 speed limit=60 light conditions=6        0.001305 3.782999 

3 2737 
speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 urban or rural 

area=2     
0.002365 3.733232 

3 1484 speed limit=60 junction detail=0 road surface conditions=1 urban or rural area=2      0.002365 3.728 

3 4188 
first road class=3 road type=6 junction detail=0 pedestrian crossing human control=0 weather conditions=1 urban 

or rural area=2    
0.002267 3.6961 

3 3156 first road class=3 road type=6 junction detail=0 weather conditions=1 urban or rural area=2     0.002275 3.696004 

3 1538 speed limit=60 junction detail=0 pedestrian crossing human control=0 road surface conditions=1      0.002406 3.65341 

3 612 speed limit=60 junction detail=0 road surface conditions=1       0.002406 3.647869 
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3 2749 first road class=3 road type=6 speed limit=60 pedestrian crossing human control=0 urban or rural area=2     0.002528 3.647741 

3 1489 first road class=3 road type=6 speed limit=60 urban or rural area=2      0.002528 3.638989 

3 62 pedestrian crossing human control=0 light conditions=6        0.002454 3.630312 

3 3158 first road class=3 road type=6 junction detail=0 pedestrian crossing human control=0 urban or rural area=2     0.002854 3.619865 

3 2758 
first road class=3 speed limit=60 pedestrian crossing human control=0 road surface conditions=1 urban or rural 

area=2     
0.002022 3.619162 

3 1491 first road class=3 speed limit=60 road surface conditions=1 urban or rural area=2      0.002022 3.613414 

3 2004 first road class=3 road type=6 junction detail=0 urban or rural area=2      0.002862 3.612897 

3 2 light conditions=6         0.002454 3.60955 

4 1550 first road class=3 road type=6 speed limit=60 pedestrian crossing human control=0      0.002569 3.601481 

4 617 first road class=3 road type=6 speed limit=60       0.002569 3.593085 

4 3905 
road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather conditions=1 urban 

or rural area=2    
0.00265 3.514856 

4 2726 road type=6 speed limit=60 junction detail=0 weather conditions=1 urban or rural area=2     0.00265 3.509167 

4 2831 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather conditions=1     0.002699 3.487245 

4 1559 first road class=3 speed limit=60 pedestrian crossing human control=0 road surface conditions=1      0.002047 3.485513 

4 1527 road type=6 speed limit=60 junction detail=0 weather conditions=1      0.002699 3.481747 

4 619 first road class=3 speed limit=60 road surface conditions=1       0.002047 3.478274 

4 3167 
first road class=3 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 urban or rural 

area=2     
0.002732 3.453535 

4 2006 first road class=3 junction detail=0 road surface conditions=1 urban or rural area=2      0.00274 3.451239 

4 2763 
first road class=3 speed limit=60 pedestrian crossing human control=0 weather conditions=1 urban or rural 

area=2     
0.002259 3.4497 

4 1493 first road class=3 speed limit=60 weather conditions=1 urban or rural area=2      0.002259 3.443273 
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4 2742 
speed limit=60 junction detail=0 pedestrian crossing human control=0 weather conditions=1 urban or rural 

area=2     
0.002715 3.395239 

4 1486 speed limit=60 junction detail=0 weather conditions=1 urban or rural area=2      0.002715 3.389118 

4 1543 speed limit=60 junction detail=0 pedestrian crossing human control=0 weather conditions=1      0.002781 3.351105 

4 614 speed limit=60 junction detail=0 weather conditions=1       0.002781 3.344835 

4 1564 first road class=3 speed limit=60 pedestrian crossing human control=0 weather conditions=1      0.0023 3.342922 

4 621 first road class=3 speed limit=60 weather conditions=1       0.0023 3.33538 

4 2008 first road class=3 junction detail=0 weather conditions=1 urban or rural area=2      0.003058 3.323429 

4 2728 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0 urban or rural area=2     0.00327 3.320111 

4 1482 road type=6 speed limit=60 junction detail=0 urban or rural area=2      0.00327 3.31301 

4 1529 road type=6 speed limit=60 junction detail=0 pedestrian crossing human control=0      0.003335 3.299251 

4 610 road type=6 speed limit=60 junction detail=0       0.003335 3.292375 

4 1495 first road class=3 speed limit=60 pedestrian crossing human control=0 urban or rural area=2      0.002683 3.25234 

4 601 first road class=3 speed limit=60 urban or rural area=2       0.002683 3.244473 

4 2773 road type=6 speed limit=60 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2     0.003017 3.213154 

4 1488 speed limit=60 junction detail=0 pedestrian crossing human control=0 urban or rural area=2      0.003351 3.212286 

4 1497 road type=6 speed limit=60 road surface conditions=1 urban or rural area=2      0.003017 3.208598 

4 600 speed limit=60 junction detail=0 urban or rural area=2       0.003351 3.205118 

4 1574 road type=6 speed limit=60 pedestrian crossing human control=0 road surface conditions=1      0.00309 3.186126 

4 2010 first road class=3 junction detail=0 pedestrian crossing human control=0 urban or rural area=2      0.003759 3.18547 

4 970 first road class=3 junction detail=0 urban or rural area=2       0.003775 3.182808 

4 625 road type=6 speed limit=60 road surface conditions=1       0.00309 3.181025 

4 616 speed limit=60 junction detail=0 pedestrian crossing human control=0       0.003433 3.172204 

4 173 speed limit=60 junction detail=0        0.003433 3.165055 

4 623 first road class=3 speed limit=60 pedestrian crossing human control=0       0.00274 3.164669 
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4 174 first road class=3 speed limit=60        0.00274 3.156163 

5 1602 day of week=7 junction detail=0 pedestrian crossing human control=0 urban or rural area=2      0.001076 3.032083 

5 645 day of week=7 junction detail=0 urban or rural area=2       0.001076 3.019796 

5 1510 speed limit=60 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2      0.003164 2.993943 

5 604 speed limit=60 road surface conditions=1 urban or rural area=2       0.003164 2.989542 

5 2778 road type=6 speed limit=60 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2     0.003433 2.974609 

5 1499 road type=6 speed limit=60 weather conditions=1 urban or rural area=2      0.003433 2.969749 

5 1579 road type=6 speed limit=60 pedestrian crossing human control=0 weather conditions=1      0.003514 2.952046 

5 3220 
first road class=3 road type=6 pedestrian crossing human control=0 road surface conditions=1 urban or rural 

area=2     
0.002781 2.947362 

5 627 road type=6 speed limit=60 weather conditions=1       0.003514 2.94682 

5 2036 first road class=3 road type=6 road surface conditions=1 urban or rural area=2      0.002781 2.933199 

5 638 speed limit=60 pedestrian crossing human control=0 road surface conditions=1       0.003245 2.931777 

5 547 day of week=1 junction detail=0 urban or rural area=2       0.00106 2.931098 

5 177 speed limit=60 road surface conditions=1        0.003245 2.925903 

5 4262 
first road class=3 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1 urban or rural area=2    
0.002968 2.852234 

5 3221 
first road class=3 road type=6 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural 

area=2     
0.002968 2.847067 

5 3225 first road class=3 road type=6 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2     0.00309 2.834204 

5 2038 first road class=3 road type=6 weather conditions=1 urban or rural area=2      0.003099 2.829286 

5 602 road type=6 speed limit=60 urban or rural area=2       0.004118 2.796291 

5 1515 speed limit=60 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2      0.003596 2.793946 

5 606 speed limit=60 weather conditions=1 urban or rural area=2       0.003596 2.789131 
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5 3223 
first road class=3 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

urban or rural area=2     
0.00362 2.786731 

5 2037 first road class=3 road type=6 pedestrian crossing physical facilities=0 urban or rural area=2      0.00362 2.780785 

