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ABSTRACT 

Knowing where something happens and where people are located can be critically important to 

understand issues ranging from climate change to road accidents, crime, schooling, transport and 

much more. To analyse these spatial problems, two-dimensional representations of the world, 

such as paper or digital maps, have traditionally been used. Geographic information systems (GIS) 

are the tools that enable capture, modelling, storage, retrieval, sharing, manipulation, analysis, 

and presentation of geographically referenced data. 

Three-dimensional geographic information (3D GI) is data that can represent real-world features 

as objects in 3D space. 3D GI offers additional functionality not possible in 2D, including 

analysing and querying volume, visibility, surface and sub-surface, and shadowing. This thesis 

contributes to the understanding of user requirements and other data related considerations in the 

production of 3D geographic information at a national level. The study promotes Ordnance 

Survey’s efforts in developing a 3D geographic product through: (1) identifying potential 

applications; (2) analysing existing 3D city modelling approaches; (3) eliciting and formalising 

user requirements; (4) developing metrics to describe the usefulness of 3D data and; (5) evaluating 

the commerciality of 3D GI.  

A review of current applications of 3D showed that visualisation dominated as the main use, 

allowing for better communication, and supporting decision-making processes. Reflecting this, 

an examination of existing 3D city models showed that, despite the varying modelling approaches, 

there was a general focus towards accurate and realistic geometric representation of the urban 

environment.  

Web-based questionnaires and semi-structured interviews revealed that while some applications 

(e.g. subsurface, photovoltaics, air and noise quality) lead the field with a high adoption of 3D, 

others were laggards due to organisational inertia (e.g. insurance, facilities management). 

Individuals expressed positive views on the use of 3D, but still struggled to justify the value and 

business case. Simple building geometry coupled with non-building thematic classes was 

perceived to be most useful by users.  

Several metrics were developed to quantify and compare the characteristics of thirty-three 3D 

datasets. Results showed that geometry-based metrics such as minimum feature length or Euler 

characteristic can be used to provide additional information as part of fitness-for-purpose 

evaluations. The metrics can also contribute to quality control during data production.  

An investigation into the commercial opportunities explored the economic value of 3D, the 

market size of 3D data in Great Britain, as well as proposed a number of opportunities within the 

wider business context of Ordnance Survey. 
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Knowing where something happens and where people are located can be critically important to 

understand issues ranging from climate change to road accidents, crime, schooling, transport and 

much more. To analyse these spatial problems, two-dimensional representations of the world, 

such as paper or digital maps, have traditionally been used. Geographic information systems (GIS) 

are the tools that enable capture, modelling, storage, retrieval, sharing, manipulation, analysis, 

and presentation of such geographically referenced data. One of the key sources of geographic 

information are national mapping and cadastral agencies (NMCAs) who are responsible for 

producing and managing mapping with a national coverage. In Great Britain, location-based 

analysis frequently makes use of Ordnance Survey® (National Mapping Agency of Great Britain) 

products such as OS MasterMap® Topography Layer®. Many 3D problems are currently being 

addressed using 2D data. From a right-to-light dispute of a £1 billion football stadium in London 

(BBC, 2018) to calculating solar potential in Scottish cities (BBC, 2015) to tracking illegal waste 

operations in Cornwall (Environment Agency, 2017), the potential applications of 3D mapping 

in Great Britain are numerous. 

Population of cities have increased 42.5% in the United Kingdom between 1981 and 2011 

(Champion, 2014). With this increasing urbanisation, there is a growing appreciation of the 3D 

nature of the world around us and the spatial challenges it presents. This has driven the interest in 

the use of 3D data and analysis to solve questions that cannot easily be answered in 2D. 

Three-dimensional geographic information (3D GI) is data that can represent real-world features 

as objects in 3D space. 3D GI offers additional functionality not possible in 2D, including 

analysing and querying volume, visibility, surface and sub-surface, and shadowing (Zlatanova et 

al., 2002a). This thesis contributes to the understanding of 3D user requirements and other data 

related considerations in the production of 3D geographic information at a national level, from 

the perspective of an NMCA. The research contributes to Ordnance Survey’s efforts in developing 

a 3D geographic product through: (1) identifying potential applications; (2) eliciting and 

formalising user requirements; (3) developing metrics to describe and communicate the 

usefulness of 3D data and; (4) evaluating the commerciality of 3D geographic information. 

To address this demand, Ordnance Survey is now developing a new 3D mapping product and this 

thesis contributes towards the operationalisation of this national 3D dataset.  

This introductory chapter presents the context and motivation for the research. Issues relating to 

the production of national coverage 3D mapping are reviewed and research questions are derived 

to address them. The chapter concludes with an overview of the structure and contributions of the 

thesis. 
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1.1 2D GIS, 3D GIS and 3D geographic information 

1.1.1 2D GIS 

A geographical information system incorporates hardware and software to manage, analyse and 

display geographically referenced data (Longley, 2005). It provides a medium to visualize, 

understand, and interpret spatial data. GIS helps answer spatial questions and solve problems in 

a way that is quick to comprehend and accessible to a wider audience. Traditionally geographic 

information was represented on physical media such as paper maps, which restricted 

representation to two dimensions (2D) (De la Losa and Cervelle, 1999). 2D GIS presents real 

world phenomena in a digital form, allowing users to visualise, interrogate and query spatial 

relations between multiple datasets through layering. Objects and phenomena can be abstracted 

into points, lines, or polygons (vector) or cells (raster). 

Implementation of 2D GIS can support informed decision making, increase communication 

collaboration and help identify new opportunities. These geographic information systems are 

becoming increasingly ubiquitous, offering a range of societal benefits from oil and gas 

exploration to urban planning to humanitarian applications.  The improved efficiency and 

increased productivity through the exploitation of spatial data equates to a saving in cost for the 

users. While 2D GIS is well established, there are certain situations where two-dimensional 

representations do not suffice. This, coupled with the rise in computing power, results in a push 

towards 3D geographic information system (3D GIS), whereby the extra dimension reduces the 

level of abstraction required. 

1.1.2 3D GIS 

Significant developments in data acquisition techniques, visualisation, image-processing and 

computing power have facilitated the increasing prevalence of 3D GIS (Jazayeri et al., 2014). 3D 

GIS can offer functionality not possible in 2D, such as clash detection for utilities and 

underground infrastructure projects by combining subsurface analysis and 3D topology 

(Fredericque et al., 2011). Other 3D-specific applications include volumetric calculations which 

allow for accurate determination of forest size (Vanegas et al., 2012, Rahlf et al., 2014). While 

there is a focus on urban areas and buildings, 3D GIS also have non-urban applications such as 

natural resource management e.g. forestry (De la Losa and Cervelle, 1999). An in-depth review 

of applications of 3D can be found in Chapter 3. 

1.1.3 3D geographic information 

3D geographic information is data that can be used within a 3D GIS. There are many different 

definitions of three-dimensional geographic information2. As an all-inclusive definition, three-

                                                      
2 Geographic information can also be referred to as geoinformation or geospatial information. In this thesis, 

a distinction is not made between these three terms and they are considered to be synonymous.  
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dimensional geographic information is data that represents real-world features and its location as 

objects within 3D space.  

3D GI can be found in many representations, forms, levels of detail, and geographic scales. This 

can include anything from 2D data with a height attribute (2.5D or pseudo-3D) to ‘true’ 3D with 

the possibility of multiple Z values at any given XY coordinates. The term 3D can also include 

digital terrain models (DTMs) and point clouds. 3D models can be represented in many ways 

from triangulated meshes to simple extruded polygons to structured boundary 3D models. There 

is a lack of consensus which format is most suitable (Stoter and Zlatanova, 2003). Where one 

representation may excel in one aspect such as modelling curves, another may better represent 

and manage 3D tunnels (Tuan, 2013). For 3D GI, the boundary representation (BRep) is the most 

widespread representation, with many algorithms available for computing its physical properties 

(Haala et al., 1998). BRep defines spatial objects by their bounding elements such as planar faces, 

with nodes and edges defined by the intersection of the bounding planes. Different methods can 

be used to create BRep models, from semi-automated methods such as photogrammetry to manual 

modelling based on computer-aided design (CAD) (Döllner and Buchholz, 2005). The 

methodologies vary in their aims; where semi-automated methods look to produce large coverage 

datasets with least manual effort, CAD-based modelling allows for much finer detail at a smaller 

coverage. These different methodologies introduce different sources of errors and there is a need 

to quantify the effects on the quality of 3D data. Different production methods of 3D geographic 

information are further discussed in section 2.3. In this thesis, the focus is on structured semantic 

models whereby objects are defined by their boundaries using surfaces. The individual surfaces, 

as well as the collection of surfaces forming an object, can be semantically enriched with 

attributes.  

Currently, the focus of 3D GI is on the modelling and representation of building features as they 

are most prominent within 3D city and landscape models and require the most effort to model 

(Stoter et al., 2015). The level of complexity and detail in the representation, however, varies. 

From basic extruded footprints to features with complex roof and façade geometry, there is a lack 

of agreement on how to model built structures. Despite the dominance of building features, 3D 

datasets are gradually including additional non-building features such as water bodies, terrain, 

street furniture, vegetation, and interior structures. 3D can be captured at various scales. Most 

commonly, 3D GI is provided as local or project-based models but increasingly they can include 

city, regional and national level models (Berlin Business Location Center, 2015a; City of Toronto, 

2015a). Additionally, 3D GI can be represented in a multitude of spatial representations.  

One of the main strengths of 3D is the ability to visualise spatial data in a three-dimensional space, 

in a way that more closely represents the real-world. The extra dimension reduces the level of 

abstraction, allowing for the representation and evaluation of complex spatial concepts (Köninger 

and Bartel, 1998). 3D GI, however, is useful beyond simply rendering of geometry as it draws its 
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strengths from both intrinsic and extrinsic semantic richness, allowing for complex geospatial 

analysis. It provides further functionality through the extra dimension including 3D topology and 

volumetric analysis (Zlatanova et al., 2002a). It is important to recognise visualization is only one 

of the applications of 3D and should not be the sole objective for 3D (De la Losa and Cervelle, 

1999). 

1.2 Problem statement 

1.2.1 Challenges in producing 3D mapping products 

Producing a national 3D mapping dataset is a multi-faceted problem. There is a paradoxical cycle 

whereby data producers do not go to the additional expense of producing 3D products as they are 

unsure of what the user wants, and users are unable to define what they need as they do not 

currently use 3D within their workflow. Despite the developments in 3D software, hardware and 

data production techniques, there is still a lack of understanding of who the users of 3D GI are 

and will be, and what their data requirements are. From a data acquisition perspective this poses 

a problem, as each new 3D feature added (such as windows, chimneys, street lights) requires 

additional processing and cost to create. There is therefore a need to understand the importance 

of different 3D features, allowing the prioritisation of data capture efforts towards features that 

will benefit the users most. 

Currently, 3D datasets are created at mostly a local or project level (see Chapter 6). The focus of 

these datasets are predominantly dense urban areas where there is utility of the third dimension is 

enhanced. For national mapping agencies, however, there is often a responsibility to provide 

national coverage for geographic information products. This means that not only built-up areas 

must be mapped, but also rural areas. The resulting production process becomes significantly 

more complicated – and hence costlier – than just producing coverage for the centre of a city. The 

additional cost means that Ordnance Survey must maximise the number of users who will benefit 

from the resulting dataset, thus justifying the investment into producing 3D data. This reiterates 

the need to understand user requirements to create products which are fit-for-purpose (see Section 

2.4.1 for more detail on fitness-for-purpose concepts). 

Another aspect to the problem is the lack of standardisation and consensus in 3D modelling 

approaches. Where in the past, choices in 2D modelling and representation has evolved 

organically over time, this iterative process has not taken place yet for 3D given its more recent 

emergence. As such, there are a multitude of ways to represent the same phenomena in three 

dimensions, from boundary representations to voxels to constructive solid geometry. Even in 

cases where two producers follow the same standardised data model, such as CityGML (see 

Section 2.2.3), the inherent ambiguity can still lead to two very different datasets which both 

satisfy the specification. From the user perspective, the large variation and inconsistencies in 

modelling approaches become a technical barrier to adopting 3D geographic information. To 
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address this, there is a need to quantify and assess the different 3D modelling approaches 

available, and their advantages and disadvantages. There is also a need to develop better ways to 

describe existing 3D models to help users ascertain the fitness-for-purpose of a dataset for their 

specific application. 

As with any new technology, businesses and organisations must be able to justify the added-value 

of adopting the use of 3D over 2D GI. The perceived cost of nascent technology is a common 

barrier for adoption, yet currently the value of 3D GI is ill-defined and unclear. There is a need 

for a better definition and quantification of the value and benefits to aid the operationalisation of 

any potential 3D mapping products. In time, this will ensure a better understanding from the users 

on the value of the technology, resulting in sustained growth and usage of 3D geographic 

information. 

1.2.2 Ordnance Survey and 3D 

Ordnance Survey has found that increasingly, customers are using its predominantly 2D-centric 

products to tackle inherently 3D problems. This has led to an active research interest into 3D and 

height, anticipating the needs in order help their customers make these decisions. Since 2007, 

Ordnance Survey has been investigating tools and methods of 3D capture, and ways to assess how 

well 3D data met the customers’ needs (Sargent et al., 2015). Currently Ordnance Survey focuses 

its 3D research in three areas (Ordnance Survey, 2015e): 

1. Creating a new generation of elevation models; 

2. Adding ground height values to 2D vertices and features to existing 2D datasets, spanning 

topographic features, routing networks and address points; 

3. Generating elevations for features that extrude from the ground surface, including 

buildings, structures, and vegetation. 

On-going research explores the production of full 3D building models with complex roof 

geometries (Sargent et al., 2015). While automation has been employed where possible, complex 

roof geometries offer challenges that require semi-automated or manual approaches. As data is 

produced at a national coverage level, Ordnance Survey seeks to minimise manual data capture 

to reduce cost and time, and to ensure consistency. Other research interests include the storage 

and maintenance of 3D data.  

To address the demand for 3D information, Ordnance Survey launched the ‘Building Height 

Attribute’ in 2014. The alpha release covered 19.625 million buildings over 8,000km2 and was 

provided as an enhancement to the existing OS MasterMap Topography Layer. Since September 

2017, ‘Building Height Attribute’ is now an integrated part of OS MasterMap Topography Layer, 

with a 6-monthly update frequency.  

Within the CAD domain, Ordnance Survey released the ‘OS Model Builder’ application in 2016 

in conjunction with Cadline, a UK-based CAD consultancy company (Ordnance Survey, 2016b). 
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The application uses Ordnance Survey data (terrain, roads, rivers, building footprints and aerial 

photography) to automatically produce tailor made 3D models. Starting from £175 for the first 

km², the resulting models can be directly imported into Autodesk Infraworks. 

Despite this progress, Sargent et al. (2015) expected Ordnance Survey to be further along the 

route to full 3D geospatial by now. This delay is partly because with such a large investment in 

processes and infrastructure, NMCAs ‘need to get 3D city modelling almost right the first time’ 

(Sargent et al., 2015). The data provided needs to be fit-for-purpose, of a certain high quality 

expected, and to be maintained and developed over time. At present, there are differing views on 

the appropriate design and approach for the new 3D mapping product. For example, while some 

consider the goal should be a fully intelligent and structured semantic city model (akin to what 

we have now in 2D GI, but in 3D), others consider that an attributed 3D mesh may be sufficient. 

Further divisions can be found in the opinions of whether the 3D product should evolve from the 

2D or develop entirely independently. These considerations have limited the progress of 3D 

development with Ordnance Survey but has, in part, provided the justification and driver for the 

research in this thesis. 

In December 2017, Ordnance Survey established a ‘Data Office’ to focus on defining the need 

for a data strategy and the benefits it will deliver (Trendall, 2018). Four work streams have been 

defined: 1) Customer Use Case Definition and Viability; 2) Capability Assessment and Prioritised 

Execution Plan of Use Cases; 3) Information Architecture, and; 4) Insight and Managed Service. 

In particular, the focus is on Ordnance Survey to provide ‘data as a service’. Where 3D 

information sits within these work streams is yet to be defined. 

In summary, Great Britain currently does not yet have a true 3D national mapping product. From 

Ordnance Survey’s perspective, producing 3D geographic information would fall under their 

remit and public task of mapping the country. It is, however, still unclear as to what form this 

product will take, and whether there is a real and actual need for such a product at this point in 

time. By addressing the challenges above, this thesis brings us closer towards the potential 

operationalisation of a national 3D dataset, driving the uptake of 3D geographic information 

technologies within Great Britain.  

Further details on Ordnance Survey can be found in the next chapter in Section 2.6. 
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1.3 Motivation 

1.3.1 Importance of geographic information in Great Britain 

In the most recent Autumn Budget3, the Chancellor4 announced the formation of a new Geospatial 

Commission ‘to maximise the value of all UK government data linked to location, and to create 

jobs and growth in a modern economy’ (Cabinet Office and HM Treasury, 2017). As part of this, 

the drive to use spatial data more efficiently is cited to unlock up to £11 billion of extra value for 

the economy every year.  The current government clearly recognises the importance and value of 

location. Increasingly, the push is towards making public sector data freely available under the 

UK Open Government License. Recent releases such as Environmental Agency’s LiDAR data in 

2015 and OS OpenData products in 2010 show a continued and concerted effort to provide a 

catalyst for innovation in spatial applications. As such, the government is planning to work with 

OS and the new Geospatial Commission to establish how to ‘open up freely OS MasterMap data 

to UK-based small businesses’ under an Open Government License (HM Treasury, 2017). 

Around £40million per year over two years has been set aside to support this work, with an aim 

to boost the digital economy.  

Despite the altruistic intentions, these initiatives place Ordnance Survey, as a government-owned 

limited company, in a unique and challenging situation. For example, most of Ordnance Survey’s 

revenue is generated through licensing the intellectual property rights, held under Crown 

copyright, which is inherent within Ordnance Survey data. The 2015-16 Annual Report & 

Accounts showed that 91% of the £146.6 million trading revenue was from direct (72%) or partner 

(19%) licenses (Table 1). Despite the lack of a publicly available breakdown of revenue by 

product, it is not impractical to assume that the majority of licensing revenue is derived from OS 

MasterMap, the flagship digital product of Ordnance Survey. With the ‘opening up’ of OS 

MasterMap, it puts into question who would be responsible for the respective costs and loss in 

revenue. Currently, the Government contributes around £20 million per year to support the public 

sharing of the OS OpenData products. Here it is important to note that the Government is the 

biggest single client of Ordnance Survey, with 60% of the revenue from business to government 

sources (Table 1). This example illustrates the difficulties Ordnance Survey faces – on one hand, 

it must act as an independent business, yet on the other, it must adhere to any new (and often 

sudden) Government policy changes from its biggest client. This volatility and uncertainty makes 

it increasingly challenging to put in place any long-term strategy, making investments into new 

products and revenue streams ever more difficult. The question now is how Ordnance Survey can 

                                                      
3 The Autumn Budget of the British Government is an annual budget set by Her Majesty’s Treasury 

outlining the revenues and expenditures for the following year. 
4 The Chancellor of the Exchequer is a senior official within the Government of the United Kingdom and 

the head of Her Majesty’s Treasury. The chancellor is responsible for economic and financial matters, 

equivalent to a finance minister in other countries. He or she is responsible for announcing the Autumn 

Budget in the House of Commons (the lower house of Parliament of the United Kingdom). 
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produce or invest in a national 3D mapping product yet remain financially and strategically strong 

in the current landscape. 

Despite attaching itself to several fashionable movements in recent years (Smart cities, Internet 

of Things, UK Government Mandate on BIM 2016), there is still yet to be a single application 

that fully justifies the use of 3D GI within Great Britain. As such, it has yet to reach critical mass. 

One potential application which may justify a national 3D mapping dataset is the roll-out of 5G 

mobile technology. As part of a recent test-bed in Bournemouth, Ordnance Survey worked with 

the 5G Innovation Centre and the Met Office to build a ‘digital twin’ of the town by mapping 

4,028 signposts, 2,962 traffic lights, 2,000 lamp posts, 1,926 bus shelters, 292 park benches and 

1,250 telecommunication cabinets at 10cm resolution (Ordnance Survey, 2017a). The result is a 

classified 3D point cloud allowing the investigation into potential antennae locations. The 

national coverage and 3D nature of this task may well provide enough momentum to justify the 

initial cost of producing a 3D mapping product for Great Britain – with other applications 

subsidising the continued maintenance and storage of the dataset in the future.  

Table 1. Breakdown of trading revenue by channel, segment, and geography (adapted from 

Ordnance Survey (2016a))5 . Note that 60.3% of revenue are derived from the ‘Business to 

government’ segment.  

 2015-16 

Channel £’000 

Direct licenses 104,085 

Partner licenses 28,218 

Paper maps 7,828 

Services 5,141 

 145,272 

Segment £’000 

Business to government 87,655 

Business to business 47,742 

Business to consumer 9,875 

 145,272 

Geography £’000 

United Kingdom 139,110 

Other European countries 1,141 

Rest of world 5,021 

 145,272 

 

                                                      
5  For reference, the operating costs of Ordnance Survey (excluding depreciation, amortisation & 

impairment) for FY 2015-2016 was £82 million. Further details can be found at:  

https://www.ordnancesurvey.co.uk/docs/annual-reports/os-annual-report-accounts-2015-16.pdf  

https://www.ordnancesurvey.co.uk/docs/annual-reports/os-annual-report-accounts-2015-16.pdf
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There also lies the question of who should take the responsibility (and in turn, the relevant costs) 

to drive the uptake of 3D GI within the country. The role of the national mapping agency is 

evolving. Over time, customers are demanding more sophisticated products and with greater 

access. The product-centric system of simply selling geographic data is no longer meeting the 

customers’ evolving demands (ESRI, 2007). Further, Ordnance Survey must achieve a balance of 

being a provider of licensed paid data in an otherwise open-data era. Despite having the public 

task of mapping the nation, it is unclear whether this mandate extends to the third dimension. 

Should the interpretation of this public task change, who will subsidise the additional costs for 

Ordnance Survey to map Great Britain in 3D? From one perspective, it could be argued that 3D 

data should be left to specialist 3D data producers and that 3D GI will remain a niche part of the 

industry. However, from another perspective, National Mapping Agencies have a responsibility 

to produce authoritative geospatial data in the national interest. The coverage must be national as 

the data should be for the benefit of everyone and everywhere, and not only for densely populated 

cities. 

1.4 Research questions 

This Engineering Doctorate6  (EngD) thesis contributes to the study of the development and 

implementation of a national 3D geographic dataset in Great Britain. The main research question 

I seek to answer in this thesis is: 

What are the considerations for developing a national 3D mapping product for 

Great Britain? 

The approach to this research question is from the perspective of a national mapping agency in 

Great Britain seeking to define and develop a national 3D mapping product or products in some 

form. This allows the thesis to consider the research question abstract of Ordnance Survey and its 

related organisational confines and limitations (as described in 2.6), in an uninhibited and 

unrestricted manner. Further, the financial and production aspects are not directly considered in 

this thesis. The context of Ordnance Survey is reintroduced in Chapter 8 whereby the findings 

from the different branches of research used to form a set of recommendations and actionable 

goals.  

  

                                                      
6 An Engineering Doctorate is promoted by the UK's Engineering and Physical Sciences Research Council 

(EPSRC) as an alternative to the traditional PhD. A four-year EngD programme combines PhD-level 

research projects with taught courses. Students spend about 75% of their time working directly with a 

company. In summary, an EngD is essentially an engineering PhD, with strong links to industry and an 

additional taught element. 
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The main research question has been subdivided into four sub questions: 

Table 2. Sub-questions from the main research question. 

Chapter Sub questions 

3, 4 & 5 What are the user requirements for 3D geographic information? 

6 What is the variation in modelling, motivation, and applications of existing 3D 

datasets? 

7 How can we assess the quality of 3D geographic information? 

8 What are the commercial opportunities for 3D geographic information in Great 

Britain? 

The research questions above were derived from a combination of reviewing existing literature 

and identifying research issues within 3D GIS (see Chapter 2) as well as incorporating the 

commercial interests and research goals of Ordnance Survey (see Chapter 8).  

The first sub-question addresses the user aspect of the problem, and in particular, 3D data 

requirements of the user. The findings will contribute towards identifying what features should 

be captured and mapped in a national 3D mapping product.  

The second and third sub-questions address the data aspect of the problem. As described in 

Section 1.1.3, there are many ways to create and represent 3D geographic information. The 

findings from the second sub-question contribute towards a better understanding of the different 

approaches in producing and representing 3D geographic information and which one may be best 

for Great Britain. The third sub-question looks at the issue of describing the quality and the 

characteristics of 3D data to users in relation to fitness-for-purpose. 

Complimentary to the user and technical data aspects of producing a national 3D mapping product 

are the business and commercial considerations. The fourth and final sub-question places the 

abstracted academic research back into practice and into the context of Ordnance Survey. The 

result is a number of recommendations and opportunities for producing national 3D mapping 

products for Great Britain. 
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1.5 Thesis structure and scope 

This thesis is structured around multiple stages, tackling different areas of the defined research 

questions (Figure 1). The full thesis is composed of ten chapters. 

Chapter 1 Introduction 

Chapter 2 Background 

Chapter 3 

Identifying potential 

applications of 3D 

geographic 

information 

Chapter 4 & 5 

User requirements 

gathering – Parts 

One and Two 

Chapter 6 

Qualitative review 

of 3D city 

modelling 

approaches 

Chapter 7 

Data quality of 3D 

GI and fitness-for-

purpose 

Chapter 8 Commercial evaluation of a national 3D mapping product 

Chapter 9 Discussion 

Chapter 10 Further research and concluding remarks 

Figure 1. Structure of the thesis. 

Chapter 2 provides the literature and theoretical review of 2D and 3D geographic information, 

standards and specification for 3D GI, production of 3D GI, data quality and fitness-for-purpose 

of 3D GI, and user requirements gathering for 3D GI.  

Chapter 3 presents a comprehensive review of potential applications of 3D geographic 

information from existing literature. It provides case studies of how 3D is used in each scenario. 

Chapters 4 and 5 present one of the core contributions of the thesis: the results from three 3D user 

requirements gathering exercises are reported. Two different web-based questionnaires and a 

series of semi-structured face-to-face interviews were used as complementary data collection 

methods to understand the user needs in three phases.  

Chapter 6 presents a review of 3D modelling approaches of existing 3D datasets, with a general 

focus on open 3D city models. A qualitative review identifies and classifies the geometry and 

semantic attributes of real-world phenomena that are mapped in existing 3D city models. Funding 

sources and motivation are also explored to quantify the justification for 3D GI. By critically 

analysing existing datasets, it provides a better understanding of the variation in 3D data 

production.  

Chapter 7 explores the fitness-for-purpose and data quality aspect of 3D geographic information. 

It examines the potential use of geometry-based metrics as part of fitness-for-purpose evaluations 

of 3D city models. 
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Chapter 8 presents a commercial evaluation of 3D geographic information. The results from 

Chapters 3, 4, 5, 6 and 7 are placed into the context of Ordnance Survey and Great Britain. The 

chapter translates the academic research into a set of recommendations and actionable goals for 

Ordnance Survey. 

Chapter 9 provides the main discussion of what has been learnt from all the preceding chapters 

about the considerations for developing a National 3D Mapping Product for Great Britain. It 

provides a synthesises of the distinct branches of research and a comparison with the current 

literature. Key findings and contributions are discussed.  

The thesis concludes with Chapter 10, outlining areas of further research and concluding remarks.  

1.5.1 Scope 

A major factor influencing the direction of this research is the involvement of Ordnance Survey 

as the commercial sponsor of this Engineering Doctorate. Ordnance Survey is the national 

mapping agency of Great Britain and is a government-owned company producing a variety of 

national geographic information and information products (more details about Ordnance Survey 

and its role as a national mapping agency can be found in Section 2.6). 

Additional scoping decisions resulting from Ordnance Survey’s sponsorship are outlined below. 

By defining the boundary of the research, it ensures the research outcome satisfies the 

requirements of the EngD process as well as maintaining relevance to the commercial interests of 

Ordnance Survey. 

• National coverage – Existing 3D datasets are predominantly created at a local or project 

level. Part of Ordnance Survey’s remit as a national mapping agency is to create, maintain 

and disseminate consistent, definitive, and authoritative geospatial data for Great Britain 

(see Section 2.6). While this is a unique selling point, creating and maintaining products 

with such coverage comes with its own set of challenges. It is assumed that the production 

of 3D data should also be at a national level. It must be noted that this may or may not 

represent a comprehensive national coverage i.e. the production of 3D data may only be 

required in urban areas only nor may it represent a uniform level of detail across the 

nation. Further, the research must consider scalability and future implementation and 

commercialisation. Production must consider automation to some level to reduce time 

and costs, as well as to ensure consistency.  

• Variations of 3D GI – As defined in Section 1.1, 3D geographic information can come 

in many forms. This project focuses primarily on semantic 3D city models – structured, 

boundary representation models (Kolbe, 2009). It is also worth mentioning that the 

research will be file format and technology agnostic, focusing instead on inherent 

representations and data structures, therefore providing more generalisable findings. 
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• Outdoors (and indoors) – Traditionally, Ordnance Survey focuses on mapping the 

outdoors and does not map the interior of structures (with the exception of ground plans 

for units in some shopping centres). Indoor applications such as navigation are also 

potential use cases for 3D. This thesis, however, will only focus on outdoors and 

exteriors. 

• Focus on Great Britain – Ordnance Survey is the national mapping agency of Great 

Britain and thus any research carried out in conjunction will undoubtedly have a 

propensity towards issues specific to GB. Efforts in 3D geographic information are an 

international endeavour and it would be remiss to not learn from work carried out by 

people and organisations in other countries. This thesis will draw from international 

examples of 3D but will have a firm focus on Great Britain. 

• Existing OS products – Physical paper maps only account for 5% of Ordnance Survey’s 

annual revenue (Ordnance Survey, 2015d). The rest is derived from a wide range of 

digital spatial products such as OS MasterMap, OS VectorMap and AddressBase. These 

2D products are important and valuable assets to both Ordnance Survey and its customers. 

Any future data products, regardless whether it is 2D or 3D, must therefore place into 

consideration its backwards compatibility with the existing product range.  

1.6 Thesis contributions 

The original contributions to research made by this EngD thesis are summarised below from the 

more detailed descriptions found in the conclusions in Section 9.7. 

1) An in-depth understanding of user requirements for 3D data for Great Britain, building 

on existing reviews and extending them via interviews and questionnaires (Chapters 4 

and 5); 

2) A review of applications for 3D geographic information (Chapter 3); 

3) A comprehensive review of international 3D datasets (Chapter 6); 

4) Automated, geometry-based metrics for assessing fitness-for-purpose of 3D city models 

(Chapter 7); 

5) Established guidelines and methodology for other NMCAs which are also considering 

developing a national 3D mapping product and eliciting end-user requirements (Chapters 

4 and 5); 

6) An assessment of barriers to 3D geographic information adoption in Great Britain 

(Chapters 4, 5 and 8); 

7) A commercial evaluation of 3D geographic information in Great Britain (Chapter 8); 

8) A set of recommendations for Ordnance Survey in relation to future 3D data production 

(Chapters 8 and 9). 
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Overall, the contribution of this thesis provides Ordnance Survey with a clearer understanding of 

3D GI and its applications and quality. In the commercial context, it helps to justify any continued 

investment into 3D GI and contribute to the direction of any potential 3D products in the future. 

1.6.1 Publications 

Below is a list of the publications that have been contributed over the course of this EngD. The 

majority of the work has been published in The ISPRS Annals of the Photogrammetry, Remote 

Sensing and Spatial Information Sciences (ISPRS Annals) which contain selected full paper 

double-blind peer-reviewed scientific contributions of ISPRS Congresses, Symposia and a 

number of Conferences and Workshops. The papers have also been presented multiple times at 

3DGeoInfo conference series, which aims at bringing together international state-of-the-art 

research and facilitating the dialogue on emerging topics in the field of 3D geo-information. 

• Wong, K. and Ellul, C., 2017. User Requirements Gathering For 3D Geographic 

Information in the United Kingdom. In ISPRS Annals of the Photogrammetry, Remote 

Sensing, and Spatial Information Sciences (Vol. 4, No. 4W5, pp. 125-132). 

• Wong, K. and Ellul, C., 2017. Investigating the use of the Euler characteristic as part 

of fitness-for-purpose assessment of 3D city models. GISRUK 2017, Manchester, UK, 

19 April 2017 - 21 April 2017. University of Manchester. 

• Wong, K. and Ellul, C., 2017. Assessing the suitability of using google glass in 

designing 3D geographic information for navigation. In Advances in 3D 

Geoinformation (pp. 409-422). Springer International Publishing. 

• Wong, K. and Ellul, C., 2016. Using geometry-based metrics as part of fitness-for-

purpose evaluations of 3D city models. In ISPRS Annals of Photogrammetry, Remote 

Sensing and Spatial Information Sciences, pp.129-136. 

Miscellaneous: 

• Wong, K.K.Y., 2015. Economic Value of 3D Geographic Information. EuroSDR and 

the Department of Computer Science, University College London: London, UK.  

• Ellul, C and Wong, K. 2015. Advances in 3D GIS, AGI Foresight Report 2020. 
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2.1 Introduction 

This chapter introduces the concepts, advances, and challenges in the field of 3D geographic 

information. It continues by exploring standards and specifications for 3D GI followed by 

introducing different 3D GI production methods. Data quality and fitness-for-purpose concepts 

are introduced next and placed in the context of 3D GI. Lastly, the chapter concludes with a review 

of user requirements gathering and elicitation methods.  

2.2 Progress of 3D GIS and 3D geographic information 

2.2.1 State of 3D GIS 

The state of 3D GI has been reviewed and assessed multiple times over the past three decades 

(Abdul-Rahman and Pilouk, 2007, Breunig, 2008, Fritsch, 1996, Raper, 1989, Stoter and 

Zlatanova, 2003, Zlatanova et al., 2002b, Zlatanova et al., 2002a). Each iteration of reviews 

coincides with developments in computer graphics as well as improvements in the price and 

performance ratio of computer hardware. Raper (1989)’s collection of twelve contributions by 

different authors details applications, data structures, techniques, visualisation, and 

implementation of 3D with a focus on geoscience applications. The papers focus on the uses of 

surfaces to model geoscientific data. Due to the lack of 3D GI systems at the time of writing, the 

authors were only able to conjecture what the future role of 3D may be.  

Fritsch (1996) explored the need for the third dimension in GIS and its applications in geology, 

geophysics, and hydrology. While discussions were still focused on DTM and single z-value 3D 

(2.5D) surfaces, the latter half of the paper outlined solid geometry data structures, discussing the 

possibilities of using both raster and vector representations in 3D volume modelling. Fritsch 

(1996) closed with problems and prospects of 3D, in particular, the issues within 3D data 

integration and storage and the suggestion of object-oriented modelling techniques.  

Zlatanova et al. (2002b) notes the increasing number of applications and advanced tools for 

representing and analysing the 3D world. 3D GIS aims to provide the same functionality as 2D 

GIS, but such systems were still not available on the market (Zlatanova et al., 2002b). It is 

concluded that the existing commercial 3D systems can handle and visualise 3D, but provide little 

functionality in structuring, manipulation, and analysis. Research issues identified include 3D 

topology, description of 3D spatial relationships and 3D data presentation. Functionality still to 

be addressed include 3D buffering, 3D shortest route and 3D inter-visibilities.  

Stoter and Zlatanova (2003) expanded on Zlatanova et al. (2002b) and addressed other 

complexities of 3D, including its 3D organisation, 3D object reconstruction, 3D visualisation, 

navigation in 3D environments, 3D analysis, and 3D editing. It is noted that the breakthrough of 

3D GIS is slow, but the growing need for 3D information and new technologies are putting 

pressure on growth. In addition, the improvement of 3D data collection techniques and 
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improvements in hardware (processors, memory, and disk space devices) further enables the 

possibility of 3D GIS. It is concluded that GIS applications which offer true 3D functionalities 

other than visualisations are still rare. To mature 3D GIS, there is a need for 3D geometrical and 

topological model with DBMS support, automated 3D reconstruction to reduce costs of data and 

the potential of constructive solid geometry to model 3D over boundary representations.  

The review of Abdul-Rahman and Pilouk (2007) covers 3D GIS development, the fundamentals 

of geo-spatial modelling, the supporting algorithms, and the applications of Web 3D GIS. 

Research and development within the scope of 3D GIS are now extensive and the emphasis is on 

the conceptual and logical design of a 3D spatial model, how it can be constructed and applied. 

The inclusion of Web applications shows the emergence of Web-enabled GIS services. Breunig 

(2008) focuses on 3D data modelling, 3D data management and the introduction of component-

based GIS in 3D and 4D. 

Efforts have been made in different areas of research in 3D GIS: 3D topology (Ellul, 2007); 3D 

data models (Tuan, 2013);  3D GIS analyses (Moser et al., 2010); geometric primitives for a 3D 

GIS (Lonneville et al., 2015); 3D geo-database (Breunig and Zlatanova, 2011); 3D GIS 

integration (Pitney Bowes, 2014) and multiple levels of object representation in 3D (Anh et al., 

2011). There have been attempts to bridge the gap between research and practice between 

academia and commercial companies through pilot studies and 3D interest groups (Blaauboer et 

al., 2012, Stoter et al., 2015). 

2.2.2 Challenges and opportunities for 3D GIS 

Despite the progress outlined above, there is still much to be done before the maturation of 3D 

GIS. From a technical perspective, there is a need to improve both software and hardware to 

handle 3D GIS. Ellul (2007) notes that a 3D GIS with all the functionality that 2D provides (data 

capture, presentation, analysis) has not yet been developed commercially although software 

companies have made recent efforts to integrate 3D into their product suites (1Spatial, 2015, 

Autodesk, 2015, Bentley, 2015, ESRI, 2015a, Pitney Bowes, 2015, QGIS, 2015). Software 

architecture is increasingly multi-threaded, taking advantage of the available hardware and its 

multiple cores and processors to execute multiple functions concurrently (van Rees, 2014).  

From a practical implementation perspective, the transition from 2D to 3D is not trivial. Despite 

significant technical developments, 3D technologies are still not fully exploited in practice due to 

the lack of awareness as well as the lack of understanding of who the users of 3D will be and what 

the user requirements are (Stoter et al., 2013b). The requirements for 3D data are still ambiguous 

and lack standardization (Ellul and Haklay, 2006). In the past, user requirements for 2D 

geographic information evolved from the efforts of data producers working iteratively with their 

end users over many years. Given the more recent emergence of 3D geographic information, this 

iterative process has not yet taken place. This offers a high degree of freedom for both users and 
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data producers to define what 3D geographic information is and what they may require from it. 

There are also open issues regarding the integration of different data structures and the ability for 

data models to fit flexibly into different applications of 3D GIS (Abdul-Rahman and Pilouk, 2007, 

Costamagna, 2014). Open issues in the implementation of 3D GIS can therefore be broadly 

categorised into three areas – firstly, the data aspect (What should the data look like? How can 

we communicate its quality? How can we test its compliance to a specification?); secondly, the 

human aspect (Who are the users of 3D, what do they need?) and; thirdly, the analysis aspect 

(What methods and algorithms are used in 3D?)  

Chisholm (2014) has identified seven phases of a data life cycle. Applying this as a framework to 

3D geographic information and in the context of the above review, the following open issues can 

be summarised: 

1. Data Capture – How can we automatically or semi-automatically capture 3D geometric 

data and semantic information? How can we automatically or semi-automatically capture 

semantic information? How can we reconstruct 3D from point cloud data? Is there a valid 

use case for procedural modelling of 3D data? 

2. Data Maintenance – How can we store 3D data? How can we update 3D GI? What is 

the best format to store 3D? 

3. Data Synthesis - Can we create other data values via inductive logic using other data as 

input? How can we generalise 3D models geometrically and semantically?  

4. Data Usage – Who uses 3D GIS? Who might use 3D GIS? What do they use it for? How 

can 3D datasets work with existing 2D datasets? How can we integrate 3D GIS with other 

3D formats such as BIM? How can we implement 3D GIS in mobile and web 

environments? 

5. Data Publication – How do we share and disseminate 3D GI? What distribution model 

is most effective? 

6. Data Archival – 3D datasets tend to be very large – as they reach their end of its life, 

how can we archive it effectively? 

7. Data Purging – Once 3D data has come to its end of life, what is the best way to remove 

every copy of the data? 

In summary, although there have been many developments in the conceptual and logical 

fundamentals of 3D spatial data, 3D GIS is still limited as a visualisation tool (Costamagna, 2014, 

Stoter and Zlatanova, 2003). Recent trends driven by web-based virtual globe applications such 

as Google Earth has increased the awareness of 3D GIS, but knowledge about 3D technologies is 

still scarce, posing a barrier to uptake (Hudson-Smith et al., 2007, Stoter et al., 2011b). 

Researchers must show both vendors and users the possibilities and constraints of 3D GIS in order 

to mature the technology and encourage uptake (Stoter and Zlatanova, 2003). The current state of 
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3D is akin to 2D in the past where it was primarily for visualisations (maps and images) before 

the establishment of spatial analysis methodologies (Stoter and Zlatanova, 2003). 

2.2.3 Standards and specification for 3D geographic information 

3D data is used in many different fields, from computer-aided design (CAD) to building 

information modelling (BIM) to GIS. These 3D representations are found in a wide range of 

formats, each with its unique standards and specifications. Table 3 shows a comparison of 3D 

standards and formats in CAD and GIS domains by Stoter et al. (2011b). Note that each format 

has its advantages and disadvantages. For example, while VMRL has extended support for 

textures, it only has basic semantic support. Conversely, IFC has extended support for semantic 

information but does not support textures at all.  

Table 3. Comparison of 3D standards in CAD and GIS domains (from Stoter et al. (2011b)). 
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Geometry ++ + ++ ++ + ++ ++ + ++ 

Topology - - 0 0 - + + + - 

Texture - - ++ ++ 0 ++ - + + 

LoD - - + + - - - + - 

Objects 0 + + + - - + + + 

Semantic + + 0 0 0 0 ++ ++ + 

Attributes - + 0 0 0 - + + + 

XML based - - - + - - + + - 

Web - - + ++ ++ + - + 0 

Georef. + + - + + - - + + 

Acceptance ++ ++ ++ 0 ++ + 0 + ++ 

- not supported; 0 basic; + supported; ++ extended support 

 

Within the field of GIS, one notable 3D data model is the City Geography Markup Language 

(CityGML) developed by the Special Interest Group 3D (Open Geospatial Consortium, 2016). 

The standardised data model and exchange format allows the storage of digital 3D models of 

cities and landscapes. Based on the GML3 standard of the OGC, CityGML 2.0 covers the 

geometrical, topological, and semantic aspects of 3D city model (Kolbe et al., 2005). CityGML 

2.0 serves as both a model, describing which aspects of the city should be modelled to conform 
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to the standard, and an exchange format, with various Application Domain Extensions (ADEs) 

for specific applications such as noise (Stoter et al., 2008b), hydro (Schulte and Coors, 2008), 

utility (Hijazi et al., 2011) and routing (Prandi et al., 2013). An integral concept within CityGML 

2.0 is level of detail (LoD), which is used to represent different levels of geometric and semantic 

complexity (further details can be found in Löwner et al. (2013)). The CityGML concept uses 

five LoDs to indicate how much detail should be modelled, ranging from simple 2.5D model of 

footprints to detailed interiors.  

Level of detail (LoD) is a concept available in various disciplines from computer graphics and 

cartography to electrical circuit design (Biljecki, 2013). Bolpagni (2016) notes that the term ‘LoD’ 

can have vastly varying conceptual differences, depending on the standard used, and the discipline 

and country it is used in. Within CityGML 2.0, five levels of detail are defined where objects 

become more detailed with increasing LoD regarding both their geometry and thematic 

differentiation: LoD 0 – regional, landscape; LoD 1 – city, region; LoD 2 – city districts, projects; 

LoD 3 – architectural models (outside), landmarks; LoD 4 – architectural models (interior). Figure 

2 illustrates the five levels of detail.  

 

Figure 2. The five levels of detail (LOD) defined by CityGML (Open Geospatial Consortium, 

2016). 

At the lowest level, LoD0 is a 2.5D representation of the terrain where an aerial image or map my 

draped. LoD1 includes basic block models with flat roofs. At LoD2, roof structures are included. 

LoD3 introduces roof and façade (wall) geometry details, as is the case for an architecture model. 

LoD4 extends this with the inclusion of interior geometry. There are some limitations to the 

concept of level of detail. Biljecki et al. (2016b) notes that the main drawback is that even within 
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the same standard, practitioners have different understandings of particular LoDs. It was further 

suggested that the specification contains insufficient number of LoDs. In response, 16 LoDs was 

proposed to extend and refine the current concept (Biljecki et al., 2016b).  

Initially, the CityGML concept gained popularity as a method to primarily convey geometric 

complexity, as there was little demand for standardised semantics. Since its conception, however, 

3D data acquisition and 3D model creation techniques have improved with increasing applications 

seeking semantic richness beyond simple visualisation of geometry. The current standard and 

concept of LoD therefore has decreasing value for communicating to users the geometric and 

semantic qualities of 3D models in an unambiguous way. Shortcomings include, but are not 

limited to, the coupling of indoor objects with the highest LoD, lack of multiple indoor LoDs, 

lack of explicit representation of windows until LoD3 and the freedom of interpretation at each 

LoD (Löwner and Gröger, 2016). Additionally, many datasets may in fact consist of buildings at 

different LoDs, with modelling focusing on important buildings (landmarks) as opposed to 

suburban areas. It should be noted that efforts are underway to refine and update the CityGML 

standard for version 3.0 to overcome these deficiencies (Benner et al., 2013, Löwner et al., 2013, 

Biljecki et al., 2016b, Löwner and Gröger, 2016, Machl, 2013). Although the semantic quality of 

a 3D dataset is becoming increasingly significant, in practice, geometry is still the main focus of 

many existing datasets. 

2.2.4 State of 3D GI production at National Mapping and Cadastral Agencies 

Like Ordnance Survey, many other NMCAs around the world are also working towards 

implementing 3D geographic information.  

In the Netherlands, a 3D pilot was initiated by the Dutch Kadaster, Geonovum, the Netherlands 

Geodetic Commission and the Dutch Ministry of Infrastructure and Environment with an aim to 

develop a uniform approach to acquire, maintain and disseminate 3D GI (Stoter et al., 2011b). 

Conducted between January 2010 to June 2011 with over 65 stakeholders, the result was a proof 

of concept for a 3D spatial data infrastructure (Stoter et al., 2011a). Two of the main findings of 

the 3D pilot were: 1) 3D is needed and feasible, and that; 2) The lack of 3D knowledge is the 

severest bottleneck. The findings of the pilot were also established as a national 3D standard in 

the form of a CityGML ADE (Stoter et al., 2011b). This has inspired other countries such as 

Turkey to adopt a similar approach. Aydar et al. (2016) proposes ‘CityGML-TRKBIS.BI’ an ADE 

for CityGML to extend existing thematic modules of CityGML according to TRKBIS7 needs. A 

second phase pilot was conducted with over 100 organisations, with more of a focus on producing 

best practice documents on tools and techniques that are being developed for support the 

implementation of the 3D standard (Stoter et al., 2013a). In particular, the second pilot 

investigates how to align CityGML and the standard in the BIM domain.  

                                                      
7 TRKBIS is the current national standard for large-scale, 2D geodata in Turkey.  
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Stoter et al. (2016b) detailed the experiments and latest efforts on 3D mapping within seven 

European NMCAs, from the production of a common national 3D visualisation environment in 

Sweden to incorporating 3D capabilities in Switzerland. While some countries (The Netherlands 

and Switzerland) already offer 3D building geometry, others (Poland and Finland) have begun 

similar programs with the aim of releasing 3D datasets in the next 2 years (Finland). The authors 

concluded that while significant steps have been made, 3D data produced was still underused 

(Stoter et al., 2016b).  

Beyond Europe, the Singapore Land Authority has developed a 3D national map with an aim of 

optimising land resources for economic and social development for Singapore (Soon and Khoo, 

2017). The ‘Whole-of-Government’ mapping project is split into two phases: firstly, producing 

3D models for relief, buildings, vegetation, and water bodies using airborne data and secondly to 

using mobile imaging and scanning to create 3D models of transportation, city furniture, bridges, 

and tunnels. In Australia, mapping is carried out by individual states and city councils, akin to 

Germany. There is, however, a general push for 3D towards cadastral applications (Haines, 2017, 

Shojaei et al., 2017, Harding and Foreman, 2017). Similarly, in New Zealand, the focus has been 

on using 3D for the Digital Cadastral Survey (Gulliver, 2017, Gulliver et al., 2017).  

Regardless of the location, NMCAs around the world are facing similar open research issues 

including establishing 3D standards, integrating consistently with existing 2D data and the 

management (maintenance, storage, and update) of 3D data. Requirements for 3D geographic 

information vary from country to country due to different maturity of the local GI industry as well 

as different business drivers at the local, regional, and national level. It is recognised that the 

above is not a comprehensive list of all the 3D efforts by NMCAs, but it provides a good 

indication on international status. 

2.3 Production of 3D geographic information 

There are many different methods to produce 3D geographic information, at different coverages, 

scales, accuracies, and level of detail.  

For basic, 2.5D LoD1 models, this can be achieved by extruding 2D building footprints or 

topographic mapping data to a given height. The result is a set of ‘block’ models with flat roofs. 

The height information can be derived from Light Detection and Ranging (LiDAR) or 

photogrammetric surveys. For LiDAR, the height is measured by illuminating the target with a 

laser array and calculating the reflection time. For photogrammetric surveys, aerial images are 

used in stereo pairs to calculate point heights. In absence of height, the number of storeys could 

also be used as a proxy to produce the extrusion, if the attribute is present.  

For more detailed buildings, these may be generated using Computer Aided Design (CAD) data 

or Building Information Models (BIM). Programs such as Sketchup, Blender, and SolidWorks 
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allow architects, engineers, and other professionals to model 3D features. These models, in turn, 

can be georeferenced in order to be used in GI systems. One of the issues with this methodology, 

however, is that the conversion can be error-prone as the ontologies between the different 3D 

formats do not always map one-to-one. The production of the models also tends to be very 

manual, time-consuming, tedious, subjective and requiring skill (Tang et al., 2010). 

A potential new source of 3D geographic information is through crowd-sourcing. Crowd-

sourcing, in the context of geographic information, is where members of the public capture map 

data and contribute to a shared database (Ellul et al., 2016a). While crowdsourcing can perform 

functions that are either difficult to automate or expensive to implement (Howe, 2006), a number 

of issues still remain on the quality, accuracy and reliability of the crowd-sourced mapping data 

(Haklay, 2010). Uden and Zipf (2013) proposed a free and open web repository for 3D building 

models linked to the OpenStreetMap8 database. The authors conclude that there are still many 

challenges remaining including correct georeferencing of the models, interoperability of different 

3D formats, multiple user editing, and performance and storage issues. Lu et al. (2016) addresses 

some of these issues in Open3D, an initial prototype system architecture for crowd-sourced 

distributed curation of large-scale city models. Specifically, Open3D address the issue of 

collaborative editing, and proposes an integrated solution utilising polygon-based models with 

parametric operations. This allows a model that can be synchronously edited by multiple users, 

with live changes being propagated among clients. An alternative form of crowd-sourcing is for 

organisations or businesses to submit their own models directly to a data producer. Several city 

councils have a digital submission requirement in place for from the Planning Board whereby any 

large project must submit a model after permit approval (e.g. Cambridge, MA). Further details on 

these schemes can be found in Chapter 6 and Appendix I). In London, VU.CITY 9  offers 

developers the opportunity to submit models of their consented schemes free-of-charge to be 

included within the base model. In return, the organisation donates to LandAid, a charity tackling 

youth homelessness. 

In the absence of ‘real’ data, one alternative is the use of procedural modelling. Procedural 

modelling is an umbrella term for the creation of 3D models from a set of rules. One of the most 

mature procedural modelling tools available is ESRI’s CityEngine (Watson et al., 2008). The tool 

uses a set of user-defined grammar to quickly produce a ‘realistic’ 3D visualisation. Despite the 

results often being visually impressive, there is still an issue of trust with regards to procedurally 

generated data, and in particular, in the context of decision-making applications. Further work is 

required to define exactly how trust is constructed in the context of procedurally generated 3D 

GI. To address this issue, one possible solution is to incorporate ‘real’ sources of information. 

                                                      
8  OpenStreetMap is a collaborative project to create a free editable map of the world.  

https://www.openstreetmap.org/  
9 VU.CITY https://vu.city/insert-a-model/  

https://www.openstreetmap.org/
https://vu.city/insert-a-model/
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Kelly et al. (2017) describes a process of procedurally creating structured models by leveraging 

data from multiple sources (GIS footprints, photogrammetric mesh and, street-level imagery). 

The result were plausibly structured models with windows, doors, and roof features, although 

further work is required to quantify the data quality of the output models. 

One consideration during the production of 3D geographic information is the inclusion of textures 

(also known as texturing or texture mapping). Texturing refers to the application of an image to 

the surface of a polygon. In the context of 3D city models, this often refers to the façades of 

buildings. Textures can be derived from photogrammetric processes or can be produced 

procedurally. The inclusion of textures has the ability to enhance the photorealism of 3D 

visualisations but can cause performance issues where high-resolution ‘real’ imagery is used (as 

each surface contains a unique image). Alternatively, a library of tile-able textures could be 

applied procedurally, minimizing the number of unique textures required (Watson et al., 2008). 

In some applications, synthetic textures can provide an effective and low-cost solution (Coors, 

2008). There is therefore a debate of whether users desire ‘real’ textures (along with its associated 

performance overheads) or whether ‘realistic’ textures are sufficient for certain applications.  

2.4 Data quality and fitness-for-purpose of 3D geographic 

information 

2.4.1 Data quality and fitness-for-purpose concepts 

Quality is defined as the ‘degree to which a set of inherent characteristics fulfils requirements’ 

(International Organization for Standardization, 2005). Data quality in the context of geographic 

information often refers to the internal characteristics of the spatial data including data 

completeness, precision, accuracy, and consistency (Veregin, 1999). Error is inherent and 

inevitable in any GIS data (Devendran and Lakshmanan, 2014). The effects of errors in the data 

on subsequent analysis and on the understanding of the results obtained, however, can be 

ameliorated with an understanding of the qualities of the data. Datasets may contain metadata, 

providing a description of its quality, allowing users to understand the implications of any issues 

from the inherent errors and the subsequent impact on the analysis carried out (Ellul et al., 2013). 

It allows users to decide if a dataset is fit-for-purpose for their specific application. 

Fitness-for-purpose (also known as fitness for use) is the degree to which a dataset is suitable for 

a particular application, and encompasses wider factors including data quality, scale, 

interoperability, cost and data format (ESRI, 2012). It provides an indication of whether a dataset 

fits the users’ defined usage. It differs to data quality in that it considers the wider context and 

application of the data. For example, an accurate and precise topographic map of building 

footprints can be good quality but may not be fit-for-purpose for certain applications, such as 

deriving soil classifications (as soil types are not depicted in the dataset). 
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Data quality and fitness-for-purpose of geographic information is important from many 

perspectives. For the GI user, it gives confidence in the data when conducting spatial analyses. It 

also allows for effective data stewardship and management. For the executive, having good 

quality data that is fit-for-purpose allows them to confidently make decisions. From the 

producer’s perspective, measures of data quality can help communicate to users (and potential 

customers) how useful a data product can be for their application. By using industry standard 

measures, it allows customers to compare and contrast against other producers and determine if a 

geographic information product is suited for their needs. Ultimately, data quality measures can 

help producers sell their GI products.  

2.4.2 Approaches to data quality and fitness-for-purpose assessment in 3D 

For 2D geographic information, one of the most important references for data quality is the ISO 

19100 series of standards created by the ISO Technical Committee 211 (Costamagna, 2014). The 

series covers a number of different aspects of quality including: quality principles; quality 

evaluation procedures; data quality measures; metadata; data product specifications, and; 

metadata for XML schema implementation. The ISO Technical Committee 211 works closely 

with the Open Geospatial Consortium (OGC) and in many instances, work developed by the OGC 

have been later adopted by ISO (Costamagna, 2014). 

Existing methodologies in evaluating GI quality can be split into two general approaches: 

extrinsic (comparison with external data); and intrinsic (evaluation derived from the data itself). 

Traditional measures of 2D spatial data quality, however, are often not applicable to 3D GI. For 

2D quality assessments, a verification dataset may be available from an existing external source 

or collected using ground-based survey methods. In comparison, an external 3D dataset may not 

exist and to capture primary verification data in 3D is arguably more difficult and time consuming. 

Methods comparing between verification and input 3D datasets to assess measures such as 

reference system accuracy, positional accuracy and completeness are therefore not always 

possible in practice.  

As yet, no standard approaches to measuring 3D data quality have been developed, although 3D 

city models are being produced worldwide at an increasing rate (Akca et al., 2010). For extrinsic 

evaluations, Akca et al. (2010) assessed the geometric accuracy of the model generation process 

from LiDAR data, comparing the generated models to a validation dataset. Similarly, Freeman 

and Sargent (2008) uses set of terrestrial LiDAR points as a validation dataset to quantify and 

visualise the uncertainty in 3D building model walls. The proposed method, however, only uses 

one set of ground-based points and is a mainly manual process. As such, further work is required 

to extend this to use LiDAR data from moving sources (such as a van or an aircraft), from multiple 

sources, and to implementing further automation. Moreira et al. (2013) conducted a review of 

existing 3D city model generation methods and a quantitative evaluation of the results against 

ground-truth measurements. Cheng et al. (2015) proposed a framework using a fuzzy realistic 
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index to evaluate the visual and geometric quality of 3D models. Haithcoat et al. (2001) examined 

geometric fidelity by subdividing the model and verifications data into voxels to calculate 

omission (missing data) and commission (false positives) within 3D datasets. On a more 

subjective basis, Durupt and Taillandier (2006) provided a visual evaluation of automatic building 

reconstruction methods, using an operational approach. Krämer et al. (2007) describes a quality 

model for 3D city models by translating the six criteria for 2D quality measurements: positional 

accuracy; completeness; semantic accuracy; correctness; temporal conformance and; logical 

consistency. These measures, while they may apply in 3D in theory, cannot always be carried out 

in practice. 

For intrinsic evaluations, Wagner et al. (2013a) explored 3D geometric quality and outline several 

metrics as part of the CityDoctor tool including planarity, self-intersection, surface orientation 

error and duplicated points. The tool and its validation process provides an error report which is 

useful for healing invalid geometries but it does not provide a general statement on the grade of 

compliance or usability of the model (Wagner et al., 2013a). Ledoux (2013) presented a prototype 

methodology to validate individual solids according to international standards for geographic 

information. The prototype is able to inform the user of the nature of the errors and of their 

locations, but requires manual effort to modify and correct the geometry. Alam et al. (2013) 

looked at validation and healing of CityGML while similarly Zhao et al. (2014) developed a repair 

framework for the geometric repair of CityGML models. While some 3D data quality assessments 

may be automated, others may still contain manual elements which may be laborious and time-

consuming. Further, evaluations may be conducted only on small samples of datasets due to the 

intensive load of the algorithms. There is therefore a need to derive simpler quality metrics, at a 

larger coverage that can be generated with minimal manual interaction. 

While there is an increasing number of 3D city models, many of these existing models still lack 

semantic information of any sort (Jones et al., 2014). As such, there is a lack of research on the 

validation of semantic data quality. Biljecki et al. (2016a) presents an initial investigation into the 

most common semantic errors within 3D city models in CityGML format. Using the normal of a 

surface as a proxy to identify the type of surface (roof, wall, ground, outer ceiling, outer floor), it 

was discovered that most buildings were semantically valid. The authors conclude that the validity 

was due to the semantic information being added as a post-processing step using the same 

methodology as the test (by assessing the normal of the surfaces). Further work on validating the 

semantic information is required due to a growing number of semantically enriched datasets 

(Rook et al., 2016).  

Beyond GI science, other 3D related fields also rely on validation data to ascertain model quality. 

In geometry processing, the approximation error of a mesh or 3D model can be determined by 

measuring the Hausdorff distance between two surfaces (Aspert et al., 2002).  Other quality 

measures of a mesh include manifoldness, resolution (number of vertices per face) and 
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triangulation (Botsch et al., 2010). Quality in geometry processing, as in GI science, also depends 

on context. For example, it is possible to have many vertices in a mesh and therefore a higher 

resolution, but it to provide no extra information e.g. 16 vertices to represent a simple cube instead 

of 8. It is therefore desired to have an efficient and low number of vertices while keeping 

approximation error low, as higher numbers of vertices have performance and storage issues. 

Examining 3D quality measures from non-GI fields can help inform our efforts in developing 

efficient and effective metrics to quantify the quality of 3D geographic information. This will 

avoid the duplication of efforts and help take advantage of methods that have been tried and tested 

in other 3D domains. 

2.5 User requirements gathering for 3D geographic information 

User requirements for 2D geographic information have been refined over time as data producers, 

such as National Mapping & Cadastral Agencies (NMCAs), work iteratively with their end users 

over many years to create products to address different business cases. Initially, these 2D 

geographic information products were derived from digitized paper maps. For example, Ordnance 

Survey has been digitising its basic scale mapping (1:1250, 1:2500, 1:10 000) on a production 

basis since 1973 (McMaster et al., 1986). Given the more recent emergence of 3D geographic 

information, this iterative and refinement process with users has not yet taken place. There is to a 

certain extent a clean slate, offering a high degree of freedom for both users and data producers 

to define what 3D geographic information is and what they may require from it. At the same time, 

progress is still limited by the history with 2D and the considerations for backwards compatibility. 

The multitude of choice is both a benefit and detriment. Whereas a user may express the desire 

for as much information as can be captured, from the NMCA and data acquisition perspective, 

each new 3D feature type and element within a feature added (such as doors, windows, chimneys, 

street lights) requires additional processing and cost to create. There is therefore a need to 

understand the importance of different 3D features for different applications (e.g. roof geometry 

for solar). Understanding the user requirements is paramount in producing effective, usable, and 

cost-efficient 3D geographic information. The following section reviews related works on 

requirements gathering for 3D GI, usability, and user-centred design. Further, it reviews different 

requirements gathering methods (which are used later in Chapters 4 and 5) and provides a 

discussion on data requirements gathering specifically for information products.  

2.5.1 Related work on requirements gathering for 3D GI 

There have been many recent studies exploring the different aspects of requirements for 3D 

(Stoter et al., 2013c, Walter, 2014, Sargent et al., 2015, Biljecki et al., 2015b, Stoter et al., 2016b, 

Stoter et al., 2015 )  

Stoter et al. (2013b) examines the approaches and requirements of European national 3D 

mapping, concluding that 3D data, while more available, still suffers from low usage. Walter 
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(2014) carried out surveys with 32 European institutions to examine the state of the art of 3D 

Geographical Information Systems, the future requirements as well as existing problems. The 

survey focused primarily on customers, markets, software tools and applications. It was posited 

that the market potential of 3D GIS is huge, thus software and hardware manufacturers will invest 

heavily into the field, overcoming many of the existing problems identified in the study (Walter, 

2014). Biljecki et al. (2015b) conducted a desk-based review of existing literature to investigate 

the utilisation of 3D city models. The authors conclude that 3D city models were used in at least 

29 uses cases within more than 100 applications, although only 5 use cases utilised 3D city models 

beyond visualisation (Biljecki et al., 2015b).  

Specific to the UK, Sargent et al. (2015) outlined the research efforts of Ordnance Survey in 

designing a 3D product, with a focus on the variety of 3D building heights available. The authors 

concluded that with the large investment in the processes and infrastructure, NMCAs ‘need to get 

3D modelling almost right the first time’ – and produce data that is fit for purpose, of a high 

enough quality and that can be maintained and developed over time.  

2.5.2 Usability and user-centred design 

Usability is defined as ‘The extent to which a product can be used by specified users to achieve 

specified goals with effectiveness, efficiency and satisfaction in a specified context of use’ 

(International Organization for Standardization, 1998). The standard further extends the concept:  

‘usability of products can be improved by incorporating features and attributes known to benefit 

the users in a particular context of us’ (International Organization for Standardization, 1998). As 

with all quality attributes, usability is not a separate feature that can be added to a product at the 

end, but must be developed systematically from the beginning of the project, throughout its 

development and continue even after the product has been released (Rannikko, 2011). By 

investing in usability efforts early in the cycle, an even greater return on investment can be gained 

in the future (Nielsen, 1994).   

User-centred design is the process in which end-users influence how a design takes shape (Abras 

et al., 2004). It places a high importance on usability and user needs at every stage of product 

development leading to more effective, efficient, and safer products with higher levels of 

acceptance and success (Merino et al., 2012). User-centred design is not solely a set of techniques, 

but also a ‘philosophy that places the user at the centre of the process’ (Rubin and Chisnell, 2008). 

The goal of user-centred design is to create products with very high usability in terms of usage, 

manageability, effectiveness and how well the product is mapped to the user requirements. User-

centred design is not an isolated, one-off piece of work, but a series of activities carried out 

throughout the life-cycle of a product’s development.  
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ISO 9241-210 (2010) describes 6 key principles to ensure the design is user centred: 

1. The design is based upon an explicit understanding of users, tasks, and environments. 

2. Users are involved throughout design and development. 

3. The design is driven and refined by user-centred evaluation. 

4. The process is iterative. 

5. The design addresses the whole user experience. 

6. The design team includes multidisciplinary skills and perspectives. 

Although there are many different approaches to user-centred design, the process is generally 

structured around iterative design and evaluation with the actual end-users of the product.  

The benefits of user-centred design are numerous including reduced cost through increased 

efficiency and increased income through higher sales and market share (Rannikko, 2011). Despite 

the distinct advantages, user-centred design can sometimes be mistakenly dismissed as ‘just 

common sense’ (Bias and Mayhew, 2005) and thus organisations are reluctant to invest in 

usability efforts. Further, since as user-centred design processes are loosely defined without exact 

methods for each phase, the flexibility in interpretation can lead to poor quality and usability of 

the resulting product (Gulliksen et al., 2003). In some instances, user studies can confuse what 

users want with what they really need. Nevertheless, proper implementation and incorporation of 

user-centred design processes should result in a product that is efficient, effective, and satisfying 

to use. 

2.5.3 Requirements gathering methods 

A large part of user-centred design is the gathering and understanding of user requirements. 

Requirements gathering, or elicitation is the process of producing a set of needs which is, as far 

as possible, complete, consistent, relevant and reflects what the users want (Sommerville and 

Sawyer, 1997). There are many suggested approaches and frameworks in gathering user 

requirements (Alexander and Beus-Dukic, 2009, Goldsmith, 2004, Miller, 2009, Pohl, 1994, 

Sommerville and Sawyer, 1997) but all involve the use of one or more quantitative or qualitative 

requirements gathering methods. Traditional gathering techniques include questionnaires and 

surveys, interviews, focus groups, observation, and document analysis (Tuunanen, 2003). 

Of the requirements gathering methods, the two most commonly used are questionnaires and 

interviews. Sharp et al. (2007) suggests that interviews and questionnaires are best used during 

the beginning and early part of the design cycle, with focus groups, on-site observation, role 

playing and usability testing better suited for the mid to late stages.  

Self-administered surveys and questionnaires provide a quick and relatively cheap way to gather 

quantitative and qualitative data from a large group of people. The process takes a relatively short 

period of time and the use of web-based questionnaires can allow for easy dissemination to the 

respondents. The structure of questionnaires generates data that is easy to analyse. The limitations, 
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however, are that participants may interpret questions differently, providing unreliable 

information. Further, the length of questionnaires can affect response rates, with longer 

questionnaires receiving lower responses (Roszkowski and Bean, 1990). This may be mitigated 

by offering financial or material incentives to help increase response rates. 

Research interviews can be split into three fundamental types: structured, unstructured, and semi-

structured (Gill et al., 2008). Where structured interviews are essentially verbally administered 

questionnaires, unstructured interviews are entirely open, without any preconceived theories or 

ideas. Semi-structured interviews provide a few key questions that can define the subject area, 

but with the flexibility for interviewees to add more detail and allow for discovery of information 

that may not have been previously considered pertinent by the researcher. Qualitative data 

methods (such as interviews) are believed to provide a ‘deeper’ understanding of social 

phenomena than from quantitative methods such as questionnaires (Gill et al., 2008). Interviews, 

however, can be costly and time-consuming in setting up, interviewing, transcribing, and 

analysing.  

Focus groups are a form of group interview which explicitly use group interactions as part of the 

method (Kitzinger, 1995, Gibbs, 1997). The difference here is that participants are encouraged to 

talk to one another, asking questions, exchanging anecdotes, and commenting on each other’s 

experiences and points of view. Focus groups are particularly advantageous if the questions are 

open-ended, allowing participants to explore the issues in their own vocabulary and pursuing their 

own priorities (Kitzinger, 1995). For the interviewer, it allows the identification of commonalities 

within the group, facilitates open conversation on potentially embarrassing topics and the 

identification of issues that are salient (Morgan, 1996). The data generated from focus groups, 

however, may be cumbersome and complex as the interviewer has less control compared to 

surveys or one-to-one interviews (Morgan, 1996). The open-ended nature of the method means 

that it may be difficult to keep participants focused on the topic. The method is time-consuming, 

and discussions can be led by opinionated individuals.  

Observation can be carried out in two ways: participant observation or unobtrusive observation 

(Driscoll, 2011). With participant observation, the researcher may interact with the participants 

and become part of their ‘community’ whereas there is no interaction within unobtrusive 

observation. Where interviews, questionnaires and focus groups are susceptible to response bias, 

observation gathers information from participants in their ‘natural habitat’. The technique may 

provide a more accurate view of the problem, but some processes may not be observed. Through 

observation alone, it is difficult to gather sufficient levels of information for a thorough 

investigation and often impractical for the participant. Observation is therefore an effective 

complement to other elicitation techniques rather than a standalone method. 
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Document analysis provides an effective way to initiate requirements elicitation. It is a process 

where written material such as public records, media, private papers, meeting meetings and policy 

documents are interpreted by the researcher (Bowen, 2009). It can act as a means of gathering 

information before other methods such as interviews or focus groups. The method analyses the 

motivation, intent, and purpose of documents within particular contexts. The advantages of the 

method include efficiency and cost-effectiveness but it is limited by insufficient detail, low 

retrievability and biased selectivity of the documents (Bowen, 2009). 

The methods outlined above can be used on their own, but are often used in combination with 

other qualitative research methods as a means of triangulation – ‘the combination of 

methodologies in the study of the same phenomenon’ (Denzin, 1973). This allows the researcher 

to draw upon multiple sources of evidence and seek convergence and corroboration through 

different data sources and methods (Bowen, 2009). It can be seen to provide a ‘confluence of 

evidence that breeds credibility’ (Eisner, 1991). The mixed-methods approach allow different 

methodologies to compensate for each other. For example, questionnaires and interviews are seen 

as having differing and possibly complementary strengths and weaknesses (Harris and Brown, 

2010). 

2.5.4 Data requirements gathering for information products 

While there is an abundance of literature for requirements gathering in the context of systems 

engineering and software engineering, works on requirement gathering for information products 

are less common. Meyer and Zack (1996) examined the design and implementation of information 

products, building upon research and knowledge about the design of physical products. The 

authors highlight that, like physical products, customer needs must drive the design of information 

products. Two categories of user requirements that shape product development are defined: 1) 

needs that users know and can express, and; 2) needs that users have, but cannot clearly express. 