5 2040 first road class=3 road type=6 pedestrian crossing human control=0 urban or rural area=2      0.003775 2.77884 

5 629 road type=6 speed limit=60 pedestrian crossing human control=0       0.004208 2.776955 

5 175 road type=6 speed limit=60        0.004216 2.776636 

5 979 first road class=3 road type=6 urban or rural area=2       0.003784 2.771018 

5 548 day of week=1 road type=6 urban or rural area=2       0.001117 2.757667 

5 643 speed limit=60 pedestrian crossing human control=0 weather conditions=1       0.003702 2.75092 

5 639 speed limit=60 pedestrian crossing physical facilities=0 weather conditions=1       0.003653 2.746308 

5 179 speed limit=60 weather conditions=1        0.003702 2.745028 

5 3182 
road type=6 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 urban or rural 

area=2     
0.003319 2.744882 

5 1604 day of week=7 road type=6 pedestrian crossing human control=0 urban or rural area=2      0.00115 2.73902 

5 2012 road type=6 junction detail=0 road surface conditions=1 urban or rural area=2      0.003319 2.734078 

5 646 day of week=7 road type=6 urban or rural area=2       0.00115 2.733954 

5 3046 first road class=3 road type=6 junction detail=0 pedestrian crossing human control=0 road surface conditions=2     0.001019 2.713331 

5 1399 
Regional areas=East Midlands pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

urban or rural area=2      
0.001076 2.71055 

5 468 Regional areas=East Midlands pedestrian crossing physical facilities=0 urban or rural area=2       0.001076 2.704496 

5 1859 first road class=3 road type=6 junction detail=0 road surface conditions=2      0.001027 2.685007 

5 1426 day of week=1 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2      0.001027 2.677233 

5 469 Regional areas=East Midlands pedestrian crossing human control=0 urban or rural area=2       0.001117 2.671216 

5 1843 road type=6 junction detail=0 road surface conditions=2 urban or rural area=2      0.001451 2.667644 

5 549 day of week=1 road surface conditions=1 urban or rural area=2       0.001027 2.665657 
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5 82 Regional areas=East Midlands urban or rural area=2        0.001117 2.66555 

5 1642 day of week=2 junction detail=0 pedestrian crossing human control=0 urban or rural area=2      0.001027 2.664121 

5 3187 road type=6 junction detail=0 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2     0.003865 2.65874 

5 2014 road type=6 junction detail=0 weather conditions=1 urban or rural area=2      0.003873 2.6536 

5 676 day of week=2 junction detail=0 urban or rural area=2       0.001027 2.651897 

5 608 speed limit=60 pedestrian crossing human control=0 urban or rural area=2       0.004289 2.626964 

5 1380 first road class=3 pedestrian crossing human control=0 urban or rural area=2 trunk road flag=1      0.001101 2.626637 

5 172 speed limit=60 urban or rural area=2        0.004297 2.626596 

5 450 first road class=3 urban or rural area=2 trunk road flag=1       0.001101 2.62316 

6 551 day of week=1 weather conditions=1 urban or rural area=2       0.001158 2.598207 

6 2016 road type=6 junction detail=0 pedestrian crossing human control=0 urban or rural area=2      0.004827 2.596175 

6 971 road type=6 junction detail=0 urban or rural area=2       0.004844 2.593169 

6 181 speed limit=60 pedestrian crossing human control=0        0.004411 2.586586 

6 25 speed limit=60         0.00442 2.585136 

6 3426 
first road class=3 road type=6 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical 

facilities=0     
0.003196 2.572791 

6 2203 first road class=3 road type=6 junction detail=0 pedestrian crossing physical facilities=0      0.003196 2.563164 

6 1394 first road class=3 pedestrian crossing human control=0 weather conditions=1 trunk road flag=1      0.001003 2.556498 

6 460 first road class=3 weather conditions=1 trunk road flag=1       0.001003 2.550719 

6 3239 
first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface 

conditions=1 urban or rural area=2     
0.003629 2.548867 

6 2046 first road class=3 pedestrian crossing physical facilities=0 road surface conditions=1 urban or rural area=2      0.003629 2.5443 

6 2025 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2      0.004444 2.527498 

6 973 junction detail=0 road surface conditions=1 urban or rural area=2       0.004452 2.522571 

6 2049 first road class=3 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2      0.003792 2.521534 
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6 981 first road class=3 road surface conditions=1 urban or rural area=2       0.0038 2.514878 

6 3244 
first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1 urban or rural area=2     
0.004069 2.494836 

6 2050 first road class=3 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural area=2      0.004069 2.490764 

6 2923 
day of week=7 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1 urban or rural area=2     
0.001093 2.484033 

6 1605 day of week=7 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural area=2      0.001093 2.482152 

6 1607 day of week=7 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2      0.001125 2.470206 

6 470 Regional areas=East Midlands junction detail=0 pedestrian crossing human control=0       0.001044 2.464955 

6 648 day of week=7 weather conditions=1 urban or rural area=2       0.001125 2.464196 

6 83 Regional areas=East Midlands junction detail=0        0.001044 2.456575 

6 1728 first road class=3 road type=3 weather conditions=1 urban or rural area=2      0.001011 2.456244 

6 2054 first road class=3 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2      0.004216 2.450131 

6 983 first road class=3 weather conditions=1 urban or rural area=2       0.004232 2.448541 

6 2030 junction detail=0 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2      0.005056 2.443843 

6 975 junction detail=0 weather conditions=1 urban or rural area=2       0.005072 2.441498 

6 461 first road class=3 pedestrian crossing human control=0 trunk road flag=1       0.001199 2.439701 

6 77 first road class=3 trunk road flag=1        0.001199 2.434745 

6 871 junction detail=0 road surface conditions=2 urban or rural area=2       0.001843 2.433062 

6 2206 first road class=3 road type=6 junction detail=0 pedestrian crossing human control=0      0.003514 2.411648 

6 977 junction detail=0 pedestrian crossing human control=0 urban or rural area=2       0.006385 2.408808 

6 293 junction detail=0 urban or rural area=2        0.006409 2.406738 

6 153 day of week=1 urban or rural area=2        0.001378 2.404603 

6 2052 
first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 urban or rural 

area=2      
0.00486 2.380827 
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6 982 first road class=3 pedestrian crossing physical facilities=0 urban or rural area=2       0.00486 2.376558 

6 3047 
first road class=3 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

road surface conditions=2     
0.001191 2.371093 

6 1860 first road class=3 junction detail=0 pedestrian crossing physical facilities=0 road surface conditions=2      0.001191 2.363248 

6 1059 first road class=3 road type=6 junction detail=0       0.003531 2.360216 

6 985 first road class=3 pedestrian crossing human control=0 urban or rural area=2       0.005047 2.349427 

6 1861 first road class=3 junction detail=0 pedestrian crossing human control=0 road surface conditions=2      0.001337 2.346654 

6 294 first road class=3 urban or rural area=2        0.005064 2.344047 

6 649 day of week=7 pedestrian crossing human control=0 urban or rural area=2       0.00137 2.342685 

6 647 day of week=7 pedestrian crossing physical facilities=0 urban or rural area=2       0.001321 2.335798 

6 182 day of week=7 urban or rural area=2        0.00137 2.3347 

6 3447 
first road class=3 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1     
0.003539 2.332065 

6 3442 
first road class=3 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

road surface conditions=1     
0.003131 2.330811 

6 1611 day of week=7 road type=6 junction detail=0 pedestrian crossing human control=0      0.001305 2.324313 