By satisfying these, second, latent and unperceived needs, an organisation can bring new 

excitement to an industry and generate additional level of demands even in a traditional and 

mature sector. Meyer and Zack (1996) therefore suggest that managers of an information products 

company must target these latent customers’ needs to deliver what customers really need, in a 

pleasurable and convenient manner. 

Davenport and Kudyba (2016) provides an update to Meyer and Zack (1996) original five step 

information product model. The steps include: 1) Conceptualise the product; 2) Data acquisition; 

3) Storage and retrieval; 4) Distribution; 5) Presentation, and; 6) Market feedback. For an 

effective implementation of this model, stakeholder involvement is essential. At the product 

conceptualisation stage, it is important to involve subject matter experts at the business level, as 

well as managers of existing and complementary information products and marketing people. 

These three groups of individuals can provide the framework for designing or upgrading existing 

products to add value to meet market needs (Davenport and Kudyba, 2016).  
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In summary, requirements gathering, and development of intangible information products is not 

unlike that of physical products. The main differentiation is the pace of business means that 

traditional product development sequences are often too slow. Instead, product development 

activities are continuous and iterative, with important activities conducted in parallel  (Davenport 

and Kudyba, 2016) 

2.6 Ordnance Survey 

Founded in 1791, Ordnance Survey® (OS) is the national mapping agency of Great Britain. It was 

formed originally for military purposes but is now a government-owned limited company 

producing a variety of geographic information. Evolving from its heritage as a producer of paper-

map, the company now provides 17 commercial and 13 Open Data geographic information 

products to businesses in the private and public sector. The organisation produces, on average, 

10,000 updates each day to the 460 million individual geographic features mapped (including 

over 35 million buildings and over 27 million residential addresses). Specifically, Ordnance 

Survey’s operations are established in law under the Ordnance Survey Act of 1841 with three 

main requirements: 

• Identify and record the alignment of administrative and electoral boundaries; 

• Provide essential rights of access onto land for the purposes of conducting surveys and 

recording the landscape; and 

• Provide protection for essential survey marks and monuments necessary for the future 

conduct of the survey. 

(Ordnance Survey, 2015c) 

Note that unlike other countries, Great Britain does not have a cadastre i.e. Ordnance Survey is 

not responsible for maintaining a register of real estate or property boundaries. Instead, land and 

property ownership are handled through the Land Registry.  

A number of characteristics place Ordnance Survey in a unique position: 

1) Heritage and history – As the oldest national mapping agency, Ordnance Survey has 

established itself as the leading provider of location-based information in Great Britain. 

2) Public task - OS has a responsibility to create, maintain and disseminate consistent, 

definitive, and authoritative geospatial data and products of Great Britain in the national 

interest. 

3) Status as a Government-owned limited company – Previously a Trading Fund (1999-

2015), Ordnance Survey is a limited company owned entirely by the Secretary of State 

for Business, Energy & Industrial Strategy. The public corporation structure means that 

it is ‘controlled by central government…that has substantial day-to-day operating 

independence’. As a Government-owned limited company, OS is obliged to be self-
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financing and is required to generate revenue to cover all of costs, including costs 

relating to the performance of the Public Task. 

4) Full national coverage – Whether it is a ‘cheesegrater-shaped’ skyscraper in the heart 

of London or a footpath in the Quantock Hills, all 243,241 square kilometres of Great 

Britain are surveyed. 

5) Update frequency – Ordnance Survey’s flagship product, OS MasterMap®, is updated 

on a 6-weekly basis. Other products on a larger scale have quarter, 6-monthly, or annual 

updates. 

6) Authoritative source of spatial information – As legal issues can arise from spatial 

problems (e.g. mapping for flood insurance), Ordnance Survey acts as a single source of 

authoritative spatial data. The data is validated for its veracity, quality, and accuracy. 

These considerations make Ordnance Survey unique and are vital to consider when developing 

any new products. 

2.6.1 Existing Ordnance Survey digital products 

To produce the range of products that Ordnance Survey offers, basic data must be collected. 

Traditionally, this data was collected by surveyors through ground surveys, with aerial surveying 

and photography aiding the cartographic and printing process (Ordnance Survey, 2018l). Over 

time, the emergence of electronic surveying equipment such as light beam technology and 

automatic data recording has enabled much faster data collection. Development in surveying 

technology continues to transform the map-making process with field surveyors using hand-held 

pen computers to record field measurements, with electronic data becoming routinely available 

to customers within 24 hours of being surveyed (Ordnance Survey, 2018l). Presently, up to 80% 

of ground detail is collected using aerial photography (Ordnance Survey, 2018n). Using a 

modified aircraft, photographs with 60% overlap are captured enabling stereo-plotting and tracing 

of detail. Where ground detail cannot be collected using aerial photography (e.g. occlusion from 

shadows, clouds, tree cover or overhanging eaves), detailed ground surveys are still conducted. 

In addition, surveyors can collect details such as street names, house numbers, and the position 

of public buildings (Ordnance Survey, 2018n). In the future, Ordnance Survey are looking 

towards the use of satellite imagery and unmanned aerial vehicle (UAV) technologies to collect 

basic data for the production of mapping products (Ordnance Survey, 2018a).  

One of Ordnance Survey’s main tasks is to keep their mapping products and spatial data as up to 

date as possible. Where new houses have been built or sites have been redeveloped, this change 

needs to be reflected back in the mapping. Currently, the information about change are derived 

from many sources including local authorities, surveyors on the ground, and from aerial 

photography (Ordnance Survey, 2018b). The task of detecting change, however, is a skilled, 

laborious, and time-consuming process. As such, Ordnance Survey is looking towards ways to 

automate this process. 
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Ordnance Survey offers 33 different digital products and services (Ordnance Survey, 2018c). 

These include map products, data products, and insights products. Map products provide an on-

screen map image, which can vary in detail, and have customisable themes. Data products give 

location information such as accurate coordinates to addresses and height values to building 

footprints. Insights products allow deeper locational analyses for discovering trends and hotspots. 

The products can be further split into two categories: commercial (paid-for) and open data (free). 

Table 4 shows a summary of the current products available from Ordnance Survey.  

Table 4. Ordnance Survey products (Ordnance Survey, 2018c). 

Commercial products Open data products 

Vector-based products 

OS MasterMap® Topography Layer™ OS VectorMap® District 

OS MasterMap® Integrated Transport Network Layer™ OS Open Roads 

OS MasterMap® Greenspace (for the public sector) OS Open Greenspace 

OS MasterMap® Water Network Layer OS Open Rivers 

OS MasterMap® Highways Network OS Open Map Local 

OS Detailed Path Network 

 

OS VectorMap® Local 

 

Raster-based products 

OS MasterMap® Imagery Layer™ Miniscale® 

1:25 000 scale colour raster™ GB Overview Maps 

1:50 000 scale colour raster™ 1:250 000 scale colour raster™ 

Terrain products 

OS Terrain® 5 OS Terrain® 50 

Addressing and boundary products 

AddressBase® OS Open Names 

AddressBase® Plus Boundary-Line® 

AddressBase® Premium Code-Point® Open 

AddressBase® Islands 

 

Code-Point® 

 

Code-Point® with polygons 

 

Points of Interest 

 

APIs 

OS Maps API OS Names API 

OS Places™ API 

 

INSPIRE Address View10  

                                                      
10 INSPIRE Address View is FREE for personal, non-commercial use only. Limited to 25,000 Transactions 

per month. 
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2.6.2 OS MasterMap 

OS MasterMap is a suite of highly detailed topographic, imagery and network mapping data for 

Great Britain.11 Released in 2001, OS MasterMap superseded Land-Line as Ordnance Survey’s 

flagship topographic product. The Topography Layer is updated every six weeks and is captured 

at 1:1250 scale for urban areas, with an absolute accuracy of 0.9m at 99% confidence level. Any 

feature with a footprint larger than 8m2 is mapped.  In addition to topography, the suite also 

includes road networks, water networks, aerial photography, and green spaces. Additional 

enriched content is also available in urban areas, mapping out information such as main points of 

access to key sites (schools, hospitals, and train stations). Applications of OS MasterMap 

Topography Layer include: identifying priority habitats for wildlife (Ordnance Survey, 2018e), 

managing street lighting (Ordnance Survey, 2018i) and providing a common information platform 

for emergency responders (Ordnance Survey, 2018m). 

As part of further product enhancement, a “Building Height Attribute” was offered as part of an 

Alpha release in 2014. This is described in the next section. Figure 3 illustrates an extract of OS 

MasterMap Topography Layer. 

 

Figure 3. Extract of OS MasterMap Topography Layer (from OS MasterMap Topography Layer 

Product Guide v2 08/2017 © Crown copyright) 

                                                      
11 https://www.ordnancesurvey.co.uk/business-and-government/products/mastermap-products.html 
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2.6.3 OS MasterMap Building Height Attribute 

First released on 17th March 2014 as part of an Alpha phase, the ‘Building Height Attribute’ is a 

product enhancement to the OS MasterMap Topography Layer.12 Delivered as a .csv file, the 

attribute contained no geometry or positional detail. The attribute describes five heights: 1) the 

absolute height of the ground level; 2) the absolute height of the base of the roof; 3) the absolute 

height of the highest point on the building; 4) the relative height from ground level to the highest 

point of the roof and; 5) the relative height from ground level to the base of the roof. The heights 

are derived from photogrammetrically generated DTMs and DSMs using a pixel matching 

process. Further details of the alpha release can be found in Appendix I 

 

Figure 4. OS MasterMap Topography layer extruded with OS Building Heights attribute and OS 

VectorMap District base mapping in London. 

With the success of the Alpha phase, the Beta was released on 1st November 2017. The structure 

remains the same as the Alpha phase as fully integrating into the OS MasterMap Topography 

Layer would require an extensive change to the schema. The delivery via .csv therefore currently 

remains the optimal way to distribute the data. Specifically, for the Building Height Attribute, 

potential applications include: 

• Visualising urban landscapes 

• Modelling the impact of development projects 

• Helping in emergency planning and risk assessment 

• Helping understand the issues with installing and maintaining utilities 

• Estimating the number of levels in a building 

• Calculating radio signal propagation and the planning of wireless networks 

• Identifying appropriate sites of renewable energy infrastructures 

                                                      
12 https://www.ordnancesurvey.co.uk/business-and-government/products/os-mastermap-building-height-

attribute.html  

https://www.ordnancesurvey.co.uk/business-and-government/products/os-mastermap-building-height-attribute.html
https://www.ordnancesurvey.co.uk/business-and-government/products/os-mastermap-building-height-attribute.html
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A recent Ordnance Survey online seminar was held in December 2017 and January 2018 for 

members of the Public Sector Mapping Agreement (PSMA) 13  to provide an update on OS 

Building Height Attribute. The online seminar provided an update on the future directions and 

enhancements to the product including: 

• Moving towards full national coverage – OS BHA currently covers 70% of Great 

Britain (accounting for 90% of buildings). Over the next 18 months to 2 years, the aim is 

to complete the missing 30%. 

• Removal of Alpha data – The dataset is currently from a mixed capture, with around 

20% of the buildings from the Alpha release from December 2014. In areas where up-to-

date data is not available, Alpha data is included for completeness on the assumption that 

dated data is better than no coverage at all. 

• Inclusion of an accuracy statement – Currently, the product does not include any 

accuracy statement. By the next release in April 2018, the aim is to provide an RMSE for 

each of the absolute height values. 

• Improvement of confidence flags – Although the documentation lists 5 levels (+10, 20, 

30, 90, 99), only three are currently used (20, 90 and 99). The confidence levels are 

therefore currently of limited value, but on-going trials are looking to improve the metric. 

• Move towards 3-year update cycles – The aim is to have a dataset whereby the source 

data used to create the heights is no older than 3 years old. 

• Addition of non-building structures – Future releases will look to include non-building 

structures, although the exact structures are yet to be defined. Where some structures are 

particularly desirable e.g. wind turbines, these are not always well represented within the 

DSM source data and are therefore difficult to reproduce within the dataset. 

Alongside this update, attendees also participated in two online polls. The questions were: 1) 

‘What analysis do you expect to use the Building Height Attribute data for?’; 2) ‘How could 

Ordnance Survey improve the Building Height Attribute data attribution?’.  

Figure 5 shows that of the five provided/potential answers, visualisation dominates. It must be 

noted that the participants of the online seminar were PSMA users and were therefore 

predominantly from local and national government. 

                                                      
13 The Public Sector Mapping Agreement (PSMA) is a collective agreement between Ordnance Survey and 

the government, allowing the access to and sharing of OS digital mapping. 
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Absolute count Percentage count 

Visualisations 13 34.21% 

Urban Planning 10 26.32% 

Environmental Modelling 7 18.42% 

Asset management 6 15.79% 

Emergency planning and response 2 5.26% 

Total 38  

Poll response rate 66%  

 

Figure 5. What analysis do you expect to use the Building Height Attribute data for? (Ordnance 

Survey, 2018j) 

 

 
Absolute count Percentage count 

Level information – number of storeys per building 25 78.13% 

Roof shape – geometry 6 18.75% 

No improvements required 1 3.13% 

Roof material - type of construction material 0 0.00% 

Other 0 0.00% 

Total 32  

Poll response rate 55%  

 

Figure 6. How could Ordnance Survey improve the Building Height Attribute data attribution? 

(Ordnance Survey, 2018j) 

  

0% 5% 10% 15% 20% 25% 30% 35% 40%

Emergency planning and response

Asset management

Environmental Modelling

Urban Planning

Visualisations

What analysis do you expect to use the Building Height Attribute data for?

0% 20% 40% 60% 80% 100%

Other

Roof material - type of construction material

No improvements required

Roof shape - geometry

Level information – number of storeys per building

How could we improve the BHA data attribution?



42 

 

2.6.4 Terrain products 

Ordnance Survey offers two terrain products: OS Terrain 5 (mid-resolution, commercial DTM)14 

and OS Terrain 50 (lower-resolution, open DTM)15. Available as a grid of heights points and 

contours, OS Terrain 5 is offered at five-metre intervals, with OS Terrain 50 offered at fifty-metre 

intervals. The product is updated quarterly with both datasets designed to be interoperable with 

other large-scale Ordnance Survey products. For OS Terrain 5, the accuracy within urban and 

major communication routes is 1.5m RMSE. Figure 7 provides an illustration of OS Terrain 5 as 

contours. One application of OS Terrain is the risk assessment for the management of grassed 

areas by local authorities (Ordnance Survey, 2018f). OS Terrain 5 was used to assess the severity 

of the slope to ensure the health and safety of staff using mowing machines with manufacture 

safety limits between 15° to 40°. 

 

Figure 7. Excerpt of OS Terrain 5 showing contours, tidal boundaries, and labelled spot heights 

(from OS Terrain 5 user guide chapter 2 v1.2 – 03/2017 © Crown copyright) 

  

                                                      
14 https://www.ordnancesurvey.co.uk/business-and-government/products/os-terrain-5.html  
15 https://www.ordnancesurvey.co.uk/business-and-government/products/terrain-50.html  

https://www.ordnancesurvey.co.uk/business-and-government/products/os-terrain-5.html
https://www.ordnancesurvey.co.uk/business-and-government/products/terrain-50.html
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2.6.5 Addressing and boundary products 

OS AddressBase provides an accurate geographic dataset of addresses, properties, and land 

areas.16 The product is offered at three tiers, with increased number of records and greater levels 

of detail at each level: AddressBase; AddressBase Plus and AddressBase Premium. Table 5 

illustrates the different features provided at each tier. At the flagship level, AddressBase Premium 

offers 40 million records, served as points with a six-weekly refresh. Applications of OS 

AddressBase include: enabling faster fire crew response times (Ordnance Survey, 2018d), and 

assessing health service provisions (Ordnance Survey, 2018h).  

Table 5. How the different tiers of OS AddressBase compare 

 
AddressBase 

AddressBase 

Plus 

AddressBase 

Premium 

UPRN – basic analysis ✓ ✓ ✓ 

PAF Address – Royal Mail addresses ✓ ✓ ✓ 

PAF UDPRN – Royal Mail’s delivery 

reference system 
✓ ✓ ✓ 

Classification ✓ ✓ ✓ 

Local Authority Current Address ✗ ✓ ✓ 

Cross reference with third-party 

datasets 
✗ ✓ ✓ 

Alternative Addresses ✗ ✗ ✓ 

Lifecyle data ✗ ✗ ✓ 

 

Alongside to AddressBase, OS Code-Point provides the location of 1.7 million postcodes in Great 

Britain, with each unit containing around 15 addresses.17  Updated every three months, Code-

Point is created by taking the average of the coordinates of all the individual addresses in a 

postcode then snapping to the nearest of those addresses. In addition to point features, Code-Point 

is also available as polygons indicating the notional shape of every postcode unit. 

For boundary products, Ordnance Survey offers Boundary-Line which is updated twice a year. 

The product includes administrative boundaries such as civil parishes, counties, electoral 

divisions, and parliamentary constituencies. 

2.6.6 Data APIs 

In recent years, Ordnance Survey have moved towards ‘data as a service’ through its data 

application programming interface (API) products. These data APIs enables users to embed and 

use Ordnance Survey’s mapping data within their web or mobile applications. Currently, 

Ordnance Survey offers four APIs: 1) OS Maps API; 2) OS Names API; 3) OS Places API, and 

4) INSPIRE Address View. All four are RESTful APIs, returning XML, JSON and ZYX. For OS 

                                                      
16 https://www.ordnancesurvey.co.uk/business-and-government/products/addressbase-products.html  
17 https://www.ordnancesurvey.co.uk/business-and-government/products/code-point.html  

https://www.ordnancesurvey.co.uk/business-and-government/products/addressbase-products.html
https://www.ordnancesurvey.co.uk/business-and-government/products/code-point.html
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Maps and INSPIRE Address View, the Open Geospatial Consortium, Inc. Web Map Tile Service 

Key Value Pair (OGC WMTS KVP) is also supported (Ordnance Survey, 2018g). The APIs use 

the same underlying data as the digital products described above. 

2.6.7 OS OpenData products 

In November 2009, it was decided by Central Government that some Ordnance Survey data must 

be made available free to all, and including commercial reuse (Ordnance Survey, 2018l). As a 

response to this, OS OpenData was released on 1st April 2010 after months of public consultation. 

OS OpenData is a suite of free digital maps of Great Britain licensed under the Open Government 

License and is updated twice a year. As of 2018, the suite contains 12 mapping products, from 

base mapping to road networks to mapping green spaces, albeit at a lower resolution than their 

commercial offerings. (Ordnance Survey, 2018k). For example, the building footprints found in 

OS VectorMap District are more generalised than the outlines found in OS MasterMap. Central 

Government directly fund OS OpenData, with Ordnance Survey receiving £20 million per annum 

(Allen, 2015). An economic assessment of the OS OpenData initiatives concluded that it would 

deliver an estimated net increase of £13 million to £28.5 million GDP for Great Britain in 2016 

(ConsultingWhere and ACIL Tasman, 2013).  

One of the issues for Ordnance Survey in the past decade is the conflict between its traditional 

commercial business model and the rise of the open data movement. With the release of any free 

data, this directly competes with its commercial products. Further compounding the issue is that 

not only is Ordnance Survey a government-owned business, but central government is also its 

biggest single client, contributing 60% of its revenue. Further, high level Government budgetary 

decisions can have considerable trickle-down effects on product development strategy at 

Ordnance Survey, leading to instability and uncertainty. The latest example is the suggestion of 

‘opening up’ OS MasterMap – this is discussed in more detail later in Section 1.3.1. 

 

.  



 

 

 

 

 

 

 

CHAPTER 3 
IDENTIFYING POTENTIAL APPLICATIONS OF 

3D GEOGRAPHIC INFORMATION 

  



46 

 

  



47 

 

3.1 Introduction 

The following three chapters addresses the following research sub-question: 

What are the user requirements for 3D geographic information? 

The first of the three chapters includes a review of existing literature on the applications of 3D 

GI, providing a critical assessment of the benefits and limitations for each specific application. 

The review was conducted to understand the current and potential applications of 3D geographic 

information. By identifying the potential applications of 3D geographic information, it allows a 

better understanding of how 3D geographic information is used or could potentially be used. From 

a data producer perspective, the findings will help identify the importance of different 3D features, 

allowing the prioritisation of data capture efforts towards features that will benefit the users most. 

Like in 2D, any 3D dataset produced should be able to serve many applications that need 3D geo-

information. This will maximise the value for both the producer and the user of the product. The 

outcome of this review will also guide the selection of respondents within the user requirements 

gathering exercises in Chapters 4 and 5 as well as underpin the assessment of commercial 

opportunities in Chapter 8. 

Applications of 3D GIS are widely varied including support for mineral discovery, noise mapping, 

public rescue operations, ecological studies, and utility management (Zlatanova et al., 2002b). 

This chapter explores different scenarios where 3D geographic information is used. It includes 

existing and potential applications and explores the use of 3D GI through a series of case studies. 

For each application, the specific benefits, and limitations that 3D bring were identified.  

3.2 Methodology 

The main methodology was a literature review of existing applications of 3D geographic 

information. The main aim was to provide a critical assessment of the benefits and limitations of 

3D GI in specific applications. The findings derived from this part of research also provides a 

foundation for the user requirements gathering work in Chapters 4 and 5. 

At the first instance, the review included English language, peer-reviewed journal articles on the 

use of 3D GI in specific fields. These articles were identified through Google Scholar searches 

using the following key words or close variations: 3D geographic information, 3D GIS, and 3D 

city model. These keywords were used in conjunction with a list of potential applications. The 

applications selected were primarily based on potential applications identified in the literature 

(Blaauboer et al., 2012, Bonham-Carter, 2014, Forstner, 1995, Li, 1994, Raper and Kelk, 1991). 

One of the main challenges was the ‘fuzziness’ of terminology. While the focus of the review is 

on 3D geographic information, there are multiple inflections that are applicable, such as ‘3D city 

models’, ‘3D massing’, or simply ‘3D model’. It was therefore not always clear whether the 

application referred to the use of a geo-referenced 3D model, or a more general visualisation 3D 
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mesh. A snowball technique was applied for identifying further articles by exploring articles by 

the same authors and from inspecting the references. In order to produce a wider and more 

inclusive review, industry reports and other web resources were also included in some instances. 

It is recognised that the 18 applications selected for review represent a broad, but not exhaustive, 

sample of potential uses of 3D. 

3.3 Air quality and acoustic engineering 

3D GIS offers a methodology to assess the propagation and impact of noise and air pollutants 

(Stoter et al., 2008a). Ngo et al. (2014) justifies a change from 2D to 3D in an environmental 

impact assessment tool by its better presentation, data integration and collaboration capabilities. 

Pamanikabud and Tansatcha (2009) uses a combination of 2D and 3D GIS to visualise noise 

impacts of motorway traffic on nearby buildings. The results offer a clear, visual display of impact 

levels from roadway noise in the form of noise contour overlay, allowing for the inspection from 

multiple angles. Kurakula and Kuffer (2008) identifies that the material of a building is important, 

while other attributes such as texture are irrelevant to the analysis. Meijers et al. (2012) states that 

more detail is required closer to the source of the noise and less detail is required further away as 

they have less influence on the propagation of noise.   

Metral et al. (2012) explores the use of CityGML relating to an air quality model for sustainable 

urban planning. Air quality modelling can take advantage of the semantically rich representations 

of 3D city models to facilitate air flow simulations. Conversely, the results from the air quality 

modelling can be used to enrich the 3D city models. 

Ghassoun et al. (2015) also used CityGML-based 3D city model in urban particles distribution 

modelling and offered a comparison to a 2D-based land use regression model. Results indicate 

that 3D properties have significant impact on the spatial distribution pattern of urban particles 

distribution. It is suggested that semantic attributes in CityGML (such as building’s usage or 

localisation of a building’s entrance) can support even more accurate health estimations. 

CityGML-based 3D city models, however, still act as an incomplete input for analysis as it cannot 

store dynamic attributes, nor can it integrate with voxel representations. 

An et al. (2014) presents a method for 3D visualisation of microscale air quality using a 3D city 

model. The resulting visualisation provided an interactive and clear interface for visual analytics. 

Future work includes the integration with sensor networks for real-time visualisations and the 

representation of urban trees and vegetation which play a role as sources and sinks in models of 

aerodynamics and atmospheric pollutant concentration. Immersive visualisation and virtual 

reality could facilitate greater collaboration but may impede visual comparisons. 

As part of the EU Environmental Noise Directive (Directive 2002/49/EC), member States must 

prepare and publish, every 5 years, noise maps and noise management action plans for large 
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agglomerations, major roads, railways, and airports (European Commission, 2016). This has 

provided one of the main drivers for Kadaster, The Netherlands’ Cadastre, Land Registry, and 

Mapping Agency, to create a nation-wide 3D dataset ‘3D Map NL’ to address this. Kumar et al. 

(2017) describes an approach to automatically create input data for noise simulations in the 

Netherlands. Further details on the ‘3D Map NL’ dataset can be found in Section 2.2.4 and 

Chapter 6. 

On a smaller scale, specialists are now using 3D modelling to produce ‘auralisations’ – or 

simulated soundscapes – for concert halls, high-speed railways and other systems (Government 

Office for Science, 2018). This allows users to listen to possible options of acoustic design and to 

understand the effect of noise reduction measures for transport schemes. 

In summary, noise and air pollutant propagation is inherently a 3D problem currently solved in 

2D. The introduction of a 3D environment would allow for better visualisation, analysis, 

integration, and collaboration. 

3.4 Archaeology 

3D GI offers similar, but significantly improved, benefits to Archaeology over 2D GI. As with 

2D, the main applications of 3D include the documentation, mapping, reconstruction, 

visualisation and analysis of information detected during the field investigation process 

(Dell'Unto, 2014). The capacity for 3D data to increase perception of archaeological information 

and to support archaeological documentation is investigated in literature (Callieri et al., 2011, 

Dellepiane et al., 2013). The additional dimension enables for the experience of complex 

archaeological information in new ways, allowing users to describe and connect fragmented data 

in an immersive manner (Dell'Unto, 2014). The implementation of 3D allows for the production 

of digital referenced maps of on-going investigation activity on site and the possibility of non-

professional users to process the data, generating new archaeological information (Conolly and 

Lake, 2006). Examples of 3D Archaeology applications include the digital reconstruction of the 

Cyrene Treasury (Flaten et al., 2014), 3D modelling of the Abbey of Boudelo, Belgium (De Reu 

et al., 2014) and monitoring of an excavation at Uppakra using dense stereo matching systems 

(Dellepiane et al., 2013). For intra-site investigations, 3D also offers a means to communicate 

findings to non-expert users through a digital visual language beyond simply documenting 

phenomena (Dell'Unto, 2014). The nature of excavation implies depth and thus a third dimension 

which 3D GIS is designed for (Katsianis and Tsipdis, 2005). 

There are clear benefits to 3D GI in the use of Archaeology, but a number of barriers still exist. 

Dell'Unto (2014) identifies four main obstacles: 1) the lack of technical competences in specialist 

3D software; 2) the lack of interdisciplinary language to bridge researchers between technical and 

humanistic disciplines; 3) the technical limitations of software and hardware and; 4) the absence 

of infrastructures to host and present the results of the research activities. The obstacles identified 



50 

 

above have also led to difficulties in integrating 3D models with other information sources 

acquired during the documentation process (Dell'Unto, 2014). Harris and Lock (1995) identified 

that there is a disjoint between GIS methodologies and archaeological theory – it is seen by some 

as a neutral and uni-dimensional representation of the world devoid of social meaning that is 

different to the way it is experienced or understood via archaeological research (Harris and Lock, 

1995). A shift in 3D GI interests to align to embodying specific archaeological methodology 

issues is suggested in order for the successful incorporation of 3D and Archaeology (Katsianis 

and Tsipdis, 2005).  

Ultimately, one of the most important dimensions in the context of Archaeology is time. As such, 

De Roo et al. (2017) suggests a 4D archaeological GIS that integrates 3D representations with 

time. A prototype 4D system was developed using the Cesium. 

In summary, 3D GI provides archaeological investigations with a means to communicate and 

visualise information and research to a larger community of researchers and non-expert users. It 

allows for easier connection between fragmented information and provides context to 

excavations. While there are a number of barriers to overcome, 3D models are increasingly 

integrated into the framework of the interpretation process for archaeological investigations. 

3.5 Cadastre and land management 

A cadastre is an official record of the dimensions and value of land parcels used to record 

ownership (ESRI, 2015b). Driven by cartography and tax assessment purposes, GIS is used to 

help different government authorises to manage registers of real-estate, digital parcel maps, digital 

cadastral indexes and certificates of title (Elfick and Hodson, 2006). 

Increasing pressures on our urban environment has resulted in the development of infrastructure 

and buildings above and below the surface of the earth leading to the ever complex interweaving 

of dwellings, commercial areas, public transportation and urban utilities (Ying et al., 2012, Karki, 

2013). As buildings become more complex, challenges are presented in the presentation and 

management of cadastral objects in two-dimensions. 2D cadastral maps are unable to present an 

interpretation of height, mixed or overlapped zoning or underground land uses. This has led to 

the rise in the use of 3D cadastres. 

3D cadastre allows for the recording of property located above and below each other. The 

introduction of 3D GI to represent 3D cadastre poses a number of problems in presentation, 

management, visualisation, the handling of spatial relationships, and the correct attributions of 

rights, restrictions and responsibilities (Ying et al., 2012). Ying et al. (2012) discusses the 

technical issues surrounding 3D GIS for 3D cadastre in the context of urban environments.  

Firstly, there are issues in 3D representation. As physical entities may not completely fill the 

cadastral space, there is a choice in defining the legal space or the physical space. Further, the 
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derivation and construction of 3D data could be from 2D surveyed points, lines and faces or from 

BIM models although both lead to a level of vagueness. Secondly there are issues with topology 

and data quality. The requirements for a full topological model for the 3D cadastre are discussed 

in Ying et al. (2014). Further Ying et al. (2012) stresses the need to validate the 3D models for 

closeness and interior connectivity.  Lastly, issues surrounding the implementation of practice of 

3D are highlighted, including the integration with existing 2D cadastres and the sharing of 3D 

data. 

Karki (2013) investigates the institutional and technical issues of 3D cadastre developments 

across Australia, with a particular focus on Queensland. A survey of eight cadastral jurisdictions 

was carried out to understand the current status of 3D cadastre implementation. Six key results 

were identified: 

1. Legislative framework for all cadastral jurisdictions were found to be adequate, 

supportive, and encouraging of the implementation of 3D cadastre; 

2. Policies, standards, and procedures were also found to be supportive but variable; 

3. Operational arrangements to support survey plan transactions were also found to be 

adequate and could be extended to a full 3D cadastral implementation in the future; 

4. Queensland registered 3D rights in a similar way to 2D; however, it was found that 3D 

data could not be stored in the existing cadastral database as a 3D object; 

5. Specific geometric representations are yet to be finalised, however, the current practice 

of creating 3D objects through surface triangles has enabled the representation of 3D 

objects on paper plans. 

6. The development of a 3D specific database and corresponding validation rules in the 

future will assist in the full implementation of 3D cadastre in Queensland and other 

jurisdictions. 

It shows that there are legal and administrative issues to overcome alongside technical problems 

before the full implementation of 3D cadastral systems. 

From a usability perspective, Pouliot et al. (2013) investigated the usefulness of different 3D 

visualisations. Six notarial visualisation tasks were tested with thirty visual solutions (by changing 

colour value, texture, position, and transparency). The authors conclude that colour was most 

useful, with transparency being helpful in many cases. However, confusion can arise when too 

many 3D geometries were viewed simultaneously. Similarly, Shojaei et al. (2013) investigated 

the visualisation requirements for interactive 3D cadastral systems through reviewing literature 

and consultative workshops with industrial partners. The authors identified a number of 

requirements for cadastral features (e.g. underground view, cross-section view), visualisation 

features (e.g. interactivity, transparency), and non-functional features (e.g. System integration and 
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interoperability). Continued work is required on developing a data specification for cadastral data 

in a 3D visualisation system.    

Dalmau et al. (2014) highlighted the benefits of 3D cadastral databases in relation to urban 

planning. It is argued that the visual representation of data allows the exploration of complex 

datasets and can improve collaboration between urban planning teams. A large amount of 

complex heterogeneous structured data can be visualised in 3D, allowing for the discovery of 

patterns and convey information not possible in 2D. 

From academia to practice, Stoter et al. (2016a) describes the first 3D cadastral registration of 

multi-level ownership rights in the Netherlands. The end-to-end process from securing the 

ownership rights to registering a deed containing a 3D visualisation for a new city hall and railway 

station was documented. Further work is required on investigating questions on the legal status 

of the 3D drawing, establishing minimum requirements for 3D and issues of maintaining the 

underlying 3D data. 

In many instances, although the use of 3D may offer additional functionality, it can also incur 

additional overhead costs over a traditional 2D survey. Ellul et al. (2016b) proposes s crowd-

sourced web-based application as an economic alternative to collect 3D cadastral information. 

In summary, 3D offers cadastre and land management an effective way to visualise, manage and 

store 3D information. It assists planners in important decisions for future urban in complex, 

underground and vertical applications and potentially reduce disputes in property boundary and 

land space. In the future, the support of 3D functionalities such as 3D buffer analysis and 3D 

conflict detection should complete the requirements for 3D cadastres (Ying et al., 2012). 

3.6 Emergency services 

Emergency services are public organisations that deal with crises when they occur. There are five 

main services including: 1) Law enforcement; 2) Fire and rescue services; 3) Emergency medical 

services; 4) Emergency management, and; 5) Public works. Geographic information and GIS 

contribute towards management efforts for disaster preparedness, mitigation, and response 

(Gunes and Kovel, 2000). Despite the benefits of 3D being an effective communicator of 

information, most applications currently use 2D data. There are, however, on-going efforts 

investigating the use of 3D for emergency services and management.  

One particular use of 3D data is in disaster simulations. Wu and Chen (2012) investigated the use 

of 3D spatial information for fire-fighting search and rescue route analysis within buildings. By 

using a 3D geometric network model, the shortest safe route within a building which minimised 

the time required to search for potential victims can be calculated. Willenborg (2015) explored 

the use of CityGML city models to simulate explosions in urban space and to predict the risk to 
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structures and people. Similarly, 3D models can be used to simulate and assess terrorist sniper 

hazards (VanHorn and Mosurinjohn, 2010) 

Another, more active use of 3D, is for real-time information management in a disaster scenario. 

Kwan and Lee (2005) investigated the potential of real-time 3D GIS to facilitate quick emergency 

response to terrorist attacks on multi-level structures. In this instance, 3D is useful for representing 

the internal structure of the buildings and for navigating within the multi-level structure under 

emergency conditions. Kang et al. (2017) similarly investigated the benefits of 3D information 

for real-time decision making, but in the context of an earthquake response. Further information 

on data-driven spatial decision support systems for emergency management can be found in Wang 

et al. (2017). 

In summary, 3D is useful for specific tasks in emergency response such as simulation, localisation 

and reachability analysis (Kolbe et al., 2008). It must be up-to-date and have flexible access to be 

useful in the context of emergency response (Zlatanova and Holweg, 2004). 

3.7 Forestry 

Forestry is one of the few 3D applications not focused on the reconstruction of buildings. In 

forestry, 3D allows for volumetric calculations, providing valuable decision support for forest 

managers in inventory analysis and management (Hill et al., 2014). Canopy height measurements 

obtained by remote sensing has a strong correlation with the height and density of vegetation thus 

is proportional to biomass and timber volume of the forest (Treuhaft and Siqueira, 2000). Rahlf 

et al. (2014) examines the accuracy of four different remotely sensed 3D data sets to calculate 

timber volume estimations over large areas of forest in southern Norway. Similarly, Hill et al. 

(2014) uses LiDAR-based canopy height models to provide auxiliary information for timber 

volume calculations. He et al. (2013) also use remotely sensed data to calculate 3D volume, but 

interestingly addresses urban forests. Buecken and Rossmann (2013) goes further by offering a 

fully automated approach in delineating single trees within remotely sensed data for the 

generation of ‘virtual forests’. Beyond volumetric calculations, 3D GIS also enables 3D 

visualisation studies (Peng et al., 2012, Krooks et al., 2014). 

In summary, forestry applications inherently have two 3D-oriented applications, volumetric 

calculations, and 3D visualisation. 3D geographic information systems are used to visualise 3D 

data such as LiDAR and are integrated as a component of decision support systems (Wang et al., 

2014b). 

3.8 History and heritage 

Two particular applications of 3D GIS are prevalent for history and heritage: digital museums 

and documentation. Nakaya et al. (2010) utilised 3D GI to create a digital diorama of the past, 
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present, and future of the historical city of Kyoto. The virtual geographic environment contained 

geotemporal-referenced 3D models of cityscape elements from different eras and was used as a 

digital museum to promote humanities studies on the arts and culture of traditional Kyoto. The 

potential use as an information environment to discuss future city planning activities (such as 

landscape policies or damage due to disasters on historical landscapes) were also considered.  

In a similar context, Dell’Unto et al. (2015) uses a 3D GI and 3D acquisition systems to document 

the city of Pompeii. The intention was to collect data in the same geo-referenced environment, 

interconnect 3D models with the project website and use the third dimension as a further analytical 

field of investigation in the form of spatial analysis and cognitive simulation. The purpose here is 

to provide an interpretative framework which takes advantage of technology yet partially satisfies 

cognitivist archaeologists with a more ‘sensual’ and interpretative approach. 

Dore and Murphy (2012) also documents cultural heritage sites using 3D GI but explores the 

potential of integrating existing frameworks (BIM and CityGML) to manage the data. The aim is 

to bridge the gap between CAD modelling and 3D GIS in order to exploit the capabilities for 

semantic modelling and analysis.  

Lezzerini et al. (2014) uses 3D laser scanning and GIS to create a thematic map of the stonework 

of the façade of St Nicolas Church in Pisa, Italy. 3D GI is seen as an efficient and relatively 

inexpensive educational tool to disseminate geo-archaeological information. It allows for the 

digital preservation of cultural heritage and support potential architectural and archaeological 

study of historical artefacts. 

Themistocleousa et al. (2016) leverages the use of unmanned aerial vehicles (UAVs) and 

Structure in Motion techniques to generate a 3D model of a church in Cyprus. The methodology 

described provides an accurate, simple, and cost-effective method for documenting cultural 

heritage sites in comparison to tradition approaches. 

In summary, heritage applications benefit from the use of 3D, whether CAD or GIS. Data capture 

techniques such as 3D laser scanning allows for accurate reconstruction which can then be 

visualised in 3D GIS. Additional 3D geographic data may provide context, but the main 

application is for visualisation and the sharing of information. 

3.9 Infrastructure and transport 

Geographic information is used to manage infrastructure and transport at both a strategic and local 

level (Loidl et al., 2016). Often coupled closely with urban planning, geographic information can 

be used to model transport accessibility (Ford et al., 2015) to road traffic noise mapping (Cai et 

al., 2015) to analysing traffic accidents (Cantillo et al., 2016). 
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Many of these analyses can be extended to 3D. Lu et al. (2017) describes a complete traffic noise 

analysis based on CityGML. A semi-automatic solution was proposed to calculate traffic noise 

and annoyance levels, with the results presented as a 3D map. Deng et al. (2016) incorporates the 

use of BIM and 3D GI in order to combine traffic noise evaluation in both outdoor environments 

and indoor environments in a single platform. 

Beyond traffic noise, 3D can be used to manage roads. Gristina et al. (2016) investigates the 

potential of a 3D road cadastral system. The findings showed that 3D is useful for documenting 

road structures such as culverts, retaining walls, drainage works and bridges.  Despite the 

potential, there is still little research on how to best model and represent modelling street spaces 

in 3D (Beil and Kolbe, 2017). 

3.10 Insurance 

The use of geographic information for natural disaster and severe weather mitigation are in two 

parts: for real-time disaster response systems and for the mitigation of hazard risk (Coppock, 

1995).  For the former, Kim and Youn (2014) outlines an IT-based volcanic disaster response 

system which uses 2D, 3D and 4D as a visualisation user interface. The system has integrated a 

decision support system, a disaster prediction database and integrated damage prediction system. 

The disaster response system developed can monitor and visualise a diverse array of processes 

which is expected to minimise damage from volcanic disasters. 

Patel et al. (2014) outlined an emergency response system, but for tsunamis and tsunamigenic 

earthquakes. The use of a 3D GIS and 3D coastal map to visualise each building’s tsunami risk 

improved the decision makers understanding of the disaster level. It allows for the disasters to be 

simulated from different angles, helping users to comprehend the situation in more detail with 

less cognitive effort. This should allow for population, ports, jetties, estuarine areas, and river 

deltas to be properly protected through mitigation and disaster management. 

Tiwari and Jain (2015) looks at disaster management generally and identifies that current 2D GI 

were inadequate in analysing rapidly changing 3D dynamic disaster phenomena. The perceptions 

of decision makers tasked with dealing with natural hazards are highly influenced by the way it 

is visualised and the use of 3D significantly reduces the cognition effort required to interpret the 

situation. This should improve the efficiency of the decision-making process. The authors outline 

a complete architecture for 3D GI-based disaster management system and proves its suitability as 

a platform for disaster management and mitigation system. 

Amirebrahimi et al. (2015) presents a method for BIM-3D GIS integration to support the 

requirements of a detailed flood damage assessment. Such micro-level FDA analysis allows the 

analysis of the effects of flooding on buildings on a case-by-case basis. By considering the 

distinctiveness of buildings, the assessment is particular useful for applications such as 
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engineering and design evaluation. GIS and BIM cannot satisfy the information requirements for 

detailed FDA alone, but the integration of both can facilitate this methodology. 

In Leeds, UK, a combination of models for city-wide river and drainage systems were applied to 

a virtual 3D model (Government Office for Science, 2018). This enabled conceptual designs for 

£50 million of new flood protection infrastructure to be digitally tested, enabling discussions 

between politicians and stakeholders, and helping support grant and funding applications. 

In summary, the application of 3D GIS is predominantly for visualisation. It allows for effective 

communication to decision makers and allows the comprehension of natural disaster situations 

with less cognitive efforts. The integration of addition 3D data sources such as BIM could provide 

further detailed analyses which could be beneficial to engineering and design applications. 

3.11 Navigation and routing 

Initial requirements for navigation using 3D GI have been identified (Musliman et al., 2006) but 

require refinement. The majority of navigation applications which uses 3D GI are focused on the 

indoors (Koch et al., 2014, Retscher and Obex, 2014, Atila et al., 2014, Ortakci et al., 2014). With 

the advancement of construction technologies, buildings are becoming increasingly complex to 

manage and navigate. 3D models therefore provide a way to understand and interpret these 

complex indoor spaces. While GPS provides locational information outdoors, the weakness of the 

signal within buildings means alternative locating strategies must be used indoors. Existing 2D 

GI indoor navigation examples utilise RFID technology (Candy, 2007), NFC (Hammadi et al., 

2012), Bluetooth (Cheung et al., 2006) and Wi-Fi networks (Pritt, 2013). Retscher and Obex 

(2014) expands on the use of RFID tags by applying it in an emergency situation context whereby 

the response team are able to navigate using an augmented reality application on a head-mounted 

display. Dead reckoning trajectories can also be performed if a detailed 3D GIS exists and 

provides a guidance system for underground emergencies. Koch et al. (2014) also applies 3D in 

the context of AR but uses a series of natural markers and an inset 2D map to digitally support 

facility managers in navigating to and perform maintenance and repair actions. Atila et al. (2014) 

identifies the current lack of implementation of 3D network analysis and navigation for indoor 

spaces in respect to evacuation. A 3D GI decision support system was developed using CityGML 

format for visualisation and Oracle Spatial to perform analysis on a network model. The proposed 

GUI provides shortest path calculations using voice commands and visual instructions. Ortakci et 

al. (2014) similarly implements a thin client on a smart phone device coupled with Oracle Spatial 

to perform network calculations.  The difference here is that the visualisation is not truly 3D, but 

rather a series of photos streams from the server via HTTP protocols.  

There are a number of outdoor navigation applications in 3D. Tavares et al. (2009) uses 3D GIS 

modelling to optimise municipal solid waste collection to minimise fuel consumption by 

considering road inclination and vehicle weight. For the Praia city region, the 3D model that 
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minimised fuel consumption yielded cost savings of 8% as compared with an approach that 

simply calculated the shortest 3D route. For the Santiago Island case, a 12% fuel reduction for a 

similar total travel distance using the 3D model. It is recommended that 3D modelling is used, 

rather than 2D, in areas where significant road gradients exists. Peng et al. (2009) uses a 

combination of laser scanner data, gyroscope, GPS, and 3D city model to navigation intelligent 

vehicles in an urban area. The use of a laser scanner and 3D GI mitigates for the satellite mask 

issues in urban environments. 

Several limitations and research issues must be overcome before the full implementation of 3D 

GI for navigation. From a technical perspective, there are still outstanding issues with positioning 

techniques. For outdoor positioning, GPS has good accuracy in open space environments, but is 

known to have problems in urban canyons (Groves, 2011). As the direct line-of-sight to the 

satellites are blocked by tall buildings or narrow streets, only a degraded position from reflections 

can be obtained, if at all (Viandier et al., 2008). A solution proposed by Groves (2011) combine 

GNSS with 3D GI where position is determined by comparing measured and predicted signal 

reception. For indoors, there are several technologies which vary in cost of implementation and 

accuracy (Hammadi et al., 2012). Bluetooth and RFID tags offer good accuracy but possess a 

short range and has a high cost. Other technologies such as Wi-Fi offer less accurate results or 

does not offer real-time positioning, such as NFC tags. There is also a need for accurate automatic 

building interior reconstruction of geometric and semantic attributes as manual generation is a 

time-consuming process that requires expert knowledge (Tang et al., 2010, Gonzalez-Aguilera et 

al., 2012, Díaz-Vilariño et al., 2014). 

From a conceptual perspective, there is a need to derive good quality navigable 3D geometric 

network models from 3D data models (Luo et al., 2014). Although BIM and CityGML have been 

developed to represent 3D semantic and geometric models, there is a limited capacity to represent 

the network topology. Further, there is also a need to define the geometric and semantic 

requirements of 3D datasets specific for navigation. It is recognised that navigation is a largely 

visual exercise where landmarks provide the most dominant navigational cue (May et al., 2003). 

Buildings which are uniquely shaped, with a stable spatial location closest to the route and which 

are located at junctions and key decision points are most salient to the user (Satalich, 1995, Miller 

and Carlson, 2011, Chan et al., 2012). These concepts must be reflected within the 3D dataset to 

ensure good usability. From a level of detail perspective, phenomena which are closer should 

therefore have more geometric and texture detail than those which are further away. The 

generalisation on the 3D objects carried out here should also address performance issues in 

rendering on mobile devices (Ellul and Joubran, 2012, Ellul and Altenbuchner, 2014). Beyond 

geometry, Arendholz and Becker (2015) outlines a framework to incorporate cognitive concepts 

in defining semantic requirements. By considering how people comprehend and structure space, 

the framework should help developed include the require attributes to the semantic classes of 
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CityGML, IFC or KML models. In addition Oulasvirta et al. (2012) identifies that textures provide 

important navigational cues when buildings lack salient geometric features, though at the expense 

of increased memory usage and processing power required. 

Wider applications can be found in GNSS positioning for navigation. In particular, the use of a 

3D city model to predict the blocking and reflecting of GNSS signals in order to improve 

positional accuracy (Steed, 2004, Miura et al., 2015, Groves, 2011, Groves et al., 2012, Wang et 

al., 2013). Open issues remain, however, on the impact of 3D data quality on improving GNSS 

performance (Ellul et al., 2016a). 

In summary, once the technical and conceptual issues are addressed, navigation offers a promising 

real-world application for 3D GIS  

3.12 Smart cities 

The concept of a smart city is the ‘effective integration of physical, digital and human systems in 

the built environment to deliver sustainable, prosperous and inclusive future for its citizens’ (BSI, 

2014). More loosely, it is the use of sensors and digital technologies to make cities more resilient 

and better able to respond to challenges. Underpinning all these processes is location.   

3D geographic information can offer the location framework that is required to integrate the many 

different sources of Smart City data, from air quality to traffic to noise (Metcalfe et al., 2017). 

More specifically, 3D semantic city models can be used to incorporate information on a city’s 

operation, assets and environments (Chaturvedi and Kolbe, 2016). 3D can be used to conduct 

urban energy analysis (Wendel et al., 2017), optimising the positioning of surveillance cameras 

(Jun et al., 2017) and waste management (Medvedev et al., 2015). 

In response to the drive towards Smart Cities, several cities have produced 3D models as a 

framework to organise and manage the increasing amount and richness of geospatial information 

(Department of Information Technology, 2014, Nicholls and Kruimel, 2017, Smart City Taipei, 

2015). Further details on these datasets are described in Chapter 6 and Appendix I. 

3.13 Solar 

Within the solar sector, geographic information is used primarily within urban environments 

where solar radiation is unevenly distributed due to effects of overshadowing. There have been 

many different methods of modelling PV potential (Kaku and Potter, 2009, Rae et al., 2009, Tsai, 

2010, Hofierka and Zlocha, 2012, Catita et al., 2014, Erdélyi et al., 2014, Liang et al., 2015) but 

for an urban environment, topography is arguably the main constraint on solar irradiance. 

Quantifying building surfaces is essential for predicting the reduction in solar radiation 

availability and therefore the potential for solar energy use (Freitas et al., 2015). Radiation 

algorithms, coupled with GIS tools, provide a method to evaluate these effects, providing solar 
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yield estimates which can be used to help optimise the positioning, select the right solar 

technology and quantify financial benefits of installing solar systems (Wong, 2012, Google, 

2015). For roof-top systems, physical constraints include roof properties including area, pitch, 

and orientation, and also overshadowing from nearby buildings. 

Solar presents an interesting case for 3D. As almost all solar systems are roof-top based, the roof 

geometry and structures are required in detail during the analysis. Conversely, façade detail such 

as windows and doors are of less importance. The effects of overshadowing also place an 

importance for the inclusion of vegetation and other structures beyond buildings within an urban 

environment.  

For the current state of the art solar energy models, the main geographic information inputs are 

2.5D LiDAR point clouds (Kassner et al., 2008, Jochem et al., 2009, Carneiro et al., 2010, 

Redweik et al., 2011). Although the input data is the same, the models employed vary in 

sophistication. Kassner et al. (2008) extracts the roof geometry from segmentation according to 

slope and inclination and is used to calculate self-shading in the model. Carneiro et al. (2010) 

developed a 2.5D urban surface model for the city of Geneva allowing for data query of the solar 

energy potential results at the façade or total building level. Jochem et al. (2009) added the use of 

mobile laser scanning (MLS) survey data, as well as considering the effects of cloud cover and 

shadowing by nearby objects. The presented method detected roof planes in the 3D point cloud 

with 94.4% completeness and 88.4% correctness. Redweik et al. (2011) presents a local-scale 

solar radiation model but notes that at the input level, LiDAR data also presents limitations. By 

comparing against the footprints of buildings, the detected facades showed errors in facades very 

close to each other, attributed to the multi-path effects of the LiDAR survey. 

Freitas et al. (2015) review of modelling solar potential in the urban environment highlights the 

following technical challenges. Where models are basic, slope and aspect are excluded, leading 

to a critical limitation. Flat surfaced models may also exclude roof structures such as chimneys 

and air-conditioning units. Vegetation is also simplistically considered as solid shadow casters, if 

considered at all. Further work is required in the representation of trees and the ability for light to 

pass through their canopies. These omissions to the data reduce the accuracy of the results of the 

solar potential analysis. Peronato et al. (2016) uses LiDAR to model vegetation and assess its 

impact on façade solar irradiation. Vegetation, however, were modelled as 3D convex hulls, 

representing the most extreme scenario (e.g. opaque trees). Despite this, the approach can provide 

a better understanding of uncertainties due to vegetation in the assessment of solar irradiation in 

the urban environment. 

Despite the progress in 2D solar mapping and the adoption of 3D in solar potential analysis is yet 

to reach its consensus (Freitas et al., 2015). While the above applications show promise within 

the academia, the benefits of using 3D must be weighed against the cost of the associated map 
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development in the real-world. It may not be practical or commercially feasible to implement 3D 

GIS with solar potential analysis and existing procedures which do not use 3D may be hard to 

replace (Wong, 2012).   

3.14 Subsurface applications 

3D GIS provides the benefit of a height attribute, but also the benefits of depth. While existing 

2D GIS subsurface applications may contain a depth attribute, these are limited to single-z values 

per coordinate, or 2.5D. The use of true 3D geological modelling allows the reduction of 

uncertainties associated with geotechnical models of shallow subsurface areas (Dong et al., 2015). 

3D models provide more accurate prediction of geological parameters, more information on 

subsurface geology, a greater capacity to store and represent geotechnical properties and are easier 

to interpret (Dong et al., 2015). 

Payne et al. (2014) demonstrates the benefits of 3D modelling over 2D in the context of tin mining 

in Khartoum, Australia. Initial 2D prospectively modelling was limited as regions of known tin 

were not identified. To rectify this, a 3D geological model was created and incorporated into the 

2D prospectivity model of the region. Where 2D mineral occurrence data gave an efficiency 

prediction value of 76.6%, the 3D modelled data had a prediction value of 87.0%. The resulting 

3D model highlights the previously missed known areas of tin and increased the predictive 

efficiency of the model.  

Beer et al. (2015) created a 3D subsurface model for the municipal area of Straubing, Germany 

using a combination of drilling data, construction pit protocols and official data. The 3D 

geological map was created from 431 cross sections and is intended to analyse the impact of 

geology on urban planning. The benefits of 3D and a volumetric model include the dimensioning 

of site facilities for groundwater protection and to calculate excavation material. It is also 

suggested that the 3D model may be used to locate shallow geothermal energy in the future. 

The British Geological Survey (BGS) has been an exponent in 3D geological models. Over 100 

3D geological models across the UK and overseas has been created by BGS in the past decade 

using software such as GOCAD, GSI3D, EarthVision and Petrel (Terrington et al., 2013). These 

models are created for a variety of purposes, scales, and resolutions in shallow and deep 

subsurface. BGS also disseminates these 3D models to external partners and the public in a 

number of formats18. It is noted, however, that existing 3D visualisation tools have limitations 

and there is not one outstanding delivery method thus BGS offers 3D data in multiple formats to 

cover all user requirements. The intention is to engage users with 3D geological information and 

encourage the use of advanced 3D functionality to gain a better understanding of the subsurface. 

Beyond software and format issues, there are also problems relating to the 3D interpolation of 

                                                      
18 BGS predominantly offer 3D geological models in 3D PDFs, KMZ/KML and 3D shapefiles 
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borehole data. In other countries such as Norway, similar efforts are underway to expand the 

geospatial data infrastructure to include 3D data as the same level as 2D for geological mapping 

(Jarna et al., 2015). 

In summary, 3D is inherently useful and established in subsurface applications. It provides 

additional information that may not be identified in 2D. 3D GIS provides a means to manage, 

store and interrogate the data collected although technical issues in software, formats and 

integration has limited its use. 

3.15 Urban planning 

As urban planning move towards 3D, there is a need to identify the benefits gained over 2D. 

Herbert and Chen (2015) provides a comparison of usefulness of 2D and 3D representations of 

urban planning. A 3D representation of proposed building was tested through a survey and an 

interview. The findings show that the benefits of 2D or 3D are dependent on the types of planning 

tasks undertaken and is difficult to use in isolation. 

Line of sight and visibility analysis form a large function within urban planning. Czynska (2014) 

explored the use of 3D virtual city models to analyse the effects on existing city skylines from tall 

buildings. Methods of visual impact range, view range and view angle analyses were discussed 

and have been successfully implemented in the planning process to protect old city skylines when 

erecting new tall buildings. Yang et al. (2007) also explores the use of 3D visibility analysis in 

urban space, using Singapore as a test case showing that 3D visibility metrics were more effective 

than 2D metrics of visibility. 

Planning and detailed design utilised 3D visualisation for aesthetic considerations of landscape 

as well as daylight and line-of-sight (Shiode, 2000). 3D visualisation is not limited to outdoors, 

but can support indoor location planning as well (Zhou et al., 2015).  

Lu and Wang (2014) describes a CAD system based on 3D GIS for park design. It allows 

designers to visualised but also analysed by 3D GIS query, browsing, statistical analysis, contour 

generation, viewshed analysis and path analysis.  

Amorim et al. (2012) also developed a method to assess the suitable of a space as recreation area 

for public use. The focus, however, was on the analysis of wind comfort using a 3D virtual 

simulation of the area. The results show a very complex wind flow in an urban canyon affected 

by the surrounding architectural characteristics. The orientation of the canyon relative to the 

prevailing wind direction, its configuration, the presence of tall buildings in the edge of the avenue 

and absence of trees contribute to a swirling flow which increases in speed along its length.  

Yu et al. (2007) takes a different approach to view and seeks to quantify it for valuation purposes 

using 3D GIS and regression analysis. The result provides an estimate of the value of views in 
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high-rise apartments in Singapore. Results show that unobstructed sea view will add an average 

premium of 15% to the property price. Further applications include simulation exercises to 

maximise the sea view of redevelopment projects.  

Ahmed and Sekar (2014) outlines a method to use 3D volumetric analysis to assist in urban 

planning processes. The integration of land use, building use, height with floor space index, water 

distribution network and wastewater network can substantially improve the planning of an urban 

space and support the decision-making processes. The application of 3D volumetric analysis 

enabled enhanced analysis by integrating multiple physical and social infrastructure parameters. 

Superior analytical capabilities and flexibilities are required, however, to successfully integrate 

them into everyday planning process. 

In a recent Government report on modelling for the built environment, it was stated that the use 

of 3D in design has made it possible to visualise an asset before it is built, offering considerable 

benefits in ‘clash detection’ (Government Office for Science, 2018). A significant misconception 

is noted – although the visualisation is often thought of as the model, ‘it is actually the underlying 

data that play a crucial role in the model, and the value of the data goes far beyond the visual 

rendering’ (Government Office for Science, 2018). 

In summary, 3D GIS has multiple applications in urban planning from 3D visualisation to 

visibility analysis to volumetric analysis. The benefits of 3D are clear, although there needs to be 

better 3D analytical capabilities, hardware and technical skill before a full implementation is 

possible. 3D has its uses, but it must be used in conjunction with 2D, dependent on the planning 

task undertaken. 

3.16 Utilities 

Public utilities or utilities can refer to both the services and the managing organisation including 

electricity, natural gas, water, sewage, telephone, and transportation. As many utilities are 

underground, it is critically important to accurately locate these utilities for planning and 

development purposes. A study by Makana et al. (2016) estimates a utility strike incident in the 

UK can have a direct cost of £1,000, with a true cost of £29,000 (when considering the indirect 

and social costs). The authors further note that one the main causes were hard-to-read and poor 

quality statutory drawings, used for active service identification. 

To reduce and mitigate these costs, there needs to be a more accurate and effective way of 

capturing, storing and communicating the location of utilities. Tabarro et al. (2017) explores the 

use of a 3D model and web GIS to support the use of ground-penetrating radar to survey existing 

utilities. Liu and Issa (2014) proposes the integration of GIS and BIM to manage sub-surface 

pipelines.  
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Not all utilities are underground, however. Ordnance Survey (2018o) are part of a wider project 

for the national rollout of 5G technology (the next generation of wireless communications) in the 

UK. Specifically, Ordnance Survey are investigating the use of a ‘digital twin’ to help model and 

simulate signal propagation. The result is a classified 3D point cloud that allows the investigation 

into potential antennae locations. 

3.17 Virtual reality and augmented reality 

Loosely, virtual reality (VR) describes computer-generated 3D environments which can be 

interacted and explored by a person. Augmented reality (AR) is the superimposition of a digital 

representation onto the real-world, creating a composite view. 

Despite experiencing a surge in popularity in the recent years, virtual reality has been around for 

nearly 100 years (Flores-Arredondo and Assad-Kottner, 2015). One of the first systems was 

Morton Heilig’s ‘Sensorama Simulator’, created in 1962 (Steed, 1993). The arcade machine 

provided the sensation of riding a motorcycle through Brooklyn. Research into the combining 

virtual reality with GIS has also been around for nearly 20 years (Haklay, 2002, Williams, 1999). 

Boulos et al. (2017) presented a review of the different applications of VR in conjunction with 

GIS. The authors conclude that the rapid developments in computer technology are enabling new 

applications for virtual reality GIS. Systems are increasingly able to handle real-time and highly-

integrated 3D visualisations of big data. Beyond visualisation, Shen et al. (2014) suggests the use 

of cloud-based virtual reality to provide an immersive online collaboration environment for urban 

planning. The study focused on the use of three tools: VR-Cloud, Google Earth and 3DVIA. It 

concludes VR technology does support design coordination and communication from a technical 

standpoint although there is much to be done before full implementation. 

Similarly, augmented reality techniques combined with GIS can offer a wide range of 

applications, from visualising landscapes (Ghadirian and Bishop, 2008), to architectural 

applications (Guo et al., 2008), to aiding novice drivers (Rane et al., 2016). The use of augmented 

reality GIS is not only limited to work: the release of Pokémon Go in 2016 demonstrated the 

potential for combing location-based services with AR for health and play (The Pokémon 

Company, 2016).  

The requirements for VR and AR are two-fold. Firstly, 3D GI can provide the input geometric 

data that VR and AR require for visualisations. One of the main technical challenges that (Boulos 

et al., 2017) identified for VRGIS is the difficulty in creating the large amounts of geometric data 

required, especially for detailed urban environments. Semi-automatically generated 3D GI from 

remotely-sensed sources could provide a key input to meet this challenge. Secondly, beyond 

visualisation, an accurate 3D model can contribute towards effective positioning and tracking. 

This is especially pertinent in the case of AR. In particular, knowledge of the underlying geometry 

of the scene can help solve the problem of finding the camera position and orientation (also known 
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as the pose estimation problem). For casual applications (e.g. mobile gaming), standard vision-

based positional tracking is sufficient. However, for AR applications which require information 

to be delivered at a very specific location (e.g. location-based services), a model of the real objects 

in the scene can aid the correct 3D registration of an existing image or information (Pagani et al., 

2016). Pagani et al. (2016) uses the example of an AR city tourist guide location-based service, 

whereby GNSS information can provide the initial coarse location but an accurate 3D city model 

would be used for the final positioning and registration. Crucially, for AR applications, 3D GI is 

able to provide additional functionality over 3D meshes in the form of semantic information. For 

example, an AR tourist guide for London can derived associated semantic information (relating 

to specific pieces of geometry that is augmented), such as date of construction, name of landmark, 

or opening hours.  

3.18 Web and mobile 

In the last twenty years, the Web has undeniable changed the way we do things – from our work 

to communicating with friends to food shopping, we are increasingly reliant on the Web’s 

seemingly limitless resource for personal connection and exploration (Kiesler, 2014). GIS is no 

exception, with recent developments showing a general movement towards web-enabled GIS 

(Abdul-Rahman and Pilouk, 2007). The emergence of Web sites to Web services, spatial 

applications on the Web are increasing (Fu and Sun, 2010). Further, Web-connected smartphone 

mobile devices are providing ubiquitous access to these spatial applications with the advent of 

mobile graphics processing units (Akenine-Moller and Strom, 2008, Capin et al., 2008). 

The Web has shown potential in improving accessibility to 2D spatial information (Zlatanova et 

al., 2002a) and the gap between desktop GIS and Web GIS is closing (Abdul-Rahman and Pilouk, 

2007). There is an increasing focus on web-enabled 3D GIS although many 3D systems lag behind 

2D oriented systems (Ellul and Haklay, 2006).  

Abdul-Rahman and Pilouk (2007) views system architecture, data management and GUI 

visualisations as critical aspects in enabled Web 3D GIS. Efforts have been made towards 3D 

spatial infrastructures for web-based visualisations (Schilling, 2014) and developing 3D GIS 

beyond visualisation (Milner et al., 2014). These efforts have been enabled by standards, APIs, 

and code libraries such as VRML/X3D, Java3D, D3.js and Three.js (Web3d consortium, 2015, 

Oracle, 2015, Data-Driven Documents, 2015, Three.js, 2015). 

Schilling (2014) offers an approach to implement virtual globes on the web using X3D as a format 

to stream 3D geospatial content over the web. Milner et al. (2014) demonstrated the potential for 

cross platform and cross device 3D GIS built on accessible open technologies. Using a PostGIS 

database, HTML and WebGL through Three.js, it is possible to produce a basic plugin-free 3D 

GIS directly in the browser. 
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Looking towards mobile web applications of 3D GIS, Noguera et al. (2012) presents a hybrid 

2D/3D recommendation system for tourists. The use of real-time location-sensitive 

recommendations coupled with a 3D map provides an interface that requires less cognitive 

resources and topological reasoning to understand the spatial information. 3D maps were found 

to provide more freedom of movement than 2D maps, but it must be complemented with 2D to 

ensure a smooth transition for the user. 

Ellul and Altenbuchner (2014) addressed the technical issues of performance of 3D city models 

on mobile devices. Many 3D city models contain hundreds of buildings and the combination of 

lower specification hardware and lower bandwidth network between the device and server could 

cause issues in performance. The suggested solution is to generalise 2D before the generation of 

a 3D extrusion, minimising the number of buildings transmitted over the network.  

In summary, web and mobile applications are an emerging trend for 3D GI. The potential of 

ubiquitous access to 3D spatial information and services is appealing, but there are still technical 

issues to overcome in performance and usability. 
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3.19 Chapter conclusion 

The benefits of 3D GI in practice can be summarised as follows: 

• To visualise in 3D; 

• To support decision-making processes; 

• To manage and document in 3D; 

• To enhance existing 2D models with additional 3D information; 

• To carry out 3D topological queries; 

• To carry out 3D spatial analysis; 

• To reduce uncertainty and discover information that may be missed in 2D; 

• To lower cognitive resources in the comprehension of spatial relationships; 

• To carry out volumetric calculations; 

• To help communicate to non-technical user groups. 

The limitations of 3D GI in practice can be summarised as follows: 

• Lack of expertise; 

• Lack of software; 

• Lack of data; 

• Lack of 3D algorithms for spatial functions; 

• Data integration issues; 

• Performance issues; 

• Incompatibility of data standards and representations; 

• Poor perception of GIS from field. 

In summary, this review identified 16 different applications and critically analysed the use of 3D 

geographic information. It presented an indication of the state of the art of 3D. The benefits of 3D 

for each field are varied. 3D visualisation provides the main impetus. It allows for better 

communication and supports the decision-making process. There is no change from past findings 

as noted in Section 2.2.1. Fewer cite the benefits of 3D GIS analyses, though this could be due to 

the lack of existing tools and methods. Hybrid systems are mentioned in several instances to allow 

for the smooth transition between 2D and 3D and to exploit the benefits of both systems. 

The review showed a disparity in adoption of 3D GI – while some applications are very 

developed, others are only utilising a fraction of 3D GI’s benefits. The rate of update is varied – 

but this does not necessarily reflect on how useful 3D may be for those fields that are yet to fully 

adopt it. The lack of 3D adoption could be due to various constraints such as high cost, lack of 

skill, lack of knowledge and awareness, and lack of data. More conceptual and technical work is 

required before the effective implementation of 3D GIS in practice. A summary of the review is 

presented in Table 6. 
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3.19.1 Summary of 3D GI applications review 

Table 6. Summary of 3D GI applications review 

APPLICATION 3D REQUIREMENTS19 BENEFITS OF 3D GI LIMITATIONS OF 3D GI REFERENCES 

AIR QUALITY AND 

ACOUSTIC 

ENGINEERING 

Basic building height; Interior 

structures; External geometry; Roof 

features; Vegetation; Semantic 

detail. 

Clear visualisation, better interrogation in 

visual analytics. Semantically rich 

representations which can be further 

enriched from the results of analysis. 

Inability to store dynamic attributes. 

Difficulty in incorporating real-time 

information. BRep data structures cannot 

integrate with voxel representations. 

(Ngo et al., 2014, Metral et al., 2012, 

Ghassoun et al., 2015, An et al., 2014, 

Stoter et al., 2008a, Pamanikabud and 

Tansatcha, 2009, Kurakula and Kuffer, 

2008, Meijers et al., 2012) 

ARCHAEOLOGY Context; Terrain. 

Applications in landscape studies and 

intra-site applications. Provides a means 

to communicate and visualise information 

and research to a larger community of 

researchers and non-expert users. 

Lack of technical competencies in 

specialist 3D software; lack of 

interdisciplinary language to bridge 

researchers between technical and 

humanistic disciplines; the technical 

limitations of software and hardware and; 

the absence of infrastructures to host and 

present the results of the research 

activities 

(Dell'Unto, 2014, Katsianis and Tsipdis, 

2005, Madsen, 2003, Callieri et al., 2011, 

Dellepiane et al., 2013, Conolly and 

Lake, 2006, Flaten et al., 2014, De Reu et 

al., 2014) 

CADASTRE & 

LAND 

MANAGEMENT 

Basic building heights; Detailed 

building heights; External geometry; 

Roof geometry; Semantic detail. 

Visualisation and management of 3D 

cadastral information. Reduces 

uncertainty in overlapping buildings, 

underground land uses and boundary 

disputes. 

Technical issues with spatial 

representation and topology. Limited 

integration with existing 2D cadastral 

databases. Issues pertaining to 

institutional implementation. Lack of 

suitable database to store 3D. Lack of 3D 

functionality (3D buffer and 3D intersect) 

to carry out spatial analysis. 

(Ying et al., 2012, Karki, 2013, Ying et 

al., 2014, Dalmau et al., 2014) 

EMERGENCY 

SERVICES 

Basic building heights; External 

geometry; Interior structures; Roof 

features; Other (Addressing). 

Real-time information management and 

for support decision making. 

Must be up-to-date and flexible enough 

for emergency response. 

(Wu and Chen, 2012, Willenborg, 2015, 

VanHorn and Mosurinjohn, 2010, Kwan 

and Lee, 2005, Kang et al., 2017, Wang 

et al., 2017, Kolbe et al., 2008, Zlatanova 

and Holweg, 2004) 

 

                                                      
19 3D requirements include: Basic building height; Detailed building heights; Interior structures; External geometry; Underground; Terrain; Roof features; Roof geometry; Volume; 

Façade geometry; Semantic detail; Texturing; Vegetation; Other (i.e. Street furniture, transportation objects. Specified in table) 
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FORESTRY Vegetation; Volume. 

Volumetric calculations and 3D 

visualisation are the main benefits. 

Applications in inventory analysis and 

management, decision support for forest 

managers, timber volume estimations and 

generation of ‘virtual forests’. 

Beyond volumetric calculations, there are 

few applications for 3D GIS. 

(Hill et al., 2014, Treuhaft and Siqueira, 

2000, Rahlf et al., 2014, He et al., 2013, 

Buecken and Rossmann, 2013, Peng et 

al., 2012, Krooks et al., 2014, Wang et 

al., 2014b) 

HISTORY AND 

HERITAGE 

Other (Basic built structures for 

context). 

Visualisation and documentation of 

historic and cultural heritage 

Use is focused on 3D data capture and 

visualisation. Some attempts to utilise 3D 

GIS frameworks, but predominantly 

CAD. 

(Nakaya et al., 2010, Dore and Murphy, 

2012, Lezzerini et al., 2014, Dell’Unto et 

al., 2015) 

INFRASTRUCTURE 

AND TRANSPORT 

Basic building height; Other 

(Roads). 

Traffic noise analysis and documenting 

3D road structures. 

Little research on how to represent road 

and street spaces. 

(Lu et al., 2017; Deng et al., 2016; 

Gristina et al., 2016; Beil and Kolbe, 

2017) 

NATURAL 

DISASTERS AND 

SEVERE WEATHER 

Basic building height; Detailed 

building height; Terrain. 