6 2216 first road class=3 junction detail=0 pedestrian crossing physical facilities=0 weather conditions=1      0.003539 2.322542 

6 2212 first road class=3 junction detail=0 pedestrian crossing physical facilities=0 road surface conditions=1      0.003131 2.319492 

6 879 first road class=3 junction detail=0 road surface conditions=2       0.001345 2.310069 

6 1608 day of week=7 road type=6 junction detail=0 pedestrian crossing physical facilities=0      0.001166 2.303006 

6 2218 first road class=3 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.004395 2.300646 

6 650 day of week=7 road type=6 junction detail=0       0.001313 2.293443 

6 1062 first road class=3 junction detail=0 pedestrian crossing physical facilities=0       0.004395 2.290124 

7 101 Regional areas=West Midlands junction detail=0        0.001036 2.220237 
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7 3286 
road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface 

conditions=1 urban or rural area=2     
0.004452 2.209353 

7 2081 road type=6 pedestrian crossing physical facilities=0 road surface conditions=1 urban or rural area=2      0.00446 2.208043 

7 2220 first road class=3 junction detail=0 pedestrian crossing human control=0 weather conditions=1      0.003922 2.201889 

7 2084 road type=6 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2      0.004607 2.199642 

7 994 road type=6 road surface conditions=1 urban or rural area=2       0.004615 2.193876 

7 1389 junction detail=0 pedestrian crossing human control=0 road surface conditions=1 trunk road flag=1      0.001076 2.192239 

7 455 junction detail=0 road surface conditions=1 trunk road flag=1       0.001076 2.187289 

7 2693 
day of week=1 road type=6 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical 

facilities=0     
0.001019 2.182153 

7 1065 first road class=3 junction detail=0 pedestrian crossing human control=0       0.004868 2.181317 

7 1346 road type=3 speed limit=70 pedestrian crossing human control=0 urban or rural area=2      0.001451 2.177605 

7 1430 day of week=1 road type=6 junction detail=0 pedestrian crossing physical facilities=0      0.001019 2.175426 

7 425 road type=3 speed limit=70 urban or rural area=2       0.001451 2.173619 

7 458 junction detail=0 pedestrian crossing human control=0 trunk road flag=1       0.001492 2.163403 

7 76 junction detail=0 trunk road flag=1        0.001492 2.158882 

7 1063 first road class=3 junction detail=0 weather conditions=1       0.003947 2.1567 

7 3291 
road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 

urban or rural area=2     
0.005113 2.150364 

7 2085 road type=6 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural area=2      0.005121 2.148873 

7 1431 day of week=1 road type=6 junction detail=0 pedestrian crossing human control=0      0.001085 2.141956 

7 2089 road type=6 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2      0.00526 2.133436 

7 996 road type=6 weather conditions=1 urban or rural area=2       0.005276 2.131023 

7 655 day of week=7 junction detail=0 pedestrian crossing human control=0       0.001582 2.124395 
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7 2694 
day of week=1 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1     
0.001044 2.124365 

7 314 first road class=3 junction detail=0        0.004893 2.120287 

7 553 day of week=1 road type=6 junction detail=0       0.001093 2.118088 

7 1432 day of week=1 junction detail=0 pedestrian crossing physical facilities=0 weather conditions=1      0.001044 2.11623 

7 1618 day of week=7 first road class=3 road type=6 pedestrian crossing human control=0      0.001003 2.104194 

7 379 speed limit=50 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001093 2.100445 

7 652 day of week=7 junction detail=0 pedestrian crossing physical facilities=0       0.001411 2.099289 

7 51 speed limit=50 pedestrian crossing physical facilities=0        0.001093 2.097757 

7 1434 day of week=1 junction detail=0 pedestrian crossing human control=0 weather conditions=1      0.001125 2.096428 

7 454 pedestrian crossing human control=0 urban or rural area=2 trunk road flag=1       0.001655 2.080755 

7 995 road type=6 pedestrian crossing physical facilities=0 urban or rural area=2       0.006181 2.0769 

7 1349 road type=3 speed limit=70 junction detail=0 pedestrian crossing human control=0      0.001345 2.076012 

7 75 urban or rural area=2 trunk road flag=1        0.001655 2.075827 

7 183 day of week=7 junction detail=0        0.00159 2.075274 

7 430 road type=3 speed limit=70 pedestrian crossing human control=0       0.001598 2.074185 

7 426 road type=3 speed limit=70 junction detail=0       0.001345 2.071396 

7 4106 
road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 

road surface conditions=1 urban or rural area=2    
0.001256 2.071118 

7 2943 
day of week=2 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1 urban or rural area=2     
0.001068 2.071115 

7 555 day of week=1 junction detail=0 weather conditions=1       0.001133 2.070056 

7 2973 
road type=3 pedestrian crossing physical facilities=0 weather conditions=1 road surface conditions=1 urban or 

rural area=2     
0.001256 2.06998 

7 296 road type=6 urban or rural area=2        0.006393 2.069634 
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7 67 road type=3 speed limit=70        0.001598 2.068816 

7 1643 day of week=2 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural area=2      0.001068 2.064887 

7 438 speed limit=70 junction detail=0 pedestrian crossing human control=0       0.001394 2.06342 

7 69 speed limit=70 junction detail=0        0.001394 2.058681 

7 1433 day of week=1 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001288 2.052327 

7 2974 
road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface 

conditions=1 urban or rural area=2     
0.001288 2.05015 

7 1730 road type=3 pedestrian crossing physical facilities=0 road surface conditions=1 urban or rural area=2      0.001288 2.048701 

7 1731 road type=3 weather conditions=1 road surface conditions=1 urban or rural area=2      0.001288 2.047254 

7 1645 day of week=2 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2      0.001101 2.045772 

7 554 day of week=1 junction detail=0 pedestrian crossing physical facilities=0       0.001288 2.044367 

7 1644 
day of week=2 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 urban or rural 

area=2      
0.001264 2.038251 

7 656 day of week=7 first road class=3 road type=6       0.001011 2.036791 

7 678 day of week=2 weather conditions=1 urban or rural area=2       0.001101 2.035266 

7 435 speed limit=70 pedestrian crossing human control=0 urban or rural area=2       0.001525 2.034084 

7 677 day of week=2 pedestrian crossing physical facilities=0 urban or rural area=2       0.001264 2.032787 

7 68 speed limit=70 urban or rural area=2        0.001525 2.029872 

7 52 speed limit=50 pedestrian crossing human control=0        0.001125 2.02638 

7 781 road type=3 road surface conditions=1 urban or rural area=2       0.001321 2.026109 

7 2976 
road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 

urban or rural area=2     
0.001427 2.025435 

7 1733 road type=3 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural area=2      0.001427 2.023839 

7 556 day of week=1 junction detail=0 pedestrian crossing human control=0       0.001378 2.02101 

7 1 speed limit=50         0.001133 2.018847 
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7 679 day of week=2 pedestrian crossing human control=0 urban or rural area=2       0.001297 2.010517 

7 3305 
pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 road surface 

conditions=1 urban or rural area=2     
0.005626 2.009334 

7 2101 pedestrian crossing physical facilities=0 weather conditions=1 road surface conditions=1 urban or rural area=2      0.005635 2.008261 

7 2103 
pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface conditions=1 urban or 

rural area=2      
0.005879 2.006991 

7 1004 pedestrian crossing physical facilities=0 road surface conditions=1 urban or rural area=2       0.005887 2.005591 

7 192 day of week=2 urban or rural area=2        0.001297 1.999493 

7 783 road type=3 weather conditions=1 urban or rural area=2       0.00146 1.995268 