Effective communication to decision 

makers, allowing for the comprehension 

of natural disaster situations with less 

cognitive efforts. 

Cannot carry out detailed analysis alone, 

without the integration of other 3D 

sources such as BIM. 

(Kim and Youn, 2014, Patel et al., 2014, 

Tiwari and Jain, 2015, Amirebrahimi et 

al., 2015) 

NAVIGATION AND 

ROUTING 

Façade geometry; Semantic detail; 

texturing; Other (Street furniture). 

Lower cognitive load in map 

comprehension. More efficient routing by 

also considering gradient. 

Positioning issues in outdoor and indoor 

scenarios. Need for good quality 

navigable 3D geometric network models. 

(Musliman et al., 2006, Koch et al., 2014, 

Retscher and Obex, 2014, Atila et al., 

2014, Ortakci et al., 2014, Candy, 2007, 

Hammadi et al., 2012, Cheung et al., 

2006, Pritt, 2013, Tavares et al., 2009, 

Peng et al., 2009, Groves, 2011, Tang et 

al., 2010, Gonzalez-Aguilera et al., 2012, 

Díaz-Vilariño et al., 2014, Luo et al., 

2014, Arendholz and Becker, 2015) 

SMART CITIES 

Basic building height; Interior 

structures; External geometry; 

Underground; Terrain; Roof 

features; Roof geometry; Volume; 

Façade geometry; Semantic detail; 

Texturing; Vegetation. 

3D provides a spatial framework to 

integrate the many different sources of 

Smart City data. 

Interoperability between different data 

sources and formats. 

(Chaturvedi and Kolbe, 2016, Wendel et 

al., 2017, Jun et al., 2017, Medvedev et 

al., 2015, Metcalfe et al., 2017) 

SOLAR 

Orientation; Roof geometry; Height; 

Location; Vegetation; Other 

(Shadowing). 

Detailed roof geometry. Ability to 

calculate dynamic shadowing and 

shading.  

Poor representation of vegetation in 

datasets. Lack of detailed roof geometry 

and roof plants which may obstruct solar 

panel placement. 

(Kassner et al., 2008, Jochem et al., 2009, 

Carneiro et al., 2010, Redweik et al., 

2011, Freitas et al., 2015, Wong, 2012). 
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SUBSURFACE 

APPLICATIONS 
Underground. 

Clash detection and simulation; additional 

information beyond 2D 

Data integration issues; lack of unified 

3D format. 

(Witter, 2015, Payne et al., 2014, Beer et 

al., 2015, Terrington et al., 2013, Wang et 

al., 2014a, Dong et al., 2015) 

UTILITIES 

External geometry; Underground; 

Terrain; Roof geometry; Façade 

geometry; Other (Street furniture). 

Accurate service identification to avoid 

utility strikes. 

Data is not yet captured and is difficult to 

capture. 

(Makana et al., 2016, Tabarro et al., 2017, 

Liu and Issa, 2014, Ordnance Survey, 

2018o) 

URBAN PLANNING 

Basic building heights; Detailed 

building heights; External geometry; 

Interior structures; Volume. 

Line of sight and visibility analysis. 

Indoor and outdoor planning. 3D 

volumetric analysis. Planning 

collaboration in virtual reality. 

Superior analytical capabilities and 

flexibilities are required. 

(Yang et al., 2007, Shiode, 2000, Lu and 

Wang, 2014, Amorim et al., 2012, Yu et 

al., 2007, Ahmed and Sekar, 2014, Shen 

et al., 2014, Zhou et al., 2015) 

VIRTUAL REALITY 

AND AUGMENTED 

REALITY 

Interior structures; External 

geometry; Terrain; Roof features; 

Roof geometry; Façade geometry; 

Texturing; Vegetation. 

Highly-integrated 3D visualisations and 

AR applications. Interactive and 

immersive environment for effective 

communication. 

Improvements to mobile location and 

movement sensors are required for 

effective AR. 

(Haklay, 2002, Williams, 1999, Shen et 

al., 2014, Boulos et al., 2017, Ghadirian 

and Bishop, 2008, Guo et al., 2008, Rane 

et al., 2016) 

 

WEB AND MOBILE 
Basic building height; Roof 

geometry. 

Lower cognitive resources and 

topological reasoning in mobile 

applications. Ubiquitous cross platform 

and cross device access to 3D spatial 

services and information 

Large file sizes limit the performance of 

3D in web and mobile applications. Lack 

of awareness in user leads to the necessity 

to include 2D/3D hybrids as a transitional 

technology. Poor navigation 

implementations in 3D. 

(Abdul-Rahman and Pilouk, 2007, Fu and 

Sun, 2010, Zlatanova et al., 2002a, 

Schilling, 2014, Milner et al., 2014, 

Noguera et al., 2012, Ellul and 

Altenbuchner, 2014) 
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4.1 Introduction 

This is the second of three chapters addressing the following research sub-question: 

What are the user requirements for 3D geographic information? 

The chapter presents the results of the first two (out of three) requirements gathering exercises for 

3D geographic information in the United Kingdom20 (UK). It describes a user-centred design 

approach (Section 2.5.2) where usability and user needs are given extensive attention at each stage 

of the process.  

The findings from the user requirements gathering exercises allows Ordnance Survey to 

consolidate their knowledge of what the applications of 3D are in practice. In the wider context, 

it presents a better understanding of the level of adoption, awareness, and expertise of 3D between 

different sectors within the UK. The findings will also contribute to identifying if there is a single 

use-case or multiple use-cases which may drive the adoption of 3D within the country. The 

outcome of the exercises will help identify what should be included within a 3D mapping product 

to address the needs of the users. 

During the first phase, a web-based questionnaire and a series of semi-structured face-to-face 

interviews were conducted concurrently. The two approaches acted as complementary data 

collection methods to understand the user needs for 3D. The results from Chapters 4 and 5 provide 

a snapshot of the state of 3D from a user perspective between April 2016 and May 2017.  

4.2 Methodology 

A user-centred design approach (Section 2.5.2) was adopted in understanding the user needs for 

3D geographic information within the United Kingdom. The main aim was to develop an explicit 

understanding of users, tasks, and environments in order to inform the product design. Alongside 

this, the method sought to identify the applications which will benefit most from the use of three-

dimensional geographic information. The study also explored the barriers to adoption of 3D. This 

chapter also provides some preliminary views as to the current status, and understanding of, 3D 

GI in the UK. 

                                                      
20 For clarification, note that United Kingdom is not strictly synonymous with Great Britain. The ‘United 

Kingdom of Great Britain and Northern island’ is the constitutional monarchy occupying the island of Great 

Britain, the small nearby islands (but not the Isle of Man or the Channel Islands), and the north-eastern part 

of Ireland. Great Britain specifically refers to the countries of England, Wales, and Scotland. Explicitly, 

Ordnance Survey’s jurisdiction extends only to Great Britain, and to an extent, the Isle of Man. It does not 

include Northern Ireland which has its own separate government agency, the Ordnance Survey of Northern 

Island. In this chapter (and thesis), United Kingdom is used interchangeably with Great Britain as it is more 

frequently used colloquially and is rarely differentiated within common parlance. For practical purposes, 

the requirements for UK versus Great Britain are thought to be not distinctly different enough to affect the 

results obtained. 
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4.2.1 Overview 

The review from Chapter 3 demonstrated numerous applications utilise geographic information 

in one form or another. To develop a comprehensive understanding of users, participants must be 

recruited from a suitable breadth of sectors to ensure that as many potential users of 3D geographic 

information are covered. Simultaneously, there must be adequate depth of information elicited to 

provide useful and detailed understanding. To that end, a balance must be achieved within the 

given period of the study to ensure requirements for as many different applications are covered at 

the right level of detail.  

Considering the above factors, web-based questionnaires and semi-structured face-to-face 

interviews were selected as the two primary data collection methods in this chapter. Combining 

diverse elicitation approaches should optimise the quality of the data collected (as suggested by 

Bowen (2009)). The methodologies have complementary strengths and weaknesses - while a 

questionnaire provides breadth in sample size, semi-structured interviews provided depth and 

allowed for further interrogation and clarification (Harris and Brown, 2010).  

The requirements gathering exercises conducted was divided into two phases. During the first 

phase, web-based questionnaires and semi-structured interviews were conducted using the same 

set of questions. This was to ensure a level of consistency for the subsequent analysis despite the 

paradigmatic differences between the techniques. The results were then processed and analysed. 

The second phase is presented in Chapter 5. 

4.2.2 Ethics and data protection 

Only summarised results are presented in this chapter, ensuring that individual participants cannot 

be identified, allowing for open and candid discussions. Measures were carried out to ensure 

confidentiality of the participants’ responses. The participant’s full name, email address, job title 

and organisation name were collected but remained confidential. Only summarised and 

anonymised results were published. Any information provided which could be used to identify an 

individual was removed. The responses did not contain any commercially sensitive information; 

regardless any data was stored on an encrypted drive. Participants were able refuse participation 

without disadvantage to them. If they had already participated, they were able to withdraw their 

data from the study at any time without reason. The study is compliant with the Data Protection 

Act 1998 (Data Protection Registration Number: Z6364106/2016/01/27. UCL Ethics Project ID 

Number: 8319/001). Full details on ethics and data protection are described in Appendix III.  
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4.3 Method 1 – ‘Identifying the current use of geographic 

information’ 

4.3.1 Formulating the questions 

The overarching question within this study is ‘What can 3D be useful for?’. To address this, the 

question is split into three parts. Firstly, the aim is to understand the profile of the user, their end-

users and the different inputs, outputs, and deliverables within their day-to-day work. As part of 

this, the users were asked to identify any inadequacies within their 2D way of working – based 

on the assumption that 3D geographic information could be the solution. Secondly, the 

participants are asked about their existing engagement of 3D to gauge awareness within different 

sectors. Thirdly, a hypothetical question on future 3D information aims to speculate on any 

potential, undiscovered applications. In summary, participants were asked a range of questions 

which fell within four sections: 

1. Overview of GIS experience 

2. Who are your end users? 

3. Knowledge of 3D GIS 

4. Existing and potential uses of 3D or 3D GIS 

Sections 1 and 3 aimed to understand the awareness of the participant of both 2D and 3D 

geographic information technologies. Section 2 and 4 explored the applications and specific tasks 

the participant may use geographic information for in 2D and 3D, as well as both currently and 

potentially in the future. As participants may not be familiar with 3D GI, caution was taken to 

ensure that they were able to understand the questions and articulate their views, by not using 

overly technical language. For example, specialised terms (e.g. multipatch, manifold) and 

acronyms (e.g. BRep, LoD, BIM) were avoided. 

Since the requirements gathering was for new and prospective uses of geographic information, 

GIS practitioners were specifically approached. These users were targeted for their expertise as 

they were most likely to have the best understanding of how geographic information was used in 

their organisation. It is important to note here the possible bias of the community addressed. While 

the GIS practitioners may be able to understand the technical terminology and articulate their 

needs at the user level, they may not be able to comment about the wider application and decision-

making context. As such, future iterations of user requirements gathering will benefit from 

including non-technical users. These may include managers or executives who may be able to 

provide more information on costs and willingness to pay for 3D geographic information or 

products. These non-GIS users, however, are not included in this exercise. Other communities not 

included in this study were 3D users outside the GIS domain. This could include, but not limited 

to, practitioners from Computer Graphics, Geometry Processing or BIM domains who actively 

use 3D but not necessarily geographic information. As this was the first iteration of user 



76 

 

requirements gathering, these potential user groups were omitted to focus on direct applications 

of geographic information. Future iterations of user requirements gathering should incorporate 

both non-GIS users and 3D users outside the GIS domain. 

4.3.2 Pilot Study 

A pilot study of the questionnaire was carried out with 10 participants to pre-test the questions 

prior to the full-scale study. There is not a consensus within the literature on pilot study sample 

size, but a general rule of thumb suggests a minimum of 10 participants is required (Hill, 1998, 

Connelly, 2008, Hertzog, 2008). The pilot aimed to identify problems with any ambiguities, 

vagueness, or inaccuracies within the questionnaire. Two main changes resulted from the pilot. 

Firstly, in the pilot study, two questions were repeated, once in the context of 2D and once in the 

context of 3D. The participants disliked the repetition of the questions and found the questionnaire 

to be too long. As a result, the duplicated questions were removed. Secondly, participants found 

hypothetical questions on 3D GI (e.g. ‘Is there anything you would love to be able to do in 3D?’) 

very difficult to answer.  

4.3.3 Full study 

For the full study, the final questionnaire was delivered on a web-based survey tool, UCL Opinio, 

between April 2016 and May 2016. The tool provided a framework to distribute surveys, manage 

responses and generate summary reports. The final questions were altered accordingly to 

incorporate the feedback from the pilot. Figure 8 presents the final questionnaire below. 

Overview of GIS experience 

1) How many years of experience do you have in GIS including education and work? 

 New to GIS 

 Up to 6 months 

 Up to 1 year 

 Up to 2 years 

 Up to 5 years 

 Up to 10 years 

 More than 10 years 

2) How often do you use spatial data, geographic information or GIS? 

 Daily 

 Two or three days a week 

 Once a week 

 Once every two weeks 

 Once a month 

 Less than once a month 
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3) What do you use spatial data, geographic information or GIS for? (select all that 

apply)21 

 Map production 

 Data storage 

 Education 

 Data analysis 

 Decision making 

 Public services 

 Planning/management 

 Monitoring 

 Registration 

 Visualisation 

 Modelling 

 Other 

Who are your end-users? 

In the next three questions, please consider the end users of your spatial outputs or content. 

This could be colleagues, managers, directors, external clients or even yourself. Please indicate 

who the end users are in each example you provide. 

4) What kind of problems or questions do you or your end-users use spatial data to 

answer? Please briefly describe the problems and questions the end users are 

addressing. 

5) Following on from the above question, how do you answer these questions/solve these 

problems? Please describe the different inputs, outputs, and deliverables you may 

create or use. 

6) Can you describe briefly at least one or two recent examples where spatial 

data/geographic information/GIS analysis has been insufficient in answering your 

question(s)? And in what way could it not answer your question(s)? 

Using 3D information 

Questions 7-10 will ask you about your use and engagement with 3D geographic information.  

3D geographic information is an emerging technology and lacks standardisation. There are, 

therefore, many ‘forms’ of 3D. For the purpose of this survey, 3D is regarded as any data with 

a vertical element e.g. height/depth and is described on three axes (x, y, and z). 

7) Do you actively use 3D data and/or 3D GIS? 

 Not interested in 3D 

 No, but perhaps in the future 

                                                      
21 The options for Question 3 was derived from reviewing common applications of GIS within existing 

literature. 
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 Not yet, but I would like to 

 Yes, but only rarely 

 Yes, highly involved 

If yes, what 3D data do you use? 

8) Are you aware of 3D data and/or 3D GIS? 

 No, not at all 

 No, but I would like to learn more 

 Yes, but I have only heard of it in passing 

 Yes, but I only have a basic understanding 

 Yes, I am aware and actively use 3D data and/or 3D GIS 

If yes, what 3D data are you aware of? 

9) Do your day-to-day deliverables include a 3D component or any aspect of the vertical 

dimension? E.g. height of objects, depth of objects 

 Yes 

 No 

10) If you are not using 3D data and/or 3D GIS, why? (select all that apply) 

 Did not know it existed 

 Do not know how to use it 

 Data is not available at the workplace 

 Data suitable for my analysis is not available 

 Software to handle 3D is not available at the workplace 

 Hardware to handle 3D is not available at the workplace 

 Role currently does not include 3D 

Future 

In this final question, we will try to identify the potential of 3D information to be incorporated 

within your day-to-day work.  

Please be creative in your response and think beyond the current status quo – the examples 

provided acts as prompts into consider what 3D information could potentially be useful to you 

and your end users. You will not need to consider and hardware, software, cost, or technical 

limitations. 

11) If you had access to any of the following 3D information, how could you use it in 

your day-to-day work? (not considering hardware, software, cost, or technical 

limitations). Which would be the most useful? The following list is by all means not 

exhaustive. Please add any other 3D information that you can think of which may be 

useful in your day-to-day work in the space provided at the end.22 

                                                      
22 The options for Question 11 was derived from a combination of existing and potential applications from 

existing literature (see Chapter 3) and direct discussions with the Ordnance Survey Research team. 
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 Addresses ¦ Vertical location of address   

 Buildings ¦ Height information   

 Buildings ¦ Number of floors   

 Buildings ¦ Volume   

 Buildings ¦ Information on the roof structure   

 Buildings ¦ Information on windows and doors   

 Buildings ¦ Texture   

 Buildings ¦ Routing indoors and on multiple levels e.g. inside a multi-level 

shopping centre   

 Buildings ¦ Protected viewsheds and vistas e.g. St Paul’s Cathedral in 

London   

 Cadastral ¦ 3D cadastral parcels   

 Environmental Monitoring ¦ Air pollution data in 3D   

 Environmental Monitoring ¦ Noise pollution data in 3D   

 Land Cover ¦ Height information of trees and other biomass   

 Land Cover ¦ Volume of trees and other biomass   

 Mineral Resources ¦ Depth and 3D location of subterranean resources   

 Transport Networks ¦ 3D roads e.g. gradient and slope information   

 Utility and governmental services ¦ Location of underground utilities 

(electricity, oil/gas, chemicals, sewer, thermal, water)   

 Utility and governmental services ¦ Location of overhead utilities 

 Other 

How would you use the above information? Is there other 3D information that 

would be useful to you? 

Contact details 

12) What is your full name? 

13) What is your email address? 

14) What is your role or job title within your company? 

15) What is your organisation’s name? 

16) What sector is your organisation? 

17) Which country are you based in? 

18) What is your educational or professional background? 

19) Any further comments you would like to add? 

20) We may follow up your response on this questionnaire and share any findings or 

results through email. Please check here if you do not wish to be contacted further. 

 

Figure 8. Final questions for the full questionnaire. 
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4.3.4 Participants 

The main target group of the questionnaire and interviews were professionals who currently work 

directly or indirectly with geographic information. Existing GI users were targeted as they were 

most directly engaged with working with geographic information. This allowed them to best 

articulate how geographic information was used in their organisation.  

As the applications of GI are numerous, a fully random sample that covered all the areas of interest 

is near impossible to obtain, given the time-frame and resources available. Therefore, a purposive 

maximum variation sample used in this study, whereby a wide range of participants were selected 

to sample for heterogeneity and maximise diversity relevant to the research questions. The 

participants were recruited through Ordnance Survey’s network, online special interest groups, 

mailing lists and social media. The use of snowball (or chain) sampling recruited further 

participants within the acquaintances of existing participants. This was done by approaching 

existing participants for further contacts to widen the sample. 

It is recognised that there are several limitations of using non-probability sampling methods. 

Firstly, as participants can choose to take part or not to take part in the research, there is a self-

selection bias. While people with a high interest and engagement with 3D geographic information 

may be keen to respond, those with a little to no interest in 3D may not participate at all. This can 

be problematic as the resultant sample would not be entirely representative of the potential 

applications of GI. Secondly, the sample is non-random as an exhaustive population list does not 

exist. Snowball sampling may compound this with additional community bias, whereby the initial 

participants may recruit others who are close within their network. This has the effect of limiting 

the reach of the research, as well as oversampling from that population. To ameliorate for this, 

initial participants were recruited from as diverse background as possible (i.e. from as many 

different applications identified in Chapter 3). Despite these challenges, the use of non-probability 

sampling is appropriate for this study as it offers a practical, effective, and inexpensive way to 

conduct exploratory research.  

4.4 Results from ‘Identifying the current use of geographic 

information’ web-based questionnaire 

A total of 64 responses from the UK participants was received, although at different levels of 

completion. From the total, 35 responses were fully completed. The disparity in completion rate 

can be attributed to the structure of the questionnaire. While it begins with relatively simple and 

closed questions, the latter half included open-ended questions which required the participants to 

produce an original and personal response. The incomplete responses were not discarded as the 

replies to the closed-ended questions were still useful. The sample size n for each question is 

noted in the caption of each of the figures below to indicate the absolute number of responses. A 

selection of results is presented below.  
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4.4.1 Overview of GIS experience 

The first section contained questions about the general GIS experience the participants had. The 

questions were closed-ended and could be answered by selecting one (or more) of the predefined 

answers. Optionally, it was possible to add free-text for additional information or comments in 

question 3. Figure 9 shows the results of question 1. Many of the participants (40.6%) had between 

2 to 5 years of experience. Over a third of the participants (37.5%) had more than 5 years of 

experience. There was a clear split between the participants where the majority uses GIS at least 

once a week (82.8%) and the minority uses it less than once every two weeks (17.2%) (Figure 

10).  

 

Figure 9. Q1 - How many years of experience do you have in GIS including education and work? 

(n = 64) 

 

Figure 10. Q2 - How often do you use spatial data, geographic information, or GIS? (n = 64) 
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Participants were asked to select all responses that applied to them in question 3, therefore the 

sum of the answers is higher than 100%. Most of the participants selected map production, data 

analysis and visualisation as the main use of GI and GIS. Other popular applications selected 

include planning, decision making and modelling. Some other suggested uses included: assessing 

flood risk and designing flood defences, transformation, and software development. 

 

Figure 11. Q3 - What do you use spatial data, geographic information or GIS for? (n = 64)  

 

Figure 12 presents the distribution of professions the participants worked in. Although there was 

some overrepresentation within infrastructure and transport, and urban planning, there was 

otherwise a good spread of participants. Note that of the suggested applications, the following 

sectors were not represented by any participant: arts and entertainment, emergency services, 

forestry, navigation, and routing, solar, and, virtual reality and gaming. 
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Figure 12. Q16 - Which sector do you work in? (n=53) 

4.4.2 Who are your end-users? 

The second section investigated the participants’ use of geographic information. The questions 

were open-ended and could be answered with free-text.  

Question 4 asked: ‘What kind of problems or questions do you or your end-users use spatial data 

to answer? Please briefly describe the problems and questions the end users are addressing.’.  

The responses showed that the participants tend to use spatial data for three main purposes:  

1) Visualisation – Almost all the responses mention at least some basic mapping. 

Visualisation is an important part of the process, for both visualising the inputs (raw data) 

and the outputs (results).  

2) Spatial analysis – The spatial analysis participants mentioned were often application 

specific. This included assessing impact, hazards and risk profiling, optimising models, 

proximity analysis and topology analysis. 

3) Supplements to assessments, reports, and applications – Participants expressed that 

the outputs from the spatial analysis and visualisations, while they could be used on their 

own, were often as part of a supplement to a textural report or application. 

0% 5% 10% 15% 20%

Other

Web & mobile

Urban planning

Subsurface applications

Natural Disaster

Insurance

Infrastructure & Transport

History & Heritage

Government & public sector

Facilities management

Civil Engineering

Cadastral

Archaeology

Air quality engineering

Acoustic engineering

Academia

Percentage



84 

 

Some individual comments: 

Usually our users use GIS to find/visualise where the resources or issues are spatially and 

temporally in. 

To identify the location of environmental constraints in relation to the Proposed Project. 

They want to know what hazards are most likely to occur and where and what this could mean 

in terms of potential losses (i.e. exposed populations and infrastructure and overall financial 

losses). 

Question 5 asked: ‘Following on from the above question, how do you answer these 

questions/solve these problems? Please describe the different inputs, outputs, and deliverables 

you may create or use.’.  

The participants described a wide range of inputs, both internal and external, to produce an equally 

wide range of outputs. While some outputs were application specific, generally the outputs 

included a map of some form. The level of processing and analysis varied, depending on the 

context.  

Some individual comments: 

Creation of visualisations of datasets generally. 

For insurance, bring in lots of different data sets (crime data, historic flooding) and 

MasterMap data, create a weighted overlay and then create a combined raster of risk that 

can be used to derive the risk for a particular property or postcode area 

Generally we produce web maps for end users using web mapping technologies such as 

Leaflet or Open Layers as well as associated plugins. Inputs include user defined data, such 

as the locations of given assets or items that get drawn interactively by the user. Producing 

web apps works well for visualising the location of assets providing a portable interactive 

experience that can be used from the majority of devices. 

Question 6 asked: ‘Can you describe briefly at least one or two recent examples where spatial 

data/geographic information/GIS analysis has been insufficient in answering your question(s)? 

And in what way could it not answer your question(s)?’ 

The design of this question was intended to understand if there are any inadequacies within the 

current 2D way of working and if 3D geographic information could be a solution to these 

problems. The participants found it difficult to answer this question as it required creative and 

original thought. The responses, however, focused mostly around issues around data quality, such 

as currency and missing data. The availability of high quality data containing the required 
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information within the organisation is an issue. The high costs related to proprietary datasets 

means that participants are using free or cheaper datasets which contain inadequate information. 

Some individual comments: 

As we do not currently have access to GIS software other than google earth, the information 

supplied is not usually sufficient to answer our questions. 

Depends on the corporate data available e.g. flood plain data is not available on our ArcGIS, 

therefore we have to externally review environment agency webpages. 

Data quality is an issue; if geocoding resolution poor of our exposure data then spatial 

analysis become meaningless. 

4.4.3 Using 3D information – Awareness of 3D GI 

The participants’ awareness was assessed through four questions: 

1. Are you aware of 3D data and/or 3D GIS? 

2. Do you actively use 3D data and/or 3D GIS? 

3. Do your day-to-day deliverables include a 3D component or any aspect of the vertical 

dimension? 

4. If you are not using 3D data and/or 3D GIS, why? 

 

Figure 13. Q8 - Are you aware of 3D data and/or 3D GIS? (n = 35) 

Of the participants, 54% (n=19) of the participants have at least a basic understanding or are 

actively using 3D, while 31% (n=11) have either just heard of it in passing or would like to learn 

more. 14% (n=5) have no knowledge or awareness of 3D.  
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Figure 14. Q7 - Do you actively use 3D data and/or 3D GIS? (n = 35) 

A question on the participant’s active use of 3D data and/or GIS reveals that that just under a 

quarter (26%, n=9) of participants actively use 3D, with another 17% (n=6) of participants 

indicating they use 3D, but only rarely. Of the 57% (n=20) of participants that don’t use 3D, 92% 

(n=19) have expressed interest in using 3D in the future.  

 

Figure 15. Q9 - Do your day-to-day deliverables include a 3D component or any aspect of the 

vertical dimension? (n = 35) 

A follow-up binary question asked the participants if their day-to-day deliverable included a 3D 

component or any aspect of the vertical dimension. This was a simple question used to identify 

the split of the participants and their perception on the third dimension in their work. The result 

showed that 69% (n=24) of the participants consider their work to have a component of 3D. This 

is in stark contrast to the previous question where only 26% (n=9) of the participants actively use 

or interact with 3D. 
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Figure 16. Q10 - If you are not using 3D data and/or 3D GIS, why? (n = 34) 

Lastly, participants were asked ‘If you are not using 3D data and/or 3D GIS, why?’. The aim was 

to directly enquire about the specific barriers to the adoption of 3D within their organisation. 

Participants were able to select one or more options that apply. Two responses stand out as the 

barrier to 3D: 1) Role currently does not include 3D (29%, n=10) and; 2) Did not know it existed 

(35%, n=12). Participants were asked to elaborate on further in free text. Some of the comments 

include: 

It often exceeds level of detail required i.e. we get an answer in 2D that is 

accurate enough. Additional cost is not worth it. 

3D software is still slow and requires a lot of pre- processing of the data. Also, 

often not required for the type of business questions that are being asked. 

A lot of the use cases we have would not benefit from the additional overhead of 

dealing with 3D. 

4.4.4 Future - potential uses of and user requirements for 3D GI 

Participants were presented with a list of suggested 3D geographic information and were asked 

which they would use within their day-to-day work. Note that the participants were free to 

interpret what each category of 3D information represented, and its content included. For 

example, the category of 3D roads encompasses everything from simple 2.5D linear features with 

a single height to ‘true’ 3D features that can model complex bridges and overpasses. This 

simplification allowed the participants more freedom to consider the 3D information and its 

applications more abstractly, without being overburdened with technical details.  
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Figure 17. Q11 - If you had access to any of the following 3D information, which would you use 

in your day-to-day work? (n=32) 

Figure 17 shows the wide range of potential 3D geographic information selected by the 

participants. The top six include: 3D roads (72%, n=23); building height (69%, n=22); location 

of underground utilities (59%, n=19); number of floors of a building (53%, n=17) and; vertical 

location of an address (50%, n=16). The free-text option ‘Other’ included: geological change in 

depth over an area, point events such as diseases and crimes, underground structures and, depth 

of foundations. 

The participants were asked to elaborate on their perceived potential uses of the different 3D 

information. The responses, however, were predominantly single-sentenced and vague. There was 

a tendency to allude to 3D being ‘useful’ and ‘beneficial’ without explicitly defining its 

application. 

The spread of user groups shown in Figure 12 allowed the exploration of differences in 

requirements between the sectors. Participants identifying themselves from the urban planning 

sector (n = 8) had polarizing views on the requirements for 3D. Information on building attributes 

such as height, number of floors, vertical location of addresses as well as other infrastructure such 
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as roads were highly selected. There was, however, little to no interest in other suggested 3D 

geographic information, perhaps due to the scale the participants worked in. Urban planners tend 

to work at a regional or local scale, thus building scale information on volume, windows and 

doors, texture, and roof structure may not have been of interest. In contrast, air quality & acoustic 

engineers (n = 9) may work at building and/or street scale, as both pollutant and signal propagation 

can vary immensely over a short distance. The results showed that participants who identified 

themselves as air quality or acoustic engineers had similar requirements to urban planners but had 

additional interest in building scale information. Looking towards the subsurface application 

sector, the expected requirements for underground utility and mineral information were confirmed 

by the results. There is, however, an equal level of interest in above ground information. Within 

the free-text area, participants from the subsurface application sector (n = 2) expressed that above 

ground information would be useful for tasks such as assessing anthropogenic change and 

exposure analysis for identifying infrastructure vulnerable to certain natural hazards. 

4.5 Method 2 – ‘Users of geographic information’ interviews 

Eight face-to-face interviews were carried out with 13 participants between June 2016 and 

December 2016. The interviewees were involved in a variety of different GI applications 

including six from local government23, and one representative each from real-estate, energy, 

environmental planning, transport services, subsurface, construction, and tourism. These sectors 

were selected to include the some of the dominant applications that were suggested within 

previous user studies. Each interview was recorded and transcribed manually for analysis. To 

preserve anonymity according to UCL data protection guidelines, the full transcripts were not 

included with this thesis. 

  

                                                      
23 Although there were six interviewees from the ‘local government’ sector, they were all from different 

parts of the organisation albeit with a mutual involvement with geographic information in some form. 

Specifically, their job titles were: GIS technical manager; Asset data officer; GIS development officer; 

Application analyst; Ground maintenance monitoring officer; Business analyst; and Project manager in 

Parking. 
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4.6 Results from ‘Users of geographic information’ interviews 

4.6.1 Overview of GIS experience 

The interviewees were generally very experienced GIS professionals, with 9 out of 13 having 

more than 10 years of experience (Figure 18). All 13 used GIS in some form daily. The top three 

cited uses of spatial data were: 1) map production; 2) data analysis; and 3) visualisation.  

 

Figure 18. Q1 - How many years of experience do you have in GIS including education and work? 

(‘Users of geographic information’ interviews) 

 

Figure 19. Q3 - What do you use spatial data, geographic information or GIS for? (‘Users of 

geographic information’ interviews). 
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4.6.2 Who are your end-users? 

Questions 4 and 5 asked about the problems which the interviewees used spatial data to answer 

and the inputs, outputs, and deliverables to solve these problems. The problems in which the 

interviewees used spatial data to answer varied with level of complexity with the end-users being 

both internal and external to the organisation. The responses were very similar to the results from 

the first questionnaire as describe Section 4.4.2, and could be loosely grouped again into the three 

categories of: 1) visualisation (and mapping); 2) spatial analysis; and 3) supplements to 

assessments, reports, and applications. A fourth category of ‘management and location 

intelligence’ emerged – this loosely refers to the exploitation of spatial data to provide insight for 

a host of business purposes. It allows the targeting of resources with the aid of location to 

maximise efficiency and benefits. For example, a local council used geographic information to 

direct parking enforcement officers in areas with high levels of non-compliance (parking 

violations).  

Some individual comments: 

Everything that we do is based on where things are and what they are. 

GIS is for finding things and also finding where things are in relation to other things 

We use location to back up our decision-making process 

The most difficult thing is getting the display of the results right or explaining how you’re 

displaying the results. 

One thing that people are always interested in about is change. 

We have to be very careful that we don’t just give a map to someone, we talk them through 

it and we make sure they are involved in the process of coming up to that end point so 

that they can really understand the context and the any decisions they make off the back 

of it. 

We tend more to produce an output and discuss with the customer the entire time, the 

internal customers, the entirely time what we are doing, how we are doing, why we are 

doing it that way and what the results show. It means that they are able to make a more 

informed decision. 

Question 6 asked: ‘Can you describe briefly at least one or two recent examples where spatial 

data/geographic information/GIS analysis has been insufficient in answering your question(s)? 

And in what way could it not answer your question(s)?’ 

To reiterate, the design of this question was intended to understand if there are any inadequacies 

within the current 2D way of working and if 3D geographic information could be a solution to 
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these problems. Reflecting the findings in the questionnaire, the inadequacies indicated by the 

interviewees, however, focused more on inherent 2D data quality issues. For example: 

Currency – If it’s insufficient, then there is no data. The accuracy and currency 

of the data can also be an issue. For instance, if the data is very old and things 

have changed, and it’s not updated then you have an issue where it affects the 

decision. 

Missing data – More often than not, either you don’t have the data you want…or 

it doesn’t exist. 

Other inadequacies included lack of clear metadata, misuse of spatial data by end-users and the 

use of other technologies (e.g. CAD) when GIS is more appropriate. Some individual comments: 

…almost the most difficult thing in doing that is making sure that you understand the 

provenance of the data you are putting into those models and the limitations they place 

on the results which come out the other end. 

There’s a tendency to try and use the data we’ve got for everything. So trying to stretch 

it out to make it answer questions it was never collected to answer. 

I think one of the issues that we have has been the ability to describe uncertainty…. I 

think 2D maps can be misleading in geology. Or misinterpreted. 

If I had been here from the beginning, I would have suggested some of the data built in 

the CAD systems which graphically might look fine, but from an intelligence rich data 

source perspective, are not. I would suggest it would have been far better to have done it 

in GIS. 

4.6.3 Using 3D information – Awareness of 3D GI 

In contrast to the questionnaire respondents, the interviewees were either actively involved 

existing users of 3D within their organisations or were aware of work done by colleagues 

involving 3D: 

We will use it when we are using multi criteria analysis, I’m sure, and for a very 

few purposes on-shore, we probably use it but we employ consultants to do things 

like viewsheds. 

There is an understanding of which part of their work contained inherently 3D components but 

are represented in 2D. There was, however, a lack of clear developed examples of the use of 3D 

GI. For example: 
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Yes, we got tons of underground layers, tunnels basically, but the data is just 

stored as lines at the moment. This means you wouldn’t know which tunnel is 

above the other, as it’s still 2D. 

The interviewees perceived an overall benefit in implementing 3D within their organisation but 

found it difficult to articulate the specific application and advantages. Although the participant 

may see the potential, they were unable to specify how 3D GI could be integrated within their 

day-to-day work. For example: 

I can see that all the 3D data suggested would benefit our business users. 

…the actual 3D modelling side of things, that’s fantastic but I don’t know how we would 

do that in our day to day work…but there’s a lot of potential from that point of view. 

The participants also identified other barriers to the adoption of 3D beyond the data itself. In some 

instances, the data quality issue is inherently 3D. One example is the quality of utilities data: 

The big thing that was missing, really, was the 3D element. So, they’ll give you 

the 2D, tell you where it is, but they won’t tell you how deep below ground it is. 

Or if they did, it would be a nominal value which might or might not be correct. 

Beyond data quality, there were also organisational or business-related barriers which are difficult 

to overcome by individuals. resulting in the continuation along its current trajectory: 

The organisation will probably be a little bit behind in the way they think about 

3D and the future utility of it because they are so engrained in their day to day 

processes. 

This resistance to organisational change can be further split into resource and routine rigidity: 

We have a big workload and we don’t have enough requests from the business to 

start spending time on it. 

…it’s expensive and we’ve never been taught or trained to do that. 

Time and cost is clearly a factor when considering the uptake of 3D geographic information. The 

lack of a business-case meant that the interviewees were not driven to invest neither time nor 

money into 3D geographic information. There was a lack of proven cases and the perceived 

benefit of 3D over existing 2D procedures was less than the total investment into the technology. 

From an individual perspective, the interviewees were generally positive about the potential of 

3D, but the concept tend to be outside their expert and knowledge domain. This unfamiliarity 

often made 3D seem to be overly complex:  
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It’s a little bit overwhelming at the moment in terms of the technical-ness of it. It 

just feels very different. So, from that point of view it just feels like a whole new 

other thing to learn about and try to figure out how to use. 

Six of the interviewees expressed that they did not know how to interact with or handle 3D data. 

Although some interviewees and their organisations were 3D capable, the majority did not have 

the hardware capable to handle 3D. Existing software was also inadequate. The lack of suitable 

tools to handle, manipulate and interchange 3D data meant that custom applications had to be 

created in-house. 

Lastly the lack of expert knowledge has led to many misconceptions of 3D among the users 

interviewed. There is a need to define the place and function of 3D geographic information. 

Although some interviewees were aware of the limitations and the capability of 3D GI, others 

were less well informed. This led to an unrealistic expectation of what 3D GI could deliver. 

4.6.4 Future - potential uses of and user requirements for 3D GI 

The interviewees were positive about 3D and had many ideas of potential uses of 3D within their 

fields. A selection of responses is presented in Table 7. 

Table 7. Q11 - Potential uses of and user requirements for 3D geographic information 

3D Information Participants’ comments 

Addresses ¦ Vertical 

location of address 
I think we would find most useful the floor plans of 

buildings and their actual heights. For example, they 

have actual building heights in Ordnance Survey data 

which is great, because we can create 3D models of our 

estate if we want.  However, it’s not much use to use 

when we’re trying to display the complexity of the urban 

estate as it’s known with its different floors. So, it’d be 

good to understand the vertical location of each of those 

floors. 

Buildings ¦ 

Information on the 

roof structure 

 

It’s quite helpful because we have a contract to 

maintain and work out how to get up to the green roofs. 

They are often built without access to them. We’ve got 

a dataset of green roofs, but that’s really hard to get 

updated because nobody’s monitoring them 

We tried to find information on the roof, the footprint of 

the roof for each of the buildings, but we couldn’t get it. 

We had done building surveys, we had done floor plates 

of buildings for all the buildings down the street, but no 

one had ever done the roof part of it.  

Buildings ¦ 

Protected 

viewsheds and 

vistas 

Because of planning and working with planners and on 

their protected views, having 3D to see the building 

heights and information on protected views would be 

great. 
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 For estate regeneration, they have to think about the 

impact on surrounding buildings when proposing new 

buildings. If you are going to put someone else into the 

shade, that’s a big deal. So, I imagine that 3D data 

would be useful for modelling that. 

Cadastral ¦ 3D 

Cadastral parcels 

 

We own cables on the outside of the building, but 

somebody else owns the building, yet there’s an 

overhang and we’re responsible… well it gets 

complicated. 

To handle complex ownership situations that we have… 

How we deal with it at the moment is we just register 

the footprint of the building and the airspace is dealt 

within the legal documentation. It doesn’t necessarily 

need to be ‘mapped’ to a high degree of accuracy.  

Environmental 

Monitoring ¦ Air 

and noise pollution 

in 3D 

 

I can see them being useful for planning purposes to 

prove that you aren’t really adding to noise pollution if 

you’re higher up. For example, if you have a roof 

terrace on a restaurant or a pub, then noise pollution 

might be bad. 

If you need to take into account, let’s say, noise 

pollution at different levels in your planning application 

that would force our hand and suddenly make a 3D 

dataset of noise pollution extremely valuable to us, 

which we would then be willing to pay for. 

Land Cover ¦ 

Volume of trees 

and other biomass 

We own and manage forests, but we also have the 

responsibility to manage trees on a lot of rural 

estate…The next step from there I can see is what are 

the trees, how big are they, are they mature, are they 

young, what’s the likelihood they need some sort of risk 

assessment, are they more likely to fall over, for 

example. 

Volume of trees and other biomass could be useful for 

total contribution type work and to look at carbon 

sequestration 

We also capture details on the height information of 

trees because the network, for the sub-surface sections, 

you need to monitor some of this vegetation because 

they have a direct relationship with the (rail) track. By 

knowing the embankment, and the nature of the land, 

you can determine if a landslips or treefall or leaves 

might happen.  

Utility and 

governmental 

services ¦ Location 

of underground 

utilities 

 

We got so many old services, that are redundant, but 

are in the public realm but nobody has the ownership 

for. Knowing when they are going to put in a service 

instead of just showing up and it’s there or you come 

across them randomly. 
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5.1 Introduction 

This is the third and final chapter addressing the following research sub-question: 

What are the user requirements for 3D geographic information? 

In the previous Chapter, the results of a web-based questionnaire and a series of semi-structured 

interviews were presented. As expected, the questionnaire suffered from a high level of non-

response for open questions leading to a lack of depth in results. Conversely, while the interviews 

had good depth, they lacked the breadth required to capture the multiplicity of applications and 

requirements within GI users.  

The findings showed that while some applications lead the field with a high adoption of 3D, others 

were laggards, predominantly from organisational inertia. While individuals may be positive 

about the use of 3D, many still struggled to justify the value and business case for 3D GI. The 

results also demonstrated that 2D data quality issues still dominate within the GI field in Great 

Britain. 

The results from the web-based questionnaire and interviews, however, were not complete to 

answer the research sub-question. In particular, the design approach of speaking to users about 

2D rather than directly about 3D led to results which lacked the depth required to identify user 

requirements specific for 3D GI.  

To address the inadequacies of the first phase of requirements gathering, a second, targeted and 

focused web-based questionnaire was carried out between 1st March 2017 and 1st May 2017. This 

second phase was designed to maximise response rate and was specifically designed to be very 

short and easy to answer. The focus was directly on 3D and the potential applications of 3D GI. 

To that end, Question 11 ‘If you had access to any of the following 3D information, how could 

you use it in your day-to-day work?’ from the previous questionnaire was adapted. The findings 

from this question not only allows for a better understanding of user requirements for 3D, but also 

to begin to classify applications into potential groups which demonstrate similar 3D requirements.  

This chapter presents the result of this second, ‘3D focused’ web-based questionnaire  

5.2 Method 3 – ‘Usefulness of 3D’ 

To increase the response rate, the ‘Usefulness of 3D’ questionnaire was specifically designed to 

be very short and easy to answer. In the previous web-based questionnaire (outlined in Section 

4.3.3), there was a poor response rate when participants were presented with open-ended 

questions which required an original and personal response. The final hypothetical question was 

intended to help understand potential future requirements of 3D GI and encourage users to think 

beyond the status quo:  
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If you had access to any of the following 3D information, how could you use it in 

your day-to-day work? (not considering hardware, software, cost or technical 

limitations). Which would be the most useful? 

The response rate, however, was insufficient and therefore the question was adapted into a five-

point Likert-type item questionnaire. The modified question was used to gauge the participants’ 

perception on the usefulness of different 3D information: 

Please rate the usefulness of the following 3D information according to your day-to-day 

work 

The participants were asked to rate each suggested 3D information and rank it as followed: 5 = 

‘Extremely useful’; 4 = ‘Very useful’; 3 = ‘Moderately useful’; 2 = ‘Slightly useful’; 1 = ‘Not at 

all useful’; or ‘Not applicable’. By presenting a rating scale over a dichotomous question, it 

captured the participant’s prioritisation of 3D GI requirements. In addition, participants were also 

asked to briefly describe the specific task where they use 3D GI if they had selected ‘Extremely 

useful’. Participants were asked for their organisation’s name and the sector they worked in for 

context. The full questionnaire is depicted below in Figure 20.   

As part of the questionnaire design, a sixth ‘Not Applicable’ category was also included for each 

question. This was because the participants were from a wide range of sectors and not all datasets 

were related to their field of work. By having a ‘Not Applicable’ category allowed participants to 

provide a reply to every question without forcing a response. Within the subsequent analysis, ‘Not 

Applicable’ responses were coded as missing data to avoid introducing additional bias e.g. coding 

‘Not Applicable’ as the value 0. This presented certain challenges within the clustering analysis 

as some algorithms require complete cases. The details of how missing data was handled is 

described in detail for each case below.  
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Figure 20. An excerpt of the ‘Usefulness of 3D’ web-based questionnaire 

5.2.1 Research approach to analysis 

The questionnaire outlined above should return a set of responses from each of the participants 

on their perception on the ‘usefulness’ of each piece of 3D geo-information. Further, the 

supplementary information provided allowed their sector and country of work to be ascertained. 

In the first instance, the results can provide an indication of the wider state of 3D GI in the UK. 

Further, a number of further research sub-questions can be explored. Specifically: 

1. ‘If a user finds one type of 3D feature useful, then do they tend to find another type of 3D 

feature useful as well?’ 

2. ‘If a one-size-fits-all approach for 3D mapping is not suitable, then what are the potential 

3D product groups that could be defined to satisfy the user needs?’ 

To address this, a number of statistical methods were applied. Descriptive analysis (mean and 

mode) was used to provide a general overview of the state of 3D GI in the UK and also by sector. 

Correlation analysis (Spearman’s Rho and Kendall’s tau-b) allowed further investigation into any 

correspondence and congruence within the participants responses. This was used to determine the 

relationship between the usefulness of different 3D features, agnostic of application. 

Unsupervised cluster analysis was used to determine the minimum number of potential 3D 

product groups which satisfy the multiple 3D product approach. Exploratory factor analysis was 

used to identify if any latent factors could be used group the variables. Free-text responses were 

analysed separately in Section 5.3.8. 

To analyse the data, several software and database packages were used. Oracle Database 11g was 

used to store and manage the response data and for calculating the descriptive analysis. IBM SPSS 

Statistics 24 package was used to conduct the correlation analysis, cluster analysis and exploratory 

factor analysis.   
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5.3 Results from ‘Usefulness of 3D’ web-based questionnaire 

A total of 202 completed responses were received out of 532 questionnaire views, representing a 

37.67% cooperation rate. Like 2D geographic information, 3D requirements vary from country to 

country due to different maturity of the local GI industry as well as different business drivers at 

the local, regional, and national level. To that end, obtaining country-specific information should 

be useful to capture the unique requirements for different nations. 

For the ‘Usefulness of 3D’ web-based questionnaire, the country of work was inferred using the 

supplementary information provided by the participants. Specifically, the participants’ 

organisation’s name (Q1), sector (Q2), as well as their email address (where supplied) was used. 

This allowed the results to be divided by country. Table 8 shows the spread of the participants’ 

country of work, with just under 60% from the United Kingdom. Responses were classed as 

‘Unknown’ when a country of origin could not be determined or inferred. 

Only the responses from the UK will be presented in this Chapter. For tables and figures for all 

the responses, please refer to Appendix III. 

Table 8. Participant’s inferred country of work 

Country Count % 

UK 121 59.9% 

Unknown 22 10.9% 

USA 20 9.9% 

Australia 9 4.5% 

Canada 6 3.0% 

Germany 4 2.0% 

Netherlands 3 1.5% 

Austria 3 1.5% 

Spain 1 0.5% 

Portugal 1 0.5% 

Switzerland 1 0.5% 

Iran 1 0.5% 

Czechia 1 0.5% 

India 1 0.5% 

Fiji 1 0.5% 

Norway 1 0.5% 

Philippines 1 0.5% 

Romania 1 0.5% 

Sweden 1 0.5% 

Colombia 1 0.5% 

Indonesia 1 0.5% 

United Arab Emirates 1 0.5% 

TOTAL 202 
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The participants were directly asked ‘What sector would you describe yourself to be in?’ Figure 

21 shows the distribution of participants by sector. Government and local council (37), 

Infrastructure and transport (20) and Academia (19) were the most represented.  An ‘Other – 

please specify’ category was included as it was difficult to pre-determine all the possible sectors. 

Applications under the ‘Other’ category included: Architecture, Charity, Defence, Faith, 

Healthcare, Marine and, Personal. There were no participants from the UK for Arts and 

Entertainment, Forestry, or Navigation and routing. This could be due to the lack of GI users from 

these fields or they could not be reached via the dissemination method.  

As GIS is interdisciplinary in nature, the questionnaire allowed participants to identify as working 

in more than one sector. By allowing multiple selections, it was also intended to reduce 

participants frustration, thus improve response rates. This design choice, however, led to an issue 

when sorting the 122 completed UK responses into their respective sectors. Subsequently, where 

respondents selected more than one category, their responses were duplicated for each sector, 

resulting in a total of 189 responses. 

 

Figure 21. Which sector would you describe yourself to be in? – UK responses 
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For the main question, the participants were asked to rate the ‘usefulness’ of different 3D 

information from a suggested list, according to their day-to-day work. Figure 22 shows an 

aggregated summary of the results of UK-only responses. From an initial inspection, ownership 

and cadastral information (29%), underground utilities geometry (24%) and address with 3D 

location (24%) are the top three 3D information found to be ‘Extremely useful’. Conversely, 

windows and doors geometry (21%), interior geometry (21%) and texture and/or photo (20%) 

were described to be ‘Not at all useful’. Considering the application-specific and country-

dependent nature of 3D user requirements, these are simply initial aggregated descriptors. To fully 

analyse the results, the responses was split by sector.  

 

Figure 22. Stacked bar chart showing the aggregated results from question 3 as a percentage split 

of UK-only responses – ‘Please rate the usefulness of the following 3D information according to 

your day-to-day work?’ 
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5.3.1 Handling Likert-type items 

For the ‘Usefulness of 3D’ questionnaire, Likert-type items were employed with the following 

five responses: Extremely useful; Very useful; Moderately useful; Slightly useful, and; Not at all 

useful. Likert scales and Likert-type items are frequently used in surveys and questionnaires as 

an assessment of a respondent’s attitudes. While Likert-type items are individual questions, Likert 

scales are multiple questions and responses summated into a single rating. 

By employing Likert-type items, there is an assumption that there is an underlying continuous 

variable within the respondents’ attitudes. Likert-type items are inherently ordered categories (e.g. 

on a scale of 1 to 10) used to indicate the degree of agreement with a statement. However, to 

analyse this, an interval scale must be used. This raises the question if Likert-type results (ordinal 

data), converted to numbers, can be treated as interval data. Further, the value assigned to each 

Likert-type item is arbitrary and dictated by the researcher. It is debateable whether the ‘distance’ 

between successive item categories are equal e.g. Is the difference between ‘2 - Slightly useful’ 

and ‘3 - Moderately useful’ equivalent to the distance between ‘4 - Very useful’ and ‘5 - 

Extremely useful’? Despite Likert-type items being technically ordinal, for all intent and 

purposes, assigning a numerical value and treating it as interval data can provide useful insight 

not previously possible.  

5.3.2 Descriptive analysis 

Two measures of central tendency were calculated, the mode24 and the median. Table 9 and Table 

10 present the mode and median response split by application, by sector for UK participants. Each 

table is presented in two halves, sorted by the absolute number of responses received (n). The 

table is split at the threshold of five responses - where a sector has received fewer than five 

responses, the sample is considered too small to be representative, but have been included at the 

bottom of the table for completeness. Despite asking participants to specify their applications in 

free-text under the ‘Other’ sector, the applications were too diverse and numerous to be 

aggregated into a meaningful group. The ‘Other’ responses have therefore been excluded and also 

placed at the bottom of each table 

   

                                                      
24 Where the dataset is bimodal or multimodal, Oracle’s STATS_MODE function will choose one and 

returns only that one value. ORACLE 2017. Database SQL Reference. STATS_MODE.. 
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Table 9. Mode response, UK participants, by sector. (n = 189) 
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Gov. & local council 37 3 3 3 3 3 3 3 5 4 5 3 4 5 5 3 5 

Infrastructure & 

transport 
20 5 3 5 3 5 5 5 5 5 5 4 4 5 5 4 5 

Academia 19 3 4 5 3 5 4 4 3 5 3 4 5 4 3 3 5 

Facilities management 16 4 3 5 4 3 5 3 5 5 5 3 5 5 5 3 4 

Archaeology 15 3 3 4 4 2 4 3 4 5 3 4 4 4 3 3 3 

History & heritage 11 3 3 3 4 3 4 2 5 5 3 3 4 4 2 3 3 

Urban planning 8 4 3 2 3 3 4 4 4 5 4 4 5 4 5 5 5 

Environmental services 7 4 5 1 5 3 5 5 4 5 5 4 5 5 5 5 5 

Air quality engineering 6 4 3 5 5 5 5 5 4 5 5 3 5 5 5 5 5 

Virtual reality & 
gaming 

6 3 3 5 3 3 5 5 3 5 5 4 5 2 3 5 5 

Oil & gas 5 1 2 3 3 2 3 1 3 3 2 1 3 4 5 4 4 

Subsurface applications 5 4 4 4 3 4 4 3 4 5 4 4 4 5 5 4 4 

                  

Other 21 3 4 2 3 3 4 4 4 2 2 4 4 4 5 4 4 

Leisure 4 3 1 1 2 4 3 3 5 3 4 2 3 4 4 5 5 

Acoustic engineering 2 4 4 4 4 4 4 4 4 5 4 4 4 5 5 5 5 

Cadastre & land mgmt. 2 4 4 5 4 4 5 4 5 5 4 4 4 5 5 5 4 

Emergency services 2 2 2 2 5 3 3 3 1 5 1 1 1 4 4 1 1 

Insurance 2 4 1 2 1 1 1 1 1 4 1 4 5 1 5 1 1 

Solar 1 4 3 5 5 3 5 3 5 5 5 5 5 5 5 5 5 

Arts and Entertainment 0 * * * * * * * * * * * * * * * * 

Forestry 0 * * * * * * * * * * * * * * * * 

Navigation & routing 0 * * * * * * * * * * * * * * * * 

* no value                  
 

5 = Extremely useful; 4 = Very useful; 3 = Moderately useful; 2 = Slightly useful; 1 = Not at all 

useful  
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Table 10. Median response, UK participants, by sector. (n = 189) 
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Gov. & local 

council 
37 3.0 2.5 3.0 3.0 3.0 3.0 3.0 4.0 4.0 3.0 3.0 3.0 4.0 3.0 4.0 4.0 

Infrastructure & 

transport 
20 4.0 3.0 4.0 3.0 5.0 3.0 3.0 4.0 5.0 4.0 3.5 4.0 4.0 4.0 4.0 5.0 

Academia 19 3.0 3.0 3.0 3.0 3.0 4.0 3.5 3.0 3.0 3.0 3.0 4.0 4.0 3.0 3.0 4.0 

Facilities 
management 

16 3.5 3.0 4.0 4.0 3.0 3.5 3.0 4.0 4.0 4.0 3.0 4.0 4.0 4.0 3.0 4.0 

Archaeology 15 3.0 3.0 3.5 3.0 2.0 3.0 3.0 4.0 4.0 3.0 3.5 4.0 3.0 3.0 4.0 3.0 

History & 

heritage 
11 3.0 3.0 4.0 4.0 3.0 3.0 2.0 4.0 4.0 3.0 3.0 3.0 4.0 2.5 4.0 2.0 

Urban planning 8 4.0 3.0 2.0 3.0 3.0 4.0 3.5 4.0 4.0 4.0 4.0 4.0 4.0 4.5 4.0 4.5 

Environmental 

services 
7 4.0 2.5 1.5 2.5 3.0 4.5 3.5 4.0 4.0 4.5 3.5 4.0 4.5 5.0 5.0 4.0 

Air quality 
engineering 

6 4.0 3.0 4.0 4.0 4.0 5.0 4.0 4.0 3.5 4.5 3.0 5.0 4.0 5.0 4.0 5.0 

Virtual reality & 
gaming 

6 3.0 3.0 3.0 3.0 3.0 5.0 4.0 3.5 3.0 4.0 4.0 4.0 2.5 3.0 4.0 5.0 

Oil & gas 5 1.0 1.5 2.0 3.0 2.0 3.0 1.5 3.0 3.0 2.0 1.5 3.0 3.5 2.5 3.5 3.5 

Subsurface 

applications 
5 4.0 3.0 4.0 3.0 4.0 4.0 3.0 4.0 4.0 4.0 3.5 4.0 5.0 5.0 4.0 4.0 

                  

Other 21 3.0 3.0 2.0 3.0 3.0 4.0 3.0 4.0 3.0 3.0 3.0 4.0 4.0 4.0 4.0 3.0 

Leisure 4 2.0 1.0 1.0 1.5 3.0 2.0 2.0 4.0 2.0 3.0 1.5 2.0 2.5 4.0 4.0 4.0 

Acoustic 
engineering 

2 4.0 3.0 4.0 3.5 3.5 4.0 4.0 3.5 3.0 3.0 4.0 4.0 4.0 4.0 4.0 3.5 

Cadastre & land 

mgmt. 
2 3.5 3.5 4.0 4.0 3.5 4.5 3.5 4.5 4.5 3.0 3.5 3.5 5.0 4.5 4.0 3.5 

Emergency 

services 
2 2.0 2.0 2.0 5.0 3.0 3.0 3.0 1.0 5.0 1.0 1.0 1.0 4.0 4.0 1.0 1.0 

Insurance 2 2.5 1.0 1.5 1.0 1.0 1.0 1.0 1.0 2.5 1.0 2.5 3.0 1.0 3.0 1.0 1.0 

Solar 1 4.0 3.0 5.0 5.0 3.0 5.0 3.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

Arts and 
Entertainment 

0 * * * * * * * * * * * * * * * * 

Forestry 0 * * * * * * * * * * * * * * * * 

Navigation & 

routing 
0 * * * * * * * * * * * * * * * * 

* no value                  
 

5 = Extremely useful; 4 = Very useful; 3 = Moderately useful; 2 = Slightly useful; 1 = Not at all 

useful   
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Table 9 shows the mode response for UK participants, by sector. Of the 11 sectors above the n=5 

response threshold, ‘Air quality engineering’, ‘Infrastructure & transport’ and ‘Environmental 

services’ presented the most positive outlook on the usefulness of 3D. Almost all 3D datasets 

were considered ‘Very useful’ or ‘Extremely useful’ with one exception – ‘Texture and/or photo’ 

is considered ‘Not at all useful’ within the context of ‘Environmental services’. Examining the 

less positive side of the spectrum, ‘Oil and Gas’, ‘History and Heritage’ and ‘Archaeology’ 

presented the least favourable outlooks. Unsurprisingly, above ground information such as ‘Roof 

geometry’ and ‘Roof shape type’ was deemed to be not relevant to the predominantly subsurface 

work of the ‘Oil and Gas’ sector. 

Table 10 shows the median response for UK participants, by sector. The median response is 

useful, as it can ameliorate the effects of extreme values. Overall, the results are like that of the 

mode, albeit with a few outliers. Notably, for ‘Environmental services’, ‘Windows and doors 

geometry’ (2.5) and ‘Interior geometry’ (2.5) were viewed as less useful when considering the 

median versus the mode response (both 5.0).  

5.3.3 Correlation analysis 

As noted above, not all 3D feature are relevant to all users. To identify any correlation between 

the features, a Spearman’s Rho and Kendall’s tau-b was run to determine the relationship between 

the perception of usefulness of 3D features. The correlation was conducted using IBM Statistics 

SPSS 24. Both tests are non-parametric ranking algorithms which do not make any assumptions 

about the distribution of the data. Kendall’s tau-b offers the addition benefit of being able to 

handle many tied ranks. As the results for both tests were similar, only the results from the 

Kendall’s tau-b test are presented below. The full result for the Spearman’s rank can be found in 

Appendix III. Table 11 shows the correlation coefficient for the Kendall’s tau-b test. The 

coefficient can provide an indication on how the perception on the usefulness of two 3D datasets 

may fluctuate together e.g. if a participant finds roof geometry useful, they may also find roof 

shape type useful too. There were no negative correlations for both tests.  

An easier way to interpret the tables is to filter by a threshold value to identify strongly correlated 

features. A threshold value of 0.5 was used for Kendall’s tau-b.  The threshold was selected by 

filtering at multiple levels (0.3, 0.4, 0.5, 0.6) and identifying an optimum value in an exploratory 

manner (See Appendix III for more detailed tables). Table 12 shows a summary of features and 

its corresponding correlated 3D information, sorted in descending order. For each 3D feature, any 

other feature with a correlation >0.5 was listed. The interpretation is straightforward – for 

example, if a user desires base of roof height information (R07), they have a high chance of also 

wanting roof geometry, 3D road geometry and maximum roof height. 
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Table 11. Correlation coefficient for Kendall’s tau-b one-tailed test (n = 123; p< .001) 

 R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.47 0.35 0.38 0.51 0.62 0.69 0.49 0.30 0.38 0.69 0.53 0.21 0.38 0.30 0.34 

R02 0.47  0.46 0.62 0.25 0.44 0.39 0.28 0.21 0.17 0.47 0.47 0.21 0.28 0.32 0.14 

R03 0.35 0.46  0.48 0.12 0.33 0.26 0.35 0.31 0.24 0.44 0.35 0.33 0.30 0.33 0.24 

R04 0.38 0.62 0.48  0.15 0.45 0.26 0.32 0.42 0.27 0.41 0.43 0.30 0.39 0.24 0.17 

R05 0.51 0.25 0.12 0.15  0.40 0.52 0.48 0.23 0.52 0.32 0.27 0.21 0.31 0.22 0.55 

R06 0.62 0.44 0.33 0.45 0.40  0.74 0.57 0.30 0.40 0.52 0.65 0.39 0.50 0.36 0.45 

R07 0.69 0.39 0.26 0.26 0.52 0.74  0.48 0.18 0.32 0.46 0.49 0.27 0.42 0.21 0.36 

R08 0.49 0.28 0.35 0.32 0.48 0.57 0.48  0.45 0.57 0.39 0.35 0.35 0.49 0.36 0.54 

R09 0.30 0.21 0.31 0.42 0.23 0.30 0.18 0.45  0.48 0.32 0.21 0.42 0.43 0.35 0.37 

R10 0.38 0.17 0.24 0.27 0.52 0.40 0.32 0.57 0.48  0.31 0.23 0.27 0.41 0.37 0.58 

R11 0.69 0.47 0.44 0.41 0.32 0.52 0.46 0.39 0.32 0.31  0.56 0.25 0.30 0.44 0.29 

R12 0.53 0.47 0.35 0.43 0.27 0.65 0.49 0.35 0.21 0.23 0.56  0.34 0.50 0.31 0.41 

R13 0.21 0.21 0.33 0.30 0.21 0.39 0.27 0.35 0.42 0.27 0.25 0.34  0.66 0.40 0.32 

R14 0.38 0.28 0.30 0.39 0.31 0.50 0.42 0.49 0.43 0.41 0.30 0.50 0.66  0.38 0.46 

R15 0.30 0.32 0.33 0.24 0.22 0.36 0.21 0.36 0.35 0.37 0.44 0.31 0.40 0.38  0.49 

R16 0.34 0.14 0.24 0.17 0.55 0.45 0.36 0.54 0.37 0.58 0.29 0.41 0.32 0.46 0.49  

 

Code Description 

R01 Roof geometry 

R02 Windows & doors geometry 

R03 Texture and/or photo 

R04 Interior geometry 

R05 3D road geometry 

R06 Maximum roof height 

R07 Base of roof height 

R08 Trees & other biomass geometry 

R09 Underground utilities geometry e.g. electricity/telephone cables 

R10 Street furniture geometry 

R11 Roof shape type (e.g. hipped, mansard, etc)  

R12 Number of floors (building) 

R13 Ownership and cadastral information 

R14 Address with 3D location e.g. identify the floor or height 

R15 Landmarks e.g. statues, key buildings 

R16 Bridges, flyovers and underpasses 
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Table 12. Summary table of features with a Kendall’s tau-b >0.5, sorted in descending order. 

Code 3D feature Correlated featured (>0.5) Kendall’s tau-b 

R01 Roof geometry Base of roof height 

Roof shape type 

Maximum roof height 

Number of floors 

3D road geometry 

0.69 

0.69 

0.62 

0.53 

0.51 

R02 Windows & doors 

geometry 

Interior geometry 0.62 

R03 Texture and/or photo - - 

R04 Interior geometry Windows & doors geometry 0.62 

R05 3D road geometry Bridges, flyovers and 

underpasses 

Base of roof height 

Street furniture geometry 

Roof geometry 

0.55 

0.52 

0.52 

0.51 

R06 Maximum roof height Roof geometry 

Base of roof height 

Trees & other biomass geometry 

Roof shape type 

Number of floors 

0.62 

0.74 

0.57 

0.52 

0.65 

R07 Base of roof height Roof geometry 

3D road geometry 

Maximum roof height 

0.69 

0.52 

0.74 

R08 Trees & other biomass 

geometry 

Maximum roof height 

Street furniture geometry 

Bridges, flyovers and 

underpasses 

0.57 

0.57 

0.54 

R09 Underground utilities 

geometry e.g. 

electricity/telephone 

cables 

- - 

R10 Street furniture 

geometry 

3D road geometry 

Trees & other biomass geometry 

Bridges, flyovers and 

underpasses 

0.52 

0.57 

0.58 

R11 Roof shape type (e.g. 

hipped, mansard, etc)  

Roof geometry 

Maximum roof height 

Number of floors (building) 

0.69 

0.52 

0.56 

R12 Number of floors 

(building) 

Roof geometry 

Maximum roof height 

Roof shape type 

Address with 3D location 

0.53 

0.65 

0.56 

0.50 

R13 Ownership and 

cadastral information 

Address with 3D location 0.66 

R14 Address with 3D 

location e.g. identify the 

floor or height 

Number of floors 

Ownership and cadastral 

information 

0.50 

0.66 

R15 Landmarks e.g. statues, 

key buildings 

- - 

R16 Bridges, flyovers and 

underpasses 

3D road geometry 

Trees & other biomass geometry 

Street furniture geometry 

0.55 

0.54 

0.58 
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By correlating the responses and filtering at an appropriate threshold, features begin to group 

together (Table 12). For example, using Kendall’s tau-b, the responses for ‘Interior geometry’ 

correlates with those for ‘Windows & doors geometry’. It is therefore inferred that should users 

be interested in detailed indoor information within a mapping product, they would also desire 

information on the exterior façade and external windows and doors.  

Table 13. Potential product groups and features derived from the Kendall’s tau-b correlation 

Product group Features 

Basic building information Roof geometry 

Roof shape type 

Base of roof height 

Maximum roof height 

Number of floors 

Detailed building geometry Windows and doors geometry 

Interior geometry 

Roads 3D road geometry 

Bridges, flyovers and underpasses 

Street furniture geometry 

Trees & other biomass geometry 

Land ownership and addressing Ownership and cadastral information 

Address with 3D location 

Standalone features Underground utilities geometry 

Texture and/or photo 

Landmarks 

Table 13 shows potential product groups that could be formed from the correlations and provides 

one of the main outputs of this chapter. The table contributes towards addressing the second sub-

question of this chapter by identifying a set of possible 3D products in a multi-product approach 

for 3D mapping. Specifically, the table shows five potential product groups which are 

complementary to each other e.g. a user could combine both basic 3D building information with 

3D roads.  
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5.3.4 Cluster analysis 

Part of the aim of this part of the study was to not only to understand the variety of user 

requirements, but also to begin to classify applications into product groups which demonstrate 

similar 3D requirements. These groups would, in turn, help inform initial product prototypes. 

Previous results in Sections 5.3.2 and 5.3.3 indicated that there may be subsets of clustered 

requirements potentially forming more than one product. To test this further, cluster analysis was 

used to assess the groupings of the data. 

Cluster analysis or data clustering is a multivariate method that can form classes of objects with 

similar characteristics, based on a set of measured variables. Three common procedures are 

TwoStep, Hierarchical and k-means (Sarstedt and Mooi, 2014), with each employing a different 

algorithm for creating clusters. Each procedure has its advantages and disadvantages which are 

described in detail in each section below. From a data type perspective, Hierarchical cluster 

analysis is limited to small datasets, while k-means is restricted to continuous values. TwoStep 

can create clusters based on both continuous and categorical variables. To exploit the strengths of 

different clustering algorithms (see Section 5.3.5 and 5.3.6) and to allow for cross comparison, 

both k-means and TwoStep clustering were conducted, and the results compared. The clustering 

was conducted using IBM Statistics SPSS 24. The results of both tests are presented below. 

5.3.5 TwoStep cluster analysis 

The TwoStep cluster analysis is an exploratory tool developed by Chiu et al. (2001) which can 

handle both categorical and continuous variables. One of the main benefits is the algorithm’s 

ability to automatically determine the optimal number of clusters by comparing the values of a 

model-choice criterion across different solutions. In addition, the tool returns a ‘goodness-of-fit’ 

measure such as the Bayesian Information Criterion (BIC) or the Akaike Information Criterion 

(AIC). These measures are relative but can be used to compare different solutions with different 

numbers of segments. A TwoStep cluster analysis was conducted on all UK responses on the 

usefulness of the 16 different 3D features using the Bayesian Information Criterion. Of the 189 

UK responses, only 123 fully completed responses were used within the clustering. Multiple 

iterations were performed, using different variables and parameters. Table 14 summarises the 

different variations of clustering. 

Table 14. Summary of TwoStep clustering variations 

Variation Number of clusters Variables 

1 2 (Automatic) All 16 variables 

2 2 (Automatic) Roof-based information aggregated 

3 3 (Fixed) Roof-based information aggregated 

4 4 (Fixed) Roof-based information aggregated 

5 5 (Fixed) Roof-based information aggregated 
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The first iteration resulted in two clusters, with a silhouette measure of cohesion and separation 

of 0.450 indicating fair cluster quality (Figure 23). 

 

Figure 23. Model summary of TwoStep cluster analysis – first iteration. 

Inspecting the predictor importance from Figure 24, roof-based information (e.g. maximum roof 

height, roof geometry) dominate as the main variables in estimating the model. For the second 

iteration, roof-based characteristics were aggregated to ameliorate the bias. The resulting model 

from the second iteration resulted in two clusters with a similar distribution in cluster size.  

 

Figure 24. Predictor importance of TwoStep cluster analysis – first iteration. 

36%

64%

Cluster Size - First Iteration

1

2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Texture and/or photo

Street furniture geometry

Ownership and cadastral information

3D road geometry

Underground utilities geometry

Bridges, flyovers and underpasses

Interior geometry

Landmarks

Address with 3D location

Windows & doors geometry

Trees & other biomass geometry

Number of floors (building)

Roof geometry

Base of roof height

Roof shape type

Maximum roof height

Cluster predictor importance

Size of smallest cluster 44 (35.8%) 

Size of largest cluster 79 (64.2%) 

Ratio of sizes: largest 

cluster to smallest 

cluster 

1.80 

Silhouette measure of 

cohesion and 

separation 

0.45 
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TwoStep clustering analysis allows for cluster size to be determined automatically using an 

information criterion, but it is also possible to enforce a fixed number of clusters in the solution. 

Figure 25 shows the changes in cluster composition and goodness-of-fit (silhouette measure of 

cohesion and separation or silhouette coefficient) in successive clustering iterations. A silhouette 

measure ranges from −1 to +1, where a high value indicates that the object is well matched to its 

own cluster and poorly matched to neighbouring clusters. The silhouette measure for a cluster is 

an average of the measures for all cases, whereby the closer to 1, the better the clustering solution. 

  

  

 

  

Figure 25. Change in cluster size and quality over different iterations – TwoStep clustering 
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116 

 

Ideally, clusters are of equal sizes (Milligan et al., 1983). A rule of thumb proposed is that no 

single cluster is twice as large as any other cluster. The ratio of sizes measure from Figure 25 

shows that only the two-cluster solution meets this requirement (1.58). The silhouette measure of 

cohesion and separation is a measure from 0 to 1, showing cluster quality. A value tending to 1 

indicates a good quality cluster with small within-cluster distances and large between-cluster 

distances. In this instance, Figure 25 shows that with increasing cluster size, cluster quality 

decreases from 0.44 (two clusters) to 0.31 (five clusters). The figure also shows the difference in 

size between the smallest and largest clusters. Table 15 shows the cluster centres of the two-

cluster solution. Two clear group emerges – one which is less positive about the usefulness of 3D 

in general (cluster 1), and the other which is generally very positive about 3D geoinformation 

(cluster 2). The values correspond to their response on a scale of 1 to 5, with 1 being ‘Not at all 

useful’ and 5 being ‘Extremely useful’. Breaking the clusters down by sector then allowed an 

inspection of how participants from different sectors divided into each cluster. Table 16 shows 

the breakdown of each cluster by sector. 

Table 15. Cluster centres (TwoStep two-cluster solution, second iteration) 

Cluster 1 2 

Size 33.9% (42) 66.1% (82) 

Roof information (aggregated) 2.0 3.8 

Number of floors 2.5 4.2 

Trees & other biomass geometry 2.6 4.2 

Address with 3D location 2.3 4.1 

Landmarks 2.6 4.2 

Bridges, flyovers and underpasses 2.5 4.1 

Windows & doors geometry 1.7 3.2 

Interior geometry 2.1 3.7 

Ownership and cadastral information 2.8 4.2 

Underground utilities geometry 2.8 4.3 

3D road geometry 2.4 3.7 
 

Table 16. Cluster membership count by sector (TwoStep two-cluster solution, second iteration) 

Sector Cluster 1 Cluster 2 

Academia 4 9 

Acoustic engineering 1 1 

Air quality engineering 1 4 

Archaeology 4 7 

Cadastre & land mgmt. 0 2 

Emergency services 1 0 

Environmental services 2 4 

Facilities management 1 6 

Gov. & local council 12 13 

History & heritage 3 5 

Infrastructure & transport 3 10 

Insurance 2 0 

Leisure 2 0 

Oil & gas 2 0 

Other 3 10 

Solar 0 1 

Subsurface applications 0 3 

Urban planning 0 5 

Virtual reality & gaming 1 2 
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5.3.6 k-means cluster analysis 

k -means clustering attempts to identify relatively homogeneous groups of cases based on selected 

characteristics. One of the benefits of k -means clustering is the ability to handle missing values. 

Previously with the TwoStep clustering procedure, only complete cases were used in the analysis 

with cases with missing values omitted (complete case analysis). k-means clustering offers an 

additional step - it allows cases to be retrospectively assigned to a cluster based on distances that 

are computed from all variables with non-missing values. Nearest-neighbour assignment for 

partial data25 was adopted after complete case analysis, resulting in far fewer cases being omitted. 

The algorithm requires the user to specify the number of clusters. Several different approaches 

have been proposed in literature on determining the optimal number of clusters for k-mean 

clustering algorithm including: by rule of thumb; elbow method; information criterion approach; 

information theoretic approach; choosing k using the silhouette measure, and; cross validation 

(Kodinariya and Makwana, 2013). To determine the number of clusters, a mean silhouette statistic 

using Euclidean distance was calculated. The distribution of cluster sizes was also calculated. 

A k-means clustering with two, three, four and five clusters with a maximum of 10 iterations26 

was run for UK-only responses. Roof-related variables were aggregated as the previous TwoStep 

clustering indicated that the variables were too dominating during the clustering. Convergence 

was reached for all within the threshold except for the four-cluster solution. Table 17 shows a 

summary of the different clustering variations carried out. The k-means results showed that, like 

the TwoStep clustering, two classes yielded the most satisfactory clusters. The silhouette 

coefficient (0.307), however, only showed a weak clustering structure.  

Table 17. Summary of k-means clustering variations 

Variation Number of clusters Variables 

1 2 Roof-based information aggregated 

2 3 Roof-based information aggregated 

3 4 Roof-based information aggregated 

4 5 Roof-based information aggregated 

 

  

                                                      
25 First, only fully complete responses were used to calculate the clusters. Afterwards, partial data (where 

responses for certain area may be missing) was then reassigned to the nearest cluster. 
26 Convergence was reached for all clustering variations within 10 iterations. 
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Figure 26. Change in cluster size and quality over different cluster variations – k-means clustering 
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Table 18. Cluster centres (k-means two-cluster solution) 

Cluster 1 2 

Size 70 (39.3%) 108 (60.7%) 

Roof information (aggregated) 2.4 3.6 

Windows & doors geometry 2.2 3.1 

Texture and/or photo 2.6 3.7 

Interior geometry 2.5 3.6 

3D road geometry 2.2 3.9 

Trees & other biomass geometry 2.7 4.3 

Underground utilities geometry 2.8 4.1 

Street furniture geometry 2.1 3.9 

Number of floors (building) 2.8 4.2 

Ownership and cadastral information 2.7 4.2 

Address with 3D location 2.5 4.1 

Landmarks 2.8 4.2 

 

Table 19. Cluster membership count by sector (k-means two-cluster solution) 

Sector Cluster 1 Cluster 2 

Academia 7 11 

Acoustic engineering 1 1 

Air quality engineering 2 4 

Archaeology 7 7 

Cadastre & land mgmt. 0 2 

Emergency services 1 0 

Environmental services 3 4 

Facilities management 4 7 

Gov. & local council 15 21 

History & heritage 6 5 

Infrastructure & transport 4 16 

Insurance 2 0 

Leisure 2 1 

Oil & gas 3 1 

Other 8 13 

Solar 0 1 

Subsurface applications 0 5 

Urban planning 2 6 

Virtual reality & gaming 3 3 

 

Table 18 shows the cluster centres for the k-means two-cluster solution.  The centres indicate that, 

in general, participants within cluster 1 (39.3%, n=70) perceive 3D information to be slightly to 

moderately useful. Cluster 2 (60.7%, n=108) is more positive, with a general view of 3D being 

moderately to extremely useful. Breaking the cluster membership down by sector indicates that 

there is a dichotomy within almost all sectors (Table 19). This shows that appetite for 3D 

information not only varies between sectors, but also within sectors between different 

practitioners.   
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5.3.7 Exploratory factor analysis (EFA) 

As a separate approach to examining the data, exploratory factor analysis was conducted. Factor 

analysis is a method to describe variability among observed, correlated variables in terms of a 

potential lower, latent number of unobserved variables (factors). It works by grouping similar 

variables into dimensions called ‘factors’. 

Data were subject to factor analysis using Principal Axis Factoring and orthogonal Varimax 

rotation. The Kaiser-Meyer-Olkin measure (KMO) of sampling adequacy was 0.86 was well 

above the commonly recommended value of 0.5 indicating that the data were sufficient for EFA. 

The Bartlett’s test of sphericity χ2 was significant (120) = 2256.69, p < 0.001 showed that there 

were patterned relationships between the items. Using an eigenvalue cut-off of 1.0, there were 

three factors that explained a cumulative variance of 58.493%. The scree plot confirmed the 

findings of retaining three factors. The table below shows the factor loading after rotation using 

a significant factor criterion of 0.4 (Table 20). The three factors were given the names ‘Non-

building information’, ‘Detail building information’ and ‘Simple building information’. 

Table 20. Truncated summary table of the EFA. 

  

Non-building 

information 

Detailed 

building 

information 

Simple building 

information 

Underground utilities geometry 0.76   

Street furniture geometry 0.76   

Bridges, flyovers and underpasses 0.67   

Trees & other biomass geometry 0.66   

Ownership and cadastral information 0.57   

Address with 3D location 0.55   

Landmarks e.g. statues, key buildings 0.54   

3D road geometry 0.50   

Windows & doors geometry  0.76  

Interior geometry  0.67  

Texture and/or photo  0.63  

Roof shape type  0.59 0.54 

Roof geometry  0.55 0.55 

Base of roof height   0.78 

Number of floors  0.49 0.64 

Maximum roof height 0.41  0.64 

Eigenvalues 3.71 2.88 2.77 

 

The three factors extracted were labelled as simple building information, detailed building 

information and non-building information (Table 21). Composite scores were created for each of 

the three factors, based on the mean of the items/variables which had their primary loadings on 
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each factor. The median value for each sector was then calculated and presented in Table 22. The 

sectors were sorted by the sum value, as a general indicator of interest in 3D GI. From the 

distribution, it can be seen as the sum value decrease, the interest in simple building information 

and non-building information remains relatively high (3.5 – 5.0), while the desire for detailed 

building information declines at a much more rapidly. This indicates that users are more interested 

in additional details in non-building information and attributes rather than geometry. 

Table 21. Breakdown of factors. 

Factor Variables 

Simple building information Base of roof height 

Number of floors 

Maximum roof height 

Detailed building information Windows & doors geometry 

Interior geometry 

Texture and/or photo 

Roof shape type 

Roof geometry 

Non-building information Underground utilities geometry 

Street furniture geometry 

Bridges, flyovers and underpasses 

Trees & other biomass geometry 

Ownership and cadastral information 

Address with 3D location 

Landmarks e.g. statues, key buildings 

3D road geometry 

Table 22. Median response for UK participants split by factor and sector, sorted by the sum. 

Sector n 

Median of 

simple 

building 

information 

Median of 

detailed 

building 

information 

Median of 

non-building 

information 

Sum 

Solar 1 4.3 4.4 4.8 13.5 

Air quality engineering 6 4.5 3.6 4.4 12.5 

Subsurface applications 5 3.7 3.5 4.5 11.7 

Cadastre & land mgmt. 2 3.8 3.7 4.1 11.6 

Acoustic engineering 2 4.0 3.7 3.6 11.3 

Environmental services 7 4.0 3.2 4.0 11.2 

Facilities management 16 3.5 3.8 3.9 11.2 

Urban planning 8 4.0 3.2 3.9 11.1 

Virtual reality & gaming 6 4.3 3.1 3.5 10.9 

Infrastructure & transport 20 3.3 3.3 4.1 10.7 

Other 21 4.0 3.0 3.6 10.6 

Academia 19 3.8 3.2 3.4 10.4 

Archaeology 15 3.3 3.5 3.3 10.1 

Gov. & local council 37 3.3 2.9 3.6 9.8 

History & heritage 11 3.0 3.4 3.1 9.5 

Emergency services 2 2.3 2.4 2.5 7.2 

Oil & gas 5 2.5 1.8 2.9 7.2 

Leisure 4 2.0 1.8 3.1 6.9 

Insurance 2 1.7 1.7 1.4 4.8 
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5.3.8 Free text responses 

The respondents could comment on any additional ‘3D’ geographic information that may be 

useful to them in free text. It must be noted that not all suggestions provided from the respondents 

were strictly ‘3D’ geographic information and could simply represent missing 2D information. 

Nonetheless, they have been included in Table 23 for completeness and an indication of 

geographic information that users desire. Only unique responses are presented; where multiple 

participants have suggested a similar item, these have been merged. 

Table 23. Summary of suggested additional ‘3D’ geographic information from free-text 

responses, aggregated by category. 

Category Comments 

Buildings • Multiple polygons per building, not single as per current capture 

• Historic buildings i.e. buildings no longer present 

• Proposed new buildings, especially tall and landmark buildings 

• Indoor spaces and furniture 

• Multi-level land uses e.g. not just ground floor retail 

• City development height restrictions 

• Land ownership 

• Materials and building age 

Infrastructure 

 

• Bridges – specifically correctly capturing the negative space between 

the water and the top surface.  

• Vertical transition objects (Escalator, Elevator, Stairs, Ramps) 

• Ramps and other disability access information - such as revolving door 

widths and pass doors 

• Surface utilities e.g. Masts, powerlines, pylons, telephone wires – and 

any other obstructions to flight. 

• Speed limits and traffic flow data for roads 

• Electrical substations   

• Industrial buildings e.g. chimney stacks, pumps, generators etc. 

Terrain and 

natural 

landforms 

 

• DTM and DSM 

• Underground tunnels 

• Geology (Subsurface Geology dip and strike) 

• Water bodies including approximate depth, width, and ordinary water 

level 

o Rivers 

o Cannels and waterways 

• Heights and materials of barriers e.g. concrete/wooden fences 
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Other 

 

• Land mines27  

• Any sub-sea infrastructure and features e.g. Pipelines, wrecks, seafloor 

and platform and manifold installations  

• BIM integration 

• Fire safety features 

 

Respondents were also asked to elaborate in free text on the potential application of 3D GI where 

they had indicated to be extremely useful:  

For any of the above information where you have selected ‘Extremely useful’ - can you 

please briefly describe the specific task you would use it for? 

Table 24. Summary of suggested applications of 3D geographic information. 

Sector Application 

Archaeology • Field work planning - Underground utilities, trees and biomass 

would inform where to dig and what to expect at certain depths. 

• 3D reconstruction – using building information regarding roofs 

(heights, types, and structures etc.) along with texture and window 

geometry could be useful, depending on how detailed and accurate the 

information is. 

• Visualising historic change - To visualise the landscape and compare 

the changes over time. 

• Accurate identification of service routes - is a considerable problem 

to field archaeology and can result in project delays where not collated 

or supplied by a client.  

Construction • Clash detection analysis - for underground utilities in construction. 

• For finding location for faults, refurbishments, and fittings as well as 

space planning. 

Facilities 

management 

• Training - Using a 3D version of a power plant for training purposes 

to help reduce safety hazards and accidents.  

• Record living arrangements - for multi-family dwellings 

• Verifying location of streetlight fixtures. 

Forestry • Stock management - Trees/biomass would be used to assess stock 

managed by our Arborist, complimenting tree surveys and 

assessments done annually. Allows the mapping and modelling of the 

ecosystem service benefits of trees and species distribution. 

                                                      
27 This suggested application was from a UK-based Oil and Gas company that primarily operates in the 

Middle East. 
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Health and 

emergency 

services 

• Fire-fighting – and assessing if a building has the correct fire safety 

implementations. 

• Management of hospital –  accurate details on the building is vital in 

the management of the occupancy of a hospital. 

History and 

heritage 

• Recording historic features from aerial photographs - surviving 

condition and materials, form, etc.   

• Assessing impact of development proposals – on the historic 

environment. 

• Visualisation of key historic buildings/monuments - in 3D form to 

assist in our ability to describe them more accurately. 

• Reconstruction of extinct ecosystems. 

Infrastructure, 

transport, and 

aviation 

• Drone route planning - Using roof height data during flight planning 

would help to ensure that no crashes occur. 

• Modelling of road development schemes e.g. road widening 

• Urban heavy load/oversize transport planning - Obstacles such as 

traffic lights, overhead power lines and underpasses. Integrating these 

problems into a city-wide automated routing system. 

• Damage prevention of public utilities - Presently the maps produced 

for the general public are in a 2D plane. 

• Highways management - investigating, recording, and providing 

information around the highway land that we are responsible for. 

Examine junction capacity and select the new locations for a traffic 

signal. Examine the capacity of a network to be used by HGVs or test 

if a road can be used by any vehicle or there are weight and height 

restrictions according to bridges and underpasses.   

Natural 

disasters and 

severe 

weather 

mitigation 

• Earthquake management - 3D spatial seismic in order to provide 

different scenarios for better managing earthquake disasters as well as 

better understanding of the phenomena especially for presenting 

different risk maps. 

• Disaster management – utilities, building structure, including who 

lives on what floor, could prove useful for managing risk or future 

disasters e.g. gas leaks. 

• Flood management - Number of floors and 3D address location 

would be very useful in determining a property's vulnerability to 

flooding for insurance purposes. 

Navigation 

and routing 

• 3D Indoor Map Design and Routing Information 
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• Access maps - Interior geometry, 3D addressing, and ownership 

would be helpful for generating access maps. 

• Networks for logistics - and the ‘Final Mile’. 

• Mapping potential leisure cycle routes - based on altitude potential 

scenery, using 3D landmarks to find as I go. 

Noise and air 

quality 

• Locating air and odour pollution control filters - at upper levels in 

and around the buildings 

• Developing noise intrusion models - The boundaries of properties is 

an important criterion for assessing situations where noise must 

comply at boundaries. Window data is also valuable to help determine 

transmission loss. 

• Modelling of sensitive receptors - i.e. where residents live 

• Generating environmental noise propagation maps - e.g. using 

CadnaA, Soundplan, Noisemap. 

• Environmental screening - Helpful to know relative differences in 

height in landscape to ascertain impacts to contaminated land, 

ecology, archaeology, heritage etc. 

• Air quality modelling – of roads, bridges and flyovers. We need to 

know layout, widths, heights, distances to receptor - if slope of 

elevation available also useful.  Number of floors useful in 

determining heights of sensitive receptors for air quality modelling.  

Those selected as very useful are also features used within air quality 

modelling on regular basis.  Important to get accurate information 

where possible to reflect real life situation as much as we can to 

minimise inaccuracies in the dispersion model 

Solar • Assessing solar potential - We would use roof details to understand 

London’s solar potential and the number of floors and uses will help 

give us accurate current 

Subsurface 

applications 

• Informing ground excavation works - Accurate map and location of 

underground utilities would be very useful to our field team who carry 

out below ground excavation works. This would reduce liability and 

cost impact of intervention. 

• Subsurface interpretation - In the oil & gas industry 3D has been 

used for decades but mostly just for subsurface interpretation 

(geological models derived from seismic and geophysical surveys), 

using specialised geoscience systems rather than GIS. For surface-

based applications 3D has been much slower to catch on but with 
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advent of drones this will now accelerate particularly for engineering 

operations, facility management, HSE etc. 

• Mapping of underground utilities. 

Urban 

planning 

• Energy modelling and simulation of energy use in houses - ridge 

height, eaves height, and number of floors help to identify volume and 

total floor area for heating purposes. 

• New builds analysis - Maximum roof height and cadastral data can 

be used for a line-of-sight analysis for proposed new buildings.  If an 

office or hotel wants to build close to or adjacent to a residential 

neighbourhood, being able to provide a viewpoint of that 

neighbourhood to see how the new building visually encroaches the 

area can be of use.  Additionally, if that building is made of certain 

reflecting materials, an analysis can be performed based on the 

vertical and horizontal positioning of the sun and how the light will 

reflect on the building and disturb or be a hazard to houses and 

residents in the area. 

• Assessing terrestrial and satellite TV shadows cast by new 

development. 

• Sunlight/daylight analysis for windows 

Virtual 

reality, 

augmented 

reality, and 

gaming 

• Creating a virtual world - Using VR to show clients their homes 

before they are built. 

• Augmented reality of indoor environment – using real room 

geometry and texture information to add virtual objects. 

• Virtual test environment - for Autonomous vehicles / VR user trails 

and virtual testing of drones.  

Other • Building in-house 3D models - and incorporating into an existing 3D 

model of its surroundings for context. 

• Communicating to people with no prior exposure to maps - All 

structural, visible elements are potentially useful.  Roof, tree and road 

geometry as well as texture information are 'extremely useful' because 

they serve as key visual clues for map understanding. 

• Visualisation - Roof geometry is the minimum amount of detail we 

require in our 3D models to give us a 'sense of place' for visualisations.  

3D road geometry is incredibly difficult to capture or model especially 

when laid on terrain but can make a model look accurate. 

• Participatory mapping projects – identifying site specific location 

to map out land use actives of local communities. The 3D information 
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would make it easier for the participant as they navigate the virtual 

landscape. 

• Defence and military - Roof heights, or the heights of other vertical 

obstructions are often used to determine the effectiveness of a Line of 

Sight (LOS) based system, reconnaissance force, defensive structure, 

such as movement detector, or other tracking asset. Detailed building 

and terrain information for planning operations and information to 

enable intelligence to be collected/correlated.   

 

5.3.9 Requirements gathering challenges 

There were several challenges at each stage of all three requirement gathering exercises. Part of 

the research approach was to ensure as many potential users of 3D GI was covered. Within the 

sample, there was some overrepresentation in certain sectors and underrepresentation in others. 

This selection bias is evident within the results of the first questionnaire where the number of 

participants selecting infrastructure and transport as their sector (Figure 12) was reflected by the 

high number of participants interested in 3D roads (Figure 17). In sectors which were 

underrepresented, it was not possible to conclude any findings as a minimum threshold of five 

responses was used. To compound the issue, the interdisciplinary nature of GIS means that 

participants often work in more than one sector. It was therefore possible to identify as working 

in multiple applications within the questionnaire. If a validation check was implemented to force 

users to identify as a single sector, the user frustration would have likely increased survey 

abandonment. This compromise, however, meant that some responses had to be repeated when 

dividing by sector e.g. if a participant identifies as both Archaeology and Academia, their 

responses were duplicated for each sector. Despite the inherent extra weighting given to certain 

responses, only 38 of 121 UK responses identified itself as more than one sector, and only 16 

identified as three or more sectors.  

Concurrent to the requirement for breadth in the study was the need for adequate depth to ensure 

enough useful and detailed information was elicited. To address this, the second questionnaire 

was designed to maximise response rate by focusing on one question on the ‘Usefulness of 3D’. 

Unlike the first questionnaire, which had a number of validation checks for each question, the 

second questionnaire had none, thus reducing frustration rate and increasing survey completion. 

The necessity for brevity meant that country information had to be derived from the participants’ 

organisation’s name, sector, and email address (where supplied). This, of course, may have 

introduced errors. The country of origin, however, was successfully identified for over 90% of 

the 202 responses received. 

One of the challenges was that the questionnaire, interviews, and subsequent analyses were unable 

yield user requirements that were as definitive as first hoped. The silhouette coefficient of the 
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clusters created by both TwoStep and k-means showed that there was only a fair to moderate 

structure to these groupings. Part of this can be attributed to the immaturity of 3D technologies in 

the United Kingdom and the difficulty for participants to articulate their needs for a technology 

that may be unknown to them. On the other hand, rather than interpreting the weaker clusters as 

uncertainty, an alternative interpretation could be that there is simply not a strong requirement for 

3D GI in the UK. In this alternate case, perhaps 3D GI would only be used within specialised 

application or as a supplement to 2D GI. 

5.4 Chapter conclusion 

Understanding the user requirements and needs is an important step towards designing 3D data 

that is effective and usable. While some applications lead the field with a high adoption of 3D, 

others are laggards, predominantly from organisational inertia. Misconceptions on the 

functionality of 3D are rife – but education and sector leaders providing industrial guidance 

should dispel any inflated expectations. The relativity complexity of 3D means that user 

requirements are diverse.  

A set of potential product groups and features were derived from the responses of the second 

questionnaire, contributing towards the multi-product approach for 3D mapping. The cluster 

analysis conducted, however, did not yield satisfactory clusters, indicating that appetite for 3D GI 

varies between, but also within sectors. Further work is required to validate the product groups, 

as well as whether a one-size-fits-all or a multi-product approach is the most appropriate for 3D.  

Additional work on defining the economic value of 3D GI should help individuals and 

organisations struggling to build the business case for 3D technologies. This is described in more 

detail in the next chapter, as part of the commercial evaluation of a national 3D mapping product. 

The next chapter will present the results of a qualitative review of 3D city modelling approaches. 
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QUALITATIVE REVIEW OF 3D CITY 
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6.1 Introduction 

This chapter addresses the following research sub-question: 

What is the variation in modelling, motivation, and applications of existing 3D datasets? 

From Section 2.3 we can see that there are many different ways to produce 3D data, with each 

presenting its unique benefits and challenges as well as resulting in many different types of 

representations. Chapter 3 showed that there are many different potential applications of 3D and 

Chapters 4 and 5 demonstrate that different applications have different requirements. Further, the 

results indicated that users are interested in 3D geographic information beyond that of building 

geometry, such as roads, trees and street furniture. Existing datasets, however, are almost all 

exclusively focused on reproducing building geometry only. This is due to the fact that 3D 

datasets are relatively new, and that the reproduction of buildings is a common denominator for 

many different applications. 

This chapter provides a qualitative review of 3D modelling approaches. The aim of this chapter 

is to understand and document the state of the art regarding 3D geographic information products 

based on a study of multiple international 3D city models. It looks to offer an indication of the 

international efforts in producing 3D data. The findings will provide a better understanding of the 

advantages and disadvantages of different modelling approaches in different contexts. The 

resulting state-of-the-art review will provide Ordnance Survey with a foundation on which best 

practices for capturing and representing 3D data can be built. An evaluation of 34 existing 3D 

datasets is presented, classifying the variation in the features and phenomena that are modelled in 

production. In addition, the motivation for creating the dataset, the funding source, and the 

intended users and applications are identified.  

6.2 Data 

Thirty-four 3D datasets from international locations were selected for review. Despite the chapter 

title referring to ‘3D city models’, the datasets also include regional and national 3D models 

(although these are less common). The method used to find the datasets are described in Section 

6.3. Due to the cost prohibitive nature of commercial 3D datasets, the datasets selected must be 

available of free of charge.28 Therefore, the review predominantly included datasets which were 

open or were free for academic usage. Table 25 lists all the 3D datasets reviewed. For each dataset, 

the release year, producer, and information on its availability is described. Here, datasets are 

placed in three categories: 1) Open; 2) Limited license for academic purposes, and; 3) Not open. 

                                                      
28 As an indication of 3D dataset costs, Vertex Modelling prices its London dataset at £1,000 per km2 for 

LoD1, £2,000 per km2 for LoD2 and £3,500 per km2 for LoD3 VERTEX MODELLING. 2015. Quoting 

Tool [Online]. Available: http://vertexmodelling.co.uk/get-a-quote/ [Accessed].. For comparison, the full 

Dresden dataset (328 km2) is priced at €13,500 for LoD1 and €31,500 for LoD2 (Nadine Mertins, personal 

communication, 31st March 2017). This represents £38 per km2 for LoD1 and £89 per km2 for LoD2 

(according to 1 EUR = 0.93 GBP exchange rate). 
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For clarity, ‘Open’ is defined here as publicly available, without having to pay fees or be restricted 

in its used. For a few of datasets (Frankfurt and Melbourne), the 3D city models or part of the 

models were released under an academic usage licenses. Where the dataset was not accessible at 

all, or not accessible without a substantial cost (e.g. Dresden, Perth, Singapore), these are marked 

as ‘Closed’. 

 

Figure 27. World map of 3D city models reviewed. 
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Table 25. 3D datasets reviewed 

C
it

y
 

R
el

ea
se

 

P
ro

d
u

ce
r 

O
p

en
 

Adelaide, Australia 2015 The City of Adelaide ✓ 

Austin, TX, USA 2013 City of Austin, Texas. Information Technology ✓ 

Berlin, Germany 2009 Berlin Business Location Center ✓ 

Boston, MA, USA 2013 Boston Planning and Development Agency ✓ 

Brussels, Belgium 2014 Centre d'Informatique pour la Région Bruxelloise ✓ 

Cambridge, MA, USA 2014 Infotec USA and CyberCity3D ✓ 

Central Geelong, Australia 2014 Australian Government ✓ 

Dresden, Germany 2009 Office for Geodata and Cadastre and TU Dresden ✗ 

Ettenheim, Germany 2006 Research Center Karlsruhe, Institute for Applied Computer Science ✓ 

Frankfurt, Germany29 2009 Frankfurt University of Applied Sciences ! 

Fredericton, Canada 2016 City of Fredericton ✓ 

The Hague, The 

Netherlands30 
2011 Municipality of 'S-Gravenhage ✓ 

Hamburg, Germany 2017 Free and Hanseatic City of Hamburg, Geoinformation and Surveying ✓ 

Helsinki, Finland 2016 The City of Helsinki ✓ 

Honolulu, HI, USA 2012 State of Hawaii and CyberCity3D ✗ 

Linz, Austria 2011 City of Linz ✓ 

London, England 2014 Ordnance Survey ! 

Lyon, France 2012 Métropole de Lyon / Digital Innovation and Information Systems ✓ 

Melbourne 2012 City of Melbourne and AAM Group !  

Montreal, Canada 2009 Infrastructure, Roads, & Transportation Services Geomatics Division ✓ 

The Netherlands 2014 Kadaster, TU Delft, U Twente, VU Amsterdam, Conterra & Geodan ✓ 

New York City 1, NY, USA 2015 Technical University of Munich ✓ 

New York City 2, NY, USA 2016 Department of Information Technology & Telecommunications ✓ 

North Rhine-Westphalia, 

Germany 
2016 The state of North-Rhine Westphalia ✓ 

Perth, Australia 2015 City of Perth and Simmersion ✗ 

Philadelphia, USA 2015 City of Philadelphia ✓ 

Rotterdam, The Netherlands 2011 Geemente Rotterdam ✓ 

San Francisco, CA, USA 2017 City and County of San Francisco ✓ 

Singapore, Singapore 2016 Singapore Land Authority ✗ 

Taipei, Taiwan 2013 Taipei City Government ✗ 

Thuringia, Germany 2016 Landamt für Vermessung und Geoinformation ✓ 

Toronto, Canada 2015 Toronto City Planning ✓ 

Vancouver, Canada 2009 City of Vancouver ✓ 

Washington, D.C., USA 2015 DC Geographic Information System & CyberCity3D ✓ 

✓ = Open; ! = Limited license for academic purposes; ✗ = Closed 

                                                      
29 City centre only 
30 Note that The Hague dataset contains geometry that is different to 3D Topo NL (The Netherlands 

dataset). 
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6.3 Methodology 

The main methodology used in this Chapter was an online desk-based qualitative review of 

international 3D city models. Keyword searches focused around ‘Open’, ‘3D’, ‘dataset’ and ‘city 

model’ were conducted to identify online sources of data. In some instances, datasets were also 

discovered through the literature (from Chapter 2), online open data web portals and other online 

materials such as CityGML web resources31. Datasets were also identified through discussions 

within 3D special interest groups and other 3D practitioners. Information on the following nine 

areas were collected: 

1. Data producer and coverage 

2. Motivation for creating the dataset 

3. Funding source 

4. Method of reconstruction 

5. Features modelled and levels of generalisation 

6. Delivery mechanism and file format 

7. Accuracy and precision information 

8. Inclusion of texturing 

9. Attributes and semantic information 

Initially, the first source of information was directly through websites, online specifications 

(where available), the data portal, project pages and metadata. If information was incomplete or 

unavailable, the data producers were contacted directly for clarification. Figure 28 shows a list of 

questions asked through the correspondence.  

The focus of this chapter is a qualitative review of the datasets. Where possible, the dataset itself 

was downloaded or acquired to assess basic information such as file size, number of files and 

geographic coverage. Where data was not available (closed), this basic information was not 

readily accessible. In some instances, this could be gathered through additional personal 

communication with the data producer as described above, although a response was not always 

received.  

                                                      
31 https://www.citygml.org/3dcities/ 
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Figure 28. Questions used in data gathering through personal communication. 

One of the main challenges within the search for suitable datasets was the ambiguous use 

terminology. Different terms were used to describe 3D datasets including ‘3D city model’, ‘3D 

massing’ and ‘3D buildings’. In some cases, a non-English language barrier further compounded 

this issue, although this was ameliorated with the use of online translation software. It is 

recognised that due to these issues, some available datasets may have been missed. For example, 

Asia, Africa, and South Africa are underrepresented within the review, but this could be the result 

of either a language barrier or due to the fact that 3D has not yet gained traction in these areas. 

Despite these challenges, the review offers a good indication of the efforts internationally in 

producing 3D data.  

  

1. What was the motivation in creating the dataset? 

2. How was the project funded? 

3. Who are the potential users that you envisaged for this data? 

4. What are the intended applications for the dataset? 

5. Are there any proven use-cases that you have received back from the public yet? 

6. When was the dataset first created? Who by?  

7. And how was the dataset created? 

8. What is the geographic area covered by the dataset? 

9. What is the number of buildings/features in the dataset? 

10. What is the total unzipped file size of the dataset (and the format it is in?) 

11. Apart from building geometry, what information/attribution does the dataset have? 
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6.4 Results 

The chapter presented a comprehensive evaluation of 34 existing 3D datasets to investigate the 

variation in existing 3D geographic information products. In short, there was no clear consensus 

on coverage, level of detail, geometric attributes, semantic attributes, texturing, file formats, and 

delivery mechanism.  

For conciseness, only a summary of the results is presented in this Chapter. The full detailed 

review of each dataset can be found in Appendix I. 

6.4.1 Data producer and coverage 

The producers of the 34 datasets were predominantly governmental agencies at local (city), 

regional and national level (Table 26). This, then, often dictated the coverage at which the 3D 

models were created at e.g. a city council will map all the buildings with the city boundary. For 

certain cities such as Central Geelong, the model was a proof-of-concept project and therefore 

focused on central business areas. Conversely, other producers such as Kadaster (The 

Netherlands) could create a 3D model with country-wide coverage. Generally, where coverage is 

wide, the level of detail tends to be lower. 

Table 26 compares the coverage, number of buildings modelled in each dataset. Coverage is 

measured in square kilometres and the total number of building features are presented as absolute 

counts. In some instances, exact values could not be determined, and an approximate value is 

given (derived from personal communications as described in Section 6.3). For the features 

modelled, the evaluation criteria were based on the components of CityGML’s level of detail 

concept (see 2.2.3 for more information on CityGML and LoD). Specifically, the presence of roof 

geometry, façade (walls) geometry, interior geometry and textures were examined. It must be 

noted that the table presented a binary view and does not necessary reflect that all the buildings 

have all the features. For example, where datasets are of mixed level of detail such Berlin, only 

85 buildings have façade detail, of which only five have interior geometry. The remaining 540,000 

buildings only have roof geometry and textures.  

Table 27 shows the release year, date of last update and update frequency of the 3D datasets. 

While the release year was generally straightforward to obtain, metadata on the date of last update 

or update frequency was not always available. In some instances, a precise date was not available 

e.g. The Helsinki 3D model was last updated in ‘Summer 2015’ and is ‘set to be updated in 2018’. 
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Table 26. Coverage, number of buildings, and features modelled comparison 

City Area(km²) Number of buildings  

Features 

Roof Façade Interior Textures 

Adelaide 15.2 5,044 ✓   ✓ 

Austin 5.9 156 ✓    

Berlin 890.0 ~550,000 ✓ ✓ ✓ ✓ 

Boston 232.1 92,000+ ✓    

Brussels 161.4 254,322 ✓    

Cambridge 23.3 16,302 ✓    

Central Geelong 3.0 2,570 ✓   ✓ 

Dresden 328.0 ~135,000 ✓   ✓ 

Ettenheim 0.1 194 ✓ ✓   

Frankfurt 250.0 ~230,000 ✓   ✓ 

Fredericton 0.7 82 ✓   ✓ 

The Hague 98.1 231,837 ✓    

Hamburg 750.0 374,990 ✓    

Helsinki 184.5 77,231 ✓   ✓ 

Honolulu 25.0 19,500 ✓    

Linz 196.0 57,844 ✓    

London 1,572.0 3,397,924     

Lyon 533.7 ~152,000 ✓   ✓ 

Melbourne 36.2 ~21,000 ✓   ✓ 

Montreal 29.2 12,051 ✓   ✓ 

The Netherlands 41,543.0 2,982,264     

New York City 1 1,053.0 1,082,015     

New York City 2 1,053.0 1,083,437 ✓    

North Rhine-Westphalia 34,098.0 10,132,244 ✓    

Perth 20.0 
~5,100 LoD1 and LoD2;  

300 LoD3 
✓ ✓  ✓ 

Philadelphia 0.3 859 ✓   ✓ 

Rotterdam 330.0 181,686 ✓   ✓ 

San Francisco 146.0 177,023     

Singapore 718.0 - ✓   ✓ 

Taipei 110.0 ~220,000    ✓ 

Thuringia 16,171.0 
2,214,926 LoD1; 

2,210,852 LoD2 
✓    

Toronto 709.0 397,602     

Vancouver 156.0 111,052     

Washington, D.C. 177.0 467,680 ✓    

 

  

file:///C:/Users/uceskkw/OneDrive/UCL%20EngD/2017%20EngD%20-%20YEAR%20THREE/_v0.2/Tables/180105%203D%20datasets%20review%20-%20PART%20ONE.xlsx%23RANGE!_ftn1
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Table 27. Release year, date of last update and update frequency of the 3D datasets. Note that the 

is incomplete as the information was not available for all the datasets.  

City Release year Last update Update frequency 

Adelaide 2015 29 July 2016 Never 

Austin 2013 - - 

Berlin 2009 2014 

No schedule for regular updates. 

Minor/local updates are mostly 

driven by special-purpose events 

(like trade fairs/shows) or if 

constructions in areas of special 

interest/hot spots are finished. 

Boston 2013 14 February 2017 - 

Brussels 2014 08 September 2017 Quarterly 

Cambridge, 2014 2016 Annually 

Central Geelong 2014 28 July 2016 Annually 

Dresden 2009 - - 

Ettenheim 2006 - - 

Frankfurt 2010 May 2015 - 

Fredericton 2010 August 2016 - 

The Hague 2011 One-off model Plans for annual update 

Hamburg 2017 21 April 2017 Annually 

Helsinki 2016 Summer 2015 
The model is set to be updated in 

2018. 

Honolulu 2012 - - 

Linz 2013 September 2015 - 

London 2014 September 2017 6 monthly 

Lyon 2015 2015 Every 3 years 

Melbourne 2012 2015 - 

Montreal 2009 - - 

The Netherlands 2014 One-off model Not yet available 

New York City 1 2015 One-off model - 

New York City 2 2016 One-off model - 

North Rhine-Westphalia 2016 April 2017 Annually 

Perth 2015 - - 

Philadelphia 2015 - - 

Rotterdam 2011 2015 - 

San Francisco 2017 03 May 2017 - 

Singapore 2016 - - 

Taipei 2013 - - 

Thuringia 2016 - - 

Toronto 2015 November 2017 - 

Vancouver 2009 2009 - 

Washington, D.C. 2015 2014 Never 
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6.4.2 Motivation for creating the dataset 

The motivation for the creation of the datasets can be grouped into five categories: 1) urban 

planning purposes; 2) cultural heritage; 3) arts and entertainment; 4) promotion, tourism & 

prestige and; 5) future thinking. Of these, urban planning and visualisation of growth scenarios is 

the most cited motivation. In addition, the production of 3D was viewed as a pre-emptive move 

to enable other digital technologies. The availability of 3D GI was seen to empower the 

community and assist architects, building designers and government agencies to visualise future 

urban design and infrastructure projects.  

6.4.3 Funding source 

Datasets produced by governmental agencies were publicly or internally funded. Only two 

datasets received additional external funding: Berlin (European Regional Development Fund) and 

Cambridge, MA (capital funding). For the City of Cambridge, the eventual aim is for the 3D 

model’s production and management costs to be funded as part of the GIS department’s 

operational budget.  

6.4.4 Method of reconstruction 

Many different methodologies and software utilised to create the 34 datasets, but the raw data 

components predominantly included a mixture of reference building footprint, LiDAR DTM & 

DSM, stereo aerial photography, and oblique imagery. For LoD1 block buildings, a single average 

height or several different heights were supplied. For LoD2, roof geometry for basic structures 

could be automatically generated by assigning a roof shape from a library. Where the roof is 

complex, the geometry had to be manually modelled. For LoD3 and higher, these were entirely 

manually created. The choice of the reconstruction approach will, of course, impact the resulting 

dataset. One example is Fredericton, whereby a simple user error in units within the original 

modelling software (e.g. millimetres or metres) has led to extremely large buildings (Figure 29). 

The impact of modelling methodology is investigated and discussed further in Chapter 7. 

One important consideration to note at the reconstruction phase is the treatment of terrain. The 

geometry of the underlying terrain surface provides the foundation for any 3D city model (Sargent 

et al., 2015). There are, however, multiple options for the producer on how to handle terrain. 

Firstly, terrain may not be considered at all, and the 3D model is produced on an artificially ‘flat’ 

surface. This is the least desirable but is the easiest option. Secondly, faces could be hyper-

extended through the terrain, thereby negating any issues of incongruity between the bottom edge 

of a building and the ground surface itself. While this may be visually satisfying, it introduces 

error within the geometry as the faces have been increased in size, resulting in a less accurate 

model. Lastly, terrain can be fully considered when producing the buildings to ensure that the 

bottom of the building is coincident with the ground surface. This, however, requires the most 

effort to produce. For the 3D datasets reviewed, it was not always immediately clear how terrain 
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had been handled. Further work is required to investigate the treatment of terrain in 3D city model 

production.   

 

Figure 29. Inconsistencies within units (e.g. mixing millimetres to metres) can cause buildings 

with mixed proportions. 

6.4.5 Features modelled and levels of generalisation 

Buildings were the main features modelled within the 3D datasets reviewed. Fifteen datasets have 

supporting classes including terrain, bridges, roads, and vegetation. Table 28 shows a list of 

additional non-building classes included in the datasets. 

In terms of the consistency in generalisation, datasets were either presented in a single level of 

detail, or at a mixed level of detail. For example, within the Berlin dataset with only 80 of 540,000 

are LoD3 and five are modelled in LoD4. The rest were modelled at LoD2. This approach allowed 

additional detail for important landmarks and fewer details for other context structures.  

6.4.6 Delivery mechanism and file format 

The main data delivery mechanism for 3D models was through online open data portals. Most of 

the models were delivered as 3D BRep or solid geometry, although some LoD1 models were 

distributed as 2D footprints plus a single/multiple height attribute(s). Helsinki was the only city 

to offer both a semantic city model and photogrammetric ‘reality mesh’ to accommodate for 

different applications and allows the city to adapt to any potential changing user requirements. 

Where the model was distributed as 3D geometry, there was no consensus on the number of files 

the dataset is delivered in. For example, New York 1 (by TUM) was delivered as a single file, 

while New York 2 (by DoITT) was split into multiple files by region, despite both having the 

same coverage. Where a single, large file may seem efficient in storage, in practice, it is 

cumbersome to extract single or multiple buildings of interest. Conversely, having many files can 

lead to excess overhead e.g. each additional CityGML file can result in 10 extra lines of XML per 

building. If a 3D city model is structured with individual buildings represented by separate 

geometry files, this overhead can lead to data bloat. A balance must therefore be achieved when 

aggregating the data to ensure maximum efficiency in dissemination and use. 
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Table 28. Datasets with other non-building thematic classes 

City Additional classes 

Adelaide, Australia Terrain 

Boston, MA, USA Terrain, bridges and under construction buildings 

Brussels, Belgium Terrain 

Cambridge, MA, USA Terrain 

Central Geelong, Australia Terrain and aerial imagery 

Dresden, Germany Over 100 bridges, monuments and other buildings Approx. 

260 000 measured trees and shrubs, 600,000 additional trees 

Ettenheim, Germany Terrain, rivers, roads and vegetation 

The Hague, The Netherlands Terrain 

Lyon, France Terrain, water, landmark buildings, bridges and landmark 

objects. 

Melbourne, Australia Roads 

Montreal, Canada Terrain 

The Netherlands Terrain, roads and waterbodies 

New York City 1, NY, USA Road objects (roadbeds, sidewalks, curbs, intersections, road 

markings, dividing strips, grass areas, parking lot entrances), 

square objects (parking lots and plazas) and track objects. 

Singapore, Singapore Terrain, water bodies, vegetation, road network, bridges and 

tunnels, city furniture. 

Toronto, Canada Gardiner Expressway 

Washington, D.C. Terrain 

 

Table 29. Level of aggregation of 3D models 

Number of files Single file 
Multiple files split by 

region 

Multiple files split by 

blocks of buildings 

Dataset 

Austin, TX 

Cambridge, MA 

Central Geelong 

Ettenheim 

Fredericton 

New York 1 

Philadelphia 

San Francisco, CA 

Vancouver 

Berlin 

Boston, MA 

Brussels 

Linz 

Montreal 

New York 2 

Rotterdam 

The Hague 

Toronto 

Adelaide 

Frankfurt 

Hamburg 

Thuringia 
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Another aspect is the choice of the lowest level of aggregation. For almost all the datasets, the 

lowest aggregation unit is defined a single building. For the Lyon dataset, however, the lowest 

unit is a group of buildings (as illustrated in Figure 30). This was chosen to maximise storage and 

texturing efficiency. In practice, however, the data became much harder to use. A subsequent 

edition of the 3D model delineates to the building level, albeit with an increased data volume of 

three-fold, as well as increased time and cost in production. 

 

Figure 30. The buildings highlighted in red are represented by a single GML_PARENT_ID within 

the Lyon dataset 

With regards to file format, CityGML is generally favoured by European producers whereas 

Google Earth’s KMZ/KML and ESRI 3D formats are preferred by other international producers. 

Producers may also offer the model in a CAD format such as Autodesk’s DWG, DXF, and DGN. 

Table 30 shows a comparison of delivery file formats offered by the data producers. It shows that 

while some producers (e.g. Adelaide, North Rhine-Westphalia) offer their dataset in only one 

format, others offer upwards of seven formats, as is the case for Perth. Table 31 shows a 

comparison of file size. The table shows that file sizes range from 91.5MB for small, local scale 

models, (Central Geelong) to 198GB for regional coverage models with roof detail (North Rhine-

Westphalia). Of course, the file size is dependent on the coverage, number of buildings, the 

features modelled and the inclusion of textures. The table, however, illustrates that the file size of 

3D models can be vastly varying, with the larger file sizes potentially being a technical barrier for 

new users. The difference in file size between textured and untextured models are discussed in 

further detail in Section 6.4.8. 
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Table 30. Delivery file format comparison. 

City 

Formats available 

C
it

y
G

M
L

 

K
M

L
 

S
H

P
 

G
D

B
 

D
W

G
 

D
X

F
 

D
G

N
 

3
D

S
 

S
K

P
 

Other 

Adelaide               ✓    

Austin   ✓                

Berlin ✓ ✓   ✓   ✓   ✓    

Boston         ✓         OBJ, MAX 

Brussels ✓   ✓   ✓   ✓   ✓  

Cambridge     ✓     ✓       COLLADA 

Central Geelong   ✓                

Dresden ✓             ✓    

Ettenheim ✓                  

Frankfurt ✓ ✓ ✓     ✓       VRML 

Fredericton   ✓                

The Hague ✓                  

Hamburg ✓                  

Helsinki ✓                  

Honolulu   ✓ ✓ ✓            

Linz ✓                  

London   ✓   ✓           .csv 

Lyon ✓                  

Melbourne    ✓     ✓    

Montreal ✓          Rhino 3DM 

The Netherlands       ✓            

New York City 1 ✓ ✓               COLLADA, gITF 

New York City 2 ✓     ✓     ✓      

North Rhine-Westphalia ✓                  

Perth         ✓     ✓ ✓ FBX, MAX, DAE, OBJ 

Philadelphia       ✓            

Rotterdam ✓                  

San Francisco   ✓ ✓             GeoJSON 

Singapore ✓                  

Taipei   ✓                

Thuringia ✓                  

Toronto     ✓   ✓ ✓ ✓      

Vancouver   ✓ ✓   ✓          

Washington, D.C.   ✓ ✓             Spreadsheet, API 
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Table 31. File size comparison. 

City 

Area 

(km²) 

File size metrics 

Format 
Total file size File size per km² 

w/o textures w/ textures w/o textures w/ textures 

Adelaide 15.2 3DS 158 MB 2.3 GB 10.4 MB 151.5 MB 

Austin 5.9 KML 108 MB - 18.2 MB - 

Berlin 890.0 CityGML 15.2 GB 61.2 GB 17.1 MB 68.8 MB 

Boston 232.1 MAX 308 MB - 1.3 MB - 

Brussels 161.4 CityGML 3.96 GB - 24.5 MB - 

Cambridge 23.3 SHP 113 MB - 4.9 MB - 

Central Geelong 3.0 KML 95.1 MB - 32.1 MB - 

Dresden 328.0 CityGML 7.6 GB - 23.2 MB - 

Ettenheim 0.1 CityGML 48.8 MB - 610 MB - 

Frankfurt 250.0 CityGML 6.5 GB - 26 MB - 

Fredericton 0.7 KML - 47 MB - 72.3 MB 

The Hague 98.1 CityGML 2.46 GB - 25.1 MB - 

Hamburg (LoD1) 750.0 CityGML 4.67 GB - 6.2 MB - 

Hamburg (LoD2) 750.0 CityGML 7.61 GB - 10.1 MB - 

Helsinki 184.5 CityGML 4.27 GB 8.41 GB 6.2 MB 45.6 MB 

Honolulu 25.0 - - - - - 

Linz 196.0 CityGML 1.05 GB - 5.4 MB - 

London 1,572.0 FGDB 884 MB - 0.56 MB - 

Lyon 533.7 CityGML 18 GB 46.5 GB 33.7 MB 87.1 MB 

Melbourne 36.2 3DS - 22GB - 0.6 GB 

Montreal 29.2 CityGML 1.38 GB 5.46 GB 47.3 MB 187.2 MB 

The Netherlands 41,543.0 GML 3.07 GB - 0.7 MB - 

New York City 1 1,053.0 CityGML 14.7 GB - 14 MB - 

New York City 2 1,053.0 CityGML 12.8 GB - 12.2 MB - 

North Rhine-Westphalia 

(LoD1) 
34,098.0 CityGML 84.6 GB - 2.5 MB - 

North Rhine-Westphalia 

(LoD2) 
34,098.0 CityGML 198 GB - 5.8 MB - 

Perth 20.0 MAX - 20 GB - 999.5 MB 

Philadelphia 0.3 FGDB - 191 MB - 794 MB 

Rotterdam 330.0 CityGML 2.58 GB 5.79 GB 7.8 MB 17.5 MB 

San Francisco 146.0 FGDB 557 MB - 3.8 MB - 

Singapore 110.0 CityGML - 50+ TB - - 

Taipei 98.1 KML - 1.9GB - 17.27 MB 

Thuringia (LoD1) 16,171.0 CityGML 13.3 GB - 0.82 MB - 

Thuringia (LoD2) 16,171.0 CityGML 27.7 GB - 1.71 MB - 

Toronto 709.0 FGDB 289 MB - 0.41 MB - 

Vancouver 156.0 SHP 110 MB - 0.71 MB - 

Washington, D.C. 177.0 SHP 559 MB - 3.16 MB - 
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6.4.7 Accuracy and precision 

Only 14 datasets provided some form of metadata on the accuracy or a precision of the 3D models 

(Table 32). Where it is most complete, a horizontal and vertical accuracy is provided. The building 

footprint input dataset used often defined the horizontal accuracy. Vertical accuracy, typically, is 

poor. For example, Berlin has a +/-1m accuracy due to strong generalisation of roof structures. 

Where buildings are simple, vertical accuracy is improved to +/-20-30cm. 

Other producers, such as Brussels and Linz, are vaguer with their ‘accuracy statement’, stating 

that it is difficult to determine given the diversity of sources of data, or merely providing a single 

value of ‘simple average accuracy +/- 2m’. Since many of these datasets are experimental in 

nature, there is often a disclaimer from the producer stating that they do not guarantee or warrant 

the accuracy of the dimensional information. In some instances, the accuracy of the source data 

is presented (e.g. Lyon), rather than a metric on the 3D data itself. 

For 3D geographic information to become commonplace within spatial analyses, there needs to 

be a marked improvement upon reporting accuracy within metadata for 3D city models. 

Table 32. Accuracy and precision statements (where available). 

City Accuracy and precision statement 

Adelaide 

Contours and building heights within Central Business Area and 

Mixed-Use zones are within 25cm vertical accuracy. Vertical 

accuracy in other zones is within 50cm. 

Berlin 

Horizontal accuracy is defined by the building cadastre. Each 

building matches exactly its 2D footprint. Vertical accuracy is 

approx. +/- 1 meter due to the strong generalization of the roof 

structures. For simple roofs, the accuracy is often much better (+/- 

20-30cm). 

Boston 

Please note that the BPDA does not guarantee or warrant the 

accuracy of the dimensional information embedded in models 

available for download in our Document Center. 

Brussels 
The accuracy of these data is difficult to determine given the 

diversity of sources. 

Cambridge 

The buildings were generated using stereo photogrammetric 

methods, capturing the roof-details larger than 1 meter with a 

precision of around 10cm. 

Dresden 

The accuracy of the detected ‘building footprints’ can be estimated 

with approx. 0.5-1m, which may play a role in the accuracy of the 

relative heights. LoD3 models have the following requirements: 

absolute point accuracy of the position: +/- 0.25 m, the height: +/- 

0.5 m - relative point accuracy within the model: 0.3 m - Model 

projections, etc. only from 0.4 - 1.0 m. The number of surfaces is 

to be kept to a minimum - there is a maximum limit of 10,000 

faces and 65,000 vertices per building. 
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Hamburg 

The location accuracy corresponds to that of the underlying 

building floor. For LoD1, the height accuracy is ± 5 m. For LoD2, 

the height accuracy is approx. ± 1 m. Large deviations are possible 

in individual cases with complex roof shapes. The building models 

in the LoD2 are in accordance with the layout. Shared geometry is 

managed redundantly. 

Honolulu 
Absolute accuracy of 0.9m at 99% confidence level, with an 

RMSE of 0.5m 

Linz Simple average accuracy +-2m 

London 

The BHA confidence attribute describes the confidence we have in 

the accuracy of the BHA values per building. For the Beta release 

only three of these values will be used; 99 - Buildings for which 

the confidence level of the BHA values has not been assessed. 90 - 

Buildings for which we have not been able to calculate some or all 

of the Building Height. 20 -Buildings that are represented well by 

the BHA values but where we do not have a high confidence in the 

geometric accuracy of the height values. OS are still investigating 

methods to assess quality, as such most buildings currently have a 

confidence flag of 99. 

Lyon Produced using 8cm (precision 10cm) aerial photography. 

North Rhine-Westphalia 

The height accuracy of the building model LoD1 is for the most 

part 5 m. In the LoD2 building model, the height accuracy is 1 m. 

Large deviations are possible in individual cases with complex 

roof shapes. 

Rotterdam 

The city area has been scanned twice and therefore has a point 

density of at least 30 p / m2, while the port is only scanned and 

contains at least 15 p / m2. The accuracy is such that 65% of the 

points are within 10 cm of the actual position and 95% within 15 

cm. Control measurements have shown that the height of the raw 

data differs by less than 2 centimetres. 

Toronto 

Further to the Open Government Licence, the Context Massing 

Model is being provided by City Planning on the Open Data 

website for information and illustrative purposes only. City 

Planning does not warranty the completeness, accuracy, content, 

or fitness for any precision purpose or use of context massing 

model for such purposes, nor are any such warranties to be implied 

or inferred with respect to Context Massing Model as furnished on 

the website. 

6.4.8 Texturing 

Despite the approaches in modelling being highly varying, there was a general focus towards 

accurate and realistic representation of the geometry. This was generally achieved through high 

levels of detail in the modelling process e.g. increased number of vertices, edges and faces but 

also the inclusion of façade textures. The level of modelling is further investigated and quantified 

in Chapter 4. 

Of the 34 datasets reviewed, 14 included textures. Although this may provide a more realistic 

visualisation than single coloured block geometry, the cost is a vast inflation in file size. Table 33 
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shows the changes in file size with and without textures. For example, the Adelaide dataset rises 

from 158MB to 2.3GB, with the inclusion of textures, resulting in a 1455% increase in file size. 

Considering the current hardware limitations, the increased file size inevitably leads to increased 

computing time, interaction latency and ultimately, decreased usability. There must be a balance 

between simple massing models and detailed, textured models to ensure fitness-for-purpose.  

Where photorealistic textures were derived from oblique imagery, the results may not always be 

visually pleasing. For example, where low resolution imagery from urban canyons was used, the 

resulting textures can be highly distorted and blurred (Figure 31). A potential solution to this can 

be found in the Taipei dataset (Figure 32). For the facades, Google StreetView imagery was used 

to image match from a pre-build texture database of around 2,000 façade texture images. The data 

was also hosted externally via networked KML, vastly reducing the hardware requirements at the 

user end. This, however, may not be practical for all data producers due to licensing issues for the 

use of Google’s data i.e. it is unlikely Ordnance Survey would be able to use Google StreetView 

imagery to generate textures. 

Table 33. Changes in file size with and without textures 

City 
Total file size 

Percentage change 
Without textures With textures 

Adelaide, Australia 158 MB 2.3 GB 1456% 

Berlin, Germany 15.2 GB 61.2 GB 403% 

Helsinki, Finland 4.27 GB 8.41 GB 197% 

Lyon, France 18 GB 46.5 GB 258% 

Montreal, Canada 1.38 GB 5.46 GB 396% 

Rotterdam, The Netherlands 2.58 GB 5.79 GB 224% 

 

 

 

Figure 31. Distorted texturing as found in the Montreal 3D dataset.  
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Figure 32. Side-by-side comparison of Google Street View images (left) and texture-matched 

building models (right). 
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6.4.9 Attributes and semantic information 

Fourteen of the datasets had no addition attributes beyond a building ID. In some instances, 

heights were included. This varied from a single height (e.g. The Netherlands), to 35 different 

height values (e.g. San Francisco). Several datasets (Cambridge, Hamburg, Melbourne, New 

York City 1, San Francisco and Vancouver) had addition information on the building use, number 

of storeys, construction date, capture metadata and basic geometry measures (area, perimeter of 

footprint). It is important to note, however, where attribute fields were present, they were often 

incomplete or inconsistent. Table 34 presents an excerpt of the attributes presented within the 3D 

datasets. 

With regards to semantics, 14 datasets had no additional information beyond the building mesh 

geometry. Where datasets were presented as CityGML (17), ground, wall and roof surfaces were 

delineated. Overall, semantic information was limited in the 3D datasets reviewed. 

The full tables of attributes and semantics included within each 3D dataset can be found in 

Appendix I. 

Table 34. Excerpt table of attributes included within the 3D datasets. 

City Attributes 

Cambridge 
Name, Observed Date, Observed Note, Note, Status, Edit Date, Editor, 

AppNote, and Building ID 

Hamburg 
Creation Date, Building ID, Level of Detail, Measured Height, Measured 

Height Units, Storeys Above Ground. 

New York City 1 

Building ID, Address ID, Block number, Area (sqm), Volume (cubic m), 

Ground elevation (m), PLUTO tax lot data (e.g. Lot Address, Number of 

Floors, Year Built, Year Altered, Building class, Building depth (m), 

Building frontage (m), Built floor area ratio, Commercial area (m), Land 

use category) 

San Francisco 

44 individual fields, including geometry and ObjectID. Other information 

includes: Building ID, San Francisco property key, 30 different LiDAR-

derived heights, 5 summary heights, perimeter and area. 

Vancouver 

Building ID, Angle of footprint polygon (degrees), Highest elevation (m), 

Median slope of building roof (degrees), Lowest elevation of building 

(m), Building height about grade level (m), Roof Type, Area of footprint 

(sqm), Average Height, Minimum Height, Maximum Height, Base 

Height, Cumulative length of footprint, Cumulative Width of footprint 
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6.4.10 Security and ethical issues of 3D models 

Almost all the datasets selected were open access and free-of-charge. The idea behind the creation 

was to encourage citizens, businesses, and government to utilise the same data to analyse and 

visualise the built environment, encouraging discussion and communication. Not all producers, 

however, offer their data openly. Singapore, for example, operates a highly restricted management 

model. In another example, the Washington D. C. dataset have omitted certain key landmarks and 

landmark buildings, such as the White House. It is speculated the omission of these landmarks 

was due to security reasons (Whitehead, 2016, Meni, 2016). 

Due to the recent emergence of the technology, the ethics of 3D geographic information is yet to 

be fully investigated. Of the 34 datasets, only the producers of the Montreal model mention the 

ethics of 3D. Specifically, the City of Montreal follows a ‘3D Ethics Charter’ which establishes 

a code of conduct to avoid the misuse of 3D data. One example of misuse can be found in the 

case of the project extension of the main WTO building in Geneva (Mongeau, 2009). Within the 

proposal publication, a 3D model had been purposely edited to hide the presence of trees to avoid 

the question of their removal. As the availability of 3D GI and the use of 3D models become 

increasingly prevalent, there is an ever-growing need to research and explore the ethical issues 

that the additional dimension may bring. 

6.5 Chapter conclusion 

The results presented in this chapter provides an indication of the state of 3D geographic 

information production efforts internationally. Future challenges include balancing aesthetics, 

accuracy, and ease of use. It is important to ensure the user is able achieve their goals in 3D. A 

small file size will also improve rendering and visualisation results where hardware may be 

limited. Regular update cycles and improvements to the datasets are also crucial to maintain trust 

in the datasets. Considerations of production coverage is also important. Should the 3D be 

produced at a citywide or project/building level? Each has its own merits and disadvantage - 

where the citywide datasets have better coverage and context, building level datasets can provide 

more detail and can be more specific to the problems users are trying to address. There are also 

opportunities in the future to integration with other 2D and 3D data sources such as BIM, but the 

framework must be able to accommodate for this. Lastly, there was an under representation from 

South America, Africa and Asia as the author is not aware of any open 3D datasets available for 

review. The summary discussion of the results can be found in Chapter 9. 
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DATA QUALITY OF 3D GI AND FITNESS-FOR-
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Wong, K. and Ellul, C. 2016. Using geometry-based metrics as part of fitness-for-
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Sensing and Spatial Information Sciences, IV-2-W1, 129-136, doi:10.5194/isprs-annals-

IV-2-W1-129-2016, 2016. 

Wong, K. and Ellul, C., 2017. Investigating the use of the Euler characteristic as part of 
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7.1 Introduction 

This chapter addresses the following research sub-question: 

How can we assess and describe the usefulness and fitness-for-purpose of 3D GI? 

Three-dimensional geospatial information is being increasingly used in a range of tasks beyond 

visualisation. 3D datasets, however, are often being produced without exact specifications leading 

to intrinsic (across one model) and extrinsic (between models) variation. Existing measures of 3D 

data such as CityGML’s concept of level of detail (LoD) (Kolbe et al., 2005) are perhaps only 

partially sufficient in fully communicating data quality and fitness-for-purpose (see Section 2.4) 

as the specification is ambiguous (Biljecki et al., 2016b). This allows for a high freedom of 

interpretation resulting in potential inconsistencies and misunderstanding. Existing work by 

Ledoux (2013) focuses on validating 3D primitives according to the international standard 

ISO19107. The resulting tool, ‘val3dity’, emphases the validation and repair of 3D solid 

geometries. The tool, however, currently only accepts CityGML, CityJSON, OBJ and OFF files 

as inputs. The results from Chapter 6, however, showed that 3D geographic information is 

delivered in many more formats.  

Arguably, currently available measures provide little meaning to the user (Sargent et al., 2015). 

There is therefore a need to be able to quantify and describe these datasets more effectively. This 

will enable users to make informed choices for assessing the suitability of a dataset for a specific 

visualisation or analytical task and where multiple 3D datasets exist. By understanding the errors 

within a dataset (e.g. missing ground surfaces or non-manifold), users are able to ascertain the 

fitness-for-purpose. For example, while non-manifold geometries with missing ground surfaces 

may be suitable for visualisation, it is not fit for analytical purposes which require enclosed 

polyhedra for volumetric calculations. Beyond the user, the methods describe and compare 

datasets can be useful for producers during data production for validation, version control and 

error detection. 

There are a several technical limitations and requirements for the metrics. As Chapter 6 showed, 

3D datasets are increasingly produced at regional and even national level with upwards of 10 

million buildings and delivered in a plethora of 3D file formats. It was also shown that 3D datasets 

were predominantly building geometry only, with few having additional non-building thematic 

classes, attributes, or semantic information.  As such, any metrics proposed must therefore be able 

to be calculated automatically and using only the geometry of the buildings. It must also be 

interoperable with many formats. In Chapter 6 it was identified that many 3D datasets were 

produced as ‘one-offs’ or in their early iterations. There is therefore a lack of external 3D data 

readily available for comparison. Consequently, the metrics proposed in this Chapter must be 

intrinsic in nature. 
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The aim of this chapter is to investigate whether automated, intrinsic, and geometry-based metrics 

describing the variation of complexity within 3D datasets could provide relevant information as 

part of a process of fitness-for-purpose evaluation. For this chapter, the metrics were developed 

from the perspective of the producer, as arguably, users often do not consider data quality metrics 

in practice.  

The chapter outlines the development of the 3D metrics, followed by a summary of the 

methodology and results. The metrics were tested on 28 datasets identified in Chapter 6 and forms 

the quantitative evaluation part of the 3D city model review. The chapter concludes with a 

discussion on the impact of these metrics. 

7.2 Methodology 

7.2.1 Metrics 

The review from Chapter 6 indicated that the focus of 3D modelling is currently towards the 

accurate and realistic representation of building geometry. Where attributes or semantics were 

present, they were sometimes incomplete or inconsistent (see Section 6.4.9). The metrics 

developed therefore focused on geometry only. The metrics must also be able to handle different 

representations and variants of 3D BRep models. As a response to the increasing number of 

regional and national 3D datasets, the metrics must be able to be calculated automatically. Lastly, 

in the absence of external validation datasets for reference, the metrics need to be intrinsic. The 

hypothesis in this chapter is that automated, intrinsic, and geometry-based metrics may be able to 

provide users and producers with useful and better information for fitness-for-purpose evaluations 

for current 3D datasets.  

Considering the factors above, a number of potential metrics could be calculated. Firstly, count-

based metrics can be easily calculated by disaggregating features into its components. It is 

possible to produce a total city-wide count, individual building counts, as well as a range of 

averages (mean, median, mode, max, min).  Secondly, length-based metrics could be calculated 

to provide an indication of size and complexity of the geometry. Biljecki et al. (2016b) suggests 

that for 3D, a simple metric of minimum size can be expressed as the minimum length and width 

of an object. Thirdly, area and volume metrics can be calculated. Minimum footprint area was 

suggested to provide an indication of the minimum capture size (Biljecki et al., 2016b). Lastly, 

ratio-based metrics such as vertices per face could provide an indication of geometric complexity. 

Table 35 shows a list of potential geometry-based metrics that could be derived. 
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Table 35. Potential geometry-based metrics 

Count Length Area and volume Ratio 

Number of vertices 

Number of edges 

Number of faces 

Shortest edge 

Longest edge 

Area of 2D footprint 

Total surface area 

Volume of buildings 

Volume of minimum 

bounding cuboid 

Ratio counts e.g. 

vertices per face 

Euler characteristic 

 

To accommodate for the different formats, representations, and variations of 3D models, not all 

the potential geometry metrics could be calculated. Of the most feasible were count-based metrics. 

These were easy and straight-forward to calculate by using a geometry decomposer. Chapter 6 

showed that 3D datasets have a range of sizes and can vary from 82 buildings to 10,132,244 

buildings. As such, a mean value is more useful as a comparative metric. Users may be able to 

use count-based metrics to get a better understanding of the complexity of a dataset. For example, 

if a user finds one model has five times more vertices on average per building that another 3D 

model, then they may be able to assume that the former model is more complex than the latter. 

Length-based metrics are also easy to calculate, with shortest edge length is arguably more useful 

than longest length to represent the detail of the geometry. Shortest-edge length could provide 

users with an indication of the minimum level of detail producers have mapped a 3D model. 

Similarly, the longest length may also provide an indication of the level of generalisation but is 

perhaps more difficult to ascertain the source of long edges (e.g. either derived from a tall building 

such as a skyscraper, or a row of terraced houses grouped as a single piece of geometry). 

For area and volume metrics, users may be able to ascertain the relative ‘size’ of the models, and 

perhaps the level of detail or generalisation. Several issues arise, however, for area and volume-

based metrics. For example, area is inherently a 2D metric and in most instances refer to the 

footprint area. The footprint may not be entirely representative of the building geometry for areas 

with particularly tall buildings (e.g. skyscrapers, where the footprint is relatively small). An 

alternative to area is to calculate the total surface area or volume. The issue, however, is that not 

all building datasets have the ground or floor polygon. This also leads to a geometry that is not 

fully enclosed, precluding the ability to calculate the volume without repairing the geometry. The 

impact of this issue is further discussed in Sections 7.3.3, 7.3.4, and 7.3.8. Ratio counts were 

relatively easy to compute as a post-calculation step to the count-based metrics. The usefulness 

and meaning of the ratio, however, may not be immediately obvious.  

One ratio that has an established use is the Euler characteristic. Borrowed from the field of 

Geometry Processing, it is a straightforward ratio between the number of vertices, edges and 

faces. The specifics of the Euler characteristic are described in further detail later in this Section. 

Considering the above, Table 36 outlines the metrics selected for further investigation. 
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Table 36. Final geometry-based metrics investigated 

Mean number of Vertices per building (1) 

Edges per building (2) 

Faces per building (3) 

Vertices per face (4) 

Frequency distribution and dispersion of 2D footprint area (5) 

Minimum feature length (6) 

Euler characteristic (7) 

 

The first three were simple geometry metrics normalised by the total number of buildings to create 

three complexity measures. They provided an indication of the detail and complexity of the 

buildings within the dataset but may be dependent on the architecture of the modelled area32.  The 

mean number of vertices per face metric was proposed as a composite ratio measure to provide 

an indication of the efficiency of the vertices in modelling. For example, if a representation can 

define a building with fewer nodes without losing detail, then it is seen to be more efficient. The 

metric could potentially identify representations with redundant vertices and collinear points.  

Next, two minimum size metrics were included. Under a revised LoD specification for 3D 

building by Biljecki et al. (2015a), the inclusion of minimum size was suggested to help users 

identify the selection criteria for objects to be acquired during modelling. Minimum size could be 

defined by either the minimum footprint area or minimum feature length. Both variations were 

implemented and tested in this study. For footprint area, this was the 2D area of the ground surface 

or polygon that represented the base of a building. For minimum feature length, this was defined 

as the shortest length (calculated in 3D space) of all the edges in a building. The frequency 

distribution and dispersion were calculated each of these minimum size metrics.  

The final metric was the Euler characteristic. From a user perspective, it is preferable to have 

‘watertight’ models. The metaphoric term ‘watertight’ refers to a model where all the surfaces, 

edges and points are complete and valid and topologically structured correctly to create an 

enclosed volume (Autodesk, 2014).  The findings from Chapter 4, Chapter 5, and Willenborg et 

al. (2018)) showed that one of the most frequent issues currently with regards to the quality of 3D 

city model data was that the outer shell of volumetric geometries was not closed, therefore not 

allowing volume computation and other 3D spatial analyses. Work by Sindram et al. (2016) and 

Steuer et al. (2015) address ways to overcome these topological errors in the context of volumetric 

calculation. To measure and quantify the number of ‘closed’ and ‘not closed’ geometries within 

the 3D datasets, the use of the Euler characteristic was proposed. The Euler formula or Euler 

                                                      
32 For example, there are areas with complex buildings that require more faces to be modelled, while other 

areas may contain simple buildings in which a simple representation is suffice, and additional geometry 

does not pertain to additional detail. 
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characteristic is borrowed from the field of geometry processing to calculate the genus of meshes 

(Botsch et al., 2010). It utilises the relation between the number of vertices v, edges e and faces f 

such that topologically closed surfaces return a value of 2. Below is a simplified version of Euler’s 

formula: 

 

The assumption is that users of 3D city models desire buildings which are composed of 

predominantly simple convex polyhedral or platonic solids with genus = 0 (χ = 2) using the fewest 

required vertices, edges and faces in the presentation. In contrast, non-simple polyhedral which 

may have holes and duplicate, redundant vertices, edges, and faces (where genus ≠ 0 and χ ≠ 2) 

are less desirable (Figure 33).  