7 1007 pedestrian crossing human control=0 road surface conditions=1 urban or rural area=2       0.006075 1.989437 

7 154 day of week=1 junction detail=0        0.001386 1.986044 

7 298 road surface conditions=1 urban or rural area=2        0.006091 1.985458 

7 419 Regional areas=Scotland pedestrian crossing human control=0 weather conditions=1       0.001052 1.982688 

7 1734 road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 urban or rural area=2      0.001778 1.978857 

7 782 road type=3 pedestrian crossing physical facilities=0 urban or rural area=2       0.001778 1.97739 

7 3049 
road type=6 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road 

surface conditions=2     
0.001786 1.974503 

7 2108 
pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 urban or 

rural area=2      
0.006695 1.970802 

7 1008 pedestrian crossing physical facilities=0 weather conditions=1 urban or rural area=2       0.006703 1.969338 

7 1862 road type=6 junction detail=0 pedestrian crossing physical facilities=0 road surface conditions=2      0.001786 1.967011 

7 239 road type=3 urban or rural area=2        0.001827 1.962679 

7 64 Regional areas=Scotland weather conditions=1        0.001052 1.960516 

7 1012 pedestrian crossing human control=0 weather conditions=1 urban or rural area=2       0.00689 1.949351 
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7 3053 
first road class=3 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road 

surface conditions=2     
0.001231 1.947955 

7 300 weather conditions=1 urban or rural area=2        0.006915 1.947274 

7 1871 first road class=3 road type=6 pedestrian crossing physical facilities=0 road surface conditions=2      0.001231 1.942833 

7 1619 day of week=7 first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001052 1.936456 

7 73 speed limit=70 pedestrian crossing human control=0        0.001672 1.927609 

7 883 junction detail=0 weather conditions=1 road surface conditions=2       0.001191 1.926113 

7 657 day of week=7 first road class=3 pedestrian crossing physical facilities=0       0.001052 1.925821 

7 81 pedestrian crossing human control=0 trunk road flag=1        0.001802 1.923305 

7 4 speed limit=70         0.001672 1.922436 

7 880 road type=6 junction detail=0 road surface conditions=2       0.001949 1.917806 

7 5 trunk road flag=1         0.001802 1.917167 

7 299 pedestrian crossing physical facilities=0 urban or rural area=2        0.008154 1.913096 

7 94 Regional areas=Southwest urban or rural area=2        0.001027 1.904276 

7 302 pedestrian crossing human control=0 urban or rural area=2        0.008399 1.899962 

7 37 urban or rural area=2         0.00844 1.899161 

7 1868 
junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface 

conditions=2      
0.00234 1.894494 

7 882 junction detail=0 pedestrian crossing physical facilities=0 road surface conditions=2       0.00234 1.887533 

8 885 junction detail=0 pedestrian crossing human control=0 road surface conditions=2       0.002536 1.862756 

8 270 junction detail=0 road surface conditions=2        0.002577 1.85932 

8 1456 first road class=4 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001044 1.850659 

8 1620 day of week=7 first road class=3 pedestrian crossing human control=0 weather conditions=1      0.001068 1.844965 

8 579 first road class=4 junction detail=0 pedestrian crossing physical facilities=0       0.001044 1.844119 

8 1650 day of week=2 first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001093 1.830997 
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8 558 day of week=1 first road class=3 pedestrian crossing human control=0       0.001215 1.82648 

8 684 day of week=2 first road class=3 pedestrian crossing physical facilities=0       0.001093 1.822176 

8 418 Regional areas=Scotland pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001068 1.8133 

8 63 Regional areas=Scotland pedestrian crossing physical facilities=0        0.001068 1.807164 

8 557 day of week=1 first road class=3 weather conditions=1       0.001003 1.799999 

8 1455 first road class=4 road type=6 junction detail=0 pedestrian crossing human control=0      0.001068 1.796024 

8 578 first road class=4 road type=6 junction detail=0       0.001076 1.783086 

8 659 day of week=7 first road class=3 pedestrian crossing human control=0       0.001329 1.782271 

8 580 first road class=4 junction detail=0 pedestrian crossing human control=0       0.001133 1.78032 

8 2998 
junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 light 

conditions=4 weather conditions=1     
0.001011 1.774646 

8 1787 junction detail=0 pedestrian crossing physical facilities=0 light conditions=4 weather conditions=1      0.001011 1.769126 

8 658 day of week=7 first road class=3 weather conditions=1       0.001068 1.768601 

8 155 day of week=1 first road class=3        0.001231 1.766324 

8 1791 junction detail=0 pedestrian crossing human control=0 light conditions=4 weather conditions=1      0.001199 1.765978 

8 2986 
first road class=3 road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1     
0.001403 1.761528 

8 164 first road class=4 junction detail=0        0.001142 1.75815 

8 835 junction detail=0 light conditions=4 weather conditions=1       0.001223 1.755746 

8 1749 first road class=3 road type=3 pedestrian crossing physical facilities=0 weather conditions=1      0.001403 1.754672 

8 1646 day of week=2 road type=6 junction detail=0 pedestrian crossing human control=0      0.001027 1.746725 

8 2363 first road class=3 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.004517 1.735674 

8 2984 
first road class=3 road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road 

surface conditions=1     
0.001239 1.728165 

8 1126 first road class=3 road type=6 pedestrian crossing physical facilities=0       0.004517 1.728149 
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8 65 Regional areas=Scotland pedestrian crossing human control=0        0.001215 1.726146 

8 1746 first road class=3 road type=3 pedestrian crossing physical facilities=0 road surface conditions=1      0.001239 1.721233 

8 1648 day of week=2 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001239 1.718316 

8 1873 first road class=3 road type=6 pedestrian crossing human control=0 road surface conditions=2      0.001435 1.716045 

8 1786 road type=6 junction detail=0 pedestrian crossing human control=0 light conditions=4      0.001109 1.712312 

8 681 day of week=2 junction detail=0 pedestrian crossing physical facilities=0       0.001239 1.710674 

8 680 day of week=2 road type=6 junction detail=0       0.001027 1.709588 

8 3 Regional areas=Scotland         0.001215 1.707281 

8 833 road type=6 junction detail=0 light conditions=4       0.001133 1.706749 

8 184 day of week=7 first road class=3        0.001337 1.699519 

8 1789 
junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 light 

conditions=4      
0.001305 1.687131 

8 886 first road class=3 road type=6 road surface conditions=2       0.001451 1.68626 

8 683 day of week=2 junction detail=0 pedestrian crossing human control=0       0.001362 1.683076 

8 834 junction detail=0 pedestrian crossing physical facilities=0 light conditions=4       0.001305 1.680611 

8 789 road type=3 junction detail=0 pedestrian crossing human control=0       0.001981 1.679741 

8 837 junction detail=0 pedestrian crossing human control=0 light conditions=4       0.001549 1.673765 

8 787 road type=3 junction detail=0 pedestrian crossing physical facilities=0       0.001802 1.672603 

8 240 road type=3 junction detail=0        0.001998 1.668578 

8 476 Regional areas=East Midlands pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001288 1.667 

8 86 Regional areas=East Midlands pedestrian crossing physical facilities=0        0.001288 1.662459 

8 1750 first road class=3 road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001647 1.660114 

8 792 first road class=3 road type=3 pedestrian crossing physical facilities=0       0.001647 1.65308 

8 193 day of week=2 junction detail=0        0.00137 1.648997 

8 2274 road type=6 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.006108 1.647512 
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8 259 junction detail=0 light conditions=4        0.001574 1.647204 

8 1083 road type=6 junction detail=0 pedestrian crossing physical facilities=0       0.006108 1.640628 