7.2.2 Data 

The 28 datasets were selected for review are a subset of the models presented in Chapter 6. Nine 

models were excluded due to lack of access to data (Dresden, Honolulu, Perth, Singapore, and 

Taipei) or data inconsistency (Austin, Central Geelong, Fredericton and Lyon). Where datasets 

have been omitted due to data inconsistency, this was due to excessive geometric modelling errors 

as well as aggregated building geometry (in the case of Lyon) making the delineation of individual 

buildings impossible. As the emphasis for nearly all 3D datasets was on urban areas, the focus 

will naturally be on buildings. Additional classes (such as terrain or waterbodies) within the 

datasets were not considered. Further detail on each dataset can be found in Appendix I. 

 

Figure 33. Simple (left) vs. non-simple polyhedral (right) 

 

𝜒 = 𝑣 − 𝑒 + 𝑓 
 

where χ = Euler characteristic 

v = total number of vertices 

e = total number of edges 

f = total number of faces 
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Figure 34. Examples of the datasets used (clockwise from top-left: Adelaide, Berlin, Frankfurt, 

Rotterdam, Toronto, and Washington D.C.) 

7.2.3 Method 

Each dataset was converted from its delivery format and stored in an Oracle Spatial Database 11g 

using FME 2014 Workbench. The storage in a spatial database with a spatial index allowed for 

efficient interrogation of the geometry at the city scale while providing consistency between 

datasets when querying. During this conversion, it is accepted that a certain level of filtering is 

inherently carried out, omitting invalid geometries. However, less severe geometry errors such as 

slivers and self-intersection were still present within the datasets after the import. Following 

conversion, a custom Java parser automatically generated the metrics individually for each 

building, returning the results back to the database. A geometry decomposer (ElementExtractor 

from the Oracle Spatial Java API Reference) allowed counts and calculation to be conducted at 

each level (building, face, edge, point). For the minimum 2D footprint, only the polygon 

representing the ground surface was evaluated by checking the pitch and comparing the z-values. 

The pitch calculation is illustrated in Figure 36. 

Finally, for minimum feature length, a parser decomposed every feature into an edge component 

to calculate its length and was stored with the building identifier in an output table. The minimum 

value was then extracted for each building to provide the shortest 3D length of each building. The 

Euler value and summary tables were calculated in afterwards in Oracle with an automated SQL 

query. An outline of the calculations is presented in Figure 35. The full code is included in 

Appendix II. 
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Figure 35. Simplified outline of the metric calculations workflow 

  

1. Convert 3D model into Oracle SDO_Geometry format 

2. Read 3D model from Oracle as a ResultSet 

3. Calculate metrics by using ElementExtractor (Oracle Spatial Java API) to extract 

elements from J3D_Geometry in an iterative fashion. Different counts, calculations 

and validations were conducted at each level. 

Building level 

COUNT - Unique coordinates 

COUNT - Number of faces 

CALCULATE – Flat or pitched roof 

VALIDATE – Representation type e.g. solid/multi-surface 

Face level 

COUNT – Number of vertices 

CALCULATE – Pitch 

CALCULATE – Average vertices per face 

CALCUALTE – Floor surface area 

Edge level 

CALCULATE – Edge length 

COUNT – Short edges (<0.5m) 

 

 

4. Save building metrics to ArrayList. 

5. Iterate array, constructing SQL queries to save the metrics back into Oracle. 

6. Calculate Euler characteristics and construct summary table using automated SQL 

query. 
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private double get_pitch(J3D_Geometry face) { 

        // Temporary array of all face ordinates 

        double[] f_ords = face.getOrdinatesArray(); 

        // Let coordinate A = (x1, y1, z1) Set as first point of 

coordinates 

        // array 

        double x1 = f_ords[0]; 

        double y1 = f_ords[1]; 

        double z1 = f_ords[2]; 

        // Let coordinate B = (x2, y2, z2) 

        double x2 = 0; 

        double y2 = 0; 

        double z2 = 0; 

        // Let coordinate C = (x3, y3, z3) 

        double x3 = 0; 

        double y3 = 0; 

        double z3 = 0; 

        boolean coord_b_set = false; 

        boolean coord_c_set = false; 

 

        // Check for repeated points for coordinate B. If xyz are the 

same as 

        // coordinate A, then skip to next coordinate. 

        for (int i = 3; i < f_ords.length; i = i + 3) { 

            if (i % 3 == 0) { 

                if (coord_b_set == false) { 

                    if (!(x1 == f_ords[i] && y1 == f_ords[i + 1] && z1 

== f_ords[i + 2])) { 

                        x2 = f_ords[i]; 

                        y2 = f_ords[i + 1]; 

                        z2 = f_ords[i + 2]; 

                        coord_b_set = true; 

                    } 

                } 

                if (coord_b_set == true && coord_c_set == false) { 

                    // Check for duplicate 

                    if (!(x1 == f_ords[i] && y1 == f_ords[i + 1] && z1 

== f_ords[i + 2])) { 

                        if (!(x2 == f_ords[i] && y2 == f_ords[i + 1] 

&& z2 == f_ords[i + 2])) { 

                            // Check for collinearity 

                            if (isCollinear(x1, y1, z1, x2, y2, z2, 

f_ords[i], f_ords[i + 1], f_ords[i + 2]) == false) { 

                                x3 = f_ords[i]; 

                                y3 = f_ords[i + 1]; 

                                z3 = f_ords[i + 2]; 

                                coord_c_set = true; 

                            } 

                        } 

                    } 

                } 

            } 

        } 

        /// Normal Vector of the plane 

        double ni = ((y3 - y1) * (z2 - z1)) - ((z3 - z1) * (y2 - y1)); 

        double nj = ((z3 - z1) * (x2 - x1)) - ((x3 - x1) * (z2 - z1)); 

        double nk = ((x3 - x1) * (y2 - y1)) - ((y3 - y1) * (x2 - x1)); 

 

        // Pitch assessment. Returns absolute value of angle of 

        // plane in degrees (0-180: 0 = facing skywards; 90 = 

        // vertical wall; 180 = facing groundwards) 

        double pitch = Math 

                .abs(90 - (Math.toDegrees(Math.atan(nk / 

(Math.sqrt((Math.pow(ni, 2)) + (Math.pow(nj, 2)))))))); 
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        return pitch; 

    } 

private static boolean isCollinear(double x1, double y1, double z1, 

double x2, double y2, double z2, double x3, 

            double y3, double z3) { 

 

        // Vector A 

        double ax = x2 - x1; 

        double ay = y2 - y1; 

        double az = z2 - z1; 

 

        // Vector B 

        double bx = x3 - x1; 

        double by = y3 - y1; 

        double bz = z3 - z1; 

 

        // Cross product 

        double cpx = (ay * bz) - (by * az); 

        double cpy = (az * bx) - (bz * ax); 

        double cpz = (ax * by) - (bx * ay); 

 

        // Magnitude of the cross product 

        double mag = Math.sqrt((Math.pow(cpx, 2)) + (Math.pow(cpy, 2)) 

+ (Math.pow(cpz, 2))); 

 

        if (mag == 0) { 

            return true; 

        } 

        return false; 

    } 

 

 

Figure 36. Pitch and normal vector calculation. Two precondition checks were made to ensure 

that coincidental and collinear points were not considered. 
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7.2.4 Challenges in calculating 3D geometry metrics 

During the conversion phase, extra care had to be taken to ensure that features mapped correctly 

in SDO_Geometry (although FME’s strength as a spatial ETL tool was beneficial). In some 

instances, additional attribution such as a unique identifier number was added for consistency and 

to aid calculations further down the workflow. With many datasets originating from Europe, there 

was a dominance of CityGML as a preferred format, although even this did not guarantee that 

two different datasets were structured in the same fashion. For example, in some cases a single 

‘GML_PARENT_ID’ may be used to represent multiple buildings whereas in other cases, it may 

be used to represent a single building (see Section 6.4.6). These inconsistencies were manually 

adjusted before converting to SDO_Geometry.  

Despite multiple manual validation checks and repairing in the pre-processing, the variation in 

quality and structure was still an issuing during the calculation phase. For example, the Berlin 

dataset contained both mixed level of detail and representation. Most of the buildings (~540,000) 

were LoD2 multi-surface BRep models, but the 80 LoD3 and five LoD4 models were solid BRep 

models. To remedy this, a validation step during the data conversion was conducted, checking for 

any solid geometry and decomposing it into a multi-surface representation. An additional check 

was added within the metrics calculator using JGeometry.getType() to ensure that incompatible 

geometries were flagged (Figure 37). 

// Checks if a building is a solid, point or line - if so, throw an 

error message  

if (building3D.getType() == 8) { 

 System.out.println("Building Geom type: 8 - ERROR SOLID 

REPRESENTATION " + gml_id); 

 b_type_valid = false; 

 continue; 

} 

if (building3D.getType() == 1) { 

 System.out.println("Building Geom type: 1 - ERROR POINT 

REPRESENTATION " + gml_id); 

 b_type_valid = false; 

 continue; 

} 

if (building3D.getType() == 2) { 

 System.out.println("Building Geom type: 2 - ERROR LINE OR CURVE 

REPRESENTATION " + gml_id); 

 b_type_valid = false; 

 continue; 

} 
Figure 37. Geometry type validator using JGeometry.getType() 

Another challenge during the conversion phase was the coordinate reference system (CRS). As 

the metrics heavily rely on geometric calculations, it was important that the datasets were in a 

projected CRS and in the same units. A manual check within the database was conducted 

afterwards to ensure that all the datasets were projected using a Cartesian coordinate system, in 

metres. Where the original CRS was in feet, the data was either reprojected to a metre-based 
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system or the units for the results were converted after the calculation. A third check using 

JGeometry.getSRID() was included within the metrics calculator. 

One of the main challenges at each stage was the inherent varying quality and structure of the 

datasets. There are two aspects to this problem. Firstly, the 3D city models were presented in 

many different delivery file formats and data structures (Table 37). Further, the number of 

geometry files varied from a single file containing all the geometry to thousands of individual 

building level files. This led to many challenges to overcome to ensure consistent analysis. 

Secondly, a ‘building’ could be represented as multiple split surfaces (e.g. a CityGML model) or 

it could be represented by a single geometric mesh. Multiple loops and validation checks on the 

building ID ensured that the metric calculator was robust enough to handle the different variations 

of representations. 

Table 37. Variations in delivery file formats and data structure. 

Dataset 

Original file 

format 

Number of 

geometry 

files 

Number of 

texture files 

Adelaide, Australia 3DS 4,581  4,726  

Berlin, Germany CityGML 35  5,711,821  

Boston, MA, USA DWG 22  0  

Brussels, Belgium CityGML 270  0  

Cambridge, MA, USA Shapefile 1  0  

Ettenheim, Germany CityGML 1  0  

Frankfurt, Germany CityGML 20  0  

The Hague, The Netherlands CityGML 152  0  

Hamburg, Germany CityGML 788  0  

Helsinki, Finland CityGML 182  898,000  

Linz, Austria CityGML 151  0  

London, England File Geodatabase 1  0  

Melbourne, Australia Shapefile 1  0  

Montreal, Canada CityGML 22  12,173  

The Netherlands CityGML 1  0  

New York City 1, NY, USA CityGML 1  0  

New York City 2, NY, USA CityGML 20  0  

North Rhine-Westphalia, Germany CityGML 38,916  0  

Philadelphia, USA File Geodatabase 1  0  

Rotterdam, The Netherlands CityGML 85  0  

San Francisco, CA, USA File Geodatabase 1  0  

Thuringia, Germany CityGML 4,390  0  

Toronto, Canada File Geodatabase 5  0  

Vancouver, Canada Shapefile 1  0  

Washington, District of Columbia, USA Shapefile 1  0  
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7.3 Results 

Chapter 6 showed that the datasets predominantly focused on geometric detail. Where attributes 

were present, they may have been incomplete or inconsistent. The geometric detail focused on 

detail of roof surfaces rather than façade detail - this may have been due to the use of airborne 

data acquisition methods as most of the datasets employed aerial photography, LiDAR, or a 

combination of both to create the 3D city models. Some inconsistencies were found when 

processing the geometry. For example, where buildings were composed of multiple polyhedrons 

using a parent-child identifier relationship (e.g. GML_PARENT_ID and GML_ID), there were 

instances where the parent identifier was mislabelled or omitted. This lead to omission or 

commission errors when analysing a building as a single entity. The results of the metrics analysis 

are presented and described below. Only excerpt tables with notable values are presented for 

conciseness. The full tables with metric calculations for all the datasets can be found in Appendix 

II. 

Table 38. Reference table of identifier codes for each dataset.  

# Dataset Code 

1 Adelaide, Australia ADE 

2 Berlin, Germany BER 

3 Boston, MA, USA BOS 

4 Brussels, Belgium BRU 

5 Cambridge, MA, USA CAM 

6 Ettenheim, Germany ETT 

7 Frankfurt, Germany FRA 

8 The Hague, The Netherlands HAG 

9 Hamburg, Germany (LoD1) HAM_LOD1 

10 Hamburg, Germany (LoD2) HAM_LOD2 

11 Helsinki, Finland HEL 

12 Linz, Austria LIN 

13 London, England LON 

14 Melbourne, Australia MEL 

15 Montreal, Canada MON 

16 The Netherlands NET 

17 New York City 1, NY, USA NY[1] 

18 New York City 2, NY, USA NY[2] 

19 North Rhine-Westphalia, Germany (LoD1) NRW_LOD1 

20 North Rhine-Westphalia, Germany (LoD2) NRW_LOD2 

21 Philadelphia, USA PHI 

22 Rotterdam, The Netherlands ROT 

23 San Francisco, CA, USA SAN 

24 Thuringia, Germany (LoD1) THU_LOD1 

25 Thuringia, Germany (LoD2) THU_LOD2 

26 Toronto, Canada TOR 

27 Vancouver, Canada VAN 

28 Washington, District of Columbia, USA WAS 
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7.3.1 Simple geometry metrics 

The simple geometry metrics provide basic counts of vertices, edges and faces of each feature for 

each dataset. A ratio metric, mean number of vertices per face, was also calculated. The results 

are presented in Table 39, sorted by vertices per building. All three mean counts of vertices, edges 

and faces provided a similar pattern of results. Philadelphia (254.3), Adelaide (204.0), Melbourne 

(198.3), Ettenheim (117.9) and Washington D.C. (85.0) had the highest number of vertices per 

building. Referring to the method of model generation, the high values are likely to be attributed 

to the choice of CAD-based modelling tools. One exception to note is that the Toronto and Boston 

datasets, while created using CAD-based software, have a relatively low mean number of vertices 

per building. 3D city models consisting mostly of simple extruded ‘block’ models (LoD1) or with 

simple roof structures (LoD2) tended to have a ‘mean vertices per building’ count of less than 40. 

The exception is Montreal, with a relatively high mean vertex (70.6), edge (199.9) and face 

(131.1) count.  

Table 39. Extract of simple geometry metrics (Full table available in Appendix II). 

Dataset 

Total no. of 

buildings 

evaluated 

Total Per building 
Mean no. of 

vertices per 

face Vertices Edges 

 

Faces Vertices Edges 

 

Faces 

VAN 111,052  1,136,608  1,731,638  865,035  10.2 15.6 7.8 4.1 

HAG 231,837  2,513,622  3,879,922  1,829,669  10.8 16.7 7.9 4.1 

NET 2,982,264  44,938,026  67,409,176  28,435,092  15.1 22.6 9.5 4.4 

MEL 382  75,740  178,451  102,567  198.3 467.1 268.5 3.0 

ADE 4,569  932,142  2,445,284  1,505,950  204.0 535.2 329.6 3.0 

PHI 859  218,471  389,041  171,969  254.3 452.9 200.2 3.8 

 

The mean number of vertices per face per building was calculated by first decomposing each 

building into individual faces. From there, the number of nodes was counted (ignoring duplicate 

start nodes) for each face. A mean value is then calculated for the building, with an average then 

calculated for the whole dataset. It was suggested that the simple geometry metrics provided a 

measure of efficiency and detail in a model where the lower the ratio, the less efficient the 

modelling. With this measure, Melbourne (3.0), Adelaide (3.0), Montreal (3.1), Boston (3.3) and 

Toronto (3.6) were the lowest scoring. Conversely, Linz (5.6), San Francisco (5.2), Brussels (4.9), 

Helsinki (4.8) and Frankfurt (4.7) presented the highest ratio.  

7.3.2 Applying the simple geometry metrics 

The simple count-based metrics provided an intuitive and easy way to compare the complexity 

and detail between 3D datasets. This is useful as a 3D dataset with a high number of vertices, 

edges or faces per building could indicate excessive and redundant detail unsuitable for certain 

city, regional, or national scale 3D analyses. From another perspective, a high mean count per 

building could indicate a good level of detail suitable for visualisation-based applications. These 

models may have been converted from CAD-based models or building information models, 
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producing visually satisfying 3D models with the least effort (Zhao et al., 2014). The freedom 

these tools provide, however, may lead to error-prone meshes, which would be unsuitable for 3D 

analyses with adequate data ‘cleaning’ (Botsch et al., 2010). A trade-off must be made between 

the adequacy of 3D detail, the visual impact of the resulting 3D dataset, the suitability of the 

response times and the overall usability of the 3D model (Ellul and Altenbuchner, 2014). For 

example, within the application of 3D noise mapping, Deng et al. (2016) argues that having more 

detailed and complex geometry is, in fact, not beneficial. From the 28 datasets inspected, the 

count-based metrics indicated that models such as Vancouver, The Hague, Thuringia, and the 

Netherlands (all simple block-based extrusions) can provide the simple and clean geometry 

required for certain 3D analyses. Conversely, Philadelphia, Adelaide, and Melbourne can provide 

models with the geometric details most suited for visualisation-based applications only. Care must 

be taken, however, when interpreting the count-based metrics. For example, it is possible for a 

building model to have a large number of vertices, and therefore seemingly more detail, but for 

these vertices to provide no additional information. The extra vertices could represent collinear 

points which are therefore redundant within the representation (Figure 38). 

 

Figure 38. Wireframe model illustrating an example of collinear points (circled in red) within a 

3D representation.  

Beyond simple counts, a ratio-based ‘mean number of vertices per face’ metric was calculated to 

as a suggested measure of modelling efficiency. Here, it is posited that the higher the ratio, the 
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fewer number of faces are needed to represent a model, thus the features are more efficiently 

modelled. Figure 39 illustrates the concept. The results showed that the mean number of vertices 

per face ranged from 3.0 to 5.6.  

The metric, however, described a different characteristic than modelling efficiency. For example, 

where the mean is close to 3.0, it indicated the use of a high number of triangles within the 

representation. This could simply be dictated by the delivery file format such as ESRI Multipatch 

which is based on a collection of triangle strips, triangle fans, triangles, or rings to represent 3D 

objects (ESRI, 2008). The use of triangles also has the advantage of reducing the number of non-

planar surfaces – a benefit which is not reflected from the initial interpretation of this metric. 

When the ratio tends towards 4.0 or above, it can indicate the higher presence of quadrilaterals, 

which is cleaner, easier to attach photo textures to, and results in a model with fewer faces.  

There are a few instances of ambiguity for the metric, with one case being extruded 2.5D building 

models. Here, there are only two options for the number of vertices per face. For the extruded 

wall surfaces, it is four, whereas for the top and bottom surfaces, it is simply the number of 

vertices of the original 2D footprint polygon.  

In summary, the interpretation of the ratio is mixed. It can provide an indication of whether 

triangular or quadrilateral faces dominate a representation. Further work is required to define the 

usefulness of such metric.  

 

 

Figure 39. Illustration of the change in ‘mean number of vertices per face’. On the left is a six-

sided cube represented six square polygons with a ‘mean number of vertices per face’ of 4. On 

the right, one of the sides is bisected, resulting in two new triangular faces. This results in a drop 

in the ‘mean number of vertices per face’ to 3.714. 
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7.3.3 2D footprint area metric 

Minimum footprint area was proposed to provide an indication of the smallest 2D area a dataset 

was modelled at. This was calculated by first calculating the pitch for all the surfaces (with a 0.5-

degree tolerance, to account for rounding and precision errors) to find the flat faces. The minimum 

z-value was then calculated to filter out the floor polygons to calculate the total footprint area. 

Table 40 shows the frequency distribution of 2D footprint area of all 25 datasets. It shows that 

several datasets have a clear threshold or minimum capture value of between 10m2 and 100m2. 

This includes, Berlin, Hamburg (both LoD1 and LoD2), Montreal, Netherlands, New York [1], 

New York [2], San Francisco, Toronto, and Vancouver. Other datasets, such as London, have 

buildings with a 2D footprint areas below the 10m2 threshold. To better identify the minimum 

capture value, measures of dispersion of 2D footprint area were calculated (Table 41). The two 

key measures here are the 5th and 1st percentile. Here, the 5th percentile presents the threshold 

value that 95% of buildings are larger. Likewise, the 1st percentile presents the value that 99% of 

the buildings are larger. For example, 95% of buildings within the London dataset are larger than 

3.96 m2. This indicates that there are features modelled which are smaller than as stated in the 

capture specification where only ‘permanent-roof constructions that exceed 8.0 m² in area (12.0 

m² in private gardens)’ are modelled (Ordnance Survey, 2014). Five datasets registered zero or 

near-zero values for both the 5th and 1st percentile. On visually inspecting the data, four datasets 

(Washington D.C., Philadelphia, Melbourne, and Cambridge) were missing floor polygons 

entirely (Figure 40 and Figure 47). Although the fifth dataset, The Hague, had floor polygons, it 

had many sliver polyhedra (Figure 42). This caused erroneous 2D footprint area calculations 

within the algorithm.  

Table 40. Excerpt of frequency distribution of 2D footprint area (Full table available in Appendix 

II). 

Dataset 

By percentage of buildings of buildings 

0 to 1m2 1 to 10m2 10 to 100m2 
100 to 

1,000m2 

1,000 to 

10,000m2 
10,000+m2 

BER 0.3% 2.9% 59.1% 35.6% 2.0% 0.0% 

HAM_LOD1 0.0% 1.3% 55.8% 40.6% 2.2% 0.1% 

HAM_LOD2 0.0% 1.3% 55.9% 40.5% 2.2% 0.1% 

MON 0.3% 1.2% 28.8% 62.4% 6.9% 0.4% 

NET 0.0% 0.0% 28.4% 65.4% 5.9% 0.3% 

NY[1] 0.0% 0.1% 60.1% 38.3% 1.6% 0.0% 

NY[2] 0.0% 0.0% 59.7% 38.7% 1.5% 0.0% 

LON 0.4% 12.2% 71.7% 14.7% 1.0% 0.0% 

PHI 17.7% 36.9% 30.2% 12.2% 2.9% 0.1% 

MEL 12.8% 9.9% 33.0% 33.5% 10.5% 0.3% 

ROT 0.0% 24.2% 60.2% 14.0% 1.5% 0.1% 
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Table 41. Excerpt of measures of dispersion of 2D footprint area (Full table available in Appendix 

II). 

Dataset 

Q
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BER 29.70 73.70 152.06 13.22 5.61 541.12 172.48 3.14 

HAM_LOD1 37.30 83.75 160.60 15.90 8.79 672.08 188.54 3.56 

HAM_LOD2 37.28 83.60 160.37 15.89 8.78 670.26 188.18 3.56 

MON 92.69 139.24 262.97 55.53 7.09 1451.28 424.99 3.41 

NET 92.24 156.52 313.72 41.85 22.49 2114.23 408.90 5.17 

NY[1] 60.19 88.61 122.35 21.45 16.43 513.32 147.73 3.47 

NY[2] 60.23 88.98 123.10 21.41 16.41 497.25 147.38 3.37 

LON 25.61 51.39 73.71 3.96 1.78 386.65 97.13 3.98 

PHI 1.38 7.74 36.41 0.00 0.00 596.84 128.02 4.66 

MEL 13.23 65.70 375.11 0.00 0.00 804.58 348.13 2.31 

ROT 10.82 50.93 71.46 5.46 3.43 632.19 114.67 5.51 

7.3.4 Applying the 2D footprint area metric 

For largely error-free datasets with complete surfaces i.e. which have all roof, wall, and floor 

polygons, the 2D footprint area metric provides a good indication of the minimum capture 

threshold for each dataset. For example, 96.7% of buildings in Berlin are have 2D footprint larger 

than 10m2. More specifically, 99% of the buildings are above 5.61m2. A user could therefore 

identify and define the minimum size modelled to be around 5m2. The metric was also able to 

identify digitisation or modelling errors. For example, two buildings (both under 0.005m2 in area) 

were identified within the Toronto dataset. 

The metric, however, is less effective for datasets with geometric errors. For example, 

Washington, Philadelphia, Melbourne, and Cambridge had zero values for the 5th and 1st 

percentile. This is because none of these datasets contain floor polygons within their model. 

Figure 40 and Figure 47 shows examples of buildings missing a ground surface. For the dataset 

from The Hague, the 5th and 1st percentile were both sub-meter values. Upon further investigation, 

it was found that the source of these very small footprint areas was due to the presence of slivers. 

Slivers are small and narrow polygons appearing often as the result of overlaying two geographic 

datasets. Figure 42 shows an example of a sliver polyhedron within The Hague dataset. Like in 

2D GIS, these slivers are unwanted errors33 and should be removed or merged with neighbouring 

polygons or polyhedra. 

During the inspection and validation of the metric, an incidental finding on the use of building 

identifiers was discovered. Within the Rotterdam dataset, 24.2% (44,043) buildings had a 

footprint area between 1 to 10m2. These were composed of small buildings or shed-like subsidiary 

structures, which were attributed with its own unique parent building identifier (Figure 41). These 

                                                      
33 To identify the sliver polygons, it is important to look at the ratio between a polygon’s perimeter and its 

area. Additional information on sliver identification can be found in SAE-JUNG, J. & CHEN, X. Y. 2008. 

Error propagation modeling in GIS polygon overlay.. 
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may also be shared features between two separate buildings e.g. a shared entrance. Further 

inspection in these small structures showed that 929 (2.1%) shared a common boundary with two 

or more buildings with an area 10m2 or larger. The ambiguity in assigning building parent 

identifiers for shared features in this instance has rendered the metric less effective. Additional 

work is required to identify and quantify whether these features are standalone, small, subsidiary 

structures or misattributed components of a larger building. There is also a need in future 

standards to explicitly define the consistent handling of shared building parts and the subsequent 

assignment of the parent building identifiers. This is a practical demonstration of the requirement 

for semantic checks on the relationship between building and building parts as described by 

Wagner et al. (2013b). In summary, the metric is useful in revealing the minimum dimensions of 

a modelled feature if the data is relatively clean and consistent, but by assessing the frequency 

distribution, it can also reveal inconsistencies and errors derived from the modelling process. 

 

Figure 40. Example of missing floor polygons in Washington D.C. 

 

Figure 41. An example of a small subsidiary building found in Rotterdam with its own unique 

parent identifier 
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Figure 42. Example of ‘sliver polyhedra’ from The Hague Dataset. From Top to Bottom:   

1) ‘Sliver polyhedron’ in context (circled); 2) Close-up of ‘sliver polyhedron’ (circled); 3) 

The same sliver polyhedron isolated.  
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7.3.5 Minimum feature length metric 

In this study, minimum feature length is defined as the shortest edge length of any 3D edge of 

each building. Table 42 shows the frequency distribution of minimum feature length across the 

28 datasets sorted by the percentage of buildings with a minimum feature length of ‘0 to 1m’. Just 

under two-thirds of the datasets have over 40% of buildings with a shortest edge between 0 and 

1m. Further inspection into the frequency distribution between 0 and 1m of the minimum feature 

length showed that many of these short edges are in fact between 0 and 20cm (Table 43). San 

Francisco (85.54%), Ettenheim (81.25%), Melbourne (66.75%) and Rotterdam (62.35%) 

displayed the highest percentage of buildings with the shortest edges up to 20cm long.  

To investigate the presence of ‘short edges’ further, the absolute count and percentage of buildings 

with at least one short edge was calculated (Table 44). Here, a ‘short edge’ was defined as any 

edge with a length less than 0.5m for the initial investigation. The Netherlands (3.63%), 

Vancouver (7.21%) and Boston (7.71%) were the three best performing datasets by this metric. 

Conversely, Ettenheim (100.0%), San Francisco (90.44%) and Adelaide (81.97%) were the worst 

performing, with a majority of buildings with at least one short edge. Deconstructing it further, 

Table 45 shows the distribution of short edges within buildings. For example, 70.34% of buildings 

in Adelaide possess 11 or more short edges and almost half (46.91%) of buildings in Rotterdam 

have between two to ten short edges. 

Table 42. Excerpt of frequency distribution of minimum feature length by percentage of buildings 

(Full table available in Appendix II). 

Dataset 0 to 1 m 1 to 5 m 5 to 10 m 10+ m 

NET 8.14% 45.50% 39.36% 7.00% 

VAN 8.80% 39.29% 51.48% 0.43% 

BOS 18.23% 49.06% 10.57% 22.14% 

ADE 89.14% 10.70% 0.15% 0.00% 

SAN 93.59% 5.48% 0.87% 0.06% 

ETT 100.00% 0.00% 0.00% 0.00% 

 

Table 43. Excerpt of frequency distribution of minimum feature length under 1m by percentage 

of buildings (Full table available in Appendix II). 

Dataset 0 to 0.2 m 0.2 to 0.4 m 0.4 to 0.6 m 0.6 to 0.8 m 0.8 to 1.0 m 

NET 1.56% 1.36% 1.54% 1.79% 1.89% 

HAM_LOD2 1.60% 8.61% 6.67% 4.48% 4.30% 

THU_LOD1 2.93% 6.19% 6.60% 5.75% 5.31% 

MEL 66.75% 8.12% 3.40% 2.09% 0.79% 

ETT 81.25% 18.23% 0.52% 0.00% 0.00% 

SAN 85.54% 3.74% 2.10% 1.34% 0.88% 
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Table 44. Excerpt of absolute count and percentage of buildings with at least one short edge 

(<0.5m) (Full table available in Appendix II). 

Dataset 
Buildings with at least one edge <0.5m 

By absolute count of buildings By percentage of buildings 

NET 108,389 3.63% 

VAN 8,005 7.21% 

BOS 5,464 7.71% 

ADE 3,745 81.97% 

SAN 160,000 90.44% 

ETT 192 100.00% 

 

Table 45. Excerpt of frequency distribution of short edge count (<0.5m) by percentage of 

buildings (Full table available in Appendix II). 

Dataset  
By percentage of buildings 

0 1 2 to 10 11 to 100 101 to 1000 1000+ 

NET 96.34% 0.00% 2.78% 0.59% 0.28% 0.00% 

VAN 92.79% 0.00% 7.11% 0.09% 0.01% 0.00% 

BOS 91.81% 0.02% 5.86% 1.69% 0.62% 0.01% 

ADE 18.03% 0.59% 11.03% 45.06% 23.05% 2.23% 

SAN 9.56% 0.00% 22.71% 67.35% 0.38% 0.00% 

ETT 0.00% 0.00% 0.52% 40.63% 58.33% 0.52% 

 

7.3.6 Applying the minimum feature length metric 

Minimum feature length was proposed to provide a 3D measure of minimum capture. The result 

of the metric showed that 18 out of 28 datasets had 40% or more buildings with at least one sub-

meter edge. The sources of these short edges included: the method of building reconstruction (e.g. 

manual, automatic, or semi-automatic); the choice of modelling tools e.g. CAD modelling; 

derived detail from 2D footprint; straight line representation of curved surfaces or; erroneous 

short edges (e.g. from collinear points). Regardless of the source, the presence of these short edges 

vastly increases the computation load required to store, visualise, and analyse these datasets. 

For Adelaide, the short edges were derived from the choice of modelling tools as the dataset was 

created from Autodesk 3DS max models. Through the producer’s automated conversion process, 

the models were triangulated. This resulted in thin and elongated triangles as well as erroneous 

edges (Figure 43). The dataset would benefit from remeshing – whereby the surfaces are 

reconstructed to simplify and reduce the number of vertices, edges and faces used. Implementing 

stricter quality measures, such as triangle angles and sizes, would result in a better model. Within 

the remeshing process, however, care must be taken to minimise the loss of detail and the 

introduction of errors. 

For Rotterdam, the high frequency of short edges was due to a large number building with curves 

represented as multiple short, straight segments (Figure 44). This is an inherent inadequacy of 

within the choice of representation and model. For example, although CityGML contains an 



174 

 

abstract class for curves, features composed of multiple curves are not recommended within the 

modelling guidelines (SIG3D, 2014). From a theoretical view, the use of straight lines offers an 

advantage as it should be computationally much less intensive than curves within analyses. From 

a practical view, however, the high number of edges present within a straight-line representation 

is still problematic. Part of the issue is that there is a need for better guidance on simplification 

and generalisation of complex 3D objects. 

The San Francisco model is composed of extruded ‘block’ buildings derived from a 2D building 

footprints dataset. As extrusion is one of the most basic methods of construction 3D models, a 

user may therefore assume that the dataset is simple, clean, and relatively error-free (compared to 

a CAD-converted model with roof detail). The short edge count, however, indicated that over 

90% of the buildings have at least one edge less than 50cm in length. Figure 45 shows an excerpt 

of the original 2D building footprints at multiple scales. At 1:500 scale, the short edges were not 

visible. Viewed at 1:40 scale, however, the miniscule details in the footprint become apparent. As 

the polygons were extruded, these short edges are propagated into the 3D model. There is 

therefore a need to ensure 2D datasets were at the appropriate level of detail to match the required 

complexity of the 3D model produced. 

The variety of potential sources of short edges makes this metric slightly difficult to interpret 

without adequate manual inspection from the user. Nevertheless, the metric is useful in revealing 

geometric errors and characteristics of 3D datasets. It allows users to identify models which may 

be overly complex due to a proliferation of short edges within its representation. Short edges make 

dataset larger than necessary, providing additional detail at the cost of a dataset becoming less 

efficient to use. Further work is required to investigate alternative definitions of feature lengths 

such as the diagonal of the minimum bounding rectangle or cuboid.  
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Figure 43. Geometric complexity of Adelaide 3D city model. Note the high number of self-

intersecting lines within the representation. These could be derived from manual editing; whereby 

additional geometric detail is added by a user onto a basic and automatically created polyhedra. 

  

Figure 44. Curved surfaces represented by multiple short straight segments in Rotterdam. Left – 

3D view. Right – 2D view with absolute count of number of short edges within each building. 

Note that the buildings at the corner of the terrace possesses 36-40 short edges, yet adjacent 

buildings only contain 2-4 short edges (circled).  
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Figure 45. A set of maps displaying examples of short edges in the San Francisco dataset. Note 

that at 1:500 scale, the short edges are hardly visible. 
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7.3.7 Euler characteristic metric 

Table 46 shows the frequency distribution of the Euler characteristic by percentage of buildings. 

As a reminder, where χ = 2, the geometry is fully enclosed or ‘watertight’ which is beneficial for 

3D analyses such as volumetric calculations. The Hague, London, The Netherlands, New York 

[1] and Thuringia [LoD1] returned the highest percentage of buildings where χ = 2 (>99%). Of 

the 28 datasets, only 8 datasets had fewer than 80% of buildings with a Euler characteristic of 2. 

These include: Adelaide (3.66%), Cambridge (6.78%), Ettenheim (1.04%), Hamburg [LoD2] 

(58.34%), Melbourne (7.07%), Philadelphia (4.77%), Rotterdam (10.00%), and Washington D.C 

(10.83%). From this metric, Adelaide and Melbourne showed a similar profile, with some very 

extreme values e.g. 30.05% of buildings χ = <-3 and 30.30% where χ = > 9 in Adelaide. 

Cambridge (43.22%), Melbourne (31.15%) and Philadelphia (50.76%) exhibit a high number of 

buildings with χ = 1. Washington D.C. exhibited characteristics of high number of extreme values 

(19.9% of buildings χ = <-3) and buildings with χ = 1 (28.5%). Ettenheim has 48.96% of buildings 

with χ >9. The remaining dataset which did not predominantly have buildings with a Euler 

characteristic of 2 was Rotterdam. The buildings in Rotterdam were mostly distributed between 

χ < -3 and 2. 

Table 46. Excerpt of frequency distribution of Euler characteristic by percentage of buildings 

(Full table available in Appendix II). 

Dataset < 0 0 1 2 3 4 > 4 

THU_LOD1 0.00% 0.03% 0.00% 99.97% 0.00% 0.00% 0.00% 

NET 0.00% 0.04% 0.00% 99.94% 0.00% 0.00% 0.01% 

HAG 0.00% 0.06% 0.02% 99.92% 0.00% 0.00% 0.00% 

PHI 17.81% 4.89% 50.76% 4.77% 5.01% 1.63% 15.13% 

ADE 37.34% 2.52% 2.67% 3.66% 2.87% 3.52% 47.42% 

ETT 5.21% 0.00% 1.56% 1.04% 2.08% 6.25% 83.86% 

 

7.3.8 Applying the Euler characteristic metric 

The Euler characteristic metric was based on the assumption that users of 3D data desired closed 

convex representations of buildings. This would allow for analyses which required the 

identification of the ‘inside’ and ‘outside’ of a polyhedron, as well as volume calculations and 

rendering of textures. In some instances, such as simulating refraction (Walton and Steed, 2017), 

knowing if a light ray is entering or leaving an object is important. In other situations, when only 

opaque objects are rendered, the ‘inside’ or ‘outside’ of each face is less important. The results 

showed that 20 out of 28 datasets had more than 80% of buildings with a Euler characteristic of 

2. From this metric, these datasets are fit for 3D analyses such as volumetric calculations or 

intersections. Within these datasets, where χ ≠ 2, this was due to ‘holes’ through the polyhedra 

(Figure 46). Often it was the result of extruding a footprint polygon with a hole or holes. These 

buildings, however, only represent 1-2% of the total number of features.  
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Figure 46. Example of a building with χ = 12 in Netherlands (GML_PARENT_ID = 

NL.TOP10NL.124634695) 

Eight datasets, however, did not have a majority of buildings where χ = 2. Adelaide and 

Melbourne had a similar distribution with very extreme values of Euler characteristic. This 

imbalance in vertices, edges and faces can be attributed to the conversion process as both were 

originally CAD models created by the same supplier. This introduced unnecessary complexity 

within the model. Cambridge, Melbourne, and Philadelphia had a high number of buildings with 

χ = 1 due to missing floor polygons (see Figure 40 and Figure 47). This is relatively easy to 

interpret from the formula as χ = 1 indicates either a missing face, or an additional edge (without 

an additional vertex) or additional vertex (without an addition edge). While the latter two are 

possible, a missing face or faces are most common and realistic. Washington D.C. interestingly 

exhibited the characteristics of having extreme Euler values and a high number of buildings with 

χ = 1. This is due to the dataset being both a converted-CAD model and missing floor polygons. 
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Figure 47. Example of missing floor polygons in Melbourne 

Ettenheim had many buildings with a Euler characteristic greater than 4 as it was a CityGML 

LoD3 sample dataset which was created to demonstrate façade detail such as windows and door 

openings. This resulted in building polyhedra with lots of holes. Lastly, Rotterdam presented an 

interesting case. The model had buildings with a mix of Euler characteristics, mostly distributed 

between <-3 and 2. This indicated that one or more faces were missing. From a first visual 

inspection the models were not missing any floor polygons and were seemingly complete (Figure 

48). When examined as individual models, however, it is revealed that internal, shared surfaces 

such as walls were missing. From one perspective, this is beneficial for visualisation as it reduces 

the number of surfaces rendered. For 3D analyses, however, this could be problematic. 

Overall, the Euler characteristic is useful for understanding the number of closed polyhedral 

representations within a dataset and the suitability for volumetric calculations. There is, however, 

a need to quantify the assumed benefits of closed and simple polyhedral within spatial analyses 

for different applications. 
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Figure 48. Example of short edges and non-closed buildings in Rotterdam. From Top to bottom: 

1) A row of buildings, seemingly closed. 2) Example of extraneous geometry detail. 3) Example 

of a single building from the terrace from the top illustration. Note that the ‘interior’ dividing 

walls are missing.  
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7.3.9 Challenges of automatic geometry-based metrics 

Several challenges arise from the proposed metrics geometry-based metrics in this chapter. 

Firstly, it is important to note that metrics were not direct or traditional measures of data quality, 

but rather geometry-based characteristics or metadata useful for fitness-for-purpose evaluations 

(like CityGML’s Level of Detail concept). One of the drawbacks currently is that since the metrics 

were derived solely from interrogating the geometry and are therefore highly dependent on the 

local architecture of the modelled area. For example, there are areas with complex buildings that 

require more faces to be modelled, while other areas may contain basic buildings in which a 

simple representation is sufficient and additional geometry does not pertain to additional detail. 

This limits the ability for the metrics to be compared between datasets of different locations. 

Despite this, datasets from the same location, but created at different times and by different 

producers can be directly compared.  

7.4 Chapter conclusion 

The aim of this chapter was to investigate whether automated, intrinsic and geometry-based 

metrics describing the variation of complexity within 3D datasets could provide additional 

relevant information as part of a process of fitness-for-purpose evaluation. The metrics were 

developed to address the fact that existing 3D datasets were predominantly geometry-based, 

building focused, and lacked useful metadata for users to assess fitness-for-purpose. Further, 

existing measures of 3D data were perhaps only partially sufficient in fully communicating data 

quality and fitness-for-purpose.  

The results showed that automated metrics can be used to quickly provide additional and 

supplementary information on 3D city models. Users of 3D data can compare models from the 

same location as well as between different models (albeit with an understanding of the effects of 

local architectural variation). From a data producer’s perspective, the metrics are also able to 

identify inconsistencies and geometric errors within a 3D model. Further work is required to 

quantify the sources of 3D error, explore different geometry-based metrics, as well as measures 

to describe non-building objects. 

The next chapter will present the results of a commercial evaluation of a national 3D mapping 

product in Great Britain. 

  



182 

 

  



 

 

 

 

 

 

 

CHAPTER 8 
COMMERCIAL EVALUATION OF A 

NATIONAL 3D MAPPING PRODUCT  
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8.1 Introduction 

This chapter addresses the following research sub-question: 

What are the commercial opportunities for 3D geographic information in Great Britain? 

The chapter provides an initial evaluation into the commercialisation and operationalisation 

potential of a national 3D product in Great Britain. Based on the knowledge gained from the 

literature review, 3D datasets review, metrics development and requirements gathering exercises, 

the chapter aims to produce a set of recommendations and guidance for Ordnance Survey on the 

production of future 3D products. From Chapters 4 and 5, it was found that, like 2D geographic 

information, 3D requirements vary from country to country due to different maturity of the local 

GI industry as well as different business drivers at the local, regional, and national level. To that 

end, it is important to obtain country-specific user requirements to help inform Ordnance Survey’s 

product development. While progress has been made in understanding the user requirements for, 

and barriers to, adoption of 3D geographic information, there is a need to translate the academic 

research into practical, measurable, and actionable goals.  

The chapter begins with a discussion of the economic value of 3D geographic information. This 

is followed by an initial proposition for a set of national 3D mapping products for Great Britain. 

An estimate of the cost of production is presented, and the Chapter concludes with a brief 

assessment of potential customers, favourable trends, and risks. 

It is important to note that the recommendations provided in this chapter are made as of April 

2018. The proposed products are timely as the Geospatial Commission is in the process of being 

set up (as described in Section 1.3.1). The Commission’s remit has a much broader scope than 

revenue streams generated by or for Ordnance Survey. The ambition is to ensure GI is seen as an 

integral part of the UK’s national infrastructure. With the overall aim of maximising the value of 

GI produced by government bodies in the UK, the business model of Ordnance Survey could 

expect significant changes in the next two years. This would, in turn, impact the recommendations 

made from this chapter.  

8.2 Economic value of 3D geographic information 

Economic value is a measure of the benefit provided by a good or service, defined as the ability 

to produce income or benefit to the consumer. While the benefits of using geographic information 

are clear, formal analyses of its economic value are scarce. (Longhorn and Blakemore, 2007, 

Genovese et al., 2009). Executives are increasingly facing pressure to justify expenditure, 

improve accountability, business efficiencies, competitive advantage, and resource utilization on 

GI projects (Maguire et al., 2008). In addition, for NMCAs such as Ordnance Survey, the large 

investment in processes and infrastructure for producing a 3D mapping product requires 

justification in its value. There is, therefore, a practical need and impetus to quantify the value 
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and benefits that 3D GI bring. The complexity of the GI sector, however, confounds the ability to 

calculate economic value easily. Although the costs of implementation and maintenance are 

tangible and relatively easy to calculate, the other benefits 3D GI brings are often intangible and 

thus much harder to quantify. As identified in Section 4.6.3, time and cost are the two most 

important factors influencing the lack of uptake of 3D geographic information. Where users are 

not actively using 3D data, it is due to the lack of a business case and the perception that the 

benefits of 3D over 2D does not outweigh the initial required costs. Part of the solution to help 

users justify the investment required is to define the ‘value’ of 3D geographic information.  

Different consumers of 3D GI consider different properties significant and to the extent which 

these properties are valued (Krek, 2002). Value is based on the perception of the buyer which in 

turn is based on the context and application in which 3D GI is used. Intangible benefits are not 

easily estimated and while it does not affect monetary analysis, they can be equally, if not even 

more important than the tangible benefits (Genovese et al., 2009). It is therefore important to 

consider the societal impacts of 3D GI as well as the impact of society on the development of 

these geospatial technologies (Chrisman, 2005). 

As part of a collaboration with EuroSDR 3D Special Interest Group, a two-phase project on 

‘Identifying the economic value of 3D geoinformation’ was carried out. The first phase was a 

preliminary assessment of the economic value of 3D geographic information and was conducted 

in May 2015 (Wong, 2015). The study investigated the data aspect of 3D but does not cover 3D 

geospatial services or systems. The primary aim was to provide an initial overview of defining 

the value of 3D geographic information and critically assess possible methodologies and 

approaches to quantifying its economic value. It examined the different actors within the GI sector 

and their respective roles in creating value within the 3D GI value chain. Below is a summary of 

the recommendations: 

1. Review the applications of 3D GI – Because value is highly context-specific, there is a 

need for an extensive review of the applications and uses of 3D GI 

2. Undertake a detailed mapping of 3D GI value chain – Through mapping the different 

actors within the 3D GI ecosystem and identifying their respective value-creating 

activities, a more comprehensive economic value can be calculated. 

3. Perform a comparison of valuation techniques – A direct comparison between the 

methodologies on the same case would allow for techniques to be combined in the future 

to complement and mitigate each other’s strengths and weaknesses. 

4. Develop technique(s) to capture and monetize intangible benefits – There is a need 

for a standardized methodology for capturing intangible benefits such as societal value. 

Methodologies which include interviews and surveys to capture willingness to pay or 

self-reported avoided costs are a good starting point to monetize these intangible benefits. 
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As a follow-up, an external company (ConsultingWhere) conducted the second phase of research. 

A two-day workshop was held in Barcelona, Spain whereby the results from value chain analysis 

of six selected use-cases and further cost-benefit analysis for two use-cases (Flood Management 

and Urban Planning) were presented (EuroSDR, 2017, Coote et al., 2017). The results showed 

that, despite having the ability to reach a definite and ‘objective number’, the process of 

calculating the ‘value’ of 3D geographic information is as much of an art as an exact science. 

Indeed, as identified in the first phase of research, intangible benefits were still very difficult to 

near impossible to quantify. Results were therefore merely estimates and illustrative, with the use 

of heuristics to derive the cost of intangible elements. It was suggested that by providing a mean 

case, decision-makers can use the benefit-cost ratio to compare between different potential 

options. One area of disagreement is the suggestion that cost-benefit ratio and calculated costs 

(calculated for one country) could simply be translated to a different by scaling according to the 

gross domestic product. For example, the assumption is that a calculation based on a use-case in 

Finland (GDP = 0.236 trillion USD) could be translated to UK (GDP 2.619 trillion USD) by a 

multiplying by a factor of around 10. Such expositions are unsatisfactory because they do not 

account for the country to country variation in 3D user requirements (as identified in Section 

2.2.3). It is suggested that any cost-benefit or cost calculations must be conducted on a case by 

case basis, with full consideration of the producer, users, and applications of the 3D geographic 

information.  

Economic value, however, is only one facet of value that 3D geographic information brings. In 

the wider context, 3D geographic information, like 2D GI, can provide societal value which 

generate improvements in the lives of individuals or society as a whole, beyond the organisation. 

As a field, however, 3D GI is relatively nascent, and thus its societal value is yet to be fully 

realised and quantifiable. Despite this, societal value should be equally, if not more important to 

consider, from the perspective of Ordnance Survey as a national mapping agency. 
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8.3 Defining a National 3D Mapping Product for Great Britain 

Using the findings from the previous chapters, an initial definition for a national 3D mapping 

product or set of products for GB can be outlined. These definitions will serve as a starting point 

for Ordnance Survey to begin developing prototypes. As such, it is expected that these definitions 

will evolve as the products are tested and refined over time with users. The suggested products 

are described and discussed in detail below. 

Table 47. Suggested timeline for the new OS 3D product line-up 

Proposed product Summary of features Suggested release date 

3D building geometry 

OS Open 3D Median height value for buildings contained 

within OS VectorMap District derived from 

EA LiDAR distributed within a file 

geodatabase. 

ASAP, ~Q4 2018 

OS MasterMap 3D 

Buildings API 

Median height value used to extrude OS 

MasterMap into 3D geometry. Delivered as 

a data API. 

ASAP, ~Q4 2018 

OS MasterMap 3D  Simple roof geometry derived from a 

standardised library. Includes absolute, 

relative, and median height values. 

Additional information on number of floors 

also included as an attribute. All objects in 

MasterMap represented in three-dimensions. 

~2020 

3D flagship product 

OS MasterMap 3D 

Plus and Premium 

The flagship 3D product. OS 3D Premium 

gives you the most up to date, accurate 3D 

information. 

- 

Other 3D products 

OS 3D Point Cloud 3D attributed point cloud - 

OS 3D Mesh Photogrammetric mesh with imagery - 

OS 3D Roads Linear and areal representation of Great 

Britain’s road in 3D. 

- 

OS 3D 

AddressBase 

Addressing with 3D height attribute - 
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In order to produce the proposed 3D products, as many existing Ordnance Survey data sources 

should be leveraged to reduce costs. As described in Section 2.6.1, currently up to 80% of ground 

detail is collected using aerial photography. Where ground detail cannot be collected using aerial 

photography, detailed ground surveys are still conducted. At the most basic level, the data 

required to produce the first three proposed products (OS Open 3D, OS MasterMap 3D Buildings 

API, and OS MasterMap 3D) is already collected by Ordnance Survey. Through iterative 

development during the alpha and beta phase, users may request other features or information 

which can be collected on an ad-hoc basis. For the proposed enhanced products (OS MasterMap 

3D Plus and Premium), the exact features and requirements are yet to be ascertained. As such, the 

data collection required is also currently unknown. 

It is important to note that the proposed products are supply-driven, rather than demand-driven. 

The suggestion is that economic growth is achieved through lowering barriers on production. As 

more products are created and become more accessible to the consumers, they are more likely to 

invest back into 3D technologies. Demand in 3D is therefore created through supply. The 

proposed products therefore act as ‘appetizers’ to entice potential users into the use of 3D.  

8.3.1 Product 1: OS Open 3D (short-term) 

From a data perspective, Great Britain does not yet have an open 3D GI dataset unlike its 

European neighbours (as identified in Chapter 6). In the wider context, the central Government is 

also pushing for increased availability of spatial data to drive the growth of the economy (Section 

1.3.1). From Section 4.6.3, it was found that technical skills in 3D is low, and the complexity and 

difficulty associated with handling 3D data is enough to discourage novices from exploring 

further. In addition, cost is still a major barrier to adoption of 3D. As such, many have yet to have 

first-hand experience with 3D GI. To address the above, a simple, open, and free dataset 

distributed in a commonly used format should encourage new users to incorporate 3D data into 

their workflow. 

The proposed product, OS Open 3D, will be generated by combining the building footprints from 

OS VectorMap District with a median height. The height information could be derived from 

internal Ordnance Survey sources (such as a median value from OS MasterMap Building Heights 

Attribute), or it could utilise existing open sources of 3D such as the Environment Agency’s and 

Natural Resources Wales’ LiDAR Composite DSM and DTM. The combination of topography 

and height can then be used to create a simple extruded LoD1 dataset using the median height. 

The delivery format of choice will be File Geodatabase, allowing end-users to immediately 

visualise the data without conversion. Alternative delivery formats, such as CityGML and ESRI 

3D shapefile, could also be considered and will be dictated by demand from the end-user. The 

dataset will be produced initially as a ‘one-off’ exercise and will be static (no updates). The 

coverage should be maximised: this can be achieved by using composite height data over multiple 

sampling years. Should demands calls for it, the product can be updated accordingly. 
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From a technical perspective, there are some clear limitations of the dataset e.g. mismatch 

between building footprints from 2017 and EA’s DSM/DTM from 2015 (if used) or the use of a 

composite dataset resulting in heights from different years. These inconsistencies, however, 

would not limit the utility of the dataset as it is intended to provide users with an introduction to 

3D data. The expectation is that the dataset will help emulate and produce the success seen within 

the Netherlands, in the context of Great Britain. Unlike ‘3D Map NL’ (which includes buildings, 

terrain and water bodies), OS Open 3D will initially only include buildings for ease of production. 

Should the first iteration of the dataset be successful, further considerations can be made to 

incorporate terrain and water bodies. 

In terms of a product timeline, OS Open 3D should be produced and launched as soon as possible. 

There are now open LiDAR datasets covering the whole of Great Britain - initially spear-headed 

by the Environment Agency of England at the end of 2015, data is now available for England 

(since Sep 2015), Wales (since Nov 2015) and Scotland (since Oct 2017) (Matthew, 2015; Davies, 

2015; Scottish Remote Sensing Portal, 2017). The suggested release is by Q4 of 2018. Ordnance 

Survey must respond to this in a timely manner as, already, there are indications of other GB-

based geospatial data vendors looking to capitalise on the open datasets (GD3D, 2017).  

8.3.2 Product 2: OS MasterMap 3D Buildings API (short-term) 

Alongside the open product, an additional commercial product is proposed for the short-term. 

Similar to OS Open 3D, the proposed OS MasterMap 3D Buildings would provide the 3D 

geometries for a simple extruded LoD1 dataset using the median building height but using OS 

MasterMap footprints. Unlike OS Open 3D, however, this product is to be served as a data API. 

This is in line with the current trend within Ordnance Survey towards serving information rather 

than digital data products. The product would be offered to all existing OS MasterMap 

Topography customers or as an extension to OS Maps API. 

Since the existing Building Height Attribute does not offer a median value, this would need to be 

recalculated. Despite the product being seemingly identical to the existing ‘2D + height attribute’ 

offering, by delivering the dataset as structured 3D geometries minimises the work required from 

the end-user. It would allow customers to view and use their data alongside 3D geometries for 

basic contextual or analytical applications. The added-value would be the additional detail, 

accuracy, and update frequency associated with OS MasterMap, over OS Open 3D. Further, it 

allows customers to integrate Ordnance Survey 3D data within their own applications.  

A close monitoring of users during the alpha release should determine whether a dataset of this 

nature is necessary or superfluous to requirements. Since the data is already collected, the 

associated costs should be low, as it is a matter of leveraging an existing product rather than 

producing something from scratch. 
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8.3.3 Product 3: OS MasterMap 3D (middle-term) 

Assuming the current open and commercial business model remains at Ordnance Survey, OS 

MasterMap 3D offers an enhanced 3D product compared to OS Open 3D. Specifically, OS 

MasterMap 3D would provide simple roof geometry akin to CityGML’s LoD2, as well as 

attributional information on roof shape type and number of floors. Crucially, the footprints should 

align with those found within the existing 2D OS MasterMap.  

The inclusion of roof geometry is a logical step; Section 0 showed that 28 of the 34 open 3D 

datasets reviewed contained roof geometry in some form. In order to generate the roof geometry, 

a similar approach to Hamburg could be taken, whereby a roof shape is assigned from a 

standardised library (LGV 2017). Ordnance Survey already have existing research efforts towards 

identifying roof shape class and roof reconstruction (Sargent and Holland, 2015, McClune et al., 

2016). The benefit of matching to a standardised library is that the resulting roof geometry should 

have fewer topological and geometric errors. Detailed roof features such as chimneys and plants 

will not be included to keep the representation simple. The resulting representation should also 

be fully enclosed or ‘watertight’, thus allowing volumetric calculations and other solids-based 

analyses. This can be evaluated during data production using the Euler characteristic as described 

in Chapter 7, Section 7.2.1.  

OS MasterMap 3D would be, in essence, what OS MasterMap is currently for 2D GI. Currently, 

OS MasterMap Topography Layer (2D) includes nine themes: roads, tracks and paths; land; 

buildings; water; rail; height; heritage; structures; and administrative boundaries. The results from 

Chapters 4 and 5 showed that users desire non-building information such as ‘3D roads’, ‘3D trees 

and other biomass’, and ‘location of underground utilities’. As such, it is suggested that OS 

MasterMap 3D should ideally also include 3D geometries for all non-building classes, akin to 

‘3D Map NL’. The process of adding heights to every 2D feature, however, is not trivial. For 

example, during the production of ‘3D Map NL’, individual heighted surfaces did not always 

connect well in 3D, therefore requiring a level of cleaning to match the topographies (Kadaster, 

2016). Further work is required to identify the priority for different non-building classes to be 

included. 

An added-value of OS MasterMap 3D over OS Open 3D is the provision of a definitive accuracy 

statement and update frequency. For horizontal relative accuracy, the aim should be +/- 1.1 m at 

the 99% confidence level, reflecting the same level of accuracy as the 2D OS MasterMap 

Topography layer. The generalisation of roof structures, however, makes the vertical relative 

accuracy a little more difficult to ascertain. Using the Berlin 3D model as a guideline, an initial 

aim should be around +/- 1m, improving to +/- 20-30cm for simple roof structures. A ‘confidence’ 

level attribute should also be included for each building, as per existing OS Building Height 

Attribute. Whereby OS Open 3D is created as a one-off dataset using a mixed source of 3D 

information across multiple years, OS MasterMap 3D should be maintained initially with a 
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minimum of 6 monthly update cycles (as per OS MasterMap Building Height Attribute). Over 

time, this should be improved to every 6 weeks to match the current update frequency of existing 

2D OS MasterMap. By having a product with a definitive accuracy and update frequency, it 

presents the first steps for Ordnance Survey in producing authoritative, geometrically precise, and 

nationally consistent three-dimensional data suitable for 3D spatial analyses. 

8.3.4 Products 4 & 5: OS MasterMap 3D Plus and Premium (long-term) 

In the long-term, should OS MasterMap 3D be successful, follow-up enhanced products are 

proposed. This follows the structure of other Ordnance Survey products, offering a multi-tiered 

product strategy (see Section 2.6.1 for more information on existing OS products). OS MasterMap 

3D Plus would offer certain enhancements over OS MasterMap 3D and provide the mid-tier 

product. OS MasterMap 3D Premium would represent the flagship product for 3D geographic 

information, providing most comprehensive and accurate 3D dataset that Ordnance Survey has to 

offer. 

In truth, it is currently difficult to ascertain the exact features for both enhanced products. Whether 

it is the inclusion of windows and doors geometry or full photo-texturing or interior geometry, 

the user requirements for such a product is yet be fully defined. It is important, however, to ensure 

that all three products can be derived from the same source data. Costs can otherwise become 

impractical if multiple captures are needed. Work towards 3D generalisation and deriving one 

product from another will contribute to this effort. Continued and further research building upon 

the existing body of work over the last decade by Capstick et al. (2007), Sargent et al. (2007) and 

Sargent et al. (2015) is required. 

8.4 Other 3D products 

Alongside the above products, there are several other 3D options that are available for Ordnance 

Survey. These potential products, however, cannot be entirely justified with the current research 

from the thesis. They are included below as ‘other products’ for completeness and reflect the 

different options available for Ordnance Survey.  

8.4.1 Other products: OS 3D Point Cloud 

One potential 3D product not discussed above is the option for an OS classified point cloud. As 

described in Section 1.3.1, the ‘5G Testbed and Trials Programme’ trial in Bournemouth used an 

Ordnance Survey classified point cloud to enable accurate network location planning. 

Specifically, for the 5G roll-out, Ordnance Survey could provide this 3D data as a service to the 

government, helping them understand and realise the value of 3D. Optimistically, this could 

bridge the gap between the current sparse use of simple extruded 3D models to a fully integrated, 

structured semantic city model. 
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8.4.2 Other products: OS 3D Mesh 

Within the review of existing 3D city models from around the world (Chapter 4), it was found 

that the City of Helsinki produces both a semantic city information model (for analyses and 

simulation) and a ‘reality mesh’ or photogrammetric mesh (for visualisation). By having both 

datasets, the city can hedge their bets and draw the strengths from both representations, thus future 

proofing their product line.  

The proposed product, OS 3D Mesh, would be a photo-textured photogrammetrically derived 

mesh. In particular, the mesh will be the digital surface model, in order to represent built-features. 

From the perspective of Ordnance Survey, the production is relatively straight forward as the 

required data are already collected as a prerequisite for other existing products. A similar photo-

textured photogrammetric mesh product is already available in the form of OS Maps Aerial 3D. 

This beta product launched in April 2017 was intended to allow users to visualise planned hiking 

routes, find the best view points, and identify any potential risks and dangers (Ordnance Survey, 

2017b). It combines a digital terrain model with imagery to provide a 3D view of the landscape 

and is currently only available to OS Maps Premium users. OS 3D Mesh would present a very 

similar product, except the focus would be on urban areas and utilise a digital surface model to 

capture the built environment. The ‘mesh’ would satisfice the visualisation users whereby 3D is 

used to provide context for their information. For delivery, the data could therefore be offered via 

an API allowing the model to be embedded in to web or mobile applications (See Section 2.6.6 

for more information on OS’s move towards data services).  

 

Figure 49. Screenshot of OS Maps Aerial 3D layer beta, as viewed in OS Maps online viewer. 
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8.4.3 Other products: OS 3D Roads and OS 3D AddressBase 

Results from Chapters 4 and 5 indicated that while users wanted building-centric information, 

they equally desired information on surrounding infrastructure. Information on roads, utilities, 

vegetation and addressing are therefore just as important and useful as information on buildings.  

As a response to this, two products are proposed: OS 3D AddressBase and OS 3D Roads. These 

would act as extensions to the current 2D product line and should be developed concurrently to 

the 3D building-based datasets. Although they are initially individual standalone products, they 

may eventually merge with any of the above 3D building-centric products in the future, depending 

on the demand. It is vital that these two supplementary products are able to work interchangeably 

with the 3D building-centric products. 

OS 3D AddressBase represent a 3D point location of the current OS AddressBase Premium 

product. This product could simply be an addition height attribute akin to how Building Height 

Attribute is to OS MasterMap Topography Layer. For OS 3D Roads, there is an issue of 

representation. Beil and Kolbe (2017) identified that while there has been a lot of research into 

representing buildings within 3D semantic city models, there are few guidelines for representing 

roads and street spaces. As such, it is recommended to use both a linear (centre-line) and areal 

(surface-based) representation to cover the different use case requirements (Beil and Kolbe, 

2017).  

8.5 Interoperability with existing 2D datasets 

One of the biggest challenges for the implementation of a 3D product is the backwards 

compatibility with existing 2D datasets. For example, when generating roof structures, if the roof 

print is larger than the footprint, how should the representation be structured such that consistency 

is maintained? (Stoter et al., 2015). Ensuring the 2D and 3D data work harmoniously allows for 

a smoother transition while working between different dimensions.  

Compatibility for point-based data products such as OS Places and OS AddressBase Premium 

should be relatively straight forward. The points often represent the centroid of a building 

boundary and in 3D would simply include an additional z-value for height.  

For line and polygon-based products such as OS MasterMap Integrated Transport Network or OS 

MasterMap Topography Layer, there may be a level of incongruity in representation. In some 

cases, the more recently captured 3D outlines may not agree with existing 2D data. To overcome 

this, either the existing 2D product must be updated accordingly to the 3D dataset, or the 3D 

dataset is adjusted to agree with the 2D data. Both options have its advantages and disadvantages. 

Logically, it would make most sense to use the newest and most up-to-date data sources to 

generate geometry, yet from a practical perspective, it would mean that any previous analyses 

conducted using older 2D data may now be redundant (and therefore unhappy customers). 
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Ultimately, the option of updating the 2D product from a master 3D dataset would be most 

desirable in the long term, as adjusting 3D data would only act as a temporary solution. One 

potential option is to keep 2D and 3D geographic information products separate but linked 

through an identifier relating to the real-world object. Currently, there are competing view within 

Ordnance Survey as to which option is most favourable. Further work is required to assess which 

option works best for the organisation and product structure of Ordnance Survey. 

8.6 Iterative product development 

It is essential that the products described above must be subjected to a cyclic process of 

prototyping, testing, analysing and refinement. Through iterative design, changes can be made at 

an earlier stage of development and at a lower cost. An alpha phase would allow prototypes to be 

built and tested with users to demonstrate the product functioning in practice. A number of user 

stories and success metrics should emerge from allowing an assessment of whether to progress 

the product onto a beta release program. Respective individual product and delivery managers 

will dictate the specifics of the final development for each 3D mapping product. 

8.7 Estimating the cost of production 

As part of cost-benefit analysis, one of the key values to be calculated is the incurred cost of the 

new technology. In this instance, it is important to estimate the production cost of a new national 

3D mapping product. The subsequent results from a cost-benefit analysis also allows appropriate 

pricing of the product.  

In order to calculate the cost of production as accurately as possible, it is necessarily to have 

access to the operating and overhead costs. These include fixed costs (such as rent of a building 

and equipment), and variable costs (such as computer supplies, utilities, and payroll services). 

This information, understandably, is internal and commercially sensitive thus was not obtainable 

from Ordnance Survey. In lieu of this, a reasonable estimate can still be obtained by considering 

person hours only and with the aid of third party estimates from industry. 

To estimate the cost of producing a national 3D mapping product for Great Britain, a 3D 

modelling expenses table from Forkert (2009) was used (Table 48). The table provided estimates 

on 3D modelling effort required as well as the photogrammetric restitution expenses, derived 

from past projects by UVM Systems GmbH34. The costs are dictated by site density and is also 

split into city areas and built-up areas. With regards to the production method, it is assumed to be 

an ‘efficient manual’ process whereby a basic shape may be derived semi-automatically, with 

more complex features requiring additional manual cleaning. The costs and ‘effort’ are presented 

in person hours. The initial calculation assumed the production of a mixed level of detail 3D 

                                                      
34 http://www.uvmsystems.com/index.php/en/ 
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dataset for Great Britain (whereby in urban areas with high site density, there would be more 

detail). Using the ‘Buildings’ layer from OS VectorMap® District (September 2016), this was 

intersected with OS 1km National Grid Squares (2012) to calculate the building density across 

the whole of Great Britain. Using a median UK 3D artist salary of £26,000 per annum/median 

hourly rate of £12.15, an estimate total cost can be produced. For the ‘Landmark Buildings’, the 

upper bound of ‘Historic’ was taken as an approximation. Table 49 and Table 50 shows the total 

calculated costs based on both city area and built-up area hours. 

Table 48. 3D modelling expenses (adapted from Forkert (2009)) 

 
Historic section 

of town 

City Centre 

area 
Suburb area Residential area 

Landmark 

buildings 

 

     

Site density 35-45% 25-35% 15-25% < 15% - 

3D modelling effort required 

Effort per 

building 
45 – 60 mins 20 – 30 mins 10 – 15 mins 5 – 10 mins 60+ mins 

Effort per 0.1km2 

city area 
8 – 11 hours 3 – 4 hours 1 – 2 hours 0.8 – 1.5 hours - 

Effort per 0.1km2 

built-up area 
19 – 25 hours 11 – 16 hours 10 – 13 hours 5 -11 hours - 

Photogrammetric restitution-expenses 

Minimum cost 

per 

building (net) 

€13 €6 €4.5 €3 - 

Minimum costs 

per 

0,1 km² city area 

(net) 

€110 €50 €30 €18 - 
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Table 49. Estimated cost of modelling a national 3D mapping product for Great Britain (based on 

‘city area’ hours). 

  km2 Low (hours) 

Lower bound 

(hours) High (hours) 

Upper bound 

(hours) 

a Residential 272,333 8 2,178,664 15 4,084,995 

b Suburb 5,879 10 58,790 20 117,580 

c City Centre 4,864 30 145,920 40 194,560 

d Historic 1,737 80 138,960 110 191,070 

e Landmark 

Buildings 
287 110 31,570 110 31,570 

Total (hours) 285,100  2,553,904  4,619,775 

Total cost  

(£ GBP) 
  £31,029,934  £56,130,266 

 

Table 50. Estimated cost of modelling a national 3D mapping product for Great Britain. (based 

on ‘built-up area’ hours). 

  km2 Low (hours) 

Lower bound 

(hours) High (hours) 

Upper bound 

(hours) 

a Residential 
272,333 50 13,616,650 110 29,956,630 

b Suburb 
5,879 100 587,900 130 764,270 

c City Centre 
4,864 110 535,040 160 778,240 

d Historic 
1,737 190 330,030 250 434,250 

e Landmark 

Buildings 

287 250 71,750 250 71,750 

Total (hours) 
285,100 

 
15,141,370 

 
32,005,140 

Total cost  

(£ GBP) 

  
£183,967,646 

 
£388,862,451 

 

Table 51. Estimated photogrammetric restitution expenses 

 km2 

Photogrammetric 

restitution 

expenses (€ per 

km2) 

Approx. cost 

(€ EUR) 

Approx. cost 

(£ GBP) 

a Residential 272,333 €180 €49,019,940 £43,627,747 

b Suburb 5,879 €300 €1,763,700 £1,569,693 

c City Centre 4,864 €200 €972,800 £865,792 

d Historic 1,737 €1,100 €1,910,700 £1,700,523 

e Landmark 

Buildings 
287 

€1,100 €315,700 £280,973 

 285,100  €53,982,840 £48,044,728 
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The initial estimated cost of production based on site density of buildings across Great Britain 

range from £31 million to £389 million. Photogrammetric restitution expenses35 amounts to just 

over £48 million (Table 51).  It must be noted that this is a coarse approximation. In this 

estimation, only person-hours were considered.  

There are limitations to this initial calculation. Firstly, the estimated costs from Forkert (2009) 

are almost a decade old. There is a lack of clarity between what defines a ‘city area’ versus a 

‘built-up area’. Further, it is unclear whether photogrammetric restitution costs are separate, or 

are included, within the overall estimate. The method also only considers person hours and does 

not consider other business-related costs.  

A second, updated table of estimates for 3D modelling expenses was provided by Forkert (2017) 

(Table 52). In this updated table, the costs were split by the ‘shaping’ requirements of the 3D 

models rather than site density. In addition, the approximate costs are presented on a per building 

basis rather than area. 

Table 52. 3D modelling data sources and approximate costs (adapted from Forkert (2017)). 

 Shaping LoD Data sources Approximate cost 

per building 

 

Roof shape LoD 2 ALS, aerial photos, 

building footprint 

€ 0,50 - € 2 

 

Roof shape + 

aerial view 

texture 

LoD 2 Roof form, aerial photos Additional charge: 

€ 0,10 - € 0,50 

 

Roof detail LoD 

2.5 

Aerial photos, building 

footprints 

€ 5 - € 10 

 

Roof detail + 

texture 

LoD 3 Roof detail, aerial photos, 

mobile mapping, handheld 

photographs 

Additional charge: 

€ 2 - € 50 

 

Architecture 

model 

LoD3 Roof detail, handheld 

photographs 

Additional charge: 

€ 50 - € 500 

 

For this second calculation, rather than assuming the production of a single mixed level of detail 

3D dataset, the cost for different products based on shaping was calculated. This will allow the 

comparison of different potential product costs for the data producer. For example, some 

                                                      
35 Photogrammetric restitution is the process of determining the shape, size and position of objects in space, 

according to a pre-established reference system. Often, features are delineated using the aid of 

stereoplotters. 
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applications may desire a simple dataset where all buildings have a simple roof shape and no 

textures. In other instances, it may be desirable to have additional detail or texturing for buildings 

within the urban area, where the complexity justifies the more detailed representation. To address 

this, urban and rural classifications was used to aid the estimation of mixed level of detail 

products. 