8 1875 
first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface 

conditions=2      
0.001631 1.627096 

8 887 first road class=3 pedestrian crossing physical facilities=0 road surface conditions=2       0.001631 1.621345 

8 2935 
day of week=7 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1     
0.001329 1.606797 

8 1439 day of week=1 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001427 1.605812 

8 1098 junction detail=0 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.008089 1.605218 

8 1625 day of week=7 road type=6 pedestrian crossing physical facilities=0 weather conditions=1      0.001329 1.601419 

8 560 day of week=1 road type=6 pedestrian crossing physical facilities=0       0.001427 1.599612 

8 320 junction detail=0 pedestrian crossing physical facilities=0        0.008089 1.5981 

8 1086 road type=6 junction detail=0 pedestrian crossing human control=0       0.006605 1.591637 

8 317 road type=6 junction detail=0        0.006646 1.569607 

9 2930 
day of week=7 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road 

surface conditions=1     
0.001166 1.562423 

9 2384 
first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1      
0.005202 1.557546 

9 1621 day of week=7 road type=6 pedestrian crossing physical facilities=0 road surface conditions=1      0.001166 1.55663 

9 323 junction detail=0 pedestrian crossing human control=0        0.008774 1.556477 

9 1139 first road class=3 pedestrian crossing physical facilities=0 weather conditions=1       0.005202 1.55048 

9 1627 day of week=7 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001598 1.545057 

9 1651 day of week=2 first road class=3 pedestrian crossing human control=0 weather conditions=1      0.00106 1.542309 

9 661 day of week=7 road type=6 pedestrian crossing physical facilities=0       0.001598 1.539764 

9 1141 first road class=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.006328 1.537922 
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9 89 Regional areas=East Midlands pedestrian crossing human control=0        0.00146 1.532708 

9 1629 day of week=7 road type=6 pedestrian crossing human control=0 weather conditions=1      0.001533 1.531678 

9 330 first road class=3 pedestrian crossing physical facilities=0        0.006328 1.530359 

9 1441 day of week=1 road type=6 pedestrian crossing human control=0 weather conditions=1      0.001313 1.527974 

9 6 Regional areas=East Midlands         0.00146 1.527007 

9 39 junction detail=0         0.008831 1.526261 

9 1751 first road class=3 road type=3 pedestrian crossing human control=0 weather conditions=1      0.001704 1.520776 

9 563 day of week=1 road type=6 pedestrian crossing human control=0       0.001615 1.515409 

9 561 day of week=1 road type=6 weather conditions=1       0.001329 1.509857 

9 686 day of week=2 first road class=3 pedestrian crossing human control=0       0.001231 1.509592 

9 1449 
day of week=1 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1      
0.00146 1.504104 

9 662 day of week=7 road type=6 weather conditions=1       0.001541 1.503767 

9 1624 day of week=7 road type=6 pedestrian crossing human control=0 road surface conditions=1      0.001362 1.502533 

9 569 day of week=1 pedestrian crossing physical facilities=0 weather conditions=1       0.00146 1.497588 

9 1404 
Regional areas=Southwest pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road 

surface conditions=1      
0.001019 1.496781 

9 1129 first road class=3 road type=6 pedestrian crossing human control=0       0.005292 1.495032 

9 485 Regional areas=Southwest pedestrian crossing physical facilities=0 road surface conditions=1       0.001019 1.492156 

9 685 day of week=2 first road class=3 weather conditions=1       0.001068 1.491717 

9 156 day of week=1 road type=6        0.001631 1.491519 

9 889 first road class=3 pedestrian crossing human control=0 road surface conditions=2       0.00199 1.487927 

9 664 day of week=7 road type=6 pedestrian crossing human control=0       0.001867 1.484136 

9 793 first road class=3 road type=3 weather conditions=1       0.001712 1.483343 

9 571 day of week=1 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001794 1.479641 
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9 1760 road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1      0.001916 1.47888 

9 804 road type=3 pedestrian crossing physical facilities=0 weather conditions=1       0.001916 1.474707 

9 159 day of week=1 pedestrian crossing physical facilities=0        0.001794 1.473026 

9 760 Regional areas=Southeast first road class=3 weather conditions=1       0.001019 1.466865 

9 795 first road class=3 road type=3 pedestrian crossing human control=0       0.00203 1.466508 

9 805 road type=3 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.002381 1.464694 

9 660 day of week=7 road type=6 road surface conditions=1       0.001362 1.463247 

9 245 road type=3 pedestrian crossing physical facilities=0        0.002381 1.460004 

9 185 day of week=7 road type=6        0.001884 1.456205 

9 271 first road class=3 road surface conditions=2        0.002014 1.454495 

9 1403 
Regional areas=Southwest Road type=6 pedestrian crossing human control=0 pedestrian crossing physical 

facilities=0      
0.001068 1.447473 

9 327 first road class=3 road type=6        0.005333 1.445785 

9 194 day of week=2 first road class=3        0.001239 1.445363 

9 483 Regional areas=Southwest Road type=6 pedestrian crossing physical facilities=0       0.001068 1.443127 

9 1638 
day of week=7 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1      
0.001566 1.439906 

9 573 day of week=1 pedestrian crossing human control=0 weather conditions=1       0.001704 1.438618 

9 670 day of week=7 pedestrian crossing physical facilities=0 weather conditions=1       0.001566 1.434482 

9 791 first road class=3 road type=3 road surface conditions=1       0.0015 1.428368 

9 241 first road class=3 road type=3        0.002039 1.425052 

9 1406 
Regional areas=Southwest pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1      
0.001085 1.414008 

9 488 Regional areas=Southwest pedestrian crossing physical facilities=0 weather conditions=1       0.001085 1.409719 

9 160 day of week=1 weather conditions=1        0.001721 1.408782 
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9 231 Regional areas=Southeast first road class=3        0.001174 1.406092 

9 1408 
Regional areas=West Midlands pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1      
0.001011 1.404163 

9 672 day of week=7 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001933 1.401569 

9 162 day of week=1 pedestrian crossing human control=0        0.002071 1.400639 

9 496 Regional areas=West Midlands pedestrian crossing physical facilities=0 weather conditions=1       0.001011 1.40049 

9 1405 Regional areas=Southwest pedestrian crossing human control=0 weather conditions=1 road surface conditions=1      0.001036 1.398223 

9 188 day of week=7 pedestrian crossing physical facilities=0        0.001933 1.395609 

9 490 Regional areas=Southwest pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001329 1.394242 

9 486 Regional areas=Southwest weather conditions=1 road surface conditions=1       0.001036 1.392166 

9 97 Regional areas=Southwest pedestrian crossing physical facilities=0        0.001329 1.390353 

9 487 Regional areas=Southwest pedestrian crossing human control=0 road surface conditions=1       0.001076 1.38472 

9 96 Regional areas=Southwest Road surface conditions=1        0.001076 1.378808 

9 501 Date=December Road type=6 pedestrian crossing human control=0       0.001068 1.375213 

9 674 day of week=7 pedestrian crossing human control=0 weather conditions=1       0.001851 1.369017 

9 3056 
road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 

road surface conditions=2     
0.001133 1.365627 

9 1885 road type=6 pedestrian crossing physical facilities=0 weather conditions=1 road surface conditions=2      0.001133 1.361617 

9 23 day of week=1         0.002087 1.361342 

9 1143 first road class=3 pedestrian crossing human control=0 weather conditions=1       0.006254 1.358717 

9 95 Regional areas=Southwest Road type=6        0.001117 1.350498 

9 1415 
Date=October pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather 

conditions=1      
0.001044 1.350093 

9 248 road type=3 pedestrian crossing human control=0        0.00283 1.343873 

9 333 first road class=3 pedestrian crossing human control=0        0.007592 1.34363 
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9 519 Date=October pedestrian crossing physical facilities=0 weather conditions=1       0.001044 1.343335 