At the first instance, the number of buildings in Great Britain must be ascertained. For this, OS 

VectorMap District was not fit for purpose as the generalised building outlines preclude the ability 

for an accurate count. Instead, OS MasterMap Topography Layer was used to provide a count of 

the number of buildings in Great Britain. Using the January 2018 publication of the product, any 

‘TopographicArea’ feature type with a classification of ‘Building’ was counted.  

To calculate the number of buildings within urban and rural areas, the ‘2011 Rural-Urban 

Classification for Small Area Geographies’ was used for England and Wales and the ‘Scottish 

Government Urban/Rural Classification 2013-2014’ was used for Scotland (Office of National 

Statistics, 2011, Scottish Government, 2014). For both classifications, settlements with a 

population above 10,000 was designated to be ‘urban’. Using these geographies, the centroid of 

geometries classified as ‘Buildings’ from OS MasterMap Topography Layer was spatially 

intersected to produce a count. The full methodology and SQL script is documented in Appendix 

IV. The counts are presented in Table 53. 

Table 53. Total number of OS MasterMap Topography Layer, ‘TopographicArea’ feature type 

polygon geometries classified as ‘Building’ (Jan 2018) where the centroid spatially intersects with 

urban and rural geographies. 

Classification Number of buildings 

Urban 30,260,594 

Rural 12,323,088 

Total 42,583,682 

 

 

Using the estimated costs from Table 52 and the building counts from Table 53, a number of 

estimates can be produced. Table 54 shows the estimated costs of modelling different variations 

of a national 3D mapping product for Great Britain. An exchange rate of €1 = £0.89 (as of 14th 

February 2018) was used to convert from Euros (EUR) to Pound Sterling (GBP). The second 

estimate shows that for a national 3D mapping product with LoD2 roof shape only, the estimated 

cost is between £18 million to £75 million. This increases to a range of £23-95 million with the 

inclusion of textures. Using the urban and rural split, a dataset where urban areas have additional 

roof detail (akin to LoD3 roofs) is estimated to cost between £140 million to £291 million. 
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Table 54. Estimate cost of modelling a national 3D mapping product for Great Britain (based on 

number of buildings). 

Shaping 

Approx. cost - 

Lower bound 

(€ EUR) 

Approx. cost - 

Higher bound 

(€ EUR) 

Approx. cost – 

Lower bound  

(£ GBP) 

Approx. cost – 

Higher bound  

(£ GBP) 

All buildings - Roof 

shape only 
€21,291,841 €85,167,364 £18,949,738 £75,798,954 

All buildings - Roof 

shape only + aerial 

view texture 

€25,550,209 €106,459,205 £22,739,686 £94,748,692 

All buildings - Roof 

detail 
€212,918,410 €425,836,820 £189,497,385 £378,994,770 

All buildings - Roof 

detail + texture 
€298,085,774 €2,555,020,920 £265,296,339 £2,273,968,619 

Urban (roof detail), 

Rural (roof shape 

only) 

€157,464,514 €327,252,116 £140,143,417 £291,254,383 

Urban (roof detail + 

texture), Rural (roof 

shape only + 

texture) 

€219,218,011 €1,846,443,360 £195,104,030 £1,643,334,590 

It is recognised that the values provided in this section are rough estimates based on existing 

activity from third party quotes. They can, however, be useful as ‘ballpark figures’ for a high-

level estimate of production costs. It is important to note that these are calculated costs and should 

not be used as absolute numbers. These estimates can be refined over time, as more accurate 

information can replace assumptions made in the calculation. For example, the costs can be 

refined (and reduced) by including a level of automation within the data production process. The 

resulting costs would focus mostly on the manual clean up from a semi-automatic process. This 

initial exercise has provided a starting point for Ordnance Survey to refine and take forward in 

combination with their knowledge of internal operation costs. 

8.8 Sizing the 3D geographic data market 

As discussed in Section 8.2, calculating the value of the GI sector is difficult due to the wide-

ranging tangible and intangible benefits. Further, the definition of GIS can vary between 

practitioner and field. It is, however, useful to estimate an approximate market value for any 

proposed technology to communicate the economic benefit to decision makers. In 2015-16, direct 

and indirect license sales accounted for £132 million of the total revenue for Ordnance Survey. 

With 26% of users currently using 3D data (Chapter 4, Section 4.4.3), it can be assumed that a 

national 3D product could contribute an additional £34 million a year to Ordnance Survey, rising 

to £66 million as the early majority adopt 3D technologies. It is recognised that this is a simple 

sizing of the potential data market. Again, it is important to note that these should not be used as 

absolute numbers, but rather, as guidelines. As the market for 3D GI is relatively nascent, the 

potential size is difficult to ascertain fully at this point in time.  
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8.9 Favourable trends 

Following Moore’s law36, computers are becoming increasingly smaller, more powerful, and 

cheaper than their predecessors (Moore, 1965). The availability of increased processing power at 

a lower price has decreased the investment barrier required to adopt 3D technologies. Where 

previously a dedicated high-end machine may be required, 3D visualisations can be achieved 

within a web browser using open-source technologies such as Cesium. Further, mobile devices 

increasingly have hardware capable of handling 3D graphics (such as Nvidia’s Tegra series) 

(Nvidia, 2018). 

GI software is increasingly able to handle and manipulate 3D data. In recent years, ESRI, one of 

the market leaders in GIS software, has introduced a number of 3D products into their line-up. 

Specifically, in 2011, the company acquired CityEngine, a 3D procedural modelling-based 

software. Following this, ArcGIS Pro was released in 2015, a desktop GIS application which is 

capable of handling 2D and 3D data simultaneously. QGIS, a free and open-source desktop GIS 

application, is also planning to include 3D capabilities in its next release in the form of a new 3D 

map viewer (QGIS, 2017). The next release, QGIS 3.0, is cited to be released in the first quarter 

of 2018.  

For storage solutions, off-the-shelf relational database technologies such as Oracle has offered 

support for 3D geometries since 2008. Oracle Spatial and Graph provides a secure, scalable, and 

high-performance way to store very large 3D datasets such as urban models, point clouds and 

terrain models. The latest release, 12c, provides additional functionalities for 3D and Point Cloud 

analysis and visualisation. PostGIS, an open source extension to PostgreSQL, is also able to 

handle 3D and 4D geometries, with a number of built in functions to calculate relationships 

between 3D objects (PostGIS, 2018).  

The increasing availability of open 3D city models over the past 5-10 years was highlighted in 

Chapter 4. What was previously a barrier to adoption, the prevalence of open 3D datasets is now 

an enabler of 3D technologies. A trend towards offering 3D data as a context rather than a 

traditional data product can also be identified. Since 2012, Google Maps have been phasing in 

automatically generated 3D mesh building models within their Satellite view (Google, 2012). The 

web mapping services now offers 3D photo-textured meshes for hundreds of cities in over 40 

countries.  

Specific to Great Britain, a recent commitment made at the end of 2017 by the Environmental 

Agency to deliver a full national LiDAR height dataset by mid-2020 is particularly promising 

(Environment Agency, 2017). Where previously only areas at risk of flooding (e.g. urban areas, 

rivers, coastlines) were mapped, the EA has committed to capturing height information for the 

                                                      
36 Moore's law is the observation that the number of transistors in a dense integrated circuit doubles 

approximately every two years. This enables smaller and more powerful computers over time. 
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whole of England in the next few years. This has been driven by a new catchment-based approach 

in flood management, whereby a more holistic view at the more ‘natural scale’ (DEFRA, 2013). 

The resulting dataset will be at 1m resolution and will be beneficial for other applications such as 

calculating solar potential at a national scale.  

Modelling initiatives working towards a common 3D data model such as CityGML is a positive 

trend for the field. Initially developed by SIG 3D (a special interest group of the German National 

Spatial Data Infrastructure) the latest iteration, CityGML 3.0, is now being developed closely 

with the Open Geospatial Consortium as well other working groups and non-OGC members. 

Work by other special interest groups such as Association for Geographic Information’s 3D SIG 

in the UK help provide leadership and facilitate specialist activities and meetings on the use of 

3D geographic information between practitioners. 

 

Figure 50. Screenshot of Google Maps 3D photo-texture meshes in satellite view. 

Beyond the GIS field, 3D technologies such as virtual reality and augmented reality have 

enhanced the awareness of the capabilities of 3D visualisation. In 2012, the crowd-funded Oculus 

Rift from Oculus VR kick spurred on a number of head-mounted virtual reality displays such as 

HTC Vive, PlayStation VR and Google Cardboard. These virtual reality devices immerse the 

view in a simulated 3D environment, using head-tracking to allow users to look around 360 

degrees. Alongside this, augmented reality (which superimposes information over objects in the 

real world) has seen a considerable rise in popularity. For GI applications, however, these 

technologies need to be more than entertaining and be robust enough to support meaningful spatial 

perception, analysis, simulation, interpretation, and communication (Huang, 2017).  
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8.10 Threats 

A number of threats and issues can be identified with respect to the operationalisation of a national 

3D mapping product or set of products. Externally, the current lack of an unambiguous and 

rigorous 3D data standard limits progress. Within practitioners, there are varying levels of 

expertise and despite the increased awareness in recent years, 3D is still a relatively niche 

technology in the GI field. The results from Chapters 4 and 5 indicate that there is still a lot of 

misconceptions and inflated expectations of what 3D GIS can do. Competition for 3D geographic 

information products can be from both existing 2D datasets or from 3D products from competing 

data vendors. Users may consider 2D to be sufficient and that the additional cost and complexity 

of using 3D does not present any added value. Alternatively, if a user decides to adopt the use of 

3D, they may choose to purchase a data from alternative and independent data vendors rather than 

from an NMCA. For example, in London there are a plethora of commercial 3D models available 

(AccuCities, 2018, CentremapsLive, 2018, Vertex Modelling, 2018, VU.city, 2018, Zmapping, 

2018).  

Internally, Ordnance Survey’s history, structure, and business model (as discussed in Section 2.6) 

presents a unique set of risks. From the most recent annual report, the Ordnance Survey Audit 

and Risk Committee and the Strategy Board have identified the following risks: 

• Lack of scalability and pace reduces competitiveness in an increasingly global market. 

• The rapid change of Government policy could result in a mismatch with Ordnance 

Survey’s long-term strategy. 

• Increasing cyber and data corruption risks in a data-led environment could interrupt 

business or lead to reputational damage. 

• Opportunities to gain full value from existing and future intellectual property are not 

realised. 

• Difficulties with attraction and retention of appropriate people and skills to maximise 

capability and knowledge. 

(Ordnance Survey, 2016a) 

From a product development perspective, the volatility and unpredictability of government policy 

is the greatest concern. A change in policy could cause plans and strategies to be revised 

appropriately, consequently incurring unwanted delays and additional cost. In the long-term, 

Ordnance Survey is less responsive, allowing more flexible competitors to capitalise on 

advantageous market positions. 
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8.11 Summary of recommendations for Ordnance Survey 

Several recommendations are made with regards to increasing the uptake of 3D GI within Great 

Britain:  

1. Availability of an open GB 3D dataset – A simple, open, and free 3D dataset will allow 

users to begin incorporating 3D information within their workflow. By creating open data 

from existing datasets, Ordnance Survey is able to drive uptake and demand in 3D GI. 

This should, in turn, encourage some users to invest subsequently in other commercial 

3D products. The open dataset will also encourage innovation, creating new knowledge 

and insight not previously possible in 2D. 

2. Looking beyond the ‘killer application’ for 3D – Unlike other nations, Great Britain 

does not have the luxury of a single overriding application that drives the use of 3D. 

Rather than delaying production and waiting for one application to drive the adoption of 

3D technologies, data producers should work iteratively with user to refine their 3D 

mapping products. As the uptake of 3D increases, the process of users articulating their 

problems, sharing conceptual solutions, providing feedback, experimenting alternative 

ideas and incorporating changes will lead to a robust and useful product in the long term. 

3. Educate GI-users on the functionality and limitations of 3D GI -  As with any new 

technology, users will benefit from learning and understanding the strengths of 3D. 

Simultaneously, this process will help users recognise the limitations and scope of 3D 

geographic information, dispelling any misconceptions and inflated expectations. 

Workshops and online seminars are two potential ways to engage with potential 3D user 

groups.   

4. A modular approach for 3D mapping product design -  As 3D is more complex than 

2D, a single, multiple-purpose dataset is impractical and unfeasible. By understanding 

application-specification requirements, 3D datasets can be tailored for different users to 

suit their needs. It is important, however, to ensure that multiple datasets can be derived 

from the same source data. Costs can become impractical if multiple captures are 

required. The results of the user requirements gathering exercise indicate that the 

combination of simple building-centric information with supplementary non-building 

information is more useful than detailed building information. 

For Ordnance Survey, these recommendations must be considered in the context of its existing 

business models, practices, products, and customers.  
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8.12 Feedback from Ordnance Survey Workshop 

A two-day workshop was held between 31st January to 1st February 2017 at Ordnance Survey, 

Southampton with 13 participants ranging from Research Scientists to Product Development 

Consultants. The aim of the workshop was to present the findings of this thesis and to gain 

feedback on the proposed products and directions suggested in this chapter. It was conducted as 

part of a knowledge transfer programme in order to further develop the outputs from the EngD 

and integrate the findings as much as possible into Ordnance Survey. On the first day, the context 

and motivation of the problem and the results of a 3D city modelling approaches review were 

presented. On the second day, the results from the user requirements gathering exercises were 

presented along with a number of recommendations for the future of 3D at OS.  

Opportunities were provided throughout for participants to provide feedback, both through a 

written A3 worksheet (as illustrated in Figure 51) and group discussion questions. Excerpts of the 

feedback will be presented below, structured around the main research questions. The full set of 

written feedback and responses to the group discussion questions are available in Appendix IV. 

 

Figure 51. An example of written feedback from a participant (anonymised).  
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8.12.1 Feedback on ‘What are the user requirements for 3D geographic information?’ 

Overall, the feedback was positive on the user requirement gathering exercise. It was considered 

to provide a good start to helping Ordnance Survey’s understanding of sectors and requirements. 

The participants agreed on the finding that users desired simple building geometry alongside other 

non-building thematic classes. For future iterations, addition enquiry into non-building classes 

would be beneficial. Further work on the perceptions on value was also suggested. One example 

of a supplementary question that could be asked was: ‘Would you be willing to pay more for 3D 

data?’. It is recognised that the initial user requirements exercises were useful, and that continued 

iterations with a wider sample size and target audience would be useful. A clearer and narrower 

definition of 3D would also focus the findings. One participant suggested that ultimately, 3D GI 

could be ‘as much, or more, for internal consumption’ in order to provide answers directly to 

customers rather than supplying a physical dataset itself.  

One of the recommendations derived from the findings of the user requirement exercises was that 

users need to be educated about the potential of 3D GI in order to dispel any misconceptions or 

inflated expectations. Despite being important, it is questioned whether it is Ordnance Survey’s 

role to educate the community on the use of 3D. 

8.12.2 Feedback on ‘What is the variation in modelling, motivation, and applications of 

existing 3D datasets?’ 

The participants were interested in the different modelling approaches out there. This prompted a 

discussion on the most appropriate representation of 3D GI for Ordnance Survey to produce. The 

discussion highlighted the lack of consensus on which is the best approach. While some consider 

a structured, semantic ‘quad’ model to be preferable, others think that an attributed 3D mesh 

would be sufficient.   

8.12.3 Feedback on ‘How can we assess the quality of 3D geographic information?’ 

The quality measures were considered to be of value, if not of more value, to the producer in 

understanding whether the product meets given requirements. The Euler characteristic metric, in 

particular, was considered to have good potential as a measure. Further work is required in 

validating and testing the metrics if and when Ordnance Survey begin producing a 3D product. 

8.12.4 Feedback on ‘What are the commercial opportunities for 3D geographic 

information in Great Britain?’ 

The proposed OS Open 3D product was well received, with all the participants agreeing that 

gathering market feedback from the users is of paramount importance. This will enable continued 

refinement of future 3D products at Ordnance Survey. One participant noted that the production 

of such a dataset is ‘more of a political issue than technical’ and that there is, perhaps, a case for 

a less detailed 3D dataset similar to ‘3D Map NL’. With regards to the source of height 

information, one participant commented that ‘it is important to prove how agile our data is and 
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how it can be merged with third party data’. It was suggested that the OS MasterMap Building 

Heights Attribute could be used as an alternative and limited trial areas of OS Open 3D could be 

produced. One potential external ‘political’ issue raised was that the release of open 3D data can 

undermine other the business models of other data producers (who may already be monetizing 

open datasets). There was, however, a lack of consensus whether this was a significant enough of 

a consideration for Ordnance Survey.  

On the issue of data, standardisation of 3D GI is still considered a complicated issue. Further, 

there were differing views on backwards combability with existing 2D GI products. Some 

considers backwards compatibility to be of utmost importance. This, however, comes with 

additional associated costs to support 2D products. Others consider 3D GI products should be 

developed entirely separately, with perhaps only an identifier to link back to 2D products. Overall, 

harmonisation between 2D and 3D products is still an important consideration.  

The estimation of the cost of production sparked interesting discussions on what form an OS 3D 

product might take. Participants were asked to approximate the total cost, with estimates ranging 

from £25 million to £150 million. One participant suggested that a 3D dataset would costs 

Ordnance Survey £110 million per annum. These costs, however, are from their personal 

experience and are currently hard to fully justify. More work is therefore needed to refine the 

estimates in combination with internal costings. 

In the wider context of Ordnance Survey, 3D was suggested to be ‘nascent’37, ‘embryonic’ and 

‘moribund’38 . Yet 3D technologies were considered to be ‘inevitable’, albeit ‘challenging’, 

‘complicated’ and ‘risky’. One participant suggests that the complexity of 3D ‘can fall foul of 

internal business politics’. While the production of a 3D geographic information product is 

‘technically possible’, deciding ‘what 3D we want to create is very difficult’. Further work is 

required through market insights and testing prior to release of any 3D product.  

This (3D at Ordnance Survey) is such a complex issue spanning technology, market 

understanding, business of internal politics. It is going to be very difficult to define the 

next steps and gain the support and traction required. That said, this work hugely expands 

our understanding of what exists, what are the challenges and the remaining unknowns 

and has strongly stimulated debate about next steps – debate that has been stagnant for 

years. 

Overall, there is a consensus that action is needed. One suggestion is that Ordnance Survey should 

start collecting the raw data now as ‘we have a rough idea of what we need to collect to produce 

3D regardless of the final product’.  

                                                      
37 Nascent: (especially of a process or organization) just coming into existence and beginning to display 

signs of future potential. 
38 Moribund: Lacking vitality or vigour 
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8.13 Chapter conclusion 

This chapter presented a commercial evaluation of a national 3D mapping product(s) for Great 

Britain. It examined the issues related to the commercialisation and operationalisation of the 

research from the previous chapters in the context of Ordnance Survey. A number of 3D mapping 

products are proposed, alongside an estimate of the production costs. These recommendations 

must be taken as an initial starting point for continued iterative development with users in order 

to create products with high usability. As a first step, the results from the thesis was presented in 

a two-day workshop to Ordnance Survey to gather preliminary feedback on the findings.  

The next chapter presents a critical examination of the findings from this thesis, linking back to 

the research questions defined in Chapter 1. The practical and research implications are also 

presented. 
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9.1 Overview of research 

This EngD thesis set out to answer the question: 

What are the considerations for developing a national 3D mapping product for Great 

Britain? 

The research was framed to answer the sub-questions outlined in Chapter 1, Section 1.4 and 

summarised again, below: 

1. What are the user requirements for 3D geographic information? 

2. What is the variation in modelling, motivation, and applications of existing 3D datasets? 

3. How can we assess the quality of 3D geographic information? 

4. What are the commercial opportunities for 3D geographic information in Great Britain? 

9.1.1 Overview of all chapters 

Question 1 addressed one of the main barriers to adoption of 3D data: the lack of understanding 

of user requirements. This was addressed in two folds. First, a review was conducted in Chapter 

3 to critically assess the applications found in existing literature. The review identified potential 

applications of 3D GI and provided an indication of the state of the art of 3D. Secondly, 

questionnaires and interviews were undertaken with existing GI practitioners to compare the cited 

applications of 3D in literature with what is done in practice. It was found that the use of 3D GIS 

may not be appropriate for every situation, but for others it is perfectly suited. Currently, the focus 

is on visualisation, which allows for better communication and supports the decision-making 

process. Few, however, cite the benefits of 3D analyses, which could reflect the lack of existing 

tools and methods. The results from Chapter 3 showed that despite the numerous potential 

applications cited within academic literature, the uptake is often not reflected in practice due to 

the perceived high cost, lack of knowledge and awareness and the lack of data. The questionnaires 

and interviews showed that, within Great Britain, there is currently no single application for 3D 

GI which can solely drive and justify the production of 3D data. Appetite for 3D varies between 

sectors but also within sectors and there are still many misconceptions of the functionality of 3D 

geographic information. To that end, users still struggle to justify the investment required to adopt 

3D GI and its related technologies. 

A review was conducted to assess the methods used by data producers to create 3D data. Question 

2 led to a review and an investigation into the different modelling approaches for open 3D datasets 

from international locations. The review not only explored the production aspects, but also the 

wider context such as the motivation, funding source, intended users and use cases of the datasets. 

The results showed that approaches were widely varying, with no clear consensus on coverage, 

level of detail, geometric attributes, semantic attributes, texturing, file formats, and delivery 

mechanism. While some are complex, almost overly-detailed converted CAD models, others are 

simple, extruded ‘block’ models. 
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The wide variation in complexity and approaches described above, coupled with existing 

measures of 3D being only partially sufficient in communicating data quality and fitness-for-

purpose of a 3D dataset, led to Question 3. Since the review showed that 3D datasets were 

predominantly geometry-only, led to an investigation into the development of automated, intrinsic 

and geometry-based metrics in quantifying the characteristics of a 3D dataset. Seven metrics were 

proposed and tested against 28 datasets. The findings showed that simple count-based geometry 

metrics were easy to calculate and can provide a good indicator of model detail and complexity. 

The use of minimum capture metrics and the Euler characteristic can be beneficial for identifying 

modelling inconsistencies and errors such as slivers. From the data producer’s perspective, the 

metrics can be useful during the production process for assessing different versions of a dataset 

and for error detection. 

The research within this EngD thesis approached the problem of developing a national 3D 

mapping product from multiple angles, with a focus on the user. Question 4 combined the 

different strands of the research and applied them in the context of Ordnance Survey, the data 

producer. By linking research to practice, a suite of national 3D mapping products was proposed. 

The results of a workshop carried out as part of a knowledge transfer was also presented, 

providing initial feedback on the findings of this thesis. 

The remainder of this chapter will provide a discussion of the findings from this thesis in context 

of existing literature, followed by the practical and research implications resulting from it. 

9.2 Q1: What are the user requirements for 3D geographic 

information? 

9.2.1 Existing and potential applications of 3D geographic information 

Current applications of 3D GI range from assessing propagation and impact of air pollutants to 

protecting city skylines to creating digital historic dioramas. The most cited applications focused 

on visualisation or analyses that could be conducted using datasets containing simple 

representations of building geometry. These included, but are not limited to calculating solar 

potential, estimating flood potential, estimating noise propagation, calculating viewsheds and 

shadow analysis. The findings from the literature review in Chapter 3 were broadly similar to the 

ones found in a review conducted by Biljecki et al. (2015b). Both reviews showed that current 

uses of 3D GI is dominated by visualisation-based applications with a focus on building geometry. 

At present, 3D visualisations are used to support decision-making processes and to allow for better 

communication, but there are few instances of literature citing the benefits of 3D analyses. One 

possible explanation is the fact that 3D is still a maturing technology (despite the many years of 

development) and there is still a lack of software, hardware, data, and expertise despite the 

favourable trends in the last 5 years. 
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Looking towards potential use of 3D GI, in a sense, all of the applications found within the 

literature review can be considered as future applications since there is no wide-spread adoption. 

In practice, current practitioners of GI are unsure of how they may use 3D in the future. The 

findings from Chapter 5 showed that when asked to elaborate on their perceived potential uses of 

the different 3D information, the responses tended to be single-sentenced and vague. 3D GI was 

alluded to be ‘useful’ and ‘beneficial’ without explicitly defining how and why. A possible 

explanation for this might be that the relative immaturity of 3D GI coupled with the lack of clear 

use cases means that many users do not know how to apply it in the context of their field. Another 

possible explanation could be poor question design, as a hypothetical question may make it 

difficult for users to articulate and elaborate future uses of 3D. To address this, a second 

questionnaire focusing on the ‘usefulness’ of 3D features for a user’s day-to-day work provided 

some general clarity. The results showed that as well as building geometry, users desired non-

building information such as ‘3D roads’, ‘3D trees and other biomass’, and ‘location of 

underground utilities’. This reflects the expectation from Biljecki et al. (2015b) that more use 

cases will take advantage of thematic features other than buildings. Despite the desire for non-

building features, there are currently very few guidelines on features such as roads and street 

space as the focus has been on modelling buildings (Beil and Kolbe, 2017). On-going work on 

modelling vegetation (e.g. trees and root systems) are being conducted (Iñiguez, 2017). Further 

work is therefore required to establish standards for modelling non-building features in 3D.  

To investigate the use of 3D further, the questionnaires and interviews from Chapters 4 and 5 

asked participants directly about their current engagement with 3D geographic information. The 

results from Chapters 4 and 5 also showed that despite the numerous applications cited in 

literature, 3D GI is still underused in practice. This echoes the findings of Stoter et al. (2016b) 

that national mapping agencies in Europe observe an underuse of the 3D data they produce. Again, 

the immaturity of software, hardware and data could explain this underutilisation. Another 

possible explanation for this is that 3D is simply perceived to not offer any added-value over 2D 

GI. Two comments from the first questionnaire illustrate this well: 

‘It often exceeds level of detail required i.e. we get an answer in 2D that is 

accurate enough. Additional cost is not worth it.’ 

‘A lot of the use cases we have would not benefit from the additional overhead of 

dealing with 3D.’ 

The lack of a ‘business-case’ is a major limiting barrier for the adoption of 3D GI. This is in 

contrast to the expectation from Biljecki et al. (2015b) that applications that traditionally relied 

on 2D are likely to embrace 3D use cases where the third dimension is important. In practice, 

users are often content with their 2D methods and are resistant to adopting 3D technologies unless 

critically required. To address this, there is a need to help users understand the benefits and value 
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of 3D technologies in order to help justify the investment requirement. Chapter 6 works towards 

addressing this research gap by proposing a strategic approach to 3D and is discussed later in 

Section 9.5.  

9.2.2 Current status of 3D geographic information in United Kingdom 

Unlike other countries, the United Kingdom does not currently have a single application for 3D 

geographic information that solely drives and justify the production of 3D data. For example, in 

Finland where over 75% of land area is forested (Finnish Forest Association, 2016), the use of 

3D within forestry management allows for dramatically reduced survey costs, reduced logistical 

costs and increased forest productivity (Tuokko, 2017). In contrast, only 13% of the United 

Kingdom is wooded (Forestry Commission, 2017). A second example are countries with a 

national cadastral system, such as Denmark and Australia, whereby the use of 3D can provide 

more uniform assessment of payable land tax, and improve information for notaries thus speeding 

up transaction time and lowering associated costs (Witmer, 2017). The United Kingdom, 

unusually, does not have a cadastre and has different ways to protect property rights (Grover 

2008). Therefore, the implementation of a 3D cadastral system would be unfeasible. 

As an overview, the mode and median responses from UK participants on the ‘Usefulness of 3D’ 

questionnaire (Table 9 and Table 10) showed that GI users from infrastructure and transport, air 

quality engineering and environmental service could be potential early adopters of 3D GI. Despite 

this, the cluster membership result (Table 18) show that even within sectors, there is a split 

between participants who perceive 3D to be moderately to extremely useful, and others who 

perceive it to only be slightly to moderately useful. 

Awareness and adoption of 3D geographic information is mixed within the United Kingdom. The 

results from the ‘Identifying the current use of geographic information’ questionnaire showed that 

54% have at least a basic understanding of 3D or are actively using 3D. Although 69% of 

participants recognised that their work has a 3D component, only 23% of the participants actively 

use or interact with 3D information. Adapting from Rogers (2003) ‘diffusion of innovations’ 

categories, the participants could be broadly split into two groups: 1) the early adopters and; 2) 

the late majority. The early adopters were characterised by organisations who have the ability and 

resources to try out new technologies and integrate new ideas. These tend to be organisations who 

already utilised 3D to a certain extent within their day-to-day operations and possessed a much 

better understanding of the capabilities of 3D GIS. The second group, the late majority, were 

characterised by a lack of knowledge and resources to adopt 3D. Although they may be optimistic 

and positive about the technology, they tended to have high or unrealistic expectations of the 

capability of 3D GIS. The late majority tend to not have the time or monetary resources to 

investigate new technologies such as 3D and tend to wait for the business need to push them into 

new ways of working. They may also still be struggling with existing 2D implementations of GIS.  
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Despite the disparity in data availability and business drivers between UK and other countries, it 

still suffers from the same dominant barriers to the adoption of 3D GI. There is a lack of awareness 

and education, lack of a clear business case and the perceived high investment cost. This view 

was commonly repeated during both the first questionnaire and the interviews. It is neatly 

summarised by this participant’s comment on 3D GI: 

…it’s expensive and we’ve never been taught or trained to do that. 

This perception limits the emergence of the early majority to allow for 3D to gain critical mass 

and traction within the field. Misconceptions on the functionality of 3D are common and users 

still struggle to justify the perceived investment required to adopt 3D GI and its related 

technologies. Another issue is user expectations. The recent emergence of 3D-related 

technologies such as VR and AR have increased the awareness of users on the potential of 3D. 

This has, however, generated inflated expectations on the functionality of 3D GIS. One participant 

noted: 

…in my head I am thinking 3D is where you have an image that is projected where you can 

spin an object and look into every aspect of it. 

Improving the level of knowledge of 3D within GI users should help dispel any misconceptions 

and inflated expectations of the technologies within the user groups. To avoid any subsequent 

disillusionment (as per Gartner’s Hype Cycle (Fenn and LeHong, 2011)), active collaboration and 

education of the user is recommended to manage expectations. Any new products should be built 

incrementally and iteratively with users, so that the result is a product line that is fit for purpose.  

With this increased understanding of the capabilities of the technology, users should be able to 

better justify any investment required to adopt 3D GI and its technologies. As suggested by Walter 

(2014), an inevitable realisation of the market potential of 3D from the software and hardware 

manufacturers should result in higher investment into the field and hopefully overcome many of 

these barriers.  

Overall, this suggests that 3D is still outside the expert and knowledge domain of many 

organisations, as previously concluded by Stoter et al. (2013b). 3D is still considered unfamiliar 

and complicated, limiting practical implementations. There is therefore a need to educate the late 

majority to help overcome any barriers in investing in and adopting 3D technology. 

9.2.3 Requirements for a 3D geographic information 

Many authors have conducted requirements analysis for 3D data (see Chapter 2, Section 2.5.1). 

However, as with 2D geographic information, requirements will vary from country to country and 

from user group to user group. This is due to factors including the maturity of the local GI industry 

and issues such as the presence or absence of a cadastre. Exploring requirements at the national 

level will allow local NMCAs to prioritise their work towards the needs of the national audience.  
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Addressing the user perspective will help inform the design and development of a national 3D 

product, creating products that are effective and usable. In addition, the requirements gathering 

exercise should highlight some of the problems users currently face in the process of 

implementing or extending their work into the third dimension. 

The first questionnaire provided an initial suggestion of the features desired within a 3D mapping 

product. Of the wide range of potential 3D geographic information selected by the participants, 

the top six include: 3D roads (72%); building height (69%); location of underground utilities 

(59%); number of floors of a building (53%) and; vertical location of an address (50%). The 

interest from the participant is not only in building-centric information, but equally, the 

information on the surrounding infrastructure (utilities and roads). Derived 3D information such 

as air and noise pollution analysis, view shed analysis and shading analysis were also of great 

interest to the participants. In general, participants and interviewees found it difficult to articulate 

what they might want from 3D GI – especially those where 3D is not within their expert domain.  

Part of the study approach was to identify areas where inadequacies in the use of 2D GI could be 

potentially solved with the use of 3D information. The findings contribute towards understanding 

how 3D could be integrated into existing applications of geographic information to better address 

spatial problems. The issues identified by the participants, however, focused around other data 

quality issues such as currency or missing data. With regards to this, a clarification must be made 

whether the interest is due to: a) the data is useful to the participant because of the inherent 

additional information it provides in 3D or b) the data is useful to the participant, because the 

information is currently unpublished, deleted, unobtainable, or simply too costly. For example, 

the roof structure of buildings in 3D is inherently useful because of its dimensionality. 

Conversely, the 3D location of utilities is useful – but even more so because often the 2D data is 

currently missing or incomplete. One interviewee indicated that there were many redundant and 

old services which are unmapped and unaccounted for, resulting in workers sporadically 

discovering them by chance. On one hand, recording the 3D location of these utilities would be 

beneficial in the long term, but on the other hand, the current lack of data could also be addressed 

using a 2D representation. Further, from the NMCA perspective, underground data may not fall 

under their remit (as the focus is only above ground and outdoors). It could be argued that an 

NMCA’s role is evolving and that in the future, it may act as a national custodian of information 

it does not currently handle i.e. underground and interiors, to provide context data for its users. 

Nevertheless, data producers must therefore be cautious in distinguishing if a requirement for 3D 

geographic information is useful from providing additional functionality from the third 

dimension, or if simply serves to fill the void of missing 2D data. 3D geographic information is 

the solution to some, but not all, the inadequacies of 2D data. 

Chapters 4 and 5 showed that user requirements for 3D in Great Britain are diverse. The appetite 

varies between sectors, but also within sectors, resulting in varying levels of adoption and 
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expertise in 3D. Misconceptions about the functionality of 3D are rife and users still struggle to 

justify the perceived investment required to adopt 3D geographic information and its related 

technologies. General requirements for 3D GI in Great Britain were identified by inspecting the 

aggregated responses from the second questionnaire. Ownership and cadastral information (29%), 

underground utilities geometry (24%) and address with 3D location (24%) were the top three 3D 

information found to be ‘Extremely useful’. Conversely, windows and doors geometry (21%), 

interior geometry (21%) and texture and/or photo (20%) were described to be ‘Not at all useful’. 

Surprisingly, regardless of the application, participants perceived attributes for non-building 

classes to be more useful than additional detailing on building geometry. For example, inspecting 

the median response values for Urban Planning participants showed that building-related 

enhancements such as ‘Windows and doors geometry, ‘Texture and/or photo’ or ‘Interior 

geometry’ were less desired than other non-building thematic classes including ‘Tree and other 

biomass’, ‘Underground utilities geometry’, ‘Street furniture geometry’, ‘Landmarks’, ‘Address 

with 3D location’ and ‘Bridges, flyovers and underpasses’ all scored highly. Some basic building-

based classes were still desired however, such as ‘Roof geometry’, ‘Maximum roof height’ and 

‘Roof shape type’. These results provide further support for the recommendation from Chapter 6 

that for future iterations, data producers should focus on incorporating non-building geometry and 

attribution in their datasets, rather than increasing the level of geometric detail of buildings.  

One unanticipated finding was that texturing for façades was one of the least desired addition to 

a 3D model. For example, ‘Texture and/or photo’ scored the lowest within participants from 

Urban Planning (2.0) and Environmental Sciences (1.5). This contrasts with the findings from 

Chapter 6 where 44% of existing 3D datasets reviewed have textures in one form or another. One 

possible explanation for this disconnect is that the current focus for 3D is on visualisation, 

whereas the questionnaire focuses on future and potential uses of 3D. The findings imply that 

while data producers may think that the inclusion of textures is desired as it makes the model 

more realistic, in truth, simple untextured 3D geometry (albeit with some form of roof geometry) 

is sufficient. What is useful to the user is access to other 3D non-building information as discussed 

above. 

Based on the understanding that the appetite for 3D information varies between sectors, cluster 

analysis was conducted to group applications with similar requirements. This assumed that 

multiple 3D mapping products would be more suitable than a single mapping product, to 

adequately address variable needs of the users. However, both the TwoStep and k-means 

clustering resulted with an optimal two-cluster solution. As expected, examining the cluster 

centres showed that there is a larger cluster of participants (~66%) who are positive about 3D 

information and a smaller cluster of participants (~33%) who are less confident in the usefulness 

of 3D. One interpretation of this is that it reflects the uncertainty within the users on what 3D 

information is useful for their application and are therefore either positive or negative on the use 
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of 3D. The lack of clarity could alternatively be attributed to the use of 5-point Likert items. 

Despite literature supporting the use of 5-point Likert items to increase response rate, response 

quality and reduce respondents’ ‘frustration level’ (Babakus and Mangold, 1992), the use of a 7-

point or even 9-point scale could provide more points of discrimination. It is suggested that there 

is diminishing returns at and beyond 11-points (Nunnally, 1967). The clustering results therefore 

could not provide multiple product definitions on this occasion. A repeat of the exercise with 

longer scaled Likert item questions can clarify the findings, albeit at the risk of creating more 

ambiguous response categories. Having seven or nine points may be too many as even in the case 

of a five-point scale, the distinction between ‘extremely useful’ and ‘very useful’ is not always 

immediately clear or consistent between participants.  

Under a similar premise of the clustering analysis, exploratory factor analysis was conducted to 

reveal any potential underlying ‘factors’ which group similar variables. The results showed three 

distinct groups: 1) Simple building information; 2) Detailed building information; and 3) Non-

building information. The results from the analysis suggested that simple building information 

and non-building information are far more desired by the users than detailed building information. 

This further supports the idea that simple building geometry coupled with non-building thematic 

classes is most useful for users. Based on these results, to satisfy the range of requirements 

identified above, a one-size-fits-all 3D product would be impractical and unfeasible. In response 

to this, Ordnance Survey is also working towards a data strategy which includes ‘data as a 

service’, allowing tailored products to be created using OS data (as described in Section 2.6.6). A 

modular approach to 3D mapping product design is therefore recommended to allow for tailored 

products for different sectors. 

It is important to note that there is a clear distinction in user requirements between visualisation-

based applications and data analysis-based applications. The literature review from Chapter 3 

showed that currently visualisation provided one of the main impetus for the use of 3D within 

literature. Undeniably, visualisation is one of the main strengths of 3D, allowing for better 

communication of complex scenarios in three-dimensions. For these applications, an unattributed 

3D mesh or geometry-only 3D model is sufficient. In some cases, texturing may be desirable for 

additional realism. Attributional and semantic information, however, is not necessary. Further, 

these geometry-based models or meshes can even allow users to conduct a basic level of ‘analysis’ 

including ray-casting algorithms for visualising viewsheds and shadows. For more complex data 

analysis, however, there is a need for richer and more complete semantic information. Not only 

would this allow users to be able to see the shadows casted, but also identify the buildings that 

are affected and the associated information about them (e.g. occupancy, building use, address). 

This enhanced analytical capability would provide even more insight into the decision-making 

process. 
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Comparatively, the requirements for, and barriers to, 3D geographic information in the United 

Kingdom exhibit similar traits to that of other European countries identified in Stoter et al. 

(2016b). Data availability, however, is still an issue in the UK as there is a lack of open 3D city 

models compared to other countries (as outlined in Chapter 6). The findings from Chapters 4 and 

5 indicate that simple building geometry coupled with non-building thematic classes is most 

useful for users. This corroborates with the ideas of Sargent et al. (2007) that ‘inter-building 

geometric shape’ and the modelling of real-world objects found between buildings (such as 

vegetation, street fixtures and vehicles) are of importance. These features are not only applicable 

for visualisation uses, but also for analytical purposes. In particular, these features are important 

for analysing the visual impact of proposed development, access to light modelling, and line of 

sight analysis (Sargent et al., 2007). The findings from this thesis, however, could not demonstrate 

a current need to produce a complex and detailed 3D dataset to meet user needs as suggested by 

Sargent et al. (2015). It is important to bear in mind that this does not mean enhancements to a 

building’s geometry (such as the position of windows and doors and the roof shape), are not 

important, but rather it is not a current priority. Instead, it is suggested that the overall drive should 

be towards simple buildings coupled with non-building classes (e.g. vegetation and street 

furniture) and building-based attribution. The requirement for building-based attribution, 

particularly the inclusion of level information/number of storeys, is supported by the findings 

from a recent Ordnance Survey web poll (see Section 2.6.3).  

Overall, the findings provide an initial set of requirements for 3D geographic information in Great 

Britain. Further work is required to validate the findings. By working directly with user groups to 

refine the requirements, further clarity can be achieved into the specific uses of 3D information 

for each application.  

9.2.4 Challenges in user requirements gathering 

There were several challenges in gathering user requirements for 3D geographic information. The 

methodology used were originally for gathering data requirements for software or physical 

products. In this thesis, it has been applied to the context of gathering requirements for 

information. Ultimately, the process is very similar, and the development of intangible 

information products is not unlike that of software or physical products. One advantage for 

information products is that iterative prototyping can be far more rapid than physical products. 

The design of the question impacted the responses received. Although a pilot study was conducted 

(Section 4.3.2) to test the question wording, question order, and overall structure, rephrasing and 

restructuring certain questions could have reveal different information. For example, Question 11 

from the first questionnaire (Section 4.3.3) was first presented as a hypothetical question. The 

issue was that it could lead to inconsistent and unclear answers and low-quality replies. In 

response to this, the second question asked about direct applications and usefulness of 3D 



220 

 

geographic information. This produced results which were clearer and more consistent for 

analysis. 

The sampling of participants had a considerable effect on the results. In the first questionnaire, 

the overrepresentation of participants from ‘Infrastructure and Transport’ was reflected in the 

results. ‘3D roads’ was ranked the highest in the first questionnaire, whereas it ranked the lowest 

in the second questionnaire (when considering the ‘Extremely useful’ category). Further, there 

were no UK-based representation from the ‘Arts and Entertainment’, ‘Forestry’, or ‘Navigation 

and routing’ applications for the second questionnaire. This sample bias could have been the result 

of the dissemination method, but equally, it could represent the varying levels of interest in 3D in 

Great Britain.  

Overall, the methods used were suitable in these initial user requirements gathering exercises. 

Further iterations could incorporate the use of a digital or physical model whereby users can 

perform certain tasks but with the aid of 3D data (as per the experiments with notaries described 

in Pouliot et al. (2014)). This will allow users to visualise what is meant by 3D GI and aid further 

discussions on the potential benefits within their work.  

9.3 Q2: What is the variation in modelling, motivation, and 

applications of existing 3D datasets? 

The second sub question sought to determine the variation in approaches in producing 3D data. 

The findings provide a better understanding of the advantages and disadvantages of different 

modelling approaches in different contexts. This was important to aid Ordnance Survey in 

defining best practices for capturing and representing of real-world features in 3D.  

As the emergence of 3D city models has been relatively recent, there has not been a 

comprehensive review of the different approaches taken in 3D modelling. From overly-detailed 

and error-laden CAD converted models to simple extruded ‘block’ models, the findings from 

Chapter 6 showed that the modelling approaches of 3D datasets were highly varying. The focus 

of 3D datasets is currently dominated by the accurate reproduction of building geometry, with 

little to no modelling of other thematic classes. This confirms Beil and Kolbe (2017) statement 

that production of semantic 3D city models, despite experiencing a period of rapid growth, is still 

focused mostly on buildings due to their importance in the cityscape. The importance of buildings 

means that their modelled geometry is useful in almost any application of GI. Other thematic 

classes, however, are more application specific e.g. street furniture geometry may be useful for 

pedestrian navigation but not for photovoltaic potential analysis. Over time, it is expected that 

data producers would start including other non-building thematic classes once the specific user 

requirements are clearly established. As many of the datasets reviewed, however, were produced 

as one-off projects or in their early iterations, these specific user requirements are yet to be clearly 
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established. Further work is required to identify the specific non-building 3D geometry and 

information that users require. 

The method of modelling and reconstruction varied between the producers, although the raw data 

used was similar (usually a mixture of reference building footprint, LiDAR DTM & DSM, stereo 

aerial photography, and oblique imagery). The inclusion of façade texturing, whether derived 

photogrammetrically or procedurally, varied between producers.  Of the 34 datasets reviewed, 14 

included textures. The inclusion for texturing could be explained by the desire to produce a 

visually appealing model suitable for 3D visualisations. The trade-off is an inflation of file size, 

ranging from 2 to 14 times larger than a texture-less geometry model. The variety in approaches 

means that the resulting dataset ranged from detailed textured models originating from CAD-

based software to regional models with simple roof structures assigned from a library of 

geometries.  

The producers of the 34 datasets were predominantly governmental agencies at local (city), 

regional and national level, which dictated the coverage of their 3D datasets. This, in turn, was 

one of the factors which dictated the complexity and level of detail of a dataset; the wider the 

coverage of a dataset, the simpler and less detailed the representation are. From a practical 

perspective, this lowers the total file size, making the data more manageable. In some instances 

(Berlin and Perth), producers have opted for a mixed level of detail i.e. not all buildings were 

mapped to the same level of complexity. This allowed for additional modelling of important and 

landmark buildings without overinflating the file size. While this allowed for greater flexibility 

to map more important features at finer levels of detail, the approach can be problematic. Current 

descriptors of 3D datasets such as CityGML’s Level of Details assumes a uniform level of 

representation for all of the features within a dataset. There is therefore a need for better ways to 

describe the variation of complexity within a dataset. 

The motivation for producing these 3D datasets can be grouped into five categories 1) urban 

planning purposes; 2) cultural heritage; 3) arts and entertainment; 4) promotion, tourism & 

prestige and; 5) future thinking. These 3D datasets were often produced as one-off proof-of-

concept models and acted as a first step for organisations towards producing 3D. As such, the 

potential applications cited for the datasets were mostly speculative in nature. The relative infancy 

of many datasets also meant that fully worked examples of the use of these 3D datasets are only 

beginning to emerge.  

Within the contest between ‘real’ and ‘realistic’ representations, the 3D datasets reviewed tended 

towards the ‘real’. This was exemplified in the inclusion of photo-realistic textures in 13 datasets. 

Only one dataset (Taipei) contained ‘realistic’ procedurally tiled textures. This strive towards 

photo-realism for 3D visualisation is arguable disadvantageous as the unique images can inflate 

file sizes by up to 14 times. Further, in case where low-resolution oblique imagery was used, the 
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texture mapping processes stretched and distorted the image, leading to a blurred and unusable 

result. In the example of Helsinki, the inclusion of textures within the semantic city model is 

redundant, as it also offered a photogrammetry ‘reality’ mesh for visualisation applications. In 

summary, photo-realistic textures are useful for visualisation purposes. For analytical and 

simulation applications, they can be a hinderance and do not offer additional benefits. 

For 3D data production, a question remains is that whether a traditional ‘one-size-fits-all’ 

approach is appropriate, or if multiple tailored products are more useful for the user. From the 

perspective of the data producer, a single product would result in lower overall costs in production 

and maintenance. Multiple products would lead to increased costs, although this is ameliorated if 

they are produced from the same source data. Alternatively, datasets could be derived from one 

another. For example, ‘3D Buildings NL’ represent a subset of ‘3D Map NL’, representing only 

the buildings in the Netherlands. In addition, continued work on 3D generalisation can enable 

coarser resolution datasets to be derived from a single high-resolution master model (Kada et al., 

2015; Labetski et al., 2017). 

Overall, the findings show that standardisation in 3D modelling still remains a challenge and 

further work is required to identify the most appropriate approach to produce 3D data for different 

situations. Better guidance on modelling would create 3D datasets which are fit-for-purpose, and 

ultimately, useful for the end-user. 

9.4 Q3: How can we assess the quality of 3D geographic information? 

The findings from Chapter 6 showed that currently the focus of 3D datasets was on representing 

building geometry, with a lack of semantic information or attributes. Further, there is an absence 

of external 3D datasets for validation.  To that end, automated, intrinsic, geometry-based metrics 

to assess and describe 3D datasets were investigated in response to Question 3. Simple count-

based geometry metrics were designed to provide an indicator of model detail and complexity. 

Minimum capture metrics provided an indication of the size selection criteria during modelling. 

In less technical terms, it helps users understand what is the smallest size of real-world objects 

that would be represented in the dataset. Indirectly, the minimum capture metrics also allowed 

the identification of modelling inconsistences such as slivers, and where models were overly 

complex due to redundant ‘short’ edges. The Euler characteristic provided an effective measure 

in describing the number of closed polyhedra within a dataset. It provided the user with an 

indication of the ‘water tightness’ of a model, and therefore the ability to conduct analyses which 

required closed volumes. 

The metrics were more effective when evaluated relative to each other and in conjunction with 

local knowledge of the area and an understanding of the wider context of the city model. For 

example, ascertaining the total number of vertices of a 3D city model did not provide much 
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information, but the size of geographic area covered, and the total number of buildings provided 

the context required for interpretation. 

In context of other 3D data quality and fitness-for-purpose measures found in literature, the 

geometry-based metrics described in Chapter 7 can be considered as supplementary metadata on 

the modelling aspects of the dataset. In use, it is suggested that these metrics would be used 

alongside traditional measures of data quality (such as lineage, accuracy, availability, metadata, 

completeness, correctness, consistency, up-to-dateness). The main limitation of traditional data 

quality measures is that the act of measuring quality is intrinsically linked to the data specification 

(Sargent et al., 2007). Since 3D data specifications are not yet fully established, the specific 

features that traditional data quality measures describe are also yet to be defined. The advantage 

of the geometry-based metrics was that it was focused on what was available at the present. The 

scope of the metrics focuses on external geometric characteristics of 3D buildings. While limited 

to describing only building geometry, the measures were independent of method of 

reconstruction, format, and level of detail. 

Other descriptors of 3D data, such as CityGML’s Level of Detail, are perhaps only partially 

sufficient in communicating data quality and fitness-for-purpose. The advantage of the geometry-

based metrics is that they can provide additional information on a continuous scale about the 

dataset, rather than confining the dataset to an arbitrarily created discrete classification. The 

metrics can also be automatically generated, consistently repeatable, are designed to be simple to 

understand. This contrasts with CityGML’s Level of Detail which cannot be automatically 

determined, is ambiguous (i.e. two different levels of abstraction can be the same LoD), which 

can lead to mixed interpretation by the end users.  

There are, of course, some limitations to the proposed geometry-based metrics. Firstly, the metrics 

were designed to be comparative, and thus cannot be interpreted solely on their own. For example, 

knowing that a LoD1 dataset has a mean of 15.1 vertices per building is inconsequential. When 

considered with the knowledge that the mean vertices per building range from 10.2 to 18.9, it acts 

as a form of benchmarking. Further work is required to quantify specific benchmarking ranges 

for specific types of datasets. This will allow users to understand the characteristics of their 3D 

model better and for data producers to identify any irregularities. Further, the more complex 

metrics e.g. Euler characteristic, require a certain level of knowledge and explanation to 

understand, although the concepts are arguably not any more difficult to understand than existing 

measures of quality and fitness-for-purpose. 

From a user perspective, the incorporation of geometry-based metrics within metadata for 3D GI 

could provide better contextual information carrying out fitness-for-purpose evaluations. 

Although the metrics were initially developed with the end-users in mind, the error-spotting 

abilities makes them also useful for data production purposes too. Irregularities within the 
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geometry-based metrics were often symptomatic of other data quality issues, allowing producers 

to spot geometric errors and identify any modelling inconsistencies. The metrics are also 

beneficial for data producers for comparing datasets from the same location but produced at 

different times. Therefore, it is proposed that the metrics can provide auxiliary support alongside 

traditional measures of data quality during 3D data production, acting as a form of quality control. 

Beyond the users, these metrics could allow data producers to compare geometric qualities 

between different iterations of the same 3D dataset produced. They can ensure a certain level of 

standardisation within the model and between different modellers. For example, the ‘Guidelines 

for Creating LOD3 Presentation Models for the 3D city model of the state capital Dresden’ 

suggests the following modelling requirements: 

• Absolute point accuracy of the position: +/- 0.25 m, height: +/- 0.5 m 

• Relative point accuracy within the model: 0.3 m 

• Model projections, etc. only from 0.4 - 1.0 m 

• The number of surfaces is to be kept to a minimum - there is a maximum limit of 10,000 

faces and 65,000 vertices per building. 

(State Capital of Dresden, 2011) 

In this case, the guidelines were to ensure that any external models were compliant to a certain 

standard. By enforcing these geometric requirements, it ensured each city model had a certain 

level of uniformity. The metrics suggested in this chapter could provide an extension to the 

existing guidelines to further ensure consistency within the submitted 3D models.  

There were several indirect, but noteworthy findings during the investigation of automated 

geometry-based metrics. Firstly, the exploration into existing 3D city models further reinforced 

the finding that there is a need for clearer, less ambiguous, and standardised approaches to 3D 

modelling. Detailed clarification of how to handle exception cases (such as shared parts) would 

be beneficial in ensuring consistent 3D data are produced. Secondly, there is a need to quantify 

and communicate if a 3D model is better suited for visualisation or analysis purposes. Thirdly, 

there is a need to consider the impact of the choice of modelling tools on visual satisfaction and 

the performance of a model.  

A continuation of this work is to test the usability of the metrics themselves to determine how 

well it can describe fitness-for-purpose of 3D GI to users and how useful it is within 3D data 

production. By assessing how well the metrics can communicate to the end-users and producers, 

it will allow further refinement of the geometry-based metrics, as well as the investigation of other 

potential measures such as minimum height, minimum bounding volume and surface normal 

vectors. Further research should also be conducted to investigate the potential application of the 

metrics to different forms of data such as voxels and point clouds, as the current investigation 

only focused on BRep models. Exploring existing algorithms and 3D data quality measures from 
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other fields such as geometry processing could avoid duplication of effort. As an aside, 

continuation of work on the impact of 3D data quality (e.g. Ellul et al. (2016a), Biljecki et al. 

(2016a)) would help justify the need for these metrics. 

9.5 Q4: What are the commercial opportunities for 3D geographic 

information in Great Britain? 

The aim of Chapter 8 was to place the findings from the previous Chapters into the context of 

Ordnance Survey as a business in order to suggest a strategy towards a national 3D mapping 

product or set of products. One of the findings from the requirements gathering exercises from 

Chapters 4 and 5  indicated that users still struggled to justify the investment in using 3D GI. In 

particular, they were increasingly facing pressures to justify expenditure leading to the need to 

quantify the value and benefits of adopting any new technology. To address this, a preliminary 

assessment of the economic value of 3D geographic information was conducted. The findings 

showed that, like 2D GI, there are many intangible benefits to 3D GI (such as societal value) 

which are difficult to measure. Value chain analysis and cost-benefit analysis were proposed to 

be the most suitable approaches, allowing for a more comprehensive economic value to be 

calculated. A follow-up study by Consulting Where (EuroSDR, 2017) then conducted the analysis 

for six use-cases, with two selected for further cost-benefit analysis. The recommendation from 

the follow-up study was that calculated costs for different applications could simply be translated 

to different countries by scaling according to the gross domestic product. However, the findings 

from this thesis do not support this conclusion. The uptake of applications varies by country, and 

thus varies in importance. Further, different countries have different arrangements for the 

production of mapping. While some countries have national mapping agencies, others such as 

Germany, have regional-based mapping agencies. To generalise results simply scaling through 

the gross domestic product seems short-sighted as it does not consider the nation-specific 

requirements. It is therefore suggested that cost-benefit analysis should be conducted 

independently for each country for different applications for a more representative calculation. 

The unique role of Ordnance Survey in Great Britain creates many opportunities, but also 

challenges, for the organisation. One of the main challenge is: How can Ordnance Survey disrupt 

entrenched behaviours and encourage users to implement 3D GI within their day-to-day work? 

In the short term, the focus should be on increasing the uptake of 3D within Great Britain. To 

achieve this, a recommendation of producing an open 3D dataset, OS Open 3D, was made. This 

proposed product would be highly generalised, in both geometry (from OS VectorMap District, 

as described in Section 2.6.7) and in time (heights derived from a composite EA LiDAR dataset 

or OS Building Height Attribute). The resulting dataset must be delivered as structured 3D 

geometry and will be produced as a one-off exercise. By making this dataset available, it removes 

the barrier of data availability and cost. Further, it provides an introduction for users who may 
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have previously only used 2D, and by supplying ready-to-use 3D geometry, it lowers the technical 

barrier as well. This must be addressed quickly, as other competing data producers are already 

planning to release or have released datasets produced using OS Open Data and EA Open LiDAR 

(GD3D, 2017). Unlike OS Open 3D, however, these will be monetised. An open 3D dataset 

allows Ordnance Survey to drive the uptake, interest and demand for 3D GI. This should, in turn, 

encourage some users to invest subsequently in other commercial 3D products. Further, the 

market feedback gained from the users provide invaluable information for continued iterative 

development. The proposed open data was well received during the workshop (described in 

Section 8.12), further reinforcing the recommendation. 

Concurrent to the release of OS Open 3D, Ordnance Survey should build upon existing efforts in 

producing 3D data, namely the OS MasterMap Building Height Attribute. To make the dataset 

more accessible, OS MasterMap 3D Buildings API is proposed. The product would include basic 

extruded 3D geometries using the median building height. On the surface, it seems like the 

product is identical to the existing set-up, but by delivering the dataset as structured 3D geometries 

as an API lowers the technical work required by the end-user. In addition, it allows the integration 

of Ordnance Survey’s 3D data into custom applications. Further, the product is in line with 

Ordnance Survey’s data strategy towards ‘data as a service’ (see Section 2.6.6 and 1.2.2). The 

availability of this dataset, in turn, should increase the use of the Building Height Attribute and 

3D, with minimal production effort from Ordnance Survey. 

In the medium term, there must be on-going developments for a commercial ‘true 3D’39 dataset. 

A proposed product, OS MasterMap 3D, would provide the initial ‘true 3D’ product for Great 

Britain. It is suggested that simple roof geometry (akin to CityGML’s LoD2) should be included, 

but in addition to other classes such as vegetation, roads, and water bodies. This is in response to 

findings from Chapter 5 whereby users wanted simple 3D building geometry coupled with non-

building thematic classes. The resulting dataset would resemble the structure of ‘3D Map NL’ 

whereby all the topographic objects from OS MasterMap are represented in three-dimensions. 

Where OS MasterMap 3D differs is that it will aim to have a clear update frequency and be 

maintained overtime. Having a defined accuracy statement and update frequency would leverage 

Ordnance Survey’s heritage and unique selling point as the source of up-to-date and authoritative 

spatial data in Great Britain and should contribute to the added-value over OS Open 3D. The 

transition for users between 2D and 3D is not trivial. As such, Ordnance Survey must provide 

ample guidance for users during the adoption of the new products. For example, the provision of 

a series of ‘information sheets’ on how to implement OS MasterMap 3D for the users should be 

essential (Ordnance Survey, 2004). These ‘information sheets’ would provide a generic business 

                                                      
39 Unlike quasi 3D representations such as 2.5D, the term ‘true 3D’ refers to any geographic information 

that can provide a structured, volumetric representation of real-world objects in three-dimensions, with the 

ability to represent multiple Z value at any XY coordinate. 
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case template, an outline of the likely benefits and a checklist for comparing costs and benefits, 

helping end-users develop a business case for implementing OS MasterMap 3D in their 

organisation. 

In the long term, should the above products be successful, Ordnance Survey can look towards 

further enhanced 3D products. At this time, it is difficult to define the exact features, objects or 

classes included in this product. However, with continued engagement with end-users, the 

requirements for such a dataset will emerge over time.  

Where there are opportunities, there are also challenges. One of the main challenges, as mentioned 

above, is overcoming the resistance to adopting 3D. Ordnance Survey must provide the 

motivation for users to cross the adoption ‘chasm’, whether this is in the form of an open 3D 

dataset, or a clearer definition of the value of 3D. The unique structure of Ordnance Survey as a 

state-owned limited company with its overall direction controlled externally by central 

government is problematic. The average five-year UK general election cycle means that there is 

always a risk of a regime change. A change in government may lead to a change in direction from 

its predecessor, resulting in different spending priorities. This volatility is not conducive for large 

scale government-led projects with a long lead time, such as the development of a national 3D 

mapping product. Consequently, progress is often small and incremental. A clear cross-party, 

non-political understanding of the value of geospatial data, and in particular, 3D geospatial data, 

must be achieved in order to sustain progress. Wider practical implications are discussed in the 

next section. 

9.6 Practical implications 

Considering the close industrial links of an Engineering Doctorate, the findings of this thesis have 

a number of important implications for future practice. So far, Ordnance Survey has taken an 

incremental approach to creating their 3D geospatial database (Sargent et al., 2015). Despite the 

release of the ‘Building Heights Attribute’ for OS MasterMap Topography Layer in 2014, it was 

envisaged that the organisation would be further along the route to full 3D geospatial data by now 

(Sargent et al., 2015). An update to the beta phase for the OS ‘Building Heights Attributes’ is a 

step towards the right direction, but in reality, there is still not a full national 3D mapping product. 

The findings from this study contribute towards the developing future 3D mapping products at 

Ordnance Survey. 

As described by Capstick et al. (2007), ‘The first step in the creation of a 3D geospatial 

infrastructure is the definition of the data specification.’. In order to define a data specification, 

Ordnance Survey must understand the broad range of end-users of 3D data as well as how 

economic and feasible it is to collect such data. While the end-user requirements and economic 

aspects are in part addressed by Chapters 5 and 6, due to the user-focused scope of the thesis, the 

feasibility aspect has yet to be fully investigated. From a production perspective, even creating 
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simple 3D models, is not inexpensive nor trivial, as it still requires a large amount of manual 

effort (Sargent et al., 2015). In addition, there is still little guidance and research on how to 

capture, model, and structure non-building features in 3D. There is therefore a need to understand 

the actual costs of production of different types of 3D features and enhancements in the context 

of Ordnance Survey. In particular, there is a need to compare between what features and 

enhancements are easy (and cheap) to produce, and what are actually useful and desired by the 

end-user. The results from the workshop (as described in Section 8.12) provided an initial cost-

benefit comparison of different 3D features in practice.  

One of the issues that emerges from speaking with end-users is the consideration for backwards 

compatibility and interoperability with existing 2D products. For Ordnance Survey, the approach 

has been to consider 2D data as the prime source of data and extending these data into 3D (Stoter 

et al., 2013b). This has the advantage of consistency, but limits 3D to 2D traditions and thinking. 

Experiments by Capstick et al. (2007) has shown that producing 3D data independent of a 2D 

reference can lead to discrepancies. The findings from the experiments indicate that 2D and 3D 

data capture processes should be conducted simultaneously to ensure synchronisation and 

interoperability between the different products. In a similar vein, an approach whereby 3D 

mapping is considered the prime source of data and 2D products are derived from such 3D data 

may be the most suitable and sustainable for the future (Stoter et al 2013). This approach is 

adopted by ICC, IGN and swisstopo, but the transition from 2D to 3D is much more drastic 

compared to the more incremental transition of keeping 2D as the prime source of data. The 

findings indicate that backwards compatibility is important, although further work is required to 

establish what is the best approach in the context of Ordnance Survey.  

It is important to re-emphasise here that uptake of 3D applications varies from country-to-country 

and that different nations are bound by different organisational and structural limitations. 

structures. Recommendations made in Chapter 8 in the context of Ordnance Survey and Great 

Britain may therefore not be generalisable in other countries. Other national mapping agencies 

may not have the same unique characteristics of Ordnance Survey (as described in Section 2.6), 

nor do their nations have the same political landscape. However, the methods, metrics and 

approaches developed in this thesis (and indeed the literature review in Chapter 3) were country 

agnostic. As such, other national mapping agencies looking to establish their own 3D national 

mapping product can adapt the techniques used within this thesis.  

As requirements for 3D are country-specific, the relevant data producer will be looking to conduct 

their own user needs assessment. Stoter et al. (2016b) showed that while some NMCAs are still 

in the experimental phase of 3D mapping, others have already built a solid foundation with a 

national coverage. For the NMCAs who have already conducted their own surveys on customer 

needs (Lantmateriet, Sweden and GUGiK, Poland), the findings from this thesis can provide a 

point of comparison. Where NMCAs have yet to conduct any requirements gathering exercise, 



229 

 

the methods and approaches described in Chapters 4 and 5 can be easily replicated and adapted 

for their country. In turn, the metrics developed in Chapter 7 can aid these NMCAs in quality 

control and help them regulate the production of 3D data. This should allow them to produce and 

release any products comparatively quickly and leverage the power of 3D geographic information 

within their nations. 

Overall, Ordnance Survey faces similar issues in implementing a 3D national mapping product 

as other NMCAs in other nations. From a technical perspective, 3D is feasible, but there is further 

work to define if 3D is needed. Like in the Netherlands (see Stoter et al. (2011b)), the findings 

from this thesis showed that the lack of 3D knowledge within the user community is also the 

severest bottleneck. 

9.7 Key findings and contributions 

Outlined at the beginning of this thesis in section 1.6, explained in detail here are 8 key 

contributions of this thesis on the considerations for developing a national 3D product for Great 

Britain. 

A state-of-the-art review of applications for 3D geographic information. 3D GIS is still in its 

maturation and its adoption is sporadic. While there are many conceptual and technical issues to 

address, there is a need to identify the applications of 3D to justify and direct research efforts. 

The review identified 16 different applications and critically analysed the use of 3D geographic 

information. It presented an indication of the state of the art of 3D. The benefits of 3D for each 

field are varied. 3D visualisation provides the main impetus. It allows for better communication 

and supports the decision-making process. Fewer cite the benefits of 3D GIS analyses, though 

this could be due to the lack of existing tools and methods.  

The review showed a disparity in adoption of 3D GIS – while some applications were very 

developed, others were only utilising a fraction of 3D GIS’s benefits. The rate of update was 

varied – but this does not necessarily reflect on how useful 3D may be for those fields that are yet 

to fully adopt it. The lack of 3D adoption could be due to various constraints such as high cost, 

lack of skill, lack of knowledge and awareness, and lack of data.  

An in-depth understanding of user requirements for 3D data for Great Britain, building on 

existing reviews and extending them via interviews and questionnaires. Potential applications 

for 3D in the UK is diverse, but there is currently no single application for 3D geographic 

information within the UK which can solely drive and justify the production of 3D data. Appetite 

for 3D geographic information varies between sectors, but also within sectors. There is varying 

levels of adoption and expertise in 3D between different practitioners of the same field. 3D 

geographic information is the solution to some, but not all, the inadequacies of 2D data. 

Misconceptions on the functionality of 3D geographic information were common and inflated 
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expectations need to be managed. User requirements for 3D are diverse. The additional 

complexity within 3D means that there is impractical to define a ‘one size fits all’ mapping 

product. Despite the positive view of 3D GI and its benefits, users still struggle to justify the 

investment required to adopt 3D geographic information and its related technologies. 

While there have been previous studies investigating the user requirements for 3D GI in Great 

Britain (Capstick et al., 2007, Sargent et al., 2007, Sargent et al., 2015),  the requirements 

gathering results in this thesis contribute a much deeper and up-to-date understanding of user 

needs for 3D GI. The results contribute new conclusions on the requirements for 3D GI in Great 

Britain 

A comprehensive state-of-the-art review of international 3D datasets. With many new open 

3D datasets produced internationally, there was not a comprehensive review of the different 

approaches taken by the different producers. The review presented in Chapter 6 gives a critical 

analysis of the multiple 3D modelling approaches and the advantages and disadvantages of 

different design decisions, and how it may be beneficial or detrimental for the user. The findings 

show that 3D datasets are produced at many different scales using many different methods of 

reconstruction. Further there is no consensus on the delivery mechanism or output file format for 

3D geographic information. The inclusion of photo-realistic textures come at a large cost on file 

size. Further work is required to investigate the security and ethical issues of 3D geographic 

information. 

Automated, geometry-based metrics for assessing fitness-for-purpose of 3D city models. 

Simple count-based geometry metrics are easy to calculate and can provide an indicator of model 

detail and complexity, but vertices per face may be too limited by architecture variation. 2D 

footprint area is a useful minimum capture measure and can identify inconsistencies modelling 

and errors such as slivers. Minimum feature length can identify models which may be overly 

complex due to a proliferation of short edges. Euler characteristics can provide an effective 

measure of the number of closed polyhedra.  

This work addresses the gap in existing literature for better ways to communicate and describe 

the complexity and qualities of 3D data. The geometry-based metrics contributes to the field by 

providing benchmarking measures for users to assess fitness-for-purposes but also data producers 

for error detection. 

An assessment of barriers to 3D geographic information adoption in Great Britain. 

Throughout the thesis, barriers to the adoption of 3D GI in Great Britain are highlighted. This 

contributes to a better understanding of how to increase the uptake of 3D GI and its related 

technologies within the nation. 

A commercial evaluation of 3D geographic information in Great Britain. The research in this 

thesis was placed in context of Ordnance Survey as an organisation and business. 
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Recommendations for future work and best practice were made, alongside an assessment of 

favourable trends and threats for the development of a 3D national mapping product or product(s). 

A set of recommendations for Ordnance Survey in relation to future 3D data production. 

Based on the literature review, the 3D dataset review, metrics development and user requirements 

gathering, a new set of recommendations for Ordnance Survey were presented throughout 

Chapters 8 and 9. The main recommendation is the release of an open 3D dataset for Great Britain 

as well as leveraging existing 3D information to provide data as a service. Initial costs for 

producing a national 3D mapping product were presented. In the wider context, the 

recommendation is for continued user requirements gathering, iterative product design, and for 

continued and sustained incremental progress in 3D.  

Guidelines and methodology for other National Mapping Agencies which are also 

considering developing a national 3D mapping product and eliciting end-user requirements. 

The structure and questions from the questionnaire and interviews developed in Chapters 4 and 5 

are repeatable in other countries looking to conduct their own requirements gathering exercises 

for the purposes of producing a national 3D mapping product. This allows country-specific 

requirements to be elicited, contributing to the first steps towards a data specification. 

9.8 Overall challenges of the study 

Specific challenges for each phase of work are outlined in detail at the end of each chapter. In 

summary, there were several challenges of this thesis that merit attention. First, the study was 

limited by its scope. The strength of the methodology derived from focusing on users meant that 

the technical and financial aspects of producing 3D data were not explored in detail. Second, the 

inherent bias and the degree of interpretation required to extract the user needs from the user 

requirements gathering methods were unavoidable. Issues such as extreme responses or 

participants exhibiting acquiescence (a tendency to agree with statements) were difficult to 

quantify. The use of multiple methodologies (web-based interviews and semi-structure 

interviews) coupled with cross validation with existing literature has helped to ameliorate the 

effects of any subjectivity. Further work is required to validate the results over time, through 

iterative design with users. Thirdly, the results from this thesis offer a starting point, but not a 

definite data specification for an Ordnance Survey 3D product(s). The requirements gathered are 

time-sensitive and may change in the future. Continued work using the methods developed in this 

thesis is required to revisit user requirements regularly, and thus ensure that they are up-to-date. 
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10.1 Further research 

To summarise, several areas of further research are proposed to address the overall challenges 

outlined above in Section 9.8. 

10.1.1 Further research in user requirements gathering 

The work presented in this thesis presented the first iterations of user requirements gathering for 

3D GI. Several opportunities for future work arose from this study.   