9 108 Date=December Road type=6        0.001076 1.340089 

9 1892 
pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1 road surface 

conditions=2      
0.001468 1.339237 

9 191 day of week=7 pedestrian crossing human control=0        0.0023 1.338163 

9 905 pedestrian crossing physical facilities=0 weather conditions=1 road surface conditions=2       0.001468 1.334906 

9 189 day of week=7 weather conditions=1        0.001859 1.334793 

9 1460 first road class=4 road type=6 pedestrian crossing physical facilities=0 weather conditions=1      0.001166 1.327951 

9 1411 speed limit=40 pedestrian crossing human control=0 weather conditions=1 trunk road flag=2      0.001068 1.327183 

9 899 road type=6 weather conditions=1 road surface conditions=2       0.001337 1.325842 

9 520 Date=October pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001231 1.325113 

9 105 Regional areas=West Midlands weather conditions=1        0.001199 1.321779 

9 1457 first road class=4 road type=6 pedestrian crossing physical facilities=0 road surface conditions=1      0.001011 1.320235 

9 125 Date=October pedestrian crossing physical facilities=0        0.001231 1.318021 

9 32 road type=3         0.002846 1.315317 

9 109 Date=December pedestrian crossing physical facilities=0        0.001109 1.31399 

9 331 first road class=3 weather conditions=1        0.006303 1.313726 

9 491 Regional areas=Southwest pedestrian crossing human control=0 weather conditions=1       0.001142 1.310038 

9 98 Regional areas=Southwest weather conditions=1        0.001142 1.30488 

9 505 speed limit=40 weather conditions=1 trunk road flag=2       0.001068 1.302196 

9 497 Regional areas=West Midlands pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001125 1.299108 

9 26 day of week=7         0.002316 1.297001 

9 104 Regional areas=West Midlands pedestrian crossing physical facilities=0        0.001125 1.295287 

9 102 Regional areas=West Midlands Road type=6        0.001027 1.292045 

9 909 pedestrian crossing human control=0 weather conditions=1 road surface conditions=2       0.001721 1.29152 
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9 839 first road class=3 light conditions=4 road surface conditions=1       0.001003 1.291415 

9 898 road type=6 pedestrian crossing physical facilities=0 road surface conditions=2       0.00234 1.289281 

9 8 Regional areas=Southwest         0.001403 1.289125 

9 40 first road class=3         0.007657 1.288125 

9 506 speed limit=40 pedestrian crossing human control=0 weather conditions=1       0.001174 1.286763 

9 277 weather conditions=1 road surface conditions=2        0.001745 1.286387 

10 1414 Date=October pedestrian crossing human control=0 weather conditions=1 road surface conditions=1      0.001117 1.275299 

10 1410 speed limit=40 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 trunk road flag=2      0.001011 1.274385 

10 582 first road class=4 road type=6 pedestrian crossing physical facilities=0       0.001378 1.272619 

10 503 speed limit=40 pedestrian crossing physical facilities=0 trunk road flag=2       0.001011 1.270826 

10 507 speed limit=40 pedestrian crossing human control=0 trunk road flag=2       0.001239 1.265492 

10 112 speed limit=40 weather conditions=1        0.001174 1.265045 

10 521 Date=October pedestrian crossing human control=0 weather conditions=1       0.001215 1.255181 

10 907 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface conditions=2       0.00309 1.251401 

10 276 pedestrian crossing physical facilities=0 road surface conditions=2        0.003099 1.250035 

10 113 speed limit=40 trunk road flag=2        0.001248 1.244453 

10 110 Date=December pedestrian crossing human control=0        0.001329 1.24429 

10 518 Date=October pedestrian crossing human control=0 road surface conditions=1       0.00115 1.241663 

10 9 Regional areas=West Midlands         0.001362 1.237121 

10 517 Date=October weather conditions=1 road surface conditions=1       0.001117 1.232768 

10 114 speed limit=40 pedestrian crossing human control=0        0.00137 1.230863 

10 128 Date=October pedestrian crossing human control=0        0.001427 1.228317 

10 2704 
first road class=4 road type=6 pedestrian crossing human control=0 weather conditions=1 road surface 

conditions=1     
0.001109 1.227834 

10 590 first road class=4 pedestrian crossing physical facilities=0 weather conditions=1       0.001215 1.226325 
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10 111 speed limit=40 pedestrian crossing physical facilities=0        0.001117 1.225257 

10 480 Date=August pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001027 1.222685 

10 1464 first road class=4 road type=6 pedestrian crossing human control=0 weather conditions=1      0.001313 1.22241 

10 586 first road class=4 pedestrian crossing physical facilities=0 road surface conditions=1       0.00106 1.220041 

10 91 Date=August pedestrian crossing physical facilities=0        0.001027 1.219299 

10 10 Date=December         0.001354 1.214875 

10 126 Date=October weather conditions=1        0.001215 1.212725 

10 12 speed limit=40         0.001378 1.212527 

10 901 road type=6 pedestrian crossing human control=0 road surface conditions=2       0.002675 1.211718 

10 1458 first road class=4 road type=6 weather conditions=1 road surface conditions=1      0.001117 1.211672 

10 1459 first road class=4 road type=6 pedestrian crossing human control=0 road surface conditions=1      0.00115 1.211286 

10 274 road type=6 road surface conditions=2        0.002724 1.207385 

10 583 first road class=4 road type=6 weather conditions=1       0.001321 1.206047 

10 2946 
day of week=2 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 

weather conditions=1     
0.001125 1.204835 

10 1657 day of week=2 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0      0.001329 1.19986 

10 1655 day of week=2 road type=6 pedestrian crossing physical facilities=0 weather conditions=1      0.001125 1.198136 

10 124 Date=October Road surface conditions=1        0.00115 1.197271 

10 581 first road class=4 road type=6 road surface conditions=1       0.001158 1.193746 

10 689 day of week=2 road type=6 pedestrian crossing physical facilities=0       0.001329 1.193515 

10 279 pedestrian crossing human control=0 road surface conditions=2        0.00362 1.186558 

10 167 first road class=4 pedestrian crossing physical facilities=0        0.001443 1.179093 

10 15 Date=October         0.001427 1.178607 

10 704 day of week=2 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001778 1.175883 

10 35 road surface conditions=2         0.003686 1.1757 
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10 198 day of week=2 pedestrian crossing physical facilities=0        0.001778 1.169864 

10 585 first road class=4 road type=6 pedestrian crossing human control=0       0.001549 1.167166 

10 1418 Date=July pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1      0.001036 1.163905 

10 481 Date=August pedestrian crossing human control=0 weather conditions=1       0.001044 1.161036 

10 534 Regional areas=Northwest Road type=6 pedestrian crossing human control=0       0.001068 1.159584 

10 165 first road class=4 road type=6        0.001574 1.159393 

10 526 Date=July pedestrian crossing physical facilities=0 weather conditions=1       0.001036 1.158696 

10 122 Regional areas=Yorkshire and the Humber pedestrian crossing human control=0        0.001345 1.157021 

10 3026 
road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 light conditions=4 

weather conditions=1     
0.001125 1.15325 

10 2573 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1      0.007331 1.153155 

10 14 Regional areas=Yorkshire and the Humber          0.001345 1.150426 

10 139 Regional areas=Northwest Road type=6        0.001076 1.149852 

10 1239 road type=6 pedestrian crossing physical facilities=0 weather conditions=1       0.007339 1.149456 

10 1241 road type=6 pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.008872 1.144339 