Firstly, repeating the exercises with a larger sample and with non-GI users would be beneficial. 

The challenge here is in capturing a representative sample of adequate size to encompass the 

multitude of GI-applications as well as acquiring enough detail to elicit detailed requirements. It 

would also provide a validation for the requirements collect so far.  

Secondly, repeating the exercises in 1, 5 and 10 years’ time would be valuable in assessing any 

change in requirements. As technology evolves and improves, what were previously barriers may 

no longer exist. It is important to remain up-to-date with the requirements of the user.  

Lastly, other requirement elicitation methods such as on-site observation and focus groups (which 

were not adopted in this study) may be beneficial in later iterations of the development life cycle, 

allowing for a deeper understanding of the user. As the goals and requirements are defined, the 

iterative development of design solutions with users should be carried out. By creating and testing 

prototypes, it allows the confirmation and refinement of the user requirements over time. Note 

that this must not be a linear process; for 3D GI, new use cases are expected to emerge over time 

(Biljecki et al., 2015b) thus there is also a need for continued requirements gathering to capture 

any new applications. 

10.1.2 Further research in 3D city review 

Like the user requirements gathering exercises, there is merit in a continued review of 

international 3D datasets. As the cost of production decreases, it is increasingly viable and 

economically feasible for data producers to create 3D data. Further work should therefore monitor 

and include any new datasets as they are released over time.  

The review in this thesis only examined the early iterations of the 3D dataset. Over time, however, 

it would be beneficial to examine how the datasets have evolved and the progress over time. Most 

important, it would be beneficial to gather feedback from users on the actual use of the 3D data. 

This would feed back into the iterative development cycle, allowing data producers to create data 

that is fit-for-purpose for the user. 

10.1.3 Further research in 3D metrics 

Firstly, user testing of the automated intrinsic geometry metrics should be conducted. In 

particular, the usability and effectiveness in communicating quality and the functionality of 3D 

should be assessed. This can be quantified through usability studies with directly with users. 
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Secondly, investigation in other geometry-based metrics could be beneficial. Measures such as 

volume of buildings and volume of the minimum bounding cuboid could be potentially useful. 

Investigation into co-incident faces and the handling of terrain in building reconstruction could 

be beneficial.  

As 3D datasets begin to include features beyond building geometry, it would be beneficial to 

assess the applicability of these existing metrics on non-building geometries (such as trees). 

Increased data availability and options over time would allow the investigation of extrinsic 

measures as well.  

10.1.4 Further research in commercial opportunities in 3D 

A further study with more focus on the production side of 3D is suggested to continue the research 

undertaken so far. This will enable a complementing set of findings for a more holistic view and 

understanding of the considerations. The research in this thesis should be considered as the first 

steps for continued research into developing a national 3D mapping product for Great Britain. 

10.2 Concluding remarks 

The pace of development of 3D in Great Britain can be described to be both fast and slow. On 

one hand, new technologies such as virtual reality and augmented reality are providing a catalyst 

for many new 3D applications. The increasing emergence of open 3D data such as the recent 

commitment from the Environmental Agency to deliver a full national LiDAR height dataset by 

mid-2020 is promising (Environment Agency, 2017). On the other hand, progress has been slow, 

as there is yet to be an open semantic 3D city model available in Great Britain. In general, the use 

of 3D geographic information currently remains a relatively specialised segment of the geomatics 

industry in Great Britain. 

Ultimately, the question is: ‘Should Ordnance Survey produce a national 3D mapping product?’. 

The findings from this thesis suggest ‘yes, with enthusiasm’. National mapping agencies such as 

Ordnance Survey, however, must be cautious of falling into the trap of passing ‘fads’. For 

example, the UK BIM mandate was speculated to be the potential driver for 3D GI, yet almost 

two years on, BIM is little more than a buzz word within the field of GIS. The drive needs to be 

towards potential applications where 3D GI is at the forefront and in a critical and irreplaceable 

role, rather than being subsidiary and auxiliary to other data sources. As 3D technologies matures 

in Great Britain, it is difficult to predict how the use of 3D will change in the future. A simple 

change in legislation from the Government or disruptive innovation introduced by an outsider 

company could provide the justification, build the business case and drive adoption overnight. 

These external factors, however, are difficult to near-impossible to foresee. For now, the working 

assumption for 3D GI must be of continuous growth and development. 
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Ordnance Survey must take an active role in driving the uptake of 3D GI within Great Britain. As 

the requirements from the user evolve over time, so must the role of the national mapping agency. 

Releasing an open 3D dataset and 3D mapping data service would provide the first steps towards 

a new data strategy for 3D. Despite slow progress in the past 20 years, the best time for Ordnance 

Survey to be invested in 3D is now. The findings and recommendations from this thesis must go 

beyond the researchers in the technical realms, and into the hands of product managers, 

proposition managers and product developers. The need and desire to create 3D mapping products 

must be articulately clearly at the senior management and executive level. 

Whether the recommendations from this thesis are integrated within Ordnance Survey is partly 

dependent on the willingness of the organisation. At the same time, the outcome is also highly 

influenced by the ever-changing business model of Ordnance Survey. Should the Geospatial 

Commission conclude that OS MasterMap should be released as open data, it may eventually lead 

to all Ordnance Survey products to follow this direction of becoming freely available for wider 

societal benefits. If this was to be the case, the future direction of Ordnance Survey, as an 

organisation, would be vastly impacted. On one hand, it would provide clarity in that Ordnance 

Survey would no longer have to juggle the confused identities of being both a producer of open 

data and a vendor of commercial datasets. On the other hand, the organisation would need to find 

alternative revenue streams. Perhaps an outcome from the Geospatial Commission is that 3D 

should become an integral part of Ordnance Survey’s public task – in that creating, maintaining 

and disseminating consistent, definitive and authoritative 3D geospatial data at a national 

coverage will become a core part of the OS business. For now, the future of the mapping agency 

is unknown, and it is this uncertainty that, in part, limits progress of 3D. 

What will the state of 3D GI be in 10 years’ time? Take a GIS analyst, for example, working 

within the urban planning department of an engineering consultancy. Her boss has asked her to 

produce some supplementary mapping for a client’s project. The BIM technician has sent her a 

3D model of the proposed development which she is instantly able to import into her software 

without loss of information. Standards for 3D modelling have been firmly established, making 

3D data highly interoperable. From here, she is able to conduct anything from shadow analysis to 

line-of-sight analysis to volumetric calculations seamlessly. As the model is published to a secure 

webpage, she has the option to add some base mapping for context, which is supplied through an 

API from the national mapping agency on a streaming license model. She can define the features 

she requires on the GUI and a personalised and tailored dataset is created automatically to fit her 

purpose. Alongside, automated generated metadata metrics are also published concurrently. The 

work is delivered to the client via a weblink which he is able to view in virtual reality using a 

head-mounted display, whilst interacting and querying the data using haptic gloves. He is able to 

turn on and off different data layers and republish for other stakeholders to view and interact with, 



238 

 

looking at the scene from every realistic angle. 3D is no longer a niche technology, but simply 

another branch of spatial decision making.  

The scenario described above may be only illustrative, but the enabling technologies are already 

at our disposable. Where there is work to be done, is the continuation of the work from this thesis 

through iteratively working with users to design a product with high usability and to work together 

with other NMCAs to define guidelines for best practice. Regardless of the approach, ultimately, 

any 3D national mapping product exists solely to serve the needs of customers. Thus, customer 

needs must drive the design of 3D GI products. 

Beyond the field of GIS, accurate 3D geographic information can enable a whole host of new and 

yet to be explored applications. In the next 10-20 years, self-driving cars could be the norm, 

combining GNSS, sensor technologies and accurate 3D models to safely navigate the 

environment. The 3D model would allow the cars to identify what are stationary features (e.g. 

buildings, street furniture) and what are moving objects (e.g. pedestrians crossing the road). A 

different 3D model (but perhaps derived from the same master 3D data) could enable delivery 

drones to navigate the complex urban landscape, reducing delivery time from days to minutes. 

Crucially, for these applications to succeed, it is fundamental that the 3D models are up-to-date 

and accurate. Further work is required on determining the required horizontal and vertical 

accuracy of 3D models (as well as level of detail) to support these types of applications. 

National mapping agencies must be bold – their prudence so far has only stilted their progress in 

3D. They must lead the geospatial industry and re-establish their position as the leading provider 

of authoritative spatial data, 3D or otherwise. A lack of will and enthusiasm would allow other 

more enterprising spatial start-ups to usurp their role in 3D data production.  
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Full review of 3D datasets 

Adelaide 

Launched in 2009, the 3D city model of Adelaide contains over 5,000 building models at LoD2 

and LoD3. The model is frequently updated and the latest additions include new planning zones, 

policy areas, building heights, potential development sites and heritage listed properties (Adelaide 

City Council, 2015).  

The motivation for this dataset was to assist the planning for the future of the City of Adelaide, 

in particular, the visualisation of growth scenarios and land use planning (Adelaide City Council, 

2015). Adelaide City Council (2015) highlights the following use cases for the dataset: 

• Provide a public consultation tool to assist in visualising transport, urban design, and 

planning; 

• Provide extracts to assist architects and building designers to develop their buildings in a 

simulated real environment to refine their proposals; 

• Assist in assessment of development applications for new buildings, enabling accurate 

overshadowing, overlooking and simulation of how the building will look within the City 

context; 

• Illustrating the location of heritage sites and (in the future) other important public 

facilities and attractions, linking in with photos and text information; 

• Collaborating with government agencies and other bodies in visualising future transport, 

urban design, and infrastructure projects. 

The model is available for download and for commercial and non-commercial use free of charge. 

The dataset is also accessible via Skyline’s TerraExplorer Viewer on the web (Adelaide City 

Council, 2009). The dataset has textured facades rendered from digital photographs taken from 

street level (Adelaide City Council, 2009). 

Adelaide presents a unique situation for 3D GIS from a legislative perspective. Effective as of 1st 

September 2009, a 3D digital model will be required to be submitted for certain types of 

development to be included into the 3D city model of Adelaide. A 3D digital model is required if 

the building height will change to 3 stories or higher or the value of the development is over AUS 

$4.5million (Adelaide City Council, 2009). If applications are outside of these submission 

requirements, they are also encouraged to submit a 3D digital model with their applications. There 

are specific guidelines to the requirements for the 3D digital model. The models should include: 

• Ground level detail deemed to be of major design significance such as doors, access, and 

awnings; 

• General detail of shop front design (i.e. areas of glazing and doors) if applicable; 

• Elevation detail for all elevations including sizes and rear; 
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o Solid to void and opening relationships, glazing, mullion, and transoms deemed 

of significance to the building design 

o Balcony elements such as balustrades, detail of any protrusions or indents to 

façade and any expression of structure; 

• Floor surface perimeter positioned at calculated floor level for each floor; 

• Roof detail including pitch, plant enclosures, service and fire stair protrusions, terrace, 

shade, and signage structures; 

• External ancillary features of significance such as large landscaping planter boxes, 

canopies (note that vegetation should be kept to an absolute minimum – a separate model 

of prominent trees is preferred); 

• If there are significant changes to the existing site levels (ground level contour), the model 

should include the amended site levels as part of the model itself (Adelaide City Council, 

2009). 

These requirements focus on the exterior of the buildings. Interior details except for location of 

each floor are explicitly not included and should not form part of any submitted model. The 

preferred format for the models are Google Earth (.KML or .KMZ), but DirectX (.X), OpenFlight 

(.FLT) and COLLADA (.DAE) are also accepted by the council. Currently, the public are unable 

to contribute to the city model with the reasoning that it is important to maintain data accuracy 

(Adelaide City Council, 2009). 

Future plans for the dataset includes incorporating tourist information, links to heritage 

information as well as possible links to third-party government and non-profit sites (Adelaide 

City Council, 2009). 

 

Figure 52. Adelaide as viewed in FME Data Inspector (no textures) 
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Austin, TX 

Produced by the Information Technology department of the City of Austin, Texas, the model 

includes 156 buildings over 5.92 km². The model includes the downtown area of Austin, 

University of Texas, and Austin waterfront. Unfortunately, no additional information on the 

dataset’s provenance is published on the Information Technology department’s GIS data 

download portal (City of Austin, 2017). 

 

Figure 53. Austin, TX (as view in Google Earth) 

Berlin 

Extended from a project developed from 2009, Berlin is the only city in Germany to be mapped 

in fully textured 3D format (Berlin Business Location Center, 2015a). Around 540,000 buildings 

are modelled in LoD2 with additional detailed models in LoD3 produced for 80 landmarks and 

five in LoD4. The 3D city model is not a commercial project and was developed and funded by 

the Senate Administration for Urban Development (Senatsverwaltung für Stadtentwicklung), the 

Senate Administration for Economics, Technology and Research (Senatsverwaltung für 

Wirtschaft, Technologie und Forschung), and Berlin Partner for Business and Technology (Berlin 

Business Location Center, 2015a). It is also funded under the European Regional Development 

Fund allocated by the European Union.  

The motivation for the dataset is to market the city of Berlin as a location for business and 

industry, and allowing for the visualisation of recent historical changes and future urban 

development projects (Berlin Business Location Center, 2015a). In addition to the data, a web 

mashup ‘Economic Atlas of Berlin’ combines 3D data with industry-specific data about Berlin’s 

economy, providing sector specific information to investors as well as providing an understanding 

of the location and surroundings of the area (Berlin Business Location Center, 2015b). The 3D 

view, however, is of fixed orientation for performance purposes (Figure 55). The 3D model is 
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also available for mobile devices via ‘smartMap Berlin’ (Berlin Business Location Center, 

2015c). 

 

Figure 54. Berlin Business Atlas 3D map showing locations of available commercial property, 

public transport stations and companies in the ICT, media and creative industries sector (Berlin 

Business Location Center, 2015b). 

 

Figure 55. smartMap Berlin (Berlin Business Location Center, 2015c). 
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Boston, MA 

Released by the Urban Design Technology Group of the Boston Planning and Development 

Agency, this 3D dataset includes over 92,000 buildings across the whole of the Boston area. 

Created using Autodesk 3ds Max, the models are available in DWG, OBJ and MAX formats 

(Boston Planning and Development Agency, 2017a). Up until 2000, a scaled wooden model of 

the city was used to understand new developments in context (Boston Planning and Development 

Agency, 2017b). Developers were required to bring in physical models of their planned project 

to be reviewed in context of the city model – this meant that any proposed development could 

only be assessed in person at the Boston Planning and Development Agency. This physical 

limitation of the model provided the impetus for the digital 3D model. 

The 3D city model is divided into neighbourhoods and includes additional terrain, bridges and 

‘under construction buildings’ classes. Most of the model is available for download for free. 

Within the data portal, models of future planning and development work are also available for 

download as 3D models, allowing developers and the public to visualise the physical changes to 

the city (Boston Planning and Development Agency, 2017b). 

 

Figure 56. Excerpt from Boston 2 – Downtown area as viewed in FME 

Brussels 

In 2012, the Centre d'Informatique pour la Région Bruxelloise (CIRB) was awarded a major 

public contract entitled ‘Vols 2012’. As part of the nine deliverables, several were linked to 3D 

including the modelling of buildings, art and terrain (CIRB, 2015). This formed the initial 3D 

databased for the UrbIS-Adm 3D product which contains 254,322 CityGML LoD2 buildings for 

the Brussels Region (CIRB, 2017). In addition, 200 ‘structures’ are also modelled.  

Since its release, the product is continuously updated using photogrammetry and building plans 

(CIRB, 2015).  The data is synchronised with other layers and UrBIS products, with the download 

data updated quarterly.  
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Figure 57. Excerpt from Brussels, as viewed in FME 

Cambridge, MA 

As part of the Cambridge 3D Program, the City of Cambridge, Massachusetts have developed a 

citywide 3D model with 16,302 buildings. The Citywide 3D Model Project is a collaboration 

between the Community Development Department (CDD) and the GIS Department (City of 

Cambridge, 2017). The cited motivation in creating the dataset included: improvements in GIS 

software to ‘consume’ and render the model, lower cost to produce 3D data, and; neighbouring 

GIS departments (Harvard, MIT, and the City of Boston) also working on 3D models (Amero 

2017). In addition, the general use of 3D by planners and the public made it desirable to have an 

in-house model – the recent building growth in Cambridge has meant that larger and taller 

buildings, such as commercial luxury housing and university buildings are being proposed. The 

model was funded through capital funding, although eventually as 3D is becoming integrated, the 

aim is to be funded as part of the GIS department’s operational budget (Jeff Amero, personal 

communications, 29th August 2017). 

The buildings were generated using stereo photogrammetric methods, capturing the roof-details 

larger than 1 meter with a precision of around 10cm (City of Cambridge, 2014). The sides of the 

buildings were created by projecting the roof-print onto a terrain model to create a 3D volume. In 

addition to buildings, ground plans and terrain classes are also available. Like Adelaide, the City 

of Cambridge are working towards a digital submission requirement from the Planning Board 

whereby any large project must submit a model after permit approval (see Figure 58). 

The purpose of the dataset is loosely cited as being ‘useful as a visual reference for the shape and 

location of buildings’ and as a setting for design studies and solar roof analysis (City of 

Cambridge, 2014). The intended users include both City staff and the public, with the largest 

demand from architects and designers (Jeff Amero, personal communications, 29th August 2017). 

Internally, the model will be used by various city departments including Public Safety, Traffic, 
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Public Works, and Water. The Board of Health department has already used the model to visualise 

how smoke from a restaurant was consistently blowing into a neighbouring high-rise (Jeff Amero, 

personal communications, 29th August 2017). Plans for the dataset include integrating a unique 

building ID for each 3D building to allow interoperability with existing 2D buildings data, address 

point layers and master address database (Amero 2017).   

 

Figure 58. Excerpt from the Simple Model Submission Guidelines for the Cambridge 3D model 

(from Amero 2017). 

 

Figure 59. Cambridge, MA as view in ArcScene 
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Central Geelong 

Since June 2014, the City of Greater Geelong council has offered a 3D model of the area under 

the Creative Commons 3.0 licensing (Australian Government, 2015). An internally funded 

project, the motivation for the production of this dataset is to ‘boost business and promote 

development for the region’ (City of Greater Geelong Council, 2015). The vision was to have a 

‘connected, digitally empowered and innovative community’ through maximising the benefits 

available from digital technologies – including 3D data (City of Greater Geelong Council, 2015). 

The council offers a 3D data exchange programme whereby developers are asked to send back 

their building models to the council to add to the existing dataset. The data provided contains 3D 

terrain, 3D building models/footprints and aerial imagery attached to terrain. Further, the council 

offers a service to generate 3D data models (City of Greater Geelong Council, 2015).  

The dataset contains the following attributes: ObjectID; model name; Z min; Z max; absolute 

mean roof height; absolute ground mean height, relative roof height, year of construction, 

description, site name and service manager. 

 

Figure 60. Central Geelong district with LoD1 and LoD2 buildings. 
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Dresden 

A collaborative project between the City of Dresden’s Department of Surveying, several private 

companies and universities, the 3D city model includes over 135,000 buildings, as well as 

additional terrain, orthophotos, vegetation and monuments classes (State Capital Dresden, 2016). 

The integration of different data sources is cited as the main benefit of aiding urban planning and 

administration processes. Specific use cases of the 3D dataset include visualisation of traffic 

routing, ‘Waldschlößchen’ bridge, noise mapping, designing tram and bus stops including 

surrounding built up areas and the presentation of business locations (State Capital Dresden, 

2016). The LoD2 models are created using airborne laser scanning to reconstruct the roof 

structures and projecting the roof-print onto a terrain model. All buildings with a footprint larger 

than 25 m2 are captured (3DGeo, 2007). Within the LoD3 capture guidelines, it states that the 

number of surfaces is to be kept to a minimum – with a maximum limit of 10,000 faces and 65,000 

vertices per building (State Capital Dresden 2011). The city model, however, is not open. Various 

products can be purchased from this 3D model for the entire urban area: 

1. LoD1 block models (untextured) - 13,500 Euros 

- Formats available: 2D shape + z, DXF, GML, KMZ 

2. LoD2 building models with roof structures (untextured) - 31,500 Euros  

- Formats available: 3D shapefile, DXF, GML, KMZ, FBX 

3. Selected LoD3 models with textures - price on request 

- Formats available: 3DS or FBX 

(Nadine Mertins, personal communications, 31st March 2017) 

A restricted area of 1 km2 is available free of charge for academic or scientific purposes. 

 

Figure 61. Dresden 3D model (screenshot from Landeshauptstadt Dresden, 2016) 
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Ettenheim 

Based on CityGML 1.0.0 standard (CityGML, 2015a), the Ettenheim dataset was created in 2006 

by Research Center Karlsruhe Institute of Technology (Research Center Karlsruhe, 2012). While 

strictly an experimental demonstration model, the inclusion of this dataset enabled a comparison 

between the envisaged future of 3D GIS datasets from 2006 and the existing current state of the 

art in 2015. The dataset contains 194 buildings between LoD0 to LoD3 and was automatically 

derived from an IFR dataset and manually enriched WRT (CityGML, 2015b). Features mapped 

include digital terrain models, rivers, roads, vegetation, building, materials, and textures. The 

dataset was created to demonstrate the different feature types and used to evaluate CityGML 

processing tools, visualisation systems and 3D spatial databases with respect to performance 

(CityGML, 2015b). 

 

Figure 62. Ettenheim 3D model viewed in Aristoteles 3D. 
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Frankfurt 

The 3D city model of Frankfurt is produced by spatially intersecting building floor plans of the 

city base map and data from aerial laser scanning (Stadtvermessungsamt Frankfurt am Main, 

2010). Developed by the City Surveying Office, the dataset contains approximately 230,000 

buildings at CityGML LoD1 and LoD2.  

The dataset was last updated in 2016 with LiDAR data from an aerial laser scanning exercise 

from May 2015 (Nicole Saravanja, personal communications, 29th April 2016). Textures from 

oblique aerial imagery will also be derived. 

The City Surveying Office cites the following municipal tasks as potential applications for the 3D 

city model: 

• Planning of flood protection measures; 

• Simulation of new buildings; 

• Noise propagation calculations; 

• Line and route planning; 

• Tourism; 

• City marketing, and; 

• Economic Development. 

(Stadtvermessungsamt Frankfurt am Main, 2010). 

Note that the City Surveying Office of Frankfurt has a maximum data size limit of 10km² for the 

3D city model. Therefore, only the city centre could be evaluated in this study. 

 

Figure 63. Excerpt from Frankfurt city model as viewed in FME 
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Fredericton 

Initially produced in Sketchup, the 3D building models were originally intended for Google’s 

‘Cities in 3D program’ (Google, 2017). In January 2010, over 100 photo-textured 3D buildings 

were added to Google Earth (Polderman, 2010). The building models were developed in 

collaboration between the City of Fredericton and the nearby 5th Canadian Division Support Base 

Gagetown’s Army Learning Support Center for Tactics School (D'Amours, 2010). A cited 

application includes the military simulations and tactical training, although the main motivation 

is city promotion. The models have since been made available through Fredericton’s Open Data 

portal (Fredericton, 2016).  

 

Figure 64. Fredericton, as viewed in Google Earth 
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The Hague 

Produced by the Municipality of 'S-Gravenhage, The Hague 3D model offers 231,837 buildings 

in LoD2 CityGML format. The model was created as a one-off in 2010 using aerial photographs 

from the Basic Registration of Large Scale Topography (BGT) (ESRI NL, 2016). 80% of the 

roofs are derived automatically, with complex roof shapes manually created. With annual updates 

for the BGT aerial photos, the aim is to update the model manually in the future. The 3D Program 

of The Hauge is based on five ‘pillars’: 

1. Set up management and expand 3D model 

2. Widening offer by unlocking external 3D sources 

3. Develop Hague's custom at project level 

4. Theme: 3D & Environmental Law 

5. Use: remote 3D and workflows 

(Erinkveld, 2016) 

The wider aim of the program is to enable the municipality to have greater control over their 3D 

geographic information. This will allow more possibilities for tailoring on a project-by-project 

basis and adapting to changing user requirements. For example, the 3D model allows the 

municipality to address information requirements from the new Environmental Information Act, 

by modelling noise, air, soil, and water quality. The extra dimension also allows for improvement 

in existing processes such as visualising usage features per floor for the registration of addresses 

(ESRI NL, 2016). This not only provides a better insight but allows for more targeted spatial 

analyses. The municipality highlights clearly the need for standardisation and interoperability. 

Currently, the most important management questions for the municipality are inventory of the 

requirements for use, followed by a clear description of, for example, method of collection and 

accuracy. Ultimately, a national classification standard for 3D models is desired, allowing 

interchangeable use with, for example, a Kadaster model (ESRI NL, 2016).  

 

Figure 65. Excerpt from The Hague, as viewed in FME 
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Hamburg 

Produced by State Operation Geoinformation and Surveying (LGV) Hamburg, the 3D city model 

is available in two variants: LoD1 and LoD2. The LoD1 variant provides simple ‘block’ models 

while LoD2 offers additional roof surface geometry. The LoD2 roof geometry are created by 

assigning a roof shape from a standardised library (LGV 2017). Cited applications include: 

energy, forestry and agriculture, administration, demography, housing, land use planning, 

regional and route planning, road construction and management, facility management, traffic 

navigation, transport, water management, ecology, environmental protection, geology and 

geodesy, culture recreation and leisure, and communication (LGV 2017). 

Future refinements of the model are possible. By using photogrammetry/aerial photographs, roof 

superstructures such as dormers, exhaust air systems and light or elevator shafts can be modelled 

(LGV 2017). Vehicles, people, trees, and textured building facades can also be included for 

additional realism.  

 

Figure 66. Excerpt from Hamburg LoD2 models 
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Helsinki 

In 2016, the City of Helsinki released both a semantic city model and ‘reality mesh’ to address 

the needs of businesses, tourism, navigation, rescue authorities, telecommunication network 

construction, building management and regional planning (City of Helsinki, 2017a). The city 

information models are used in twelve pilot projects including Helsinki solar energy potential 

analysis, the Aleksanterinkatu maintenance tunnel project, and Ogelikone, a game-like 

application for urban planning. The benefits of the city models cited include but are not limited 

to: savings in production and service provision; consistent and detailed model platform for 

external consultants; communicating development objectives; supporting decision-making; 

assessing environmental objectives; promoting business, and; potential for the gaming industry 

to utilise the model in commercial products (City of Helsinki, 2017a). Future iterations of the city 

information model will cover bodies of water, bridges, and trees. 

It must be noted that by producing both a semantic city information model (for analyses and 

simulation) and a reality mesh (for visualisation), the City of Helsinki is able to draw from the 

strengths of both representations and future-proofs the data models, ameliorating the risk of 

obsolescence. 

 

Figure 67. Excerpt from Helsinki 3D model - textured 
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Honolulu, HI 

Created in 2012, the Honolulu 3D model was original created for Google Earth and Mobile Maps 

(DeVito and Gage 2012). The data was re-processed for ESRI applications with 14 feature GIS 

classes, including 6,333 buildings including roof detail and superstructures. The classes include 

predominantly geometric attributes (heights, surface areas, roof slope) but also includes a roof 

style description of each building (e.g. flat, saddle, etc.). 

Potentially ‘multiple agency benefits’ are cited including the department of planning’s Honolulu 

transit project and the Mayors energy and sustainability taskforce (DeVito and Gage 2012). The 

dataset has since expanded to encompass 19,500 buildings as part of the Open Data Program 

(ESRI 2014). Predominantly the dataset has been used to demonstrate the potential for solar 

renewable energy to help plan for future sustainability. The models have also been used to 

estimate a building’s storm water runoff, visualise possible urban growth scenarios and line-of-

sight analyses for public safety purposes (ESRI 2014). 

 

Figure 68. Honolulu, HI as viewed in ArcGIS Online (ESRI, 2013) 
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Linz 

Available since 2013, the 3D model of Linz was produced from existing digital surface model, 

photogrammetric roof evaluations and building plans using Autodesk Infraworks (Autodesk 

2014).  The building model is used to help communicate different urban planning scenarios and 

to help support decision making. One example was the ‘Ebelsberg project’ where the model was 

used to help visualise a new housing complex which was to be constructed in the historical urban 

area (Autodesk 2014). Further benefits of the 3D model include addressing any overshadowing 

concerns from residents through simulation. The model also allows for more effective 

communication from the city planning department to builders, architects, and policy makers.  

 

Figure 69. Excerpt from Linz model, as viewed in FME Data Inspector 

London 

In March 2014, Ordnance Survey, released ‘Building Height Attribute’, a product enhancement 

to their existing ‘OS MasterMap Topography Layer’ (Ordnance Survey, 2014a). The alpha release 

contains 19.625 million buildings, covering 10,000 km2 of major towns and cities across Great 

Britain and allowing users to create LoD1 building models from the additional attributes on 

building heights (Figure 70). 

The intended applications range from simple 3D visualisations to assisting analysis across land 

and property, energy and infrastructure, public sector and financial services sectors (Ordnance 

Survey, 2014a). The cited benefits include (Ordnance Survey, 2015a): 1) creating virtual towns 

and cities; 2) optimising design options and; 3) accompanying use with virtual terrain products. 

Additional benefits include the use in Building Information Modelling (BIM) processes to ensure 

teams are coordinated using the same information.  

The dataset is provided in a comma-separated value format which could be joined to ‘OS 

MasterMap Topography Layer’ features using a ‘Topographic Identifier’ or TOID. The dataset 

contains five heights: 1) the absolute height of the ground level; 2) the absolute height of the base 
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of the roof; 3) the absolute height of the highest point on the building; 4) the relative height from 

ground level to the highest point of the roof and; 5) the relative height from ground level to the 

base of the roof (Ordnance Survey, 2014b). These heights are illustrated in Figure 71. 

 

Figure 70. Coverage map of OS MasterMap Topography Layer – Building Height Attribute. (Data 

from: (Ordnance Survey, 2015b)). 

 

Figure 71 The five height values within OS MasterMap Topography Layer – Building Height 

Attribute (Ordnance Survey, 2014b). 
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Lyon 

Released in 2015, the communities and districts of metropolitan Lyon are modelled according to 

the CityGML standard using RhinoTerrain and RhinoCity software (Plane, 2015). Covering 

533.68 km2, building models are available for 2009 and 2012. An additional 40GB of 3D models 

from 2015 will be made available by September 2017 (Gourgand, 2016). The models consist of 

two to six classes:  

1) Digital terrain model;  

2) Textured 3D buildings; 

3) Notable buildings (town halls, churches); 

4) Notable bridges; 

5) Water surfaces, and; 

6) Notable objects (states, fountains). 

(Grand Lyon 2015) 

Publicly funded, the intended users of the dataset include start-ups, scientists, partners of the 

city and citizens (Plane 2015). In 2014, a partnership with the Thermal Center of Lyon 

(CETHIL) experimented with the 3D city model to analyse a range of applications: 

• Noise and air pollution in 3D; 

• Simulation of floods and impacts on existing buildings; 

• Shadow analysis on planning requirements; 

• Thermal, acoustic, and aerodynamic aspects of the urban environment; 

• Visualisation and analysis of urban planning rules in 3D; 

• BIM; 

• Photovoltaic potential of buildings. 

(Gourgand, 2016) 

For the data production aspect, the aim is now to reduce the ‘weight’ of the data, especially for 

textured faces. The expectation is that fewer faces will equate in fewer calculations, facilitating 

dissemination, exploitation, and reuse of the 3D data.  

The building models for 2009 and 2012 are aggregated as groups of buildings. This allowed for 

easier management, simpler updates, and less voluminous data when texturing (Benoit Gourgand, 

personal communications, 12th September 2017). However, with the increasing use, this data 

structure is found to be unsuitable (Gourgand, 2016). For the 2015 dataset, the built elements will 

be grouped according to a more logical division e.g. individual building plots. This process, 

however, has increased the data volume three-fold and has increased time cost in production.  

http://www.territoires-ville.cerema.fr/IMG/pdf/signature_n_63_cle5c853f.pdf
http://www.territoires-ville.cerema.fr/IMG/pdf/signature_n_63_cle5c853f.pdf
http://www.territoires-ville.cerema.fr/IMG/pdf/signature_n_63_cle5c853f.pdf
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Figure 72. Excerpt from Lyon – 1st arrondissement, as viewed in FME 

Melbourne 

The City of Melbourne manages a 3D model with 20,585 existing building models over 36 km2. 

The first capture was carried out in 2008 by AAM Group, with a subsequent full capture in 

September 2012. An update capture was carried out in May 2015 to ‘fill in’ new buildings. The 

dataset is a ‘hybrid’ capture – while the whole city was modelled in 2012, the inner-city areas 

were updated in 2015 (James Regan, personal communications, 12th December 2017). 

The motivation for creating the dataset was to allow for better design, better storytelling and 

allowing the city and its citizens to make better decisions. Potential users envisaged for the data 

include statutory planning, strategic planning, tourism, urban designers, events team, and users of 

the city’s web based mapping platforms. Although the 3D model is not currently publicly 

available, the 2D building footprints are available via the Open Data platform 

(data.melbourne.vic.gov.au). Simplified models are also used within the City of Melbourne's 3D 

Development Activity Model (https://developmentactivity.melbourne.vic.gov.au/). The web-

based model provides a representation of major development activity in the Melbourne Local 

Government Area. The visualisation is underpinned by information from the City of Melbourne 

Planning systems.  

The dataset is originally supplied as a 3DS model with an insertion point shapefile but is now 

managed as a multipatch feature class within ArcGIS Pro (ESRI). The project was funded through 

an internal GIS budget. Beyond the building geometry, the dataset includes the following 

attributes: Structure ID; Property ID; Model Type (Building, Bridge, Artwork, etc); Texture 

Origin; Geometry Origin; Source; Date Captured; Status (Constructed, Historic, Under 

Construction); Overall height; Height of base of building; Date Constructed; Suburb, and ; Last 

Edited Date. 
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Figure 73. City of Melbourne’s 3D Development Activity Model.  

Montreal 

Released in 2013, the textured 3D model of Montreal from 2009 was produced using 

photogrammetric methods to CityGML’s LoD1 and LoD2 (Construction Association of Quebec, 

2013). The model respects the principles of the ‘3D Ethics Charter’ of which the City of Montreal 

is one of the initiators and signatories (Construction Association of Quebec, 2013). The charter 

establishes a code of conduct to avoid the misuse of 3D data (Mongeau et al. 2009). In particular, 

the charter commits to providing three-dimensional representation of the real world without any 

manipulation to avoid influencing the viewer, the client, or the decision-maker (Mongeau et al. 

2009).  Cited potential applications include: Promotion of urban building in Montreal; Downtown 

economic development; Locating heat islands; Public security; Urban planning, and; 

Cinematographic projects (Construction Association of Quebec, 2013). 

 

Figure 74. Excerpt from Montreal dataset as viewed in FME 
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The Netherlands 

Kadaster, The Netherlands’ Cadastre, Land Registry, and Mapping Agency, offers several nation-

wide 3D datasets. Firstly, ‘3D Map NL’ is produced by combining the most detailed digital 

topographic base product, TOP10NL, with height information from Actueel Hoogtebestand 

Nederland (AHN2) resulting in 15 million objects (including buildings, terrain and water bodies) 

represented in three dimensions (Kadaster 2017a). From this, ‘3D building height NL’ is derived, 

resulting in 2,982,264 features in LoD1 buildings (Kadaster 2017b). Four height attributes are 

offered from AHN2: minimum height; maximum height; average height, and; median height. One 

of the cited applications of the 3D model is addressing the noise policy under the new 

Environmental Act. Each municipality is obligated to update the noise monitoring every five 

years, thus the use of 3D allows governments to continuously run 3D sound calculations (Kadaster 

2017a). 

The dataset is still in its first iteration and has yet to be updated due to the lack of new height 

information. The difference in capture date between TOP10NL and AHN2 also leads to 

inconsistencies within the data.  However, Kadaster are investigating the possibility of updating 

using point clouds derived from close matching of stereo aerial photographs (Kadaster 2016). 

 

Figure 75. 3D Building Heights NL as viewed in FME 
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New York City 1 

Created as part of a student project, this model has been created based on datasets from the NYC 

Open Data Portal (Kolbe et al. 2015). The dataset includes buildings, land parcels, roads, parks, 

terrain, and water bodies by integrating 26 different datasets from five departments, generating 

3D features from 2D data. Future work on solar potential analysis for the entire New York City 

region with further enrichment of building objects with irradiation values are planned (Kolbe et 

al. 2015). The research team is also investigating the potential of using the 3D street model to 

derive input datasets for the micro traffic simulation software VISSIM (Kolbe 2017). 

 

Figure 76. NYC 1 as viewed in Cesium 
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New York City 2 

Using CityGML as a basis, the NYC 3-D Building Massing Model developed by the Department 

of Information Technology and Telecommunications is a hybrid of LoD1 and LoD2 (NYCITT 

2014). All major roof structures (such as pitched roofs) are modelled, but dome and rounded roofs 

are not. Roof ‘appendages’ or features such as chimneys, parapets, spindles, and antenna are not 

modelled. The dataset includes many ‘iconic’ buildings modelled to LoD2. Unlike other datasets, 

this model was a one-time capture, with future updates and extension considered if the model 

proves to be useful. One cited application of the model is a shadow study of New York City (Bui 

and White, 2016). 

 

Figure 77. NYC 2, as viewed in Cesium 
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North Rhine-Westphalia 

Published under the German open data license, the region-wide 3D model of North Rhine-

Westphalia the dataset contains 8,679,870 LoD1 and 9,524,213 LoD2 buildings across 34,098 

km² (Bezirksregierung Köln 2016). The cited potential applications of the dataset include: Use in 

city planning and urban development; Planning for flood and noise protection, supply lines and 

radio networks; Support to economic development and regional tourism; Use in 3D navigation; 

Use for the construction and continuation of solar cells, and; Creation of visibility analyses 

(Bezirksregierung Köln 2016). 

 

Figure 78. Excerpt from NRW dataset – Specifically, Dusseldorf, as viewed in FME, in LoD2 

Perth 

The City of Perth has opted for a structured semantic city model over a scanned photogrammetric 

mesh model. This approach was selected as allows for maximum flexibility e.g. some projects 

only require buildings and terrain modelled without trees and street furniture (Dimitri Fotev, 

personal communications, 23rd August 2017).  

The Perth dataset contains approximately 5,100 buildings available at three levels (see Figure 79): 

• Level 1: Non-textured models 

• Level 2: Low resolution textured models 

• Level 3: Higher detailed models, approximately 300 of the central business district and 

landmark buildings 

(Dimitri Fotev, personal communications, 23rd August 2017). 

The data is not open, but Level 1 models are available to professional consultants for design 

concept development under a standard data license agreement (City of Perth 2015).  
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There are three main motivations for producing the 3D model. Firstly, to allow for the import and 

live analysis of new development applications for planning meetings. Secondly, to allow for the 

creation of a visually rich 3D representation for Planning and Urban development streetscape 

proposals. Thirdly, to allow for maximum flexibility and accuracy of the data as the City Model 

develops with respect to software and its usage (Dimitri Fotev, personal communications, 23rd 

August 2017). The city model is described to be not one system, but rather, various datasets 

imported into different software to obtain the best outcome for specific project. By not limiting 

themselves to one software or file format, the City of Perth is able to capitalise on the versality 

and strengths of different 3D systems. 

 

Figure 79. The three levels of building model offered in the Perth model (City of Perth 2017) 

 

Figure 80. Example of the Perth 3D City Model, from Development Application 3D Digital 

Models Submission Guide (City of Perth 2016) 
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Philadelphia 

Available for open download through the Pennsylvania Spatial Data Access (PASDA) are 3D 

building models of Philadelphia for the years 2008, 2010 and 2015 (PASDA 2017).  

 

Figure 81. Philadelphia as viewed in ArcScene  

Rotterdam 

Created by the Basic Information Department, the Rotterdam 3D model is created by combining 

the Basic Registration Address and Buildings data (BAG) and height information from 2010 

FliMAP system scans (Municipality of Rotterdam, 2017). The data is offered in CityGML format 

and is aggregated by neighbourhoods. Potential users include schools, universities, government, 

Rotterdam services, gamers, and domestic and international businesses (Municipality of 

Rotterdam, 2017). The data is available free of charge. 

 

Figure 82. Excerpt of Rotterdam, as viewed in FME 



288 

 

San Francisco, CA 

Previously, the City and County of San Francisco provided a dataset called ‘Building Footprints’ 

produced by Pictomertry in 2010 (Data SF, 2017). The features, however, were aggregated 

building masses, with instances where a single complex structure represented multiple adjacent 

residential buildings. To respond to State of California requirements for monitoring the energy 

efficiency of certain commercial structures (over 925 square meters), funding was obtained to 

split the building masses split into individual structures based on building vertices with parcel 

boundaries as guidance (Data SF, 2017). The individual building foot prints were then intersected 

with three LiDAR-derived grid surfaces at 50cm to calculate building heights. Nine statistics 

(minimum, maximum, range, mean, standard deviation, variety/count of unique values, majority, 

minority, and median) were calculated for the first return, ground surface and height surface grid. 

Summary statistics (minimum, median, delta, maximum) were also calculated for each building.  

 

Figure 83. San Francisco block model – as viewed in ArcScene 
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Singapore 

Led by the Singapore Land Authority (SLA), the city model is part of a $8 million SGD (~£4.4 

million GBP) project to create and maintain a high-resolution 3D map of the country (Bentley 

2017). The project began in April 2014 and is 50% financed by the Government of Singapore and 

50% by external agencies, primarily the Civil Aviation Authority of Singapore (CAAS) and the 

Public Utilities Board (PUB) (Zeiss, 2015). The 3D model is used by the Civil Aviation Authority 

of Singapore to assess glide paths over the city, and by the Public Utilities Board to assess the 

impact of flooding (Zeiss, 2015). Other examples of applications include analysing park shade 

coverage of trees, analysing visual impact of new building developments and managing 

underground space such as malls and MRT stations (ESRI South Asia 2016). 

Despite the adoption of the CityGML standard, an open data model, there are very strict data 

security requirements for the 3D model. For example, all processing must be undertaken in secure 

government facilities within Singapore (Nicholls and Kruimel, 2017). The model can only be 

accessed using a dedicated one-off computer set-up coupled with security clearances for key 

personnel. Needless to say, the dataset is not open access.  

The initial phase has focused on reproducing buildings. Phase two will focus on modelling 

transportation network and city furniture, including bus stops, street lights, traffic lights and 

overhead bridges (Nicholls and Kruimel, 2017). A two-year project has been contracted with 

Ordnance Survey International to support the automation challenge of converting IFC-BIM into 

CityGML for incorporation into the 3D city model (Ordnance Survey 2017).  

 

Figure 84. 3D model of Singapore (from ESRI Singapore 2016)  

http://geospatial.blogs.com/geospatial/2015/11/be-inspired-award-winner-at-yii2015-national-3d-model-for-singapore.html
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Taipei 

The Taipei city area dataset contains around 220,000 buildings and was modelled in 2013 with 

an annual refresh cycle (Sun, 2013). Produced to LoD1, the buildings were automatically extruded 

from building footprints with heights and incorporated with aerial imagery and a façade texture 

database. 98% of the building models display accurate roof texture. For the facades, Google 

StreetView imagery from Google Maps API was used to identify an image from the pre-build 

texture database (of around 2,000 façade texture images) of best fit (Sun, 2013). This was then 

attached to the building. Figure 32 shows a comparison between Google Street View images and 

the texture matched models. The data is presented as a network linked Google Earth KML to a 

remote URL to allow for efficient rendering and easy updating by the authors (Sun, 2013). 

The motivation for the dataset was to build a virtual 3D city for government purposes, serving the 

residents of the city while marketing the city at the same time (Shu-Kuo Sun, personal 

communication, 4th August 2015). It is presented via an online web portal with a Google Earth 

interface, allowing multiple layers to be placed on top for visualisation (Smart City Taipei, 2015). 

In particular, pre-defined routes allow users to explore different projects in Taipei such as urban 

planning, culture and art and travel tourism (Department of Information Technology, 2014).  

The buildings in this dataset do not contain any semantic attributes beyond an ID number. 

 

 

Figure 85. Taipei 3D city data in Google Earth 
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Thuringia 

This regional 3D dataset provides over 2.2million buildings in LoD1 and LoD2 for the entire Free 

State of Thuringia. Covering 16,171 km², the dataset includes 2,214,926 LoD1 and 2,210,852 

LoD2 models published under the German open data license. The model was created to assist 

with legal tasks of the surveying authorities, with the main intended users to be city planners and 

modellers, administration authorities, environmental analysts, GIS-users, and the insurance 

business (Irene Walde, personal communications, 4th October 2017). 

 

Figure 86. Excerpt from Thuringia, as viewed in FME. LoD2 
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Toronto 

Released in January 2015 under the Open Government License, the Toronto 3D massing model 

provides over 397,000 buildings at LoD1. Funded by Toronto’s City Planning office, the 3D 

models are intended to improve the planning process by providing city-wide 3D data in accessible 

formats to the general public (City of Toronto, 2015). Based on a model created in MicroStation 

creates using the city’s 2D property data map, the 3D model includes historic, landmark and new 

buildings created from architectural plans submitted to the City’s Building division (City of 

Toronto, 2015). 

The motivation for this dataset was to create an inventory of existing building fabric focusing on 

the downtown core, providing a medium in which other digital planning models and materials 

can be linked together (City of Toronto, 2015). The aim was to create a tool for testing proposed 

new buildings on existing urban conditions. While the dataset is currently extensively used by 

planning staff, the development community and the public for shadow impact studies and massing 

visualisation (City of Toronto, 2015), clear use cases have yet to arise. Users of the data are invited 

to submit feedback and use cases via email or social media (Goffin, 2015). The dataset is updated 

regularly with around 60 new buildings added to the 3D Massing model each year (Goffin, 2015). 

Future work include creating a visual portal to allow the access to a large collection of city 

building ideas, integrating 3D data with BIM and improving data availability and delivery options 

(City of Toronto, 2015). 

The dataset contains the following attributes: absolute height; absolute ground level; relative 

height and model’s year of creation. 

 

Figure 87. Excerpt of the Toronto 3D dataset, focusing on the South, viewed in ArcScene. 
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Vancouver 

Created by the Information Technology, GIS and CADD Services branch of the City of 

Vancouver, the 3D dataset is comprised of two sets of building footprints from 1999 and 2009 

(City of Vancouver, 2015). The footprints were generated from LiDAR data and the 2009 dataset 

contains a number of 3D geometric attributes including: 

• TOPELEV_M: Highest elevation of the building element in meters (geodetic) 

• MED_SLOPE: The median slope of the building roof in degrees 

• BASEELEV_M: The lowest elevation of the building element in meters (geodetic) 

• HGT_AGL: The building element height above grade level in meters 

• ROOFTYPE: The type of building roof as defined by three categories; Complex, Flat, 

and Pitched 

• AVGHT_M: The average height of the building element in meters 

• MINHT_M: The minimum height of all elements sharing BLDGID in meters 

• MAXHT_M: The maximum height of all elements sharing BLDGID in meters 

• BASE_M: The base elevation of all elements sharing BLDGID in meters 

Note that the 1999 data set contains only the building footprint polygons and no attribute 

information. 

 

Figure 88. Vancouver, as viewed in ArcScene 
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Washington, District of Columbia 

This dataset contains structures originally captured from 2005 aerial imagery with updates based 

on 2010 aerial imagery (District of Columbia, 2015)). It was produced by CyberCity3D using 

stereo imagery under contract to the District of Columbia as part of the DC Geographic 

Information Systems (DC GIS) programme (District of Columbia, 2015). Last updated in April 

2015 with 467,680 buildings, the dataset is available in ESRI multipatch format. The source of 

the data stated that additional datasets delivered by CyberCity3D included a breakdown into 

separate facades, roofs and roof elements (gabled windows, chimneys and elevator utility rooms) 

(District of Columbia, 2015). The main motivation for the dataset is for the planning and 

management of Washington, D.C. by local government agencies (District of Columbia, 2015). 

Key strategic buildings such as the White House, the Washington Monument and the Capitol 

Building has not been modelled (see Figure 89). This highlights the security concerns inherent 

within 3D – with additional levels of reality comes additional risks in security and privacy. 

Released directly by the District of Columbia GIS department, it shows that the perceived benefits 

of access to 3D geographic information is perhaps greater than the potential inherent security 

risks. 

 

Figure 89. An excerpt of the Washington DC 3D buildings model dataset viewed in Google Earth. 

Note that the White House and the Capitol Building are both missing. 
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Summary of attribute and semantic information 

Table 55. Summary table of attributes included within the 3D datasets. 

City Attributes 

Adelaide Mesh name 

Austin Key landmarks have names e.g. Arts Center, DKR Stadium 

Berlin Building ID 

Boston None 

Brussels Building ID 

Cambridge 
Name, Observed Date, Observed Note, Note, Status, Edit Date, 

Editor, AppNote, and Building ID 

Central Geelong None 

Dresden Building ID 

Ettenheim Building ID 

Frankfurt Building ID 

Fredericton Building name 

The Hague Building ID, Relative Eaves Height, Relative Ridge Height 

Hamburg 
Creation Date, Building ID, Level of Detail, Measured Height, 

Measured Height Units, Storeys Above Ground. 

Helsinki 

Building Height, Building Roof Name, Creation Date, Building 

ID, Measured Height, Measured Height Units, Ground Level 

Height, Highest Roof Height, Lowest Roof Height, Repaired status 

Honolulu - 

Linz Building ID 

London Theme, Tile reference and 5 height values 

Lyon Building ID 

Melbourne 
Structure ID, Model Type, Capture Date, Status (Construction), 

Overall Height, Base Height, Suburb, and Last Edit Date 

Montreal Building ID 

The Netherlands Building ID, Status, Height, Name 

New York City 1 

Building ID, Address ID, Block number, Area (sqm), Volume 

(cubic m), Ground elevation (m), PLUTO tax lot data (e.g. Lot 

Address, Number of Floors, Year Built, Year Altered, Building 

class, Building depth (m), Building frontage (m), Built floor area 

ratio, Commercial area (m), Land use category) 

New York City 2 Building ID, Level of Detail 

file:///C:/Users/uceskkw/OneDrive/UCL%20EngD/2017%20EngD%20-%20YEAR%20THREE/_v2.0/Tables/180221%203D%20datasets%20review%20-%20PART%20ONE.xlsx%23RANGE!_ftn1
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North Rhine-Westphalia Building ID, Level of Detail 

Perth - 

Philadelphia Name, Z_Min, Z_Max, Z_Mean 

Rotterdam Building ID, Level of Detail 

San Francisco 

44 individual fields, including geometry and ObjectID. Other 

information includes: Building ID, San Francisco property key, 30 

different LiDAR-derived heights, 5 summary heights, perimeter 

and area. 

Singapore - 

Taipei None 

Thuringia 
Building ID, Level of Detail, Measured Height, Measure Height 

Units 

Toronto None 

Vancouver 

Building ID, Angle of footprint polygon (degrees), Highest 

elevation (m), Median slope of building roof (degrees), Lowest 

elevation of building (m), Building height about grade level (m), 

Roof Type, Area of footprint (sqm), Average Height, Minimum 

Height, Maximum Height, Base Height, Cumulative length of 

footprint, Cumulative Width of footprint 

Washington, D.C. Building ID, Footprint size (sqm) 

 

  



297 

 

Table 56. Summary table of semantic information included within the 3D datasets. 

City Attributes 

Adelaide None 

Austin None 

Berlin CityGML (Ground surface, Wall surface and Roof surface) 

Boston None 

Brussels CityGML (Ground surface, Wall surface and Roof surface) 

Cambridge None 

Central Geelong None 

Dresden CityGML (Ground surface, Wall surface and Roof surface) 

Ettenheim 

CityGML (Building installation, City Furniture, Door, Generic 

City Object, Ground Surface, Land Use, Plant Cover, Relief 

Feature, Road, Roof Surface, TIN Relief, Wall Surface, Water 

Body, Water Surface, and Window) 

Frankfurt CityGML (Ground surface, Wall surface and Roof surface) 

Fredericton None 

The Hague CityGML (Ground surface, Wall surface and Roof surface) 

Hamburg CityGML (Ground surface, Wall surface and Roof surface) 

Helsinki CityGML (Ground surface, Wall surface and Roof surface) 

Honolulu - 

Linz CityGML (Ground surface, Wall surface and Roof surface) 

London None 

Lyon CityGML (Ground surface, Wall surface and Roof surface) 

Melbourne None 

Montreal CityGML (Ground surface, Wall surface and Roof surface) 

The Netherlands CityGML (Ground surface, Wall surface and Roof surface) 

New York City 1 CityGML (Ground surface, Wall surface and Roof surface) 

New York City 2 CityGML (Ground surface, Wall surface and Roof surface) 

North Rhine-Westphalia CityGML (Ground surface, Wall surface and Roof surface) 

Perth - 

file:///C:/Users/uceskkw/OneDrive/UCL%20EngD/2017%20EngD%20-%20YEAR%20THREE/_v2.0/Tables/180221%203D%20datasets%20review%20-%20PART%20ONE.xlsx%23RANGE!_ftn1
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Philadelphia None 

Rotterdam CityGML (Ground surface, Wall surface and Roof surface) 

San Francisco None 

Singapore - 

Taipei None 

Thuringia CityGML (Ground surface, Wall surface and Roof surface) 

Toronto None 

Vancouver None 

Washington, D.C. None 

  



 

 

 

 

 

 

 

 
Appendix II 
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Full code for metrics calculator 

Initial.java 

package uk.ac.ucl.geoinfo.uceskkw; 

 

import java.text.DecimalFormat; 

import java.time.LocalDateTime; 

import java.time.format.DateTimeFormatter; 

 

import javax.swing.JOptionPane; 

 

public class Initial { 

 

 static String table_name; 

 static String version = "v0.8"; 

 

 public static void main(String[] args) { 

 

  // Set dataset source 

 Object[] possibilities = 

{"C00_BERLIN_TEST","C00_MONTREAL_SIX","C00_FRANKFURT_SIX","C00_SIMPLEROOF","C01_BERLIN","

C02_ADELAIDE","C03_TORONTO","C04_WASHINGTON","C05_FRANKFURT","C06_ROTTERDAM","C07_NEWYORK

_1","C08_NEWYORK_2","C09_MONTREAL","C10_BLOOMINGTON","C11_SHEFFIELD","C12_LONDON","C13_ET

TENHEIM","C14_RANDOM3D_LOD3","C15_BRUSSELS","C16_AUSTIN","C17_CAMBRIDGE","C18_LINZ","C19_

PHILLY","C20_SAN_FRAN","C21_HELSINKI","C22_HAGUE","C23_NETHERLANDS","C24_VANCOUVER","C25_

FREDERICTON","C26_GEELONG","C27_HAMBURG_LOD1","C28_HAMBURG_LOD2","C29_BOSTON2","C30_THURI

NGIA_LOD1","C31_THURINGIA_LOD2","C33_NRW_LOD1","C34_NRW_LOD2","C35_MELBOURNE"}; 

 

  /** Automated code snippet - runs all tables**/ 

  // for (int i = 0; i < possibilities.length; i++) { 

  // table_name = (String) possibilities[i]; 

  //             

  // /** Step 1 - Connect to Oracle and extract the geometry **/ 

  // System.out.println("Table name: " + table_name); 

  // System.out.println("===================================="); 

  //             

  // OracleConnection connect = new OracleConnection(); 

  // connect.return_row_count(table_name); 

  // connect.loadcoords(table_name); 

  // } 

  //         

  table_name = (String) JOptionPane.showInputDialog(null, "Select a dataset", "3D 

Validator " + version, 

   JOptionPane.PLAIN_MESSAGE, null, possibilities, possibilities[0]); 

 

  // Handles cancel button 

  if (table_name == null) { 

   System.out.println("Cancelled"); 

   System.exit(1); 

  } 

 

  // Start timer (used to measure how long the program takes to run) 

  long startTime = System.nanoTime(); 

  System.out.println("========== 3D Validator " + version + " =========="); 

 

  DateTimeFormatter dtf = DateTimeFormatter.ofPattern("yyyy/MM/dd HH:mm:ss"); 

  LocalDateTime now = LocalDateTime.now(); 

  System.out.println("Start time: " + dtf.format(now)); // Format 

  // 2016/11/16 

  // 12:08:43 

 

  /** Step 1 - Connect to Oracle and extract the geometry **/ 

  System.out.println("Table name: " + table_name); 
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  System.out.println("===================================="); 

 

  OracleConnection connect = new OracleConnection(); 

  connect.return_row_count(table_name); 

  connect.loadcoords(table_name); 

 

  // Shows how long the program took to run in nanoseconds 

  long endTime = System.nanoTime(); 

  DecimalFormat formatter = new DecimalFormat("#0.00"); 

  double d = (endTime - startTime) / 1000000000.0; 

  System.out.println("===================================="); 

  System.out.println("Operation complete in " + formatter.format(d) + " s"); 

 } 

} 

 

Oracle Connection.java 

package uk.ac.ucl.geoinfo.uceskkw; 

 

import java.sql.*; 

import java.time.LocalDateTime; 

import java.time.format.DateTimeFormatter; 

import java.util.AbstractMap; 

import java.util.AbstractMap.SimpleEntry; 

import java.util.ArrayList; 

import oracle.jdbc.pool.OracleDataSource; 

 

public class OracleConnection { 

 private Connection conn; 

 public ArrayList < String > theFaces = new ArrayList < String > (); 

 public ArrayList < SimpleEntry < String, double[] >> building_info = new ArrayList < 

AbstractMap.SimpleEntry < String, double[] >> (); 

 public static int srid = 0; 

 public int rowcount = 0; 

 String tablename = Initial.table_name + "_ALL_STATS"; 

 

 // Initialisation method - various checks to ensure that the JDBC driver is 

 // present and connection is successful 

 public OracleConnection() { 

  conn = null; 

  System.out.println("Attempting Oracle connection..."); 

  try { 

   conn = createCon(); 

  } catch (ClassNotFoundException e) { 

   System.out.println("Oracle JDBC Driver Missing."); 

   e.printStackTrace(); 

   return; 

  } catch (SQLException e) { 

   System.out.println("Connection Failed! Check output console"); 

   e.printStackTrace(); 

   return; 

  } 

  if (conn != null) { 

   System.out.println("Database connection successful :)"); 

  } else { 

   System.out.println("Failed to make database connection."); 

  } 

 } 

 

 // Method to create SQL statement 

 private Statement createStatement() { 

  // Create a statement 

  Statement stmt = null; 

  try { 
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   stmt = conn.createStatement(); 

  } catch (SQLException e) { 

   e.printStackTrace(); 

  } 

  return stmt; 

 } 

 

 // Method to create Oracle Connection with connection details 

 public Connection createCon() throws ClassNotFoundException, SQLException { 

  String user = "<redacted>"; 

  String password = "<redacted>"; 

  String database = "<redacted>"; 

 

  // Open an OracleDataSource and get a connection 

  OracleDataSource ods = new OracleDataSource(); 

  ods.setURL("jdbc:oracle:thin:@localhost:1521:" + database); 

  ods.setUser(user); 

  ods.setPassword(password); 

  Connection conn = ods.getConnection(); 

  return conn; 

 } 

 

 // Method to extract data from the database into J3D_Geometry. The buildings 

 // are then decomposed into face elements and saved into a String ArrayList 

 public int return_row_count(String tablename) { 

  try { 

   setConn(createCon()); 

 

   String query = "SELECT COUNT(*) from " + tablename; 

   Statement stmt1 = createStatement(); 

   ResultSet rs = stmt1.executeQuery(query); 

   while (rs.next()) { 

    rowcount = rs.getInt(1); 

   } 

   rs.close(); 

   stmt1.close(); 

   getConn().close(); 

  } catch (ClassNotFoundException e) { 

   e.printStackTrace(); 

  } catch (SQLException e) { 

   e.printStackTrace(); 

  } catch (Exception e) { 

   System.err.println(e.getMessage()); 

  } 

  System.out.println("Count query complete."); 

  System.out.println("Number of Rows: " + rowcount); 

  return rowcount; 

 } 

 

 // Method to extract data from the database into J3D_Geometry. The buildings 

 // are then decomposed into face elements and saved into a String ArrayList 

 public void loadcoords(String tablename) { 

  // Create new Basic_Stats object 

  System.out.println("Calculating basic statistics"); 

  All_Stats parser3D = new All_Stats(); 

  try { 

   setConn(createCon()); 

 

   String query = "select GEOM, GML_PARENT_ID from " + tablename + " ORDER BY 

GML_PARENT_ID ASC"; 

   Statement stmt1 = createStatement(); 

   ResultSet rs = stmt1.executeQuery(query); 

   building_info = parser3D.parse(rs, rowcount); 

   rs.close(); 

   stmt1.close(); 
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   System.out.println("===================================="); 

   System.out.println("Coordinates processed."); 

 

   // Save to database method - creates a new Oracle table and 

   // saves 

   // stats 

 

   save_to_database(building_info); 

 

   getConn().close(); 

 

  } catch (ClassNotFoundException e) { 

   System.out.println("Class Not Found Error"); 

   e.printStackTrace(); 

  } catch (SQLException e) { 

   System.out.println("SQL Exception Error"); 

   e.printStackTrace(); 

  } catch (Exception e) { // Catch exception if any 

   System.err.println(e.getMessage()); 

  } 

 

 } 

 

 public void save_to_database(ArrayList < SimpleEntry < String, double[] >> 

building_stats) throws Exception { 

 

  // Create Connection 

  // conn = createCon(); 

  // Write an SQL statement to create the table 

  String createtable = "CREATE TABLE " + tablename + " (GML_PARENT_ID VARCHAR2(250) NOT 

NULL, NO_FACES NUMBER NOT NULL, UNIQ_EDGE NUMBER NOT NULL, NON_UNIQ_VERT NUMBER NOT NULL, 

" + "UNIQ_VERT NUMBER NOT NULL, EULER NUMBER, ROOF_SHAPE VARCHAR2(8), FOOTPRINT_AREA 

NUMBER NOT NULL, SHORTEST_EDGE NUMBER NOT NULL, " + "SHORT_EDGE_COUNT NUMBER NOT NULL, 

AV_VERT_PER_FACE NUMBER NOT NULL)"; 

  PreparedStatement ps; 

 

  // Drop statement 

  String droptable = "DROP TABLE " + tablename; 

 

  try { 

   ps = getConn().prepareStatement(createtable); 

   ps.execute(); 

   System.out.println("Table created successfully."); 

  } catch (SQLException e) { 

   System.out.println("Table already exists. Dropping and creating new table."); 

   // Drop table 

   ps = getConn().prepareStatement(droptable); 

   ps.execute(); 

   // Create new table 

   ps = getConn().prepareStatement(createtable); 

   ps.execute(); 

  } 

 

  // Loop through HashMap and write results 

  for (int i = 0; i < building_stats.size(); i++) { 

 

   if (i % 10000 == 0) { 

    System.out.print(i + " of "); 

    System.out.print(building_stats.size()); 

    System.out.print(" entries processed.                   "); 

    time_stamp(); 

   } 

 

   AbstractMap.SimpleEntry < String, double[] > indiv_building_info = 

building_stats.get(i); 
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   String gml_id = indiv_building_info.getKey(); 

   double[] stats = indiv_building_info.getValue(); 

 

   double lod = stats[4]; 

   String roof_shape = "flat"; 

   if (lod == 2) { 

    roof_shape = "nonflat"; 

   } 

 

   // Write an SQL statement to insert panel coords into table. 

   String insert_data = "INSERT INTO " + tablename + 

"(GML_PARENT_ID,NO_FACES,UNIQ_EDGE,NON_UNIQ_VERT,UNIQ_VERT, 

ROOF_SHAPE,FOOTPRINT_AREA,SHORTEST_EDGE,SHORT_EDGE_COUNT,AV_VERT_PER_FACE) VALUES ('" + 

gml_id + "'," + stats[0] + "," + stats[1] + "," + stats[2] + "," + stats[3] + ", '" + 

roof_shape + "'" + "," + stats[5] + "," + stats[6] + "," + stats[7] + "," + stats[8] + 

")"; 

   PreparedStatement ps2; 

 

   try { 

    ps2 = getConn().prepareStatement(insert_data); 

    ps2.execute(); 

    ps2.close(); 

 

   } catch (SQLException e) { 

    e.printStackTrace(); 

    return; 

   } 

  } 

  System.out.print(building_stats.size() + " of " + building_stats.size() + " entries 

processed."); 

  time_stamp(); 

 

  // conn.close(); 

  System.out.println("Data Saved."); 

 

  // Calculating Euler values 

  System.out.println("Calculating Euler values..."); 

 

  String euler = "UPDATE " + tablename + " SET EULER = UNIQ_VERT - UNIQ_EDGE + NO_FACES"; 

  ps = getConn().prepareStatement(euler); 

  ps.execute(); 

  ps.close(); 

  System.out.println("Euler values saved."); 

 

  // Create summary table for dataset 

 

  String sumtablename = Initial.table_name + "_SUMMARY"; 

  String createsumtable = "CREATE TABLE " + sumtablename + " (TOTAL_NO_FACES NUMBER NOT 

NULL, TOTAL_NO_VERT NUMBER NOT NULL,TOTAL_NO_EDGES NUMBER NOT NULL)"; 

  PreparedStatement ps3; 

 

  // Drop statement 

  String dropsumtable = "DROP TABLE " + sumtablename; 

 

  try { 

   ps3 = getConn().prepareStatement(createsumtable); 

   ps3.execute(); 

   System.out.println("Table created successfully."); 

  } catch (SQLException e) { 

   System.out.println("Table already exists. Dropping and creating new table."); 

   // Drop table 

   ps3 = getConn().prepareStatement(dropsumtable); 

   ps3.execute(); 

   // Create new table 
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   ps3 = getConn().prepareStatement(createsumtable); 

   ps3.execute(); 

  } 

  ps3.close(); 

 

  String insertsumtable = "INSERT INTO " + sumtablename + " (TOTAL_NO_FACES, 

TOTAL_NO_VERT,TOTAL_NO_EDGES) VALUES ((SELECT SUM (NO_FACES) FROM " + tablename + 

"),(SELECT SUM (UNIQ_VERT) FROM " + tablename + "),(SELECT SUM (UNIQ_EDGE) FROM  " + 

tablename + "))"; 

  PreparedStatement ps4; 

 

  try { 

   ps4 = getConn().prepareStatement(insertsumtable); 

   ps4.execute(); 

   ps4.close(); 

   System.out.println("Summary table saved."); 

  } catch (SQLException e) { 

   System.out.println("Summary table insert fail"); 

   System.out.println(e); 

  } 

 

  // Close connection 

  conn.close(); 

 } 

 

 public static void setSRID(int i) { 

  srid = i; 

 } 

 

 public static void time_stamp() { 

  DateTimeFormatter dtf = DateTimeFormatter.ofPattern("yyyy/MM/dd HH:mm:ss"); 

  LocalDateTime now = LocalDateTime.now(); 

  System.out.println("" + dtf.format(now)); // Format 2016/11/16 12:08:43 

 } 

 

 public Connection getConn() { 

  return conn; 

 } 

 

 public void setConn(Connection conn) { 

  this.conn = conn; 

 } 

 

} 

 

All_stats.java 

package uk.ac.ucl.geoinfo.uceskkw; 

 

import java.sql.ResultSet; 

import java.sql.SQLException; 

import java.time.LocalDateTime; 

import java.time.format.DateTimeFormatter; 

import java.util.AbstractMap; 

import java.util.AbstractMap.SimpleEntry; 

import java.util.ArrayList; 

import java.util.List; 

import oracle.spatial.geometry.ElementExtractor; 

import oracle.spatial.geometry.J3D_Geometry; 

import oracle.spatial.geometry.JGeometry; 

 

public class All_Stats { 

 

 int entries_count = 0; 
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 String gml_id = "FIRST_ITEM"; 

 ArrayList < AbstractMap.SimpleEntry < String, double[] >> building_stats = new ArrayList 

< AbstractMap.SimpleEntry < String, double[] >> (); 

 

 // Unique list of building coordinates, edges, face, non-uniq 

 // vertices, unique vertices 

 List < String > unique_coords = new ArrayList < String > (); 

 List < String > unique_edges = new ArrayList < String > (); 

 int face_count = 0; 

 int non_uniq_vert_count = 0; 

 int srid = 0; 

 

 // LoD 1 boolean checker 

 int lod = 1; 

 

 // Ground surface variables - Set temp min z of each building. Hold the 

 // first z-coordinate and surface area of each flat face in a 

 // dynamic array 

 double min_z = 9999999; 

 ArrayList < Double > flat_faces_z = new ArrayList < Double > (); 

 ArrayList < Double > flat_faces_areas = new ArrayList < Double > (); 

 

 // Shortest edge 

 double shortest_edge = 9999999; 

 

 // Short edge count 

 double short_edge_count = 0; 

 

 // Vertices per face array 

 ArrayList < Integer > vert_per_face = new ArrayList < Integer > (); 

 

 // Temporary building type 

 boolean b_type_valid = true; 

 

 public ArrayList < SimpleEntry < String, double[] >> parse(ResultSet rs, int rowcount) { 

  try { 

   while (rs.next()) { 

    // GEOMETRY - convert image into a JGeometry object using the 

    // SDO picker 

    byte[] image = rs.getBytes(1); 

    JGeometry building = JGeometry.load(image); 

    // Don't compare gml_id for first row 

    if (rs.isFirst()) { 

     // Print the SRID of the first building 

     srid = building.getSRID(); 

     OracleConnection.setSRID(srid); 

     System.out.println("SRID set: " + srid); 

    } else if (b_type_valid == true) { 

     if (gml_id.equals(rs.getString(2)) == false) { 

      save_building_stats(); 

     } 

    } 

    // GML_PARENT_ID as String 

    gml_id = rs.getString(2); 

    J3D_Geometry building3D = new J3D_Geometry(building.getType(), building.getSRID(), 

     building.getElemInfo(), building.getOrdinatesArray()); 

 

    /** 

     * Extracting unique coordinate count & calculating surface 

     * vector 

     **/ 

    // Temporary array of all ordinates 

    double[] temp_building_ordinates = building3D.getOrdinatesArray(); 

 

    for (int i = 0; i < building3D.getOrdinatesArray().length; i = i + 3) { 
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     // Concatenate XYZ into a string, add to list if not added 

     // already to work out unique coordinates 

     String coordinate = String.valueOf(temp_building_ordinates[i]) + 

String.valueOf(temp_building_ordinates[i + 1]) + String.valueOf(temp_building_ordinates[i 

+ 2]); 

 

     if (!unique_coords.contains(coordinate)) { 

      unique_coords.add(coordinate); 

     } 

    } 

 

    // Checks if a building is a solid, point or line - if so, throw 

    // an error message  

    if (building3D.getType() == 8) { 

     System.out.println("Building Geom type: 8 - ERROR SOLID REPRESENTATION " + gml_id); 

     b_type_valid = false; 

     continue; 

    } 

    if (building3D.getType() == 1) { 

     System.out.println("Building Geom type: 1 - ERROR POINT REPRESENTATION " + gml_id); 

     b_type_valid = false; 

     continue; 

    } 

    if (building3D.getType() == 2) { 

     System.out.println("Building Geom type: 2 - ERROR LINE OR CURVE REPRESENTATION " + 

gml_id); 

     b_type_valid = false; 

     continue; 

    } 

 

    // Reset building type validity 

    b_type_valid = true; 

 

    // Begin decomposing building elements 

    try { 

     // Create new extractor 

     ElementExtractor e = new ElementExtractor(building3D, 0, 

ElementExtractor.MULTICOMP_TOSIMPLE); 

     // Geometry to receive extracted element(s) 

     // Used to receive the type of element (1=outer, 

     // 2=inner) 

 

     J3D_Geometry face; 

     int inner_outer[] = { 

      0 

     }; 

     // Extract the face elements 

     while ((face = e.nextElement(inner_outer)) != null) { 

      calculate_face_stats(face); 

     } 

    } catch (Exception e) { 

     /** FACE INFORMATION **/ 

     // If ElementExtract does not work, building is structured 

     // as individual faces. 