10 360 road type=6 pedestrian crossing physical facilities=0        0.008888 1.141241 

10 479 Date=August pedestrian crossing human control=0 road surface conditions=1       0.001003 1.136901 

10 4114 
road type=6 pedestrian crossing human control=0 light conditions=4 weather conditions=1 road surface 

conditions=1 trunk road flag=2    
0.001093 1.13442 

10 1831 road type=6 pedestrian crossing human control=0 light conditions=4 weather conditions=1      0.001509 1.132659 

10 92 Date=August weather conditions=1        0.001044 1.130031 

10 509 Date=September pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001011 1.12782 

10 144 Regional areas=Northwest pedestrian crossing human control=0        0.001403 1.127768 

10 1416 
Date=July pedestrian crossing human control=0 pedestrian crossing physical facilities=0 road surface 

conditions=1      
0.001003 1.127388 
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10 527 Date=July pedestrian crossing human control=0 pedestrian crossing physical facilities=0       0.001076 1.12724 

10 1840 
pedestrian crossing human control=0 pedestrian crossing physical facilities=0 light conditions=4 weather 

conditions=1      
0.001549 1.12353 

10 116 Date=September pedestrian crossing physical facilities=0        0.001011 1.12295 

10 523 Date=July pedestrian crossing physical facilities=0 road surface conditions=1       0.001003 1.122202 

10 130 Date=July pedestrian crossing physical facilities=0        0.001076 1.121758 

10 858 road type=6 light conditions=4 weather conditions=1       0.001541 1.121049 

10 594 first road class=4 pedestrian crossing human control=0 weather conditions=1       0.001386 1.119757 

10 865 pedestrian crossing physical facilities=0 light conditions=4 weather conditions=1       0.001549 1.119471 

10 1262 pedestrian crossing human control=0 pedestrian crossing physical facilities=0 weather conditions=1       0.009557 1.11845 

10 3024 road type=6 pedestrian crossing human control=0 light conditions=4 road surface conditions=1 trunk road flag=2     0.001133 1.117576 

10 20 Regional areas=Northwest         0.001411 1.11706 

10 373 pedestrian crossing physical facilities=0 weather conditions=1        0.009565 1.114218 

10 93 Date=August pedestrian crossing human control=0        0.001158 1.113636 

10 860 road type=6 pedestrian crossing human control=0 light conditions=4       0.00203 1.112514 

10 375 pedestrian crossing human control=0 pedestrian crossing physical facilities=0        0.011636 1.109275 

10 47 pedestrian crossing physical facilities=0         0.011652 1.105374 

10 90 Date=August Road surface conditions=1        0.001003 1.105301 

10 589 first road class=4 pedestrian crossing human control=0 road surface conditions=1       0.001215 1.104448 

10 1659 day of week=2 road type=6 pedestrian crossing human control=0 weather conditions=1      0.001272 1.10117 

10 168 first road class=4 weather conditions=1        0.001394 1.09931 

10 869 pedestrian crossing human control=0 light conditions=4 weather conditions=1       0.002104 1.096454 

10 692 day of week=2 road type=6 pedestrian crossing human control=0       0.0015 1.096087 

10 539 Regional areas=East of England Road type=6 pedestrian crossing human control=0       0.001003 1.094181 

10 263 road type=6 light conditions=4        0.002063 1.091833 
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10 145 Regional areas=East of England Road type=6        0.001011 1.090911 

10 166 first road class=4 road surface conditions=1        0.001223 1.082451 

10 706 day of week=2 pedestrian crossing human control=0 weather conditions=1       0.001721 1.08002 

10 266 light conditions=4 weather conditions=1        0.002145 1.07734 

10 690 day of week=2 road type=6 weather conditions=1       0.00128 1.077149 

10 7 Date=August         0.001158 1.076703 

10 1243 road type=6 pedestrian crossing human control=0 weather conditions=1       0.008391 1.074385 

10 170 first road class=4 pedestrian crossing human control=0        0.001647 1.073795 

10 201 day of week=2 pedestrian crossing human control=0        0.00203 1.071987 

10 195 day of week=2 road type=6        0.001509 1.068481 

10 363 road type=6 pedestrian crossing human control=0        0.010136 1.06375 

10 864 pedestrian crossing human control=0 light conditions=4 road surface conditions=1       0.001672 1.060178 

10 268 pedestrian crossing human control=0 light conditions=4        0.002789 1.05954 

10 24 first road class=4         0.001672 1.058761 

10 508 Date=September pedestrian crossing human control=0 road surface conditions=1       0.001011 1.057815 

10 531 Date=May pedestrian crossing human control=0 weather conditions=1       0.001142 1.056952 

10 361 road type=6 weather conditions=1        0.008448 1.053633 

10 138 Date=November pedestrian crossing human control=0        0.001248 1.051376 

10 199 day of week=2 weather conditions=1        0.001729 1.050059 

10 44 road type=6         0.010217 1.041155 

10 136 Date=May pedestrian crossing human control=0        0.001231 1.040947 

10 135 Date=May weather conditions=1        0.001158 1.040892 

10 377 pedestrian crossing human control=0 weather conditions=1        0.011098 1.039322 

10 27 day of week=2         0.002047 1.038384 

10 117 Date=September pedestrian crossing human control=0        0.001166 1.038266 
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10 34 light conditions=4         0.002838 1.032077 

10 50 pedestrian crossing human control=0         0.013512 1.031237 

10 115 Date=September Road surface conditions=1        0.001011 1.02355 

10 21 Regional areas=East of England         0.001329 1.017055 

10 18 Date=May         0.001248 1.016172 

10 48 weather conditions=1         0.011171 1.013339 

10 19 Date=November         0.001248 1.005435 
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Appendix B: SRIP from iRAP 

No. Countermeasure Length / Sites FSIs 

saved 

PV of safety 

benefit 

Estimated 

Cost 

Cost per FSI saved 

1  Additional lane (2 + 1 road with barrier) 15.10 km 80 25660031 20655000 259001 

2  Bicycle Lane (off-road) 3.50 km 3 1122681 392156 112392 

3  Central hatching 5.70 km 0.6 184481 34173 59602 

4  Central median barrier (1+1) 34.80 km 41 13286137 6288200 152286 

5  Central median barrier (no duplication) 0.70 km 1 365701 95182 83746 

6  Centreline rumble strip / flexi-post 1.80 km 0.3 108423 19512 57905 

7  Clear roadside hazards (bike lane) 1.20 km 0.5 160633 216000 432664 

8  Clear roadside hazards - driver side 0.10 km 0.1 34232 20000 187986 

9  Delineation and signing (intersection) 8 sites 0.5 149378 88582 190806 

10  Duplication with median barrier 1.20 km 26 8323159 6480000 250507 

11  Footpath provision driver side (>3m from road) 25.40 km 28 9060036 2922040 103774 

12  Footpath provision driver side (adjacent to road) 27.90 km 35 11319681 4388280 124736 

13  Footpath provision driver side (informal path >1m) 4.70 km 1 307139 114747 114747 

14  Footpath provision passenger side (>3m from road) 26.80 km 29 9267974 3085368 107116 

15  Footpath provision passenger side (adjacent to road) 44.10 km 52 16843531 6939120 132557 

16  Footpath provision passenger side (informal path >1m) 5.80 km 1 406768 141451 111890 

17  Improve curve delineation 0.40 km 0.5 148419 7460 16172 

18  Improve Delineation 45.70 km 13 4190892 847446 65064 

19  Lane widening (>0.5m) 0.10 km 0.6 186272 152529 263475 

20  Lane widening (up to 0.5m) 1.00 km 2 684333 656756 308795 

21  Overtaking lane 0.30 km 1 339394 405000 383958 
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(Continue) 

22  Parking improvements 1.50 km 0.3 99666 18900 61016 

23  Pedestrian fencing 27.20 km 9 2976955 179606 19413 

24  Protected turn lane (unsignalised 3 leg) 54 sites 74 23918473 7210571 96999 

25  Protected turn lane (unsignalised 4 leg) 3 sites 14 4375323 535399 39373 

26  Protected turn provision at existing signalised site (4-leg) 1 site 0.6 204497 237955 374405 

27  Refuge Island 14 sites 14 4606949 416422 29084 

28  Road surface rehabilitation 0.80 km 0.4 115173 70435 196775 

29  Roadside barriers - driver side 206.20 km 199 64041774 27898500 140169 

30  Roadside barriers - passenger side 159.20 km 111 35791424 21558000 193804 

31  School zone warning - signs and markings 0.10 km 0 2072 1865 289641 

32  Shoulder rumble strips 199.30 km 84 27156276 2382592 28230 

33  Shoulder sealing driver side (>1m) 103.50 km 40 12712184 9156140 231753 

34  Shoulder sealing driver side (<1m) 1.50 km 0.2 68926 66640 311091 

35  Shoulder sealing passenger side (>1m) 71.50 km 29 9428574 6334720 216179 

36  Shoulder sealing passenger side (<1m) 6.60 km 0.9 292349 294490 324117 

37  Side road signalised pedestrian crossing 1 site 0.1 28480 45000 508406 

38  Sight distance (obstruction removal) 1.40 km 2 678298 35280 16736 

39  Signalised crossing 1 site 10 3233649 45000 4478 

40  Street lighting (intersection) 14 sites 21 6599575 504000 24572 

41  Street lighting (mid-block) 10.30 km 4 1352702 1483200 352802 

42  Street lighting (ped crossing) 2 sites 0.1 26839 36000 431589 

43  Traffic calming 2.90 km 1 370148 87581 76132 

44  Unsignalised crossing 5 sites 4 1230100 217465 56883 

45  Upgrade pedestrian facility quality 43 sites 3 826756 767405 298663 
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(Continue) 

46  Wide centreline 12.50 km 0.6 181898 75710 133924 
   

940 3.02E+08 1.34E+08 142130 
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Appendix C: Optimisation result of countermeasure combinations 
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Appendix D: Rule mining result of Utrecht case study 

Rule 

number 

LHS RHS support lift 

1 Inside outside built-up areas=Urban area Accident severity=KSI 0.005359 3.513389 

2 Inside outside built-up areas=Rural area Accident severity=KSI 0.005716 2.839102 

4 Speed limit road=60 km/h Accident severity=KSI 0.011433 1.873808 

10 Situation road=Bend Accident severity=KSI 0.016434 1.395647 

13 Situation road=Intersection - 3 arms Accident severity=KSI 0.01965 1.314533 

5 Road surface=Concrete Accident severity=KSI 0.00786 1.238695 

16 Road surface=Porous asphalt Accident severity=KSI 0.034298 1.230071 

11 Speed limit road=100 km/h Accident severity=KSI 0.016792 1.228641 

8 Speed limit road=120 km/h Accident severity=KSI 0.010361 1.195872 

17 Situation road=Intersection - 4 arms Accident severity=KSI 0.039657 1.160673 

20 Location road section or crossroads=Intersection Accident severity=KSI 0.06538 1.130363 

25 Street lighting=Not burning Accident severity=KSI 0.123258 1.108781 

23 Road surface=Asphalt (other) Accident severity=KSI 0.109325 1.090583 

21 Speed limit road=50 km/h Accident severity=KSI 0.082172 1.087005 

15 Speed limit road=80 km/h Accident severity=KSI 0.020364 1.076684 

19 Street lighting=Burning Accident severity=KSI 0.038585 1.03335 

7 Light condition=Twilight Accident severity=KSI 0.00786 1.014364 

18 Light condition=Darkness Accident severity=KSI 0.038942 1.000416 
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Appendix E: Utrecht user-defined safer road investment plan 

No. Countermeasure Length / 

Number 

FSIs 

saved 

Estimate 

cost  

PV of safety 

benefits  

NPV of safety 

benefits  

BCR Service 

life 

1 Additional lane (2 + 1 road with barrier) 15.10 km 80 20655000 25660031 5005031 1.2 medium 

3 Central hatching 5.70 km 0.6 34173 184481 150308 5.4 medium 

4 Central median barrier (1+1) 34.80 km 41 6288200 13286137 6997937 2.1 medium 

5 Central median barrier (no duplication) 0.70 km 1 95182 365701 270519 3.8 medium 

6 Centreline rumble strip / flexi-post 1.80 km 0.3 19512 108423 88911 5.6 low 

8 Clear roadside hazards - driver side 0.10 km 0.1 20000 34232 14232 1.7 low 

9 Delineation and signing (intersection) 8 sites 0.5 88582 149378 60796 1.7 low 

10 Duplication with median barrier 1.20 km 26 6480000 8323159 1843159 1.3 high 

17 Improve curve delineation 0.40 km 0.5 7460 148419 140959 19.9 low 

18 Improve Delineation 45.70 km 13 847446 4190892 3343446 5 low 

19 Lane widening (>0.5m) 0.10 km 0.6 152529 186272 33743 1.2 low 

20 Lane widening (up to 0.5m) 1.00 km 2 656756 684333 27577 1 low 

21 Overtaking lane 0.30 km 1 405000 339394 -65606 0.8 medium 

22 Parking improvements 1.50 km 0.3 18900 99666 80766 5.3 low 

24 Protected turn lane (unsignalised 3 leg) 54 74 7210571 23918473 16707902 3.3 low 

25 Protected turn lane (unsignalised 4 leg) 3 sites 14 535399 4375323 3839924 8.2 low 

26 Protected turn provision at existing signalised 

site (4-leg) 

1 site 0.6 237955 204497 -33458 0.9 low 

27 Refuge Island 14 sites 14 416422 4606949 4190527 11 low 

28 Road surface rehabilitation 0.80 km 0.4 70435 115173 44738 1.6 medium 
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(Continue) 

29 Roadside barriers - driver side 206.20 km 199 27898500 64041774 36143274 2.3 medium 

30 Roadside barriers - passenger side 159.20 km 111 21558000 35791424 14233424 1.7 medium 

32 Shoulder rumble strips 199.30 km 84 2382592 27156276 24773684 11.4 low 

33 Shoulder sealing driver side (>1m) 103.50 km 40 9156140 12712184 3556044 1.4 low 

34 Shoulder sealing driver side (<1m) 1.50 km 0.2 66640 68926 2286 1 low 

35 Shoulder sealing passenger side (>1m) 71.50 km 29 6334720 9428574 3093854 1.5 low 

36 Shoulder sealing passenger side (<1m) 6.60 km 0.9 294490 292349 -2141 1 low 

38 Sight distance (obstruction removal) 1.40 km 2 35280 678298 643018 19 medium 

39 Signalised crossing 1 sites 10 45000 3233649 3188649 71.9 medium 

40 Street lighting (intersection) 14 sites 21 504000 6599575 6095575 13 medium 

41 Street lighting (mid-block) 10.30 km 4 1483200 1352702 -130498 0.9 medium 

43 Traffic calming 2.90 km 1 87581 370148 282567 4.2 low 

44 Unsignalised crossing 5 sites 4 217465 1230100 1012635 5.7 low 

46 Wide centreline 12.50 km 0.6 75710 181898 106188 2.4 medium 

 
  

776.6 114378840 250118810 135739970 6.62 
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Appendix F: Publications  
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