     /** EDGE INFORMATION - START **/ 

     // Set building3D as face... and repeat code. 

     J3D_Geometry face = building3D; 

     calculate_face_stats(face); 

    } 

    // Add one to row counter and check 

    e_count_adder_check(); 

 

    // For the last entry, run save building stats once. 

    if (b_type_valid == true) { 
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     if (entries_count == rowcount) { 

      save_building_stats(); 

     } 

    } 

   } 

  } catch (SQLException e) { 

   System.out.println("Error: SQL Exception"); 

   e.printStackTrace(); 

  } catch (Exception e) { 

   System.out.println("Error: Exception e"); 

   e.printStackTrace(); 

  } 

  System.out.println(); 

  System.out.println("Total number of entries read: " + entries_count); 

  return building_stats; 

 } 

 

 private void calculate_face_stats(J3D_Geometry face) throws Exception { 

  /** FACE INFORMATION - START **/ 

  // Get the number of points, subtract one to exclude the 

  // duplicate 

  non_uniq_vert_count += (face.getNumPoints() - 1); 

  face_count++; 

 

  double pitch = get_pitch(face); 

  /** GROUND SURFACE AREA - START **/ 

  // If face is flat, check z-coordinate of first point. 

  // If lower than current min_z+0.5, add area 

 

  if ((pitch < 180.5 && pitch >= 179.5) || (pitch < 0.5 && pitch >= 0)) { 

   // Double check by seeing if all ground points z are 

   // the same 

   if (check_z(face) == true) { 

    if (face.getFirstPoint()[2] < min_z) { 

     min_z = face.getFirstPoint()[2]; 

    } 

    flat_faces_z.add(face.getFirstPoint()[2]); 

    flat_faces_areas.add(face.area(0)); 

   } 

  } 

  /** Vertices per face - START **/ 

  vert_per_face.add((face.getNumPoints()) - 1); 

  /** Vertices per face - END **/ 

 

  /** LOD ASSESSMENT - START **/ 

 

  // Pitch assessment. Returns absolute value of angle of 

  // plane in degrees (0-180: 0 = facing skywards; 90 = 

  // vertical wall; 180 = facing groundwards) 

 

  if (pitch < 180.5 && pitch >= 179.5) { 

   // Surface is vertical, flat or ground surface 

   // System.out.println("LoD1 surface"); 

  } else if (pitch < 0.5 && pitch >= 0) { 

   // Surface is vertical, flat or ground surface 

   // System.out.println("LoD1 surface"); 

  } else if (pitch < 91 && pitch > 89) { 

   // Surface is vertical, flat or ground surface 

   // System.out.println("LoD1 surface"); 

  } else { 

   // Surface is sloped 

   // System.out.println("LoD2 or higher surface"); 

   lod = 2; 

  } 

  /** LOD ASSESSMENT - END **/ 
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  /** EDGE INFORMATION - START **/ 

  try { 

   // Create new extractor (Level 2 - returns the 

   // sub-elements) 

   ElementExtractor f = new ElementExtractor(face, 2); 

   J3D_Geometry edge; 

   int inner_outer2[] = { 

    0 

   }; 

   while ((edge = f.nextElement(inner_outer2)) != null) { 

    // Shortest Edge check 

    short_edge_check(edge.length(0)); 

 

    // Short edge count 

    if (edge.length(0) <= 0.5) { 

     short_edge_count++; 

    } 

 

    // Extract the two points of an edge as string 

    // value, convert to string and conduct string 

    // compare. 

    String firstPointCoords = String.valueOf(edge.getFirstPoint()[0]) + 

String.valueOf(edge.getFirstPoint()[1]) + String.valueOf(edge.getFirstPoint()[2]); 

 

    String LastPointCoords = String.valueOf(edge.getLastPoint()[0]) + 

String.valueOf(edge.getLastPoint()[1]) + String.valueOf(edge.getLastPoint()[2]); 

 

    if (!unique_edges.contains(firstPointCoords + LastPointCoords) && 

!unique_edges.contains(LastPointCoords + firstPointCoords)) { 

     unique_edges.add(firstPointCoords + LastPointCoords); 

    } 

   } 

  } catch (Exception f) { 

   System.out.println(f); 

   f.printStackTrace(); 

  } 

 } 

 

 private boolean check_z(J3D_Geometry face) { 

  // Pull coordinates array, as well as first z point 

  double[] face_coords = face.getOrdinatesArray(); 

  double first_z = face.getFirstPoint()[2]; 

  // Set a temporary boolean 

  boolean is_flat = true; 

  // Loop through z-coordinates and check if there is any outside of 0.5 

  // of initial z. If so, break. 

  for (int i = 0; i < face_coords.length; i = i + 3) { 

   if (face_coords[i + 2] < (first_z - 0.5) || face_coords[i + 2] > (first_z + 0.5)) { 

    is_flat = false; 

   } 

  } 

  return is_flat; 

 } 

 

 private double get_pitch(J3D_Geometry face) { 

        // Temporary array of all face ordinates 

        double[] f_ords = face.getOrdinatesArray(); 

        // Let coordinate A = (x1, y1, z1) 

        // Set as first point of coordinates array 

        double x1 = f_ords[0]; 

        double y1 = f_ords[1]; 

        double z1 = f_ords[2]; 

        // Let coordinate B = (x2, y2, z2) 
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        double x2 = 0; 

        double y2 = 0; 

        double z2 = 0; 

        // Let coordinate C = (x3, y3, z3) 

        double x3 = 0; 

        double y3 = 0; 

        double z3 = 0; 

 

        boolean coord_b_set = false; 

        boolean coord_c_set = false; 

 

        // Check for repeated points for coordinate B. If xyz are the same as 

        // coordinate A, then skip to next coordinate. 

        for (int i = 3; i < f_ords.length; i = i + 3) { 

            if (i % 3 == 0) { 

                if (coord_b_set == false) { 

                    if (!(x1 == f_ords[i] && y1 == f_ords[i + 1] && z1 == f_ords[i + 2])) 

{ 

                        x2 = f_ords[i]; 

                        y2 = f_ords[i + 1]; 

                        z2 = f_ords[i + 2]; 

                        coord_b_set = true; 

                    } 

                } 

 

                if (coord_b_set == true && coord_c_set == false) { 

                    // Check for duplicate 

                    if (!(x1 == f_ords[i] && y1 == f_ords[i + 1] && z1 == f_ords[i + 2])) 

{ 

                        if (!(x2 == f_ords[i] && y2 == f_ords[i + 1] && z2 == f_ords[i + 

2])) { 

                            // Check for collinearity 

                            if (isCollinear(x1, y1, z1, x2, y2, z2, f_ords[i], f_ords[i + 

1], f_ords[i + 2]) == false) { 

                                x3 = f_ords[i]; 

                                y3 = f_ords[i + 1]; 

                                z3 = f_ords[i + 2]; 

                                coord_c_set = true; 

                            } 

                        } 

                    } 

 

                } 

            } 

        } 

 

        /// Normal Vector of the plane 

        double ni = ((y3 - y1) * (z2 - z1)) - ((z3 - z1) * (y2 - y1)); 

        double nj = ((z3 - z1) * (x2 - x1)) - ((x3 - x1) * (z2 - z1)); 

        double nk = ((x3 - x1) * (y2 - y1)) - ((y3 - y1) * (x2 - x1)); 

 

        // Pitch assessment. Returns absolute value of angle of 

        // plane in degrees (0-180: 0 = facing skywards; 90 = 

        // vertical wall; 180 = facing groundwards) 

        double pitch = Math 

                .abs(90 - (Math.toDegrees(Math.atan(nk / (Math.sqrt((Math.pow(ni, 2)) + 

(Math.pow(nj, 2)))))))); 

        return pitch; 

    } 

 

 private void short_edge_check(double current_edge_length) { 

  if (current_edge_length < shortest_edge) { 

   shortest_edge = current_edge_length; 

  } 

 } 
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 private void e_count_adder_check() { 

  entries_count++; 

  if (entries_count % 25000 == 0) { 

   System.out.print(entries_count + " entries read.                 "); 

   DateTimeFormatter dtf = DateTimeFormatter.ofPattern("yyyy/MM/dd HH:mm:ss"); 

   LocalDateTime now = LocalDateTime.now(); 

   System.out.println("" + dtf.format(now)); // Format 2016/11/16 

   // 12:08:43 

  } 

 } 

 

 private void save_building_stats() { 

  // Ground 2D footprint area calculation 

  double total_ground_area = 0; 

  for (int i = 0; i < flat_faces_z.size(); i++) { 

   // if z is within 1.5m of the lowest z value, then it is a ground 

   // face 

   if (flat_faces_z.get(i) < (min_z + 1)) { 

    total_ground_area = total_ground_area + flat_faces_areas.get(i); 

   } 

  } 

  // Mean average of vertices per face for each building 

  double av_vert_per_face = calculateAverage(vert_per_face); 

 

  // If previous GML is not the same, then create an array with all the 

  // building statistics and add 

  // to the AbstractMap.SimpleEntry 

 

  double[] stats = new double[] { 

   face_count, 

   unique_edges.size(), 

   non_uniq_vert_count, 

   unique_coords.size(), 

   lod, 

   total_ground_area, 

   shortest_edge, 

   short_edge_count, 

   av_vert_per_face 

  }; 

  AbstractMap.SimpleEntry < String, double[] > building_info = new 

AbstractMap.SimpleEntry < String, double[] > (gml_id, 

   stats); 

  building_stats.add(building_info); 

 

  // Reset all counters and lists 

  face_count = 0; 

  non_uniq_vert_count = 0; 

  unique_coords.clear(); 

  unique_edges.clear(); 

  lod = 1; 

  shortest_edge = 9999999; 

  min_z = 9999999; 

  flat_faces_z.clear(); 

  flat_faces_areas.clear(); 

  short_edge_count = 0; 

  vert_per_face.clear(); 

 } 

 

 private double calculateAverage(List < Integer > values) { 

  Integer sum = 0; 

  for (Integer value: values) { 

   sum += value; 

  } 

  return sum.doubleValue() / values.size(); 
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 } 

private static boolean isCollinear(double x1, double y1, double z1, double x2, double y2, 

double z2, double x3, 

            double y3, double z3) { 

 

        // Vector A 

        double ax = x2 - x1; 

        double ay = y2 - y1; 

        double az = z2 - z1; 

 

        // Vector B 

        double bx = x3 - x1; 

        double by = y3 - y1; 

        double bz = z3 - z1; 

 

        // Cross product 

        double cpx = (ay * bz) - (by * az); 

        double cpy = (az * bx) - (bz * ax); 

        double cpz = (ax * by) - (bx * ay); 

 

        // Magnitude of the cross product 

        double mag = Math.sqrt((Math.pow(cpx, 2)) + (Math.pow(cpy, 2)) + (Math.pow(cpz, 

2))); 

 

        if (mag == 0) { 

            return true; 

        } 

        return false; 

    } 
} 
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Full detailed tables from Chapter 7 

Table 57. Identifier codes reference table 

# Dataset Code 

1 Adelaide, Australia ADE 

2 Berlin, Germany BER 

3 Boston, MA, USA BOS 

4 Brussels, Belgium BRU 

5 Cambridge, MA, USA CAM 

6 Ettenheim, Germany ETT 

7 Frankfurt, Germany FRA 

8 The Hague, The Netherlands HAG 

9 Hamburg, Germany (LoD1) HAM_LOD1 

10 Hamburg, Germany (LoD2) HAM_LOD2 

11 Helsinki, Finland HEL 

12 Linz, Austria LIN 

13 London, England LON 

14 Melbourne, Australia MEL 

15 Montreal, Canada MON 

16 The Netherlands NET 

17 New York City 1, NY, USA NY[1] 

18 New York City 2, NY, USA NY[2] 

19 
North Rhine-Westphalia, Germany 

(LoD1) 
NRW_LOD1 

20 
North Rhine-Westphalia, Germany 

(LoD2) 
NRW_LOD2 

21 Philadelphia, USA PHI 

22 Rotterdam, The Netherlands ROT 

23 San Francisco, CA, USA SAN 

24 Thuringia, Germany (LoD1) THU_LOD1 

25 Thuringia, Germany (LoD2) THU_LOD2 

26 Toronto, Canada TOR 

27 Vancouver, Canada VAN 

28 Washington, District of Columbia, USA WAS 

  



 

Table 58. Simple geometry metrics 

Dataset 
Total no. of buildings 

evaluated 

Total Per building Mean no. of vertices 

per face Vertices Edges Faces Vertices Edges Faces 

ADE 4,569  932,142  2,445,284  1,505,950  204.0 535.2 329.6 3.0 

BER 537,207  10,553,983  15,811,349  6,411,208  19.6 29.4 11.9 4.6 

BOS 70,902  1,621,158  4,396,549  2,944,784  22.9 62.0 41.5 3.3 

BRU 254,322  7,317,189  11,272,995  4,446,806  28.8 44.3 17.5 4.9 

CAM 16,302  851,628  1,376,607  524,510  52.2 84.4 32.2 4.3 

ETT 192  22,636  39,664  19,049  117.9 206.6 99.2 4.3 

FRA 10,588  245,455  365,862  143,284  23.2 34.6 13.5 4.7 

HAG 231,837  2,513,622  3,879,922  1,829,669  10.8 16.7 7.9 4.1 

HAM_LOD1 374,990  6,162,272  9,373,802  4,018,097  16.4 25.0 10.7 4.5 

HAM_LOD2 374,990  6,627,246  10,851,050  5,425,504  17.7 28.9 14.5 4.0 

HEL 77,267  2,144,438  3,186,845  1,194,878  27.8 41.2 15.5 4.8 

LIN 70,318  1,420,988  1,948,970  664,000  20.2 27.7 9.4 5.6 

LON 464,862  8,169,106  12,262,401  5,028,380  17.6 26.4 10.8 4.6 

MEL 382  75,740  178,451  102,567  198.3 467.1 268.5 3.0 

MON 12,051  850,278  2,409,424  1,579,896  70.6 199.9 131.1 3.1 

NET 2,982,264  44,938,026  67,409,176  28,435,092  15.1 22.6 9.5 4.4 

NRW_LOD1 10,132,244  164,120,453  249,030,643  114,573,439  16.2 24.6 11.3 4.5 

NRW_LOD2 10,132,245  163,720,152  254,747,947  130,478,554  16.2 25.1 12.9 4.4 

NY[1] 1,082,015  17,267,108  25,905,212  10,797,587  16.0 23.9 10.0 4.6 

NY[2] 1,083,437  20,492,167  32,040,030  25,931,206  18.9 29.6 23.9 4.6 

PHI 859  218,471  389,041  171,969  254.3 452.9 200.2 3.8 

ROT 181,686  4,894,975  7,761,599  2,548,795  26.9 42.7 14.0 4.3 

SAN 176,920  6,259,294  9,396,839  3,483,507  35.4 53.1 19.7 5.2 

THU_LOD1 2,214,926  26,724,759  40,089,678  17,793,155  12.1 18.1 8.0 4.4 

THU_LOD2 2,210,852  31,308,452  49,878,901  22,916,289  14.2 22.6 10.4 4.3 

TOR 402,297  11,306,776  22,574,114  12,528,842  28.1 56.1 31.1 3.6 

VAN 111,052  1,136,608  1,731,638  865,035  10.2 15.6 7.8 4.1 

WAS 51,886  4,408,678  7,259,299  2,762,051  85.0 139.9 53.2 4.2 
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Table 59. Frequency distribution of 2D footprint area 

Frequency distribution of 2D footprint area (m2) 

Dataset 

By absolute count of buildings By percentage of buildings of buildings 

0 to 
1m2 

1 to 
10m2 

10 to 
100m2 

100 to 
1,000m2 

1,000 to 
10,000m2 

10,000+m2 Total 0 to 1m2 1 to 10m2 10 to 100m2 100 to 1,000m2 1,000 to 10,000m2 10,000+m2 

ADE 252 427 1,715 2,107 68 0 4,569 5.5% 9.3% 37.5% 46.1% 1.5% 0.0% 

BER 1,750 15,720 317,364 191,272 10,863 238 537,207 0.3% 2.9% 59.1% 35.6% 2.0% 0.0% 

BOS 1,991 964 1,940 15,500 47,092 3,415 70,902 2.8% 1.4% 2.7% 21.9% 66.4% 4.8% 

BRU 152 20,000 150,578 80,034 3,450 108 254,322 0.1% 7.9% 59.2% 31.5% 1.4% 0.0% 

CAM 5,633 278 3,568 4,701 1,969 153 16,302 34.6% 1.7% 21.9% 28.8% 12.1% 0.9% 

ETT 0 80 111 1 0 0 192 0.0% 41.7% 57.8% 0.5% 0.0% 0.0% 

FRA 56 824 5,180 4,419 108 1 10,588 0.5% 7.8% 48.9% 41.7% 1.0% 0.0% 

HAG 12,236 56,868 131,806 29,897 1,002 28 231,837 5.3% 24.5% 56.9% 12.9% 0.4% 0.0% 

HAM_LOD1 11 4,870 209,211 152,239 8,387 272 374,990 0.0% 1.3% 55.8% 40.6% 2.2% 0.1% 

HAM_LOD2 10 4,879 209,538 151,927 8,364 272 374,990 0.0% 1.3% 55.9% 40.5% 2.2% 0.1% 

HEL 78 13,386 28,550 32,299 2,900 54 77,267 0.1% 17.3% 36.9% 41.8% 3.8% 0.1% 

LIN 1,244 7,888 34,989 25,104 1,064 29 70,318 1.8% 11.2% 49.8% 35.7% 1.5% 0.0% 

LON 1,941 56,523 333,297 68,339 4,688 74 464,862 0.4% 12.2% 71.7% 14.7% 1.0% 0.0% 

MEL 49 38 126 128 40 1 382 12.8% 9.9% 33.0% 33.5% 10.5% 0.3% 

MON 35 147 3,466 7,523 832 48 12,051 0.3% 1.2% 28.8% 62.4% 6.9% 0.4% 

NET 4 928 847,719 1,949,755 175,011 8,847 2,982,264 0.0% 0.0% 28.4% 65.4% 5.9% 0.3% 

NRW_LOD1 7,311 637,001 6,312,153 3,068,054 104,250 3,475 10,132,244 0.1% 6.3% 62.3% 30.3% 1.0% 0.0% 

NRW_LOD2 34,057 608,942 6,137,895 3,230,915 116,427 4,009 10,132,245 0.3% 6.0% 60.6% 31.9% 1.1% 0.0% 

NY[1] 7 805 649,863 414,096 16,841 403 1,082,015 0.0% 0.1% 60.1% 38.3% 1.6% 0.0% 

NY[2] 6 244 646,769 419,282 16,737 399 1,083,437 0.0% 0.0% 59.7% 38.7% 1.5% 0.0% 

PHI 152 317 259 105 25 1 859 17.7% 36.9% 30.2% 12.2% 2.9% 0.1% 

ROT 48 44,043 109,374 25,346 2,740 135 181,686 0.0% 24.2% 60.2% 14.0% 1.5% 0.1% 

SAN 22 5,028 42,127 126,836 2,843 64 176,920 0.0% 2.8% 23.8% 71.7% 1.6% 0.0% 

THU_LOD1 2,477 167,371 1,615,238 414,922 14,605 313 2,214,926 0.1% 7.6% 72.9% 18.7% 0.7% 0.0% 

THU_LOD2 12,336 166,221 1,606,201 411,267 14,514 313 2,210,852 0.6% 7.5% 72.7% 18.6% 0.7% 0.0% 

TOR 54 1,801 78,834 309,158 11,816 634 402,297 0.0% 0.4% 19.6% 76.8% 2.9% 0.2% 

VAN 3 0 44,549 63,846 2,589 65 111,052 0.0% 0.0% 40.1% 57.5% 2.3% 0.1% 

WAS 15,897 10,877 20,723 4,028 358 3 51,886 30.6% 21.0% 39.9% 7.8% 0.7% 0.0% 
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Table 60. Measures of dispersion of 2D footprint area 

Dataset 

Measures of dispersion of 2D footprint area (m2) 

Q1 Q2 Q3 5th Percentile 1st Percentile Standard Dev Mean Coefficient of variation Notes 

ADE 55.78 140.96 291.48 3.25 0.03 444.04 257.18 1.73 Converted CAD model 

BER 29.70 73.70 152.06 13.22 5.61 541.12 172.48 3.14   

BOS 908.67 1430.56 2017.41 23.72 0.00 8205.55 2868.11 2.86 Converted DWG models 

BRU 54.82 79.85 116.26 6.77 3.02 655.71 142.47 4.60   

CAM 0.00 63.40 302.89 0.00 0.00 2597.06 610.79 4.25 Missing floor polygons 

ETT 8.59 10.51 13.60 6.04 2.33 9.29 12.36 0.75   

FRA 26.73 76.17 161.76 7.60 5.27 259.16 131.96 1.96   

HAG 7.42 29.08 63.97 0.91 0.11 277.55 65.19 4.26 Solid wall representations 

HAM_LOD1 37.30 83.75 160.60 15.90 8.79 672.08 188.54 3.56   

HAM_LOD2 37.28 83.60 160.37 15.89 8.78 670.26 188.18 3.56   

HEL 15.58 85.42 220.92 5.14 2.95 721.59 232.69 3.10   

LIN 19.74 58.80 164.10 4.14 0.38 441.59 146.94 3.01   

LON 25.61 51.39 73.71 3.96 1.78 386.65 97.13 3.98   

MEL 13.23 65.70 375.11 0.00 0.00 804.58 348.13 2.31 Missing floor polygons 

MON 92.69 139.24 262.97 55.53 7.09 1451.28 424.99 3.41   

NET 92.24 156.52 313.72 41.85 22.49 2114.23 408.90 5.17   

NRW_LOD1 23.02 59.15 119.56 8.36 3.19 555.77 119.79 4.64   

NRW_LOD2 23.92 61.84 126.11 8.30 2.78 605.19 128.46 4.71   

NY[1] 60.19 88.61 122.35 21.45 16.43 513.32 147.73 3.47   

NY[2] 60.23 88.98 123.10 21.41 16.41 497.25 147.38 3.37   

PHI 1.38 7.74 36.41 0.00 0.00 596.84 128.02 4.66 Missing floor polygons 

ROT 10.82 50.93 71.46 5.46 3.43 632.19 114.67 5.51   

SAN 97.82 125.23 158.29 17.17 5.86 480.31 184.96 2.60   

THU_LOD1 23.04 44.08 86.00 7.28 2.77 343.95 86.03 4.00   

THU_LOD2 22.78 43.67 85.60 6.85 2.00 344.31 85.63 4.02   

TOR 108.02 148.78 197.59 73.39 32.47 1013.54 266.18 3.81   

VAN 81.51 112.48 155.54 48.43 40.48 603.82 198.52 3.04   

WAS 0.00 9.24 27.87 0.00 0.00 257.37 50.51 5.10 Missing floor polygons 
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Table 61. Frequency distribution of minimum feature length 

Frequency distribution of minimum feature length 

Dataset 
By absolute count of buildings By percentage of buildings 

0 to 1 m 1 to 5 m 5 to 10 m 10+ m Total 0 to 1 m 1 to 5 m 5 to 10 m 10+ m 

ADE 4,073  489  7  0  4,569  89.14% 10.70% 0.15% 0.00% 

BER 152,184  319,623  60,175  5,225  537,207  28.33% 59.50% 11.20% 0.97% 

BOS 12,925  34,783  7,494  15,700  70,902  18.23% 49.06% 10.57% 22.14% 

BRU 194,665  53,598  5,826  233  254,322  76.54% 21.07% 2.29% 0.09% 

CAM 6,726  6,521  2,079  976  16,302  41.26% 40.00% 12.75% 5.99% 

ETT 192  0  0  0  192  100.00% 0.00% 0.00% 0.00% 

FRA 4,199  5,279  1,029  81  10,588  39.66% 49.86% 9.72% 0.77% 

HAG 68,915  118,968  41,560  2,394  231,837  29.73% 51.32% 17.93% 1.03% 

HAM_LOD1 130,889  189,030  49,459  5,612  374,990  34.90% 50.41% 13.19% 1.50% 

HAM_LOD2 96,159  232,669  42,399  3,763  374,990  25.64% 62.05% 11.31% 1.00% 

HEL 35,752  38,516  2,655  344  77,267  46.27% 49.85% 3.44% 0.45% 

LIN 49,516  19,122  1,532  148  70,318  70.42% 27.19% 2.18% 0.21% 

LON 195,052  240,315  29,031  464  464,862  41.96% 51.70% 6.25% 0.10% 

MEL 310  69  3  0  382  81.15% 18.06% 0.79% 0.00% 

MON 9,947  1,341  646  117  12,051  82.54% 11.13% 5.36% 0.97% 

NET 242,889  1,356,883  1,173,698  208,794  2,982,264  8.14% 45.50% 39.36% 7.00% 

NRW_LOD1 4,432,620  5,163,864  520,043  15,717  10,132,244  43.75% 50.96% 5.13% 0.16% 

NRW_LOD2 4,476,065  5,145,196  502,634  8,350  10,132,245  44.18% 50.78% 4.96% 0.08% 

NY[1] 451,119  466,873  162,692  1,331  1,082,015  41.69% 43.15% 15.04% 0.12% 

NY[2] 477,063  476,608  129,092  674  1,083,437  44.03% 43.99% 11.92% 0.06% 

PHI 711  148  0  0  859  82.77% 17.23% 0.00% 0.00% 

ROT 130,599  46,421  4,595  71  181,686  71.88% 25.55% 2.53% 0.04% 

SAN 165,583  9,701  1,531  105  176,920  93.59% 5.48% 0.87% 0.06% 

THU_LOD1 593,285  1,495,164  121,712  4,765  2,214,926  26.79% 67.50% 5.50% 0.22% 

THU_LOD2 702,400  1,410,039  96,573  1,840  2,210,852  31.77% 63.78% 4.37% 0.08% 

TOR 262,702  121,293  17,135  1,167  402,297  65.30% 30.15% 4.26% 0.29% 

VAN 9,774  43,637  57,167  474  111,052  8.80% 39.29% 51.48% 0.43% 

WAS 37,952  13,565  354  15  51,886  73.14% 26.14% 0.68% 0.03% 
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Table 62. Frequency distribution of minimum feature length under 1m by percentage of buildings 

Frequency distribution of minimum feature length under 1m by absolute count of buildings 

Dataset 

By absolute count of buildings By percentage of buildings 

0 to 0.2 m 0.2 to 0.4 m 0.4 to 0.6 m 0.6 to 0.8 m 0.8 to 1.0 m Total 0 to 0.2 m 0.2 to 0.4 m 0.4 to 0.6 m 0.6 to 0.8 m 0.8 to 1.0 m 

ADE 2,372  1,156  315  118  112  4,569 51.92% 25.30% 6.89% 2.58% 2.45% 

BER 63,854  30,191  25,405  18,019  14,715  537,207 11.89% 5.62% 4.73% 3.35% 2.74% 

BOS 2,965  2,058  1,484  1,952  4,466  70,902 4.18% 2.90% 2.09% 2.75% 6.30% 

BRU 117,110  40,644  17,276  10,701  8,934  254,322 46.05% 15.98% 6.79% 4.21% 3.51% 

CAM 942  1,679  1,595  1,381  1,129  16,302 5.78% 10.30% 9.78% 8.47% 6.93% 

ETT 156  35  1  0  0  192 81.25% 18.23% 0.52% 0.00% 0.00% 

FRA 1,500  890  805  536  468  10,588 14.17% 8.41% 7.60% 5.06% 4.42% 

HAG 17,520  18,300  11,816  9,819  11,460  231,837 7.56% 7.89% 5.10% 4.24% 4.94% 

HAM_LOD1 20,094  39,534  32,762  20,672  17,827  374,990 5.36% 10.54% 8.74% 5.51% 4.75% 

HAM_LOD2 5,991  32,272  25,007  16,782  16,107  374,990 1.60% 8.61% 6.67% 4.48% 4.30% 

HEL 24,539  4,739  2,651  1,967  1,856  77,267 31.76% 6.13% 3.43% 2.55% 2.40% 

LIN 31,847  8,082  4,629  2,774  2,184  70,318 45.29% 11.49% 6.58% 3.94% 3.11% 

LON 40,098  42,691  38,557  35,339  38,367  464,862 8.63% 9.18% 8.29% 7.60% 8.25% 

MEL 255  31  13  8  3  382 66.75% 8.12% 3.40% 2.09% 0.79% 

MON 5,941  2,194  1,054  474  284  12,051 49.30% 18.21% 8.75% 3.93% 2.36% 

NET 46,490  40,576  45,977  53,356  56,490  2,982,264 1.56% 1.36% 1.54% 1.79% 1.89% 

NRW_LOD1 1,773,450  1,263,830  634,007  394,266  367,067  10,132,244 17.50% 12.47% 6.26% 3.89% 3.62% 

NRW_LOD2 1,849,748  1,241,030  627,347  392,252  365,688  10,132,245 18.26% 12.25% 6.19% 3.87% 3.61% 

NY[1] 110,156  107,613  97,630  75,591  60,129  1,082,015 10.18% 9.95% 9.02% 6.99% 5.56% 

NY[2] 121,022  114,658  103,204  77,807  60,372  1,083,437 11.17% 10.58% 9.53% 7.18% 5.57% 

PHI 484  104  44  41  38  859 56.34% 12.11% 5.12% 4.77% 4.42% 

ROT 113,284  7,706  3,973  2,801  2,835  181,686 62.35% 4.24% 2.19% 1.54% 1.56% 

SAN 151,334  6,617  3,711  2,364  1,557  176,920 85.54% 3.74% 2.10% 1.34% 0.88% 

THU_LOD1 64,912  137,080  146,260  127,310  117,723  2,214,926 2.93% 6.19% 6.60% 5.75% 5.31% 

THU_LOD2 201,323  140,261  137,160  116,940  106,716  2,210,852 9.11% 6.34% 6.20% 5.29% 4.83% 

TOR 63,305  81,002  61,061  35,645  21,689  402,297 15.74% 20.13% 15.18% 8.86% 5.39% 

VAN 4,207  2,929  1,447  713  478  111,052 3.79% 2.64% 1.30% 0.64% 0.43% 

WAS 12,205  13,099  6,555  3,668  2,425  51,886 23.52% 25.25% 12.63% 7.07% 4.67% 
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Table 63. Absolute count and percentage of buildings with at least one short edge (<0.5m) 

Dataset 
Buildings with at least one edge <0.5m 

By absolute count of buildings By percentage of buildings 

ADE 3,745 81.97% 

BER 107,651 20.04% 

BOS 5,464 7.71% 

BRU 167,828 65.99% 

CAM 3,429 21.03% 

ETT 192 100.00% 

FRA 2,862 27.03% 

HAG 42,018 18.12% 

HAM_LOD1 78,318 20.89% 

HAM_LOD2 52,782 14.08% 

HEL 30,671 39.69% 

LIN 42,522 60.47% 

LON 102,347 22.02% 

MEL 295 77.23% 

MON 8,784 72.89% 

NET 108,389 3.63% 

NRW_LOD1 3,400,614 33.56% 

NRW_LOD2 3,449,623 34.05% 

NY[1] 269,172 24.88% 

NY[2] 290,695 26.83% 

PHI 616 71.71% 

ROT 123,209 67.81% 

SAN 160,000 90.44% 

THU_LOD1 275,720 12.45% 

THU_LOD2 411,980 18.63% 

TOR 178,596 44.39% 

VAN 8,005 7.21% 

WAS 29,055 56.00% 
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Table 64. Frequency distribution of short edge count (<0.5m) by percentage of buildings 

Frequency distribution of edge <0.5m count 

Dataset 

  

By absolute count of buildings By percentage of buildings 

0 1 2 to 10 11 to 100 101 to 1000 1000+ Total 0 1 2 to 10 11 to 100 101 to 1000 1000+ 

ADE 824 27 504 2,059 1,053 102 4,569 18.03% 0.59% 11.03% 45.06% 23.05% 2.23% 

BER 429,539 1,817 70,630 32,421 2,723 76 537,206 79.96% 0.34% 13.15% 6.04% 0.51% 0.01% 

BOS 65,093 15 4,154 1,196 438 6 70,902 91.81% 0.02% 5.86% 1.69% 0.62% 0.01% 

BRU 86,390 323 123,910 42,893 770 36 254,322 33.97% 0.13% 48.72% 16.87% 0.30% 0.01% 

CAM 12,870 1,347 1,926 156 3 0 16,302 78.95% 8.26% 11.81% 0.96% 0.02% 0.00% 

ETT 0 0 1 78 112 1 192 0.00% 0.00% 0.52% 40.63% 58.33% 0.52% 

FRA 7,724 2 2,031 535 289 7 10,588 72.95% 0.02% 19.18% 5.05% 2.73% 0.07% 

HAG 189,819 0 33,548 8,414 56 0 231,837 81.88% 0.00% 14.47% 3.63% 0.02% 0.00% 

HAM_LOD1 296,665 3 63,927 14,186 209 0 374,990 79.11% 0.00% 17.05% 3.78% 0.06% 0.00% 

HAM_LOD2 322,198 0 39,952 12,633 207 0 374,990 85.92% 0.00% 10.65% 3.37% 0.06% 0.00% 

HEL 46,568 52 18,667 10,760 1,207 13 77,267 60.27% 0.07% 24.16% 13.93% 1.56% 0.02% 

LIN 27,795 8 24,432 17,903 178 2 70,318 39.53% 0.01% 34.75% 25.46% 0.25% 0.00% 

LON 361,909 0 84,158 16,031 2,702 62 464,862 77.85% 0.00% 18.10% 3.45% 0.58% 0.01% 

MEL 87 1 33 148 109 4 382 22.77% 0.26% 8.64% 38.74% 28.53% 1.05% 

MON 3,267 5 3,147 4,423 1,167 42 12,051 27.11% 0.04% 26.11% 36.70% 9.68% 0.35% 

NET 2,873,205 0 82,962 17,623 8,466 8 2,982,264 96.34% 0.00% 2.78% 0.59% 0.28% 0.00% 

NRW_LOD1 6,731,379 0 2,469,798 875,926 55,029 112 10,132,244 66.44% 0.00% 24.38% 8.64% 0.54% 0.00% 

NRW_LOD2 6,682,342 23,936 2,461,761 907,289 56,654 263 10,132,245 65.95% 0.24% 24.30% 8.95% 0.56% 0.00% 

NY[1] 812,843 0 223,413 44,821 923 15 1,082,015 75.12% 0.00% 20.65% 4.14% 0.09% 0.00% 

NY[2] 792,742 13 237,919 51,443 1,290 30 1,083,437 73.17% 0.00% 21.96% 4.75% 0.12% 0.00% 

PHI 243 2 119 229 232 34 859 28.29% 0.23% 13.85% 26.66% 27.01% 3.96% 

ROT 58,473 2,180 85,228 34,245 1,510 50 181,686 32.18% 1.20% 46.91% 18.85% 0.83% 0.03% 

SAN 16,918 0 40,185 119,149 667 1 176,920 9.56% 0.00% 22.71% 67.35% 0.38% 0.00% 

THU_LOD1 1,939,129 0 252,854 16,865 6,068 10 2,214,926 87.55% 0.00% 11.42% 0.76% 0.27% 0.00% 

THU_LOD2 1,798,836 22,881 321,642 60,236 7,248 9 2,210,852 81.36% 1.03% 14.55% 2.72% 0.33% 0.00% 

TOR 223,699 9 140,036 37,958 323 272 402,297 55.61% 0.00% 34.81% 9.44% 0.08% 0.07% 

VAN 103,047 0 7,894 102 9 0 111,052 92.79% 0.00% 7.11% 0.09% 0.01% 0.00% 

WAS 22,821 4,328 15,298 8,791 647 1 51,886 43.98% 8.34% 29.48% 16.94% 1.25% 0.00% 

  



322 

 

Table 65. Frequency distribution of Euler characteristic by absolute building count 

Dataset 
Frequency distribution of Euler characteristic 

<-3 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 > 9 Total 

ADE 1,373  108  115  110  115  122  167  131  161  165  180  161  142  139  1,380  4,569  

BER 2,018  817  2,260  2,907  9,096  4,075  484,662  804  18,689  280  5,158  115  1,904  212  4,210  537,207  

BOS 11  0  4  1  81  6,425  57,597  281  4,042  308  576  185  309  88  994  70,902  

BRU 430  193  428  804  2,007  6,206  243,830  191  118  15  24  3  11  0  62  254,322  

CAM 1,574  690  972  1,531  1,970  7,046  1,105  533  258  191  96  77  61  43  155  16,302  

ETT 9  0  1  0  0  3  2  4  12  18  17  10  9  13  94  192  

FRA 2  4  10  27  118  259  9,441  58  410  23  137  6  42  7  44  10,588  

HAG 0  0  0  0  131  43  231,663  0  0  0  0  0  0  0  0  231,837  

HAM_LOD1 0  0  0  0  0  5  349,558  10,965  7,807  2,993  1,660  653  470  252  627  374,990  

HAM_LOD2 0  0  0  0  0  4  218,774  45,211  48,457  20,047  18,834  7,055  6,257  2,507  7,844  374,990  

HEL 46  20  78  136  446  1,255  75,268  0  0  0  0  0  0  0  18  77,267  

LIN 31  8  55  91  897  2,010  67,215  10  0  0  0  0  1  0  0  70,318  

LON 150  3  242  26  1,440  1  461,392  3  447  166  226  154  139  73  400  464,862  

MEL 80  12  12  16  32  119  27  22  9  8  6  4  5  2  28  382  

MON 209  73  88  124  272  392  10,477  15  259  5  74  2  34  0  27  12,051  

NET 49  2  113  21  1,283  57  2,980,427  0  0  1  158  7  29  0  117  2,982,264  

NY[1] 77  0  191  0  1,603  3  1,080,141  0  0  0  0  0  0  0  0  1,082,015  

NY[2] 14,308  343  56,507  542  223,364  174  773,947  141  6,443  33  1,346  15  1,755  294  4,225  1,083,437  

NRW_LOD1 202  11  337  54  3,098  15,806  8,708,350  446,206  95,402  19,785  7,897  3,273  238,244  135,320  458,259  10,132,244  

NRW_LOD2 187  0  338  87  5,446  74,808  7,965,613  250,141  230,423  33,528  20,631  5,040  375,325  111,174  1,059,504  10,132,245  

PHI 95  13  20  25  42  436  41  43  14  20  21  4  10  8  67  859  

ROT 29,253  7,038  10,425  18,568  41,253  47,475  25,206  2,157  225  56  12  12  3  0  3  181,686  

SAN 115  0  263  1  2,889  18  173,634  0  0  0  0  0  0  0  0  176,920  

THU_LOD1 19  0  54  0  612  0  2,214,241  0  0  0  0  0  0  0  0  2,214,926  

THU_LOD2 9,431  5,177  7,464  10,250  15,784  26,533  2,048,767  36,515  44,063  4,226  2,048  383  122  43  46  2,210,852  

TOR 45  1  40  3  169  132  401,433  45  26  7  20  12  7  9  348  402,297  

VAN 0  0  8  0  36  0  107,273  0  590  175  579  144  290  110  1,847  111,052  

WAS 10,342  2,023  2,787  3,853  4,706  15,023  5,619  2,309  1,064  760  591  472  291  437  1,609  51,886  
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Table 66. Frequency distribution of Euler characteristic by percentage of buildings 

Dataset 
Frequency distribution of Euler characteristic 

<-3 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 > 9 

ADE 30.05% 2.36% 2.52% 2.41% 2.52% 2.67% 3.66% 2.87% 3.52% 3.61% 3.94% 3.52% 3.11% 3.04% 30.20% 

BER 0.38% 0.15% 0.42% 0.54% 1.69% 0.76% 90.22% 0.15% 3.48% 0.05% 0.96% 0.02% 0.35% 0.04% 0.78% 

BOS 0.02% 0.00% 0.01% 0.00% 0.11% 9.06% 81.23% 0.40% 5.70% 0.43% 0.81% 0.26% 0.44% 0.12% 1.40% 

BRU 0.17% 0.08% 0.17% 0.32% 0.79% 2.44% 95.87% 0.08% 0.05% 0.01% 0.01% 0.00% 0.00% 0.00% 0.02% 

CAM 9.66% 4.23% 5.96% 9.39% 12.08% 43.22% 6.78% 3.27% 1.58% 1.17% 0.59% 0.47% 0.37% 0.26% 0.95% 

ETT 4.69% 0.00% 0.52% 0.00% 0.00% 1.56% 1.04% 2.08% 6.25% 9.38% 8.85% 5.21% 4.69% 6.77% 48.96% 

FRA 0.02% 0.04% 0.09% 0.26% 1.11% 2.45% 89.17% 0.55% 3.87% 0.22% 1.29% 0.06% 0.40% 0.07% 0.42% 

HAG 0.00% 0.00% 0.00% 0.00% 0.06% 0.02% 99.92% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

HAM_LOD1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 93.22% 2.92% 2.08% 0.80% 0.44% 0.17% 0.13% 0.07% 0.17% 

HAM_LOD2 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 58.34% 12.06% 12.92% 5.35% 5.02% 1.88% 1.67% 0.67% 2.09% 

HEL 0.06% 0.03% 0.10% 0.18% 0.58% 1.62% 97.41% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.02% 

LIN 0.04% 0.01% 0.08% 0.13% 1.28% 2.86% 95.59% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

LON 0.03% 0.00% 0.05% 0.01% 0.31% 0.00% 99.25% 0.00% 0.10% 0.04% 0.05% 0.03% 0.03% 0.02% 0.09% 

MEL 20.94% 3.14% 3.14% 4.19% 8.38% 31.15% 7.07% 5.76% 2.36% 2.09% 1.57% 1.05% 1.31% 0.52% 7.33% 

MON 1.73% 0.61% 0.73% 1.03% 2.26% 3.25% 86.94% 0.12% 2.15% 0.04% 0.61% 0.02% 0.28% 0.00% 0.22% 

NET 0.00% 0.00% 0.00% 0.00% 0.04% 0.00% 99.94% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 

NY[1] 0.01% 0.00% 0.02% 0.00% 0.15% 0.00% 99.83% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

NY[2] 1.32% 0.03% 5.22% 0.05% 20.62% 0.02% 71.43% 0.01% 0.59% 0.00% 0.12% 0.00% 0.16% 0.03% 0.39% 

NRW_LOD1 0.00% 0.00% 0.00% 0.00% 0.03% 0.16% 85.95% 4.40% 0.94% 0.20% 0.08% 0.03% 2.35% 1.34% 4.52% 

NRW_LOD2 0.00% 0.00% 0.00% 0.00% 0.05% 0.74% 78.62% 2.47% 2.27% 0.33% 0.20% 0.05% 3.70% 1.10% 10.46% 

PHI 11.06% 1.51% 2.33% 2.91% 4.89% 50.76% 4.77% 5.01% 1.63% 2.33% 2.44% 0.47% 1.16% 0.93% 7.80% 

ROT 16.10% 3.87% 5.74% 10.22% 22.71% 26.13% 10.00% 1.19% 0.12% 0.03% 0.01% 0.01% 0.00% 0.00% 0.00% 

SAN 0.07% 0.00% 0.15% 0.00% 1.63% 0.01% 98.14% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

THU_LOD1 0.00% 0.00% 0.00% 0.00% 0.03% 0.00% 99.97% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

THU_LOD2 0.43% 0.23% 0.34% 0.46% 0.71% 1.20% 92.67% 1.65% 1.99% 0.19% 0.09% 0.02% 0.01% 0.00% 0.00% 

TOR 0.01% 0.00% 0.01% 0.00% 0.04% 0.03% 99.79% 0.01% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.09% 

VAN 0.00% 0.00% 0.01% 0.00% 0.03% 0.00% 96.60% 0.00% 0.53% 0.16% 0.52% 0.13% 0.26% 0.10% 1.66% 

WAS 19.93% 3.90% 5.37% 7.43% 9.07% 28.95% 10.83% 4.45% 2.05% 1.46% 1.14% 0.91% 0.56% 0.84% 3.10% 
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Supporting tables and figures for Chapter 5 

 

Figure 90. Stacked bar chart showing the aggregated results from question 3 as a percentage split 

of all responses – ‘Please rate the usefulness of the following 3D information according to your 

day-to-day work?’ 
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Figure 91. Which sector would you describe yourself to be in? – All responses 
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Table 67. Filtered table - correlation coefficient for Spearman’s Rho one-tailed test (>0.3) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.55 0.42 0.45 0.58 0.69 0.77 0.58 0.37 0.45 0.77 0.61 0.25 0.46 0.37 0.40 

R02 0.55  0.54 0.70 0.30 0.52 0.46 0.33 0.24 0.21 0.57 0.54 0.26 0.34 0.37 0.17 

R03 0.42 0.54  0.57 0.15 0.39 0.32 0.42 0.37 0.27 0.52 0.40 0.39 0.37 0.38 0.29 

R04 0.45 0.70 0.57  0.19 0.52 0.32 0.37 0.48 0.33 0.49 0.48 0.36 0.47 0.29 0.20 

R05 0.58 0.30 0.15 0.19  0.48 0.59 0.55 0.28 0.60 0.39 0.31 0.25 0.37 0.28 0.63 

R06 0.69 0.52 0.39 0.52 0.48  0.78 0.65 0.35 0.46 0.61 0.72 0.45 0.58 0.43 0.52 

R07 0.77 0.46 0.32 0.32 0.59 0.78  0.58 0.22 0.37 0.56 0.57 0.32 0.51 0.25 0.43 

R08 0.58 0.33 0.42 0.37 0.55 0.65 0.58  0.52 0.65 0.46 0.41 0.40 0.55 0.41 0.61 

R09 0.37 0.24 0.37 0.48 0.28 0.35 0.22 0.52  0.56 0.38 0.23 0.49 0.50 0.40 0.42 

R10 0.45 0.21 0.27 0.33 0.60 0.46 0.37 0.65 0.56  0.36 0.25 0.32 0.48 0.44 0.67 

R11 0.77 0.57 0.52 0.49 0.39 0.61 0.56 0.46 0.38 0.36  0.62 0.30 0.37 0.52 0.35 

R12 0.61 0.54 0.40 0.48 0.31 0.72 0.57 0.41 0.23 0.25 0.62  0.40 0.58 0.37 0.46 

R13 0.25 0.26 0.39 0.36 0.25 0.45 0.32 0.40 0.49 0.32 0.30 0.40  0.74 0.46 0.38 

R14 0.46 0.34 0.37 0.47 0.37 0.58 0.51 0.55 0.50 0.48 0.37 0.58 0.74  0.44 0.52 

R15 0.37 0.37 0.38 0.29 0.28 0.43 0.25 0.41 0.40 0.44 0.52 0.37 0.46 0.44  0.56 

R16 0.40 0.17 0.29 0.20 0.63 0.52 0.43 0.61 0.42 0.67 0.35 0.46 0.38 0.52 0.56  

 

Table 68. Filtered table - correlation coefficient for Spearman’s Rho one-tailed test (>0.4) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.55 0.42 0.45 0.58 0.69 0.77 0.58 0.37 0.45 0.77 0.61 0.25 0.46 0.37 0.40 

R02 0.55  0.54 0.70 0.30 0.52 0.46 0.33 0.24 0.21 0.57 0.54 0.26 0.34 0.37 0.17 

R03 0.42 0.54  0.57 0.15 0.39 0.32 0.42 0.37 0.27 0.52 0.40 0.39 0.37 0.38 0.29 

R04 0.45 0.70 0.57  0.19 0.52 0.32 0.37 0.48 0.33 0.49 0.48 0.36 0.47 0.29 0.20 

R05 0.58 0.30 0.15 0.19  0.48 0.59 0.55 0.28 0.60 0.39 0.31 0.25 0.37 0.28 0.63 

R06 0.69 0.52 0.39 0.52 0.48  0.78 0.65 0.35 0.46 0.61 0.72 0.45 0.58 0.43 0.52 

R07 0.77 0.46 0.32 0.32 0.59 0.78  0.58 0.22 0.37 0.56 0.57 0.32 0.51 0.25 0.43 

R08 0.58 0.33 0.42 0.37 0.55 0.65 0.58  0.52 0.65 0.46 0.41 0.40 0.55 0.41 0.61 

R09 0.37 0.24 0.37 0.48 0.28 0.35 0.22 0.52  0.56 0.38 0.23 0.49 0.50 0.40 0.42 

R10 0.45 0.21 0.27 0.33 0.60 0.46 0.37 0.65 0.56  0.36 0.25 0.32 0.48 0.44 0.67 

R11 0.77 0.57 0.52 0.49 0.39 0.61 0.56 0.46 0.38 0.36  0.62 0.30 0.37 0.52 0.35 

R12 0.61 0.54 0.40 0.48 0.31 0.72 0.57 0.41 0.23 0.25 0.62  0.40 0.58 0.37 0.46 

R13 0.25 0.26 0.39 0.36 0.25 0.45 0.32 0.40 0.49 0.32 0.30 0.40  0.74 0.46 0.38 

R14 0.46 0.34 0.37 0.47 0.37 0.58 0.51 0.55 0.50 0.48 0.37 0.58 0.74  0.44 0.52 

R15 0.37 0.37 0.38 0.29 0.28 0.43 0.25 0.41 0.40 0.44 0.52 0.37 0.46 0.44  0.56 

R16 0.40 0.17 0.29 0.20 0.63 0.52 0.43 0.61 0.42 0.67 0.35 0.46 0.38 0.52 0.56  
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Table 69. Filtered table - correlation coefficient for Spearman’s Rho one-tailed test (>0.5) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.55 0.42 0.45 0.58 0.69 0.77 0.58 0.37 0.45 0.77 0.61 0.25 0.46 0.37 0.40 

R02 0.55  0.54 0.70 0.30 0.52 0.46 0.33 0.24 0.21 0.57 0.54 0.26 0.34 0.37 0.17 

R03 0.42 0.54  0.57 0.15 0.39 0.32 0.42 0.37 0.27 0.52 0.40 0.39 0.37 0.38 0.29 

R04 0.45 0.70 0.57  0.19 0.52 0.32 0.37 0.48 0.33 0.49 0.48 0.36 0.47 0.29 0.20 

R05 0.58 0.30 0.15 0.19  0.48 0.59 0.55 0.28 0.60 0.39 0.31 0.25 0.37 0.28 0.63 

R06 0.69 0.52 0.39 0.52 0.48  0.78 0.65 0.35 0.46 0.61 0.72 0.45 0.58 0.43 0.52 

R07 0.77 0.46 0.32 0.32 0.59 0.78  0.58 0.22 0.37 0.56 0.57 0.32 0.51 0.25 0.43 

R08 0.58 0.33 0.42 0.37 0.55 0.65 0.58  0.52 0.65 0.46 0.41 0.40 0.55 0.41 0.61 

R09 0.37 0.24 0.37 0.48 0.28 0.35 0.22 0.52  0.56 0.38 0.23 0.49 0.50 0.40 0.42 

R10 0.45 0.21 0.27 0.33 0.60 0.46 0.37 0.65 0.56  0.36 0.25 0.32 0.48 0.44 0.67 

R11 0.77 0.57 0.52 0.49 0.39 0.61 0.56 0.46 0.38 0.36  0.62 0.30 0.37 0.52 0.35 

R12 0.61 0.54 0.40 0.48 0.31 0.72 0.57 0.41 0.23 0.25 0.62  0.40 0.58 0.37 0.46 

R13 0.25 0.26 0.39 0.36 0.25 0.45 0.32 0.40 0.49 0.32 0.30 0.40  0.74 0.46 0.38 

R14 0.46 0.34 0.37 0.47 0.37 0.58 0.51 0.55 0.50 0.48 0.37 0.58 0.74  0.44 0.52 

R15 0.37 0.37 0.38 0.29 0.28 0.43 0.25 0.41 0.40 0.44 0.52 0.37 0.46 0.44  0.56 

R16 0.40 0.17 0.29 0.20 0.63 0.52 0.43 0.61 0.42 0.67 0.35 0.46 0.38 0.52 0.56  

 

Table 70. Filtered table - correlation coefficient for Spearman’s Rho one-tailed test (>0.6) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.55 0.42 0.45 0.58 0.69 0.77 0.58 0.37 0.45 0.77 0.61 0.25 0.46 0.37 0.40 

R02 0.55  0.54 0.70 0.30 0.52 0.46 0.33 0.24 0.21 0.57 0.54 0.26 0.34 0.37 0.17 

R03 0.42 0.54  0.57 0.15 0.39 0.32 0.42 0.37 0.27 0.52 0.40 0.39 0.37 0.38 0.29 

R04 0.45 0.70 0.57  0.19 0.52 0.32 0.37 0.48 0.33 0.49 0.48 0.36 0.47 0.29 0.20 

R05 0.58 0.30 0.15 0.19  0.48 0.59 0.55 0.28 0.60 0.39 0.31 0.25 0.37 0.28 0.63 

R06 0.69 0.52 0.39 0.52 0.48  0.78 0.65 0.35 0.46 0.61 0.72 0.45 0.58 0.43 0.52 

R07 0.77 0.46 0.32 0.32 0.59 0.78  0.58 0.22 0.37 0.56 0.57 0.32 0.51 0.25 0.43 

R08 0.58 0.33 0.42 0.37 0.55 0.65 0.58  0.52 0.65 0.46 0.41 0.40 0.55 0.41 0.61 

R09 0.37 0.24 0.37 0.48 0.28 0.35 0.22 0.52  0.56 0.38 0.23 0.49 0.50 0.40 0.42 

R10 0.45 0.21 0.27 0.33 0.60 0.46 0.37 0.65 0.56  0.36 0.25 0.32 0.48 0.44 0.67 

R11 0.77 0.57 0.52 0.49 0.39 0.61 0.56 0.46 0.38 0.36  0.62 0.30 0.37 0.52 0.35 

R12 0.61 0.54 0.40 0.48 0.31 0.72 0.57 0.41 0.23 0.25 0.62  0.40 0.58 0.37 0.46 

R13 0.25 0.26 0.39 0.36 0.25 0.45 0.32 0.40 0.49 0.32 0.30 0.40  0.74 0.46 0.38 

R14 0.46 0.34 0.37 0.47 0.37 0.58 0.51 0.55 0.50 0.48 0.37 0.58 0.74  0.44 0.52 

R15 0.37 0.37 0.38 0.29 0.28 0.43 0.25 0.41 0.40 0.44 0.52 0.37 0.46 0.44  0.56 

R16 0.40 0.17 0.29 0.20 0.63 0.52 0.43 0.61 0.42 0.67 0.35 0.46 0.38 0.52 0.56  
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Table 71. Filtered table - correlation coefficient for Kendall's tau-b one-tailed test (>0.3) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.47 0.35 0.38 0.51 0.62 0.69 0.49 0.30 0.38 0.69 0.53 0.21 0.38 0.30 0.34 

R02 0.47  0.46 0.62 0.25 0.44 0.39 0.28 0.21 0.17 0.47 0.47 0.21 0.28 0.32 0.14 

R03 0.35 0.46  0.48 0.12 0.33 0.26 0.35 0.31 0.24 0.44 0.35 0.33 0.30 0.33 0.24 

R04 0.38 0.62 0.48  0.15 0.45 0.26 0.32 0.42 0.27 0.41 0.43 0.30 0.39 0.24 0.17 

R05 0.51 0.25 0.12 0.15  0.40 0.52 0.48 0.23 0.52 0.32 0.27 0.21 0.31 0.22 0.55 

R06 0.62 0.44 0.33 0.45 0.40  0.74 0.57 0.30 0.40 0.52 0.65 0.39 0.50 0.36 0.45 

R07 0.69 0.39 0.26 0.26 0.52 0.74  0.48 0.18 0.32 0.46 0.49 0.27 0.42 0.21 0.36 

R08 0.49 0.28 0.35 0.32 0.48 0.57 0.48  0.45 0.57 0.39 0.35 0.35 0.49 0.36 0.54 

R09 0.30 0.21 0.31 0.42 0.23 0.30 0.18 0.45  0.48 0.32 0.21 0.42 0.43 0.35 0.37 

R10 0.38 0.17 0.24 0.27 0.52 0.40 0.32 0.57 0.48  0.31 0.23 0.27 0.41 0.37 0.58 

R11 0.69 0.47 0.44 0.41 0.32 0.52 0.46 0.39 0.32 0.31  0.56 0.25 0.30 0.44 0.29 

R12 0.53 0.47 0.35 0.43 0.27 0.65 0.49 0.35 0.21 0.23 0.56  0.34 0.50 0.31 0.41 

R13 0.21 0.21 0.33 0.30 0.21 0.39 0.27 0.35 0.42 0.27 0.25 0.34  0.66 0.40 0.32 

R14 0.38 0.28 0.30 0.39 0.31 0.50 0.42 0.49 0.43 0.41 0.30 0.50 0.66  0.38 0.46 

R15 0.30 0.32 0.33 0.24 0.22 0.36 0.21 0.36 0.35 0.37 0.44 0.31 0.40 0.38  0.49 

R16 0.34 0.14 0.24 0.17 0.55 0.45 0.36 0.54 0.37 0.58 0.29 0.41 0.32 0.46 0.49  

 

Table 72. Filtered table - correlation coefficient for Kendall's tau-b one-tailed test (>0.4) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.47 0.35 0.38 0.51 0.62 0.69 0.49 0.30 0.38 0.69 0.53 0.21 0.38 0.30 0.34 

R02 0.47  0.46 0.62 0.25 0.44 0.39 0.28 0.21 0.17 0.47 0.47 0.21 0.28 0.32 0.14 

R03 0.35 0.46  0.48 0.12 0.33 0.26 0.35 0.31 0.24 0.44 0.35 0.33 0.30 0.33 0.24 

R04 0.38 0.62 0.48  0.15 0.45 0.26 0.32 0.42 0.27 0.41 0.43 0.30 0.39 0.24 0.17 

R05 0.51 0.25 0.12 0.15  0.40 0.52 0.48 0.23 0.52 0.32 0.27 0.21 0.31 0.22 0.55 

R06 0.62 0.44 0.33 0.45 0.40  0.74 0.57 0.30 0.40 0.52 0.65 0.39 0.50 0.36 0.45 

R07 0.69 0.39 0.26 0.26 0.52 0.74  0.48 0.18 0.32 0.46 0.49 0.27 0.42 0.21 0.36 

R08 0.49 0.28 0.35 0.32 0.48 0.57 0.48  0.45 0.57 0.39 0.35 0.35 0.49 0.36 0.54 

R09 0.30 0.21 0.31 0.42 0.23 0.30 0.18 0.45  0.48 0.32 0.21 0.42 0.43 0.35 0.37 

R10 0.38 0.17 0.24 0.27 0.52 0.40 0.32 0.57 0.48  0.31 0.23 0.27 0.41 0.37 0.58 

R11 0.69 0.47 0.44 0.41 0.32 0.52 0.46 0.39 0.32 0.31  0.56 0.25 0.30 0.44 0.29 

R12 0.53 0.47 0.35 0.43 0.27 0.65 0.49 0.35 0.21 0.23 0.56  0.34 0.50 0.31 0.41 

R13 0.21 0.21 0.33 0.30 0.21 0.39 0.27 0.35 0.42 0.27 0.25 0.34  0.66 0.40 0.32 

R14 0.38 0.28 0.30 0.39 0.31 0.50 0.42 0.49 0.43 0.41 0.30 0.50 0.66  0.38 0.46 

R15 0.30 0.32 0.33 0.24 0.22 0.36 0.21 0.36 0.35 0.37 0.44 0.31 0.40 0.38  0.49 

R16 0.34 0.14 0.24 0.17 0.55 0.45 0.36 0.54 0.37 0.58 0.29 0.41 0.32 0.46 0.49  
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Table 73. Filtered table - correlation coefficient for Kendall's tau-b one-tailed test (>0.5) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.47 0.35 0.38 0.51 0.62 0.69 0.49 0.30 0.38 0.69 0.53 0.21 0.38 0.30 0.34 

R02 0.47  0.46 0.62 0.25 0.44 0.39 0.28 0.21 0.17 0.47 0.47 0.21 0.28 0.32 0.14 

R03 0.35 0.46  0.48 0.12 0.33 0.26 0.35 0.31 0.24 0.44 0.35 0.33 0.30 0.33 0.24 

R04 0.38 0.62 0.48  0.15 0.45 0.26 0.32 0.42 0.27 0.41 0.43 0.30 0.39 0.24 0.17 

R05 0.51 0.25 0.12 0.15  0.40 0.52 0.48 0.23 0.52 0.32 0.27 0.21 0.31 0.22 0.55 

R06 0.62 0.44 0.33 0.45 0.40  0.74 0.57 0.30 0.40 0.52 0.65 0.39 0.50 0.36 0.45 

R07 0.69 0.39 0.26 0.26 0.52 0.74  0.48 0.18 0.32 0.46 0.49 0.27 0.42 0.21 0.36 

R08 0.49 0.28 0.35 0.32 0.48 0.57 0.48  0.45 0.57 0.39 0.35 0.35 0.49 0.36 0.54 

R09 0.30 0.21 0.31 0.42 0.23 0.30 0.18 0.45  0.48 0.32 0.21 0.42 0.43 0.35 0.37 

R10 0.38 0.17 0.24 0.27 0.52 0.40 0.32 0.57 0.48  0.31 0.23 0.27 0.41 0.37 0.58 

R11 0.69 0.47 0.44 0.41 0.32 0.52 0.46 0.39 0.32 0.31  0.56 0.25 0.30 0.44 0.29 

R12 0.53 0.47 0.35 0.43 0.27 0.65 0.49 0.35 0.21 0.23 0.56  0.34 0.50 0.31 0.41 

R13 0.21 0.21 0.33 0.30 0.21 0.39 0.27 0.35 0.42 0.27 0.25 0.34  0.66 0.40 0.32 

R14 0.38 0.28 0.30 0.39 0.31 0.50 0.42 0.49 0.43 0.41 0.30 0.50 0.66  0.38 0.46 

R15 0.30 0.32 0.33 0.24 0.22 0.36 0.21 0.36 0.35 0.37 0.44 0.31 0.40 0.38  0.49 

R16 0.34 0.14 0.24 0.17 0.55 0.45 0.36 0.54 0.37 0.58 0.29 0.41 0.32 0.46 0.49  

 

Table 74. Filtered table - correlation coefficient for Kendall's tau-b one-tailed test (>0.6) 

  R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.47 0.35 0.38 0.51 0.62 0.69 0.49 0.30 0.38 0.69 0.53 0.21 0.38 0.30 0.34 

R02 0.47  0.46 0.62 0.25 0.44 0.39 0.28 0.21 0.17 0.47 0.47 0.21 0.28 0.32 0.14 

R03 0.35 0.46  0.48 0.12 0.33 0.26 0.35 0.31 0.24 0.44 0.35 0.33 0.30 0.33 0.24 

R04 0.38 0.62 0.48  0.15 0.45 0.26 0.32 0.42 0.27 0.41 0.43 0.30 0.39 0.24 0.17 

R05 0.51 0.25 0.12 0.15  0.40 0.52 0.48 0.23 0.52 0.32 0.27 0.21 0.31 0.22 0.55 

R06 0.62 0.44 0.33 0.45 0.40  0.74 0.57 0.30 0.40 0.52 0.65 0.39 0.50 0.36 0.45 

R07 0.69 0.39 0.26 0.26 0.52 0.74  0.48 0.18 0.32 0.46 0.49 0.27 0.42 0.21 0.36 

R08 0.49 0.28 0.35 0.32 0.48 0.57 0.48  0.45 0.57 0.39 0.35 0.35 0.49 0.36 0.54 

R09 0.30 0.21 0.31 0.42 0.23 0.30 0.18 0.45  0.48 0.32 0.21 0.42 0.43 0.35 0.37 

R10 0.38 0.17 0.24 0.27 0.52 0.40 0.32 0.57 0.48  0.31 0.23 0.27 0.41 0.37 0.58 

R11 0.69 0.47 0.44 0.41 0.32 0.52 0.46 0.39 0.32 0.31  0.56 0.25 0.30 0.44 0.29 

R12 0.53 0.47 0.35 0.43 0.27 0.65 0.49 0.35 0.21 0.23 0.56  0.34 0.50 0.31 0.41 

R13 0.21 0.21 0.33 0.30 0.21 0.39 0.27 0.35 0.42 0.27 0.25 0.34  0.66 0.40 0.32 

R14 0.38 0.28 0.30 0.39 0.31 0.50 0.42 0.49 0.43 0.41 0.30 0.50 0.66  0.38 0.46 

R15 0.30 0.32 0.33 0.24 0.22 0.36 0.21 0.36 0.35 0.37 0.44 0.31 0.40 0.38  0.49 

R16 0.34 0.14 0.24 0.17 0.55 0.45 0.36 0.54 0.37 0.58 0.29 0.41 0.32 0.46 0.49  
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Table 75. Correlation coefficient for Spearman’s Rho one-tailed test (n = 123; p< .001) 

 R01 R02 R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 

R01  0.55 0.42 0.45 0.58 0.69 0.77 0.58 0.37 0.45 0.77 0.61 0.25 0.46 0.37 0.40 

R02 0.55  0.54 0.70 0.30 0.52 0.46 0.33 0.24 0.21 0.57 0.54 0.26 0.34 0.37 0.17 

R03 0.42 0.54  0.57 0.15 0.39 0.32 0.42 0.37 0.27 0.52 0.40 0.39 0.37 0.38 0.29 

R04 0.45 0.70 0.57  0.19 0.52 0.32 0.37 0.48 0.33 0.49 0.48 0.36 0.47 0.29 0.20 

R05 0.58 0.30 0.15 0.19  0.48 0.59 0.55 0.28 0.60 0.39 0.31 0.25 0.37 0.28 0.63 

R06 0.69 0.52 0.39 0.52 0.48  0.78 0.65 0.35 0.46 0.61 0.72 0.45 0.58 0.43 0.52 

R07 0.77 0.46 0.32 0.32 0.59 0.78  0.58 0.22 0.37 0.56 0.57 0.32 0.51 0.25 0.43 

R08 0.58 0.33 0.42 0.37 0.55 0.65 0.58  0.52 0.65 0.46 0.41 0.40 0.55 0.41 0.61 

R09 0.37 0.24 0.37 0.48 0.28 0.35 0.22 0.52  0.56 0.38 0.23 0.49 0.50 0.40 0.42 

R10 0.45 0.21 0.27 0.33 0.60 0.46 0.37 0.65 0.56  0.36 0.25 0.32 0.48 0.44 0.67 

R11 0.77 0.57 0.52 0.49 0.39 0.61 0.56 0.46 0.38 0.36  0.62 0.30 0.37 0.52 0.35 

R12 0.61 0.54 0.40 0.48 0.31 0.72 0.57 0.41 0.23 0.25 0.62  0.40 0.58 0.37 0.46 

R13 0.25 0.26 0.39 0.36 0.25 0.45 0.32 0.40 0.49 0.32 0.30 0.40  0.74 0.46 0.38 

R14 0.46 0.34 0.37 0.47 0.37 0.58 0.51 0.55 0.50 0.48 0.37 0.58 0.74  0.44 0.52 

R15 0.37 0.37 0.38 0.29 0.28 0.43 0.25 0.41 0.40 0.44 0.52 0.37 0.46 0.44  0.56 

R16 0.40 0.17 0.29 0.20 0.63 0.52 0.43 0.61 0.42 0.67 0.35 0.46 0.38 0.52 0.56  

 

Code Description 

R01 Roof geometry 

R02 Windows & doors geometry 

R03 Texture and/or photo 

R04 Interior geometry 

R05 3D road geometry 

R06 Maximum roof height 

R07 Base of roof height 

R08 Trees & other biomass geometry 

R09 Underground utilities geometry e.g. electricity/telephone cables 

R10 Street furniture geometry 

R11 Roof shape type (e.g. hipped, mansard, etc)  

R12 Number of floors (building) 

R13 Ownership and cadastral information 

R14 Address with 3D location e.g. identify the floor or height 

R15 Landmarks e.g. statues, key buildings 

R16 Bridges, flyovers, and underpasses 
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Table 76. Summary table of features with a Spearman’s Rho >0.6, sorted in descending order. 

Code 3D feature Correlated featured (>0.6) Spearman’s Rho 

R01 Roof geometry Base of roof height 

Roof shape type 

Maximum roof height 

Number of floors 

0.77 

0.77 

0.69 

0.61 

R02 Windows & doors 

geometry 

Interior geometry 0.70 

R03 Texture and/or photo - - 

R04 Interior geometry Windows & doors geometry 0.70 

R05 3D road geometry Street furniture geometry 

Bridges, flyovers, and underpasses 

0.63 

0.60 

R06 Maximum roof height Base of roof height 

Number of floors 

Roof geometry 

Trees & other biomass geometry 

Roof shape type 

0.78 

0.72 

0.68 

0.65 

0.61 

R07 Base of roof height Maximum roof height 

Roof geometry 

0.78 

0.77 

R08 Trees & other biomass 

geometry 

Maximum roof height 

Street furniture geometry 

Bridges, flyovers, and underpasses 

0.65 

0.65 

0.61 

R09 Underground utilities 

geometry e.g. 

electricity/telephone 

cables 

- - 

R10 Street furniture geometry Bridges, flyovers, and underpasses 

Trees & other biomass geometry 

3D road geometry 

0.67 

0.65 

0.60 

R11 Roof shape type (e.g. 

hipped, mansard, etc)  

Roof geometry 

Number of floors 

Maximum roof height 

0.77 

0.62 

0.61 

R12 Number of floors 

(building) 

Maximum roof height 

Roof shape type 

Roof geometry 

0.72 

0.62 

0.61 

R13 Ownership and cadastral 

information 

Address with 3D location 0.74 

R14 Address with 3D location 

e.g. identify the floor or 

height 

Ownership and cadastral information 0.74 

R15 Landmarks e.g. statues, 

key buildings 

- - 

R16 Bridges, flyovers, and 

underpasses 

Street furniture geometry 

Maximum roof height 

Trees & other biomass geometry 

 

0.67 

0.63 

0.61 
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Ethics approval and data protection forms 

UCL Ethics application form 
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UCL data protection registration form 
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SQL for intersecting the ‘Building’ geometries from OS MasterMap 

Topography Layer with Urban/Rural geographies 

 

--Import ESRI Shapefile into PostgreSQL using GUI shp2pgsql loader 

-------------------------------------------------------------------------------- 

 

--Copy to external text file, validating, forcing coordinate pairs to be listed in the clockwise direction, 

subdividing and extracting a wkt representation of geometry 

--Only polygon geometries with > 1000 vertices are subdivided 

--Subdivision of geometry required due to Netezza's 64KB row limit 

 

COPY ( 

SELECT CASE 

           WHEN ST_NPoints(geom) > 1000 THEN 

ST_AsText(ST_ForceRHR(ST_Multi(ST_MakeValid(ST_Subdivide(geom, 1000))))) 

           ELSE ST_AsText(ST_ForceRHR(ST_Multi(ST_MakeValid(geom)))) 

       END :: varchar wkt 

FROM ews_urban_areas 

) 

TO 'C:\Temp\kelvin_wong\ews_urban_areas_wkt.csv' 

--CSV mode required to write a header record 

WITH DELIMITER '|'; 

 

-------------------------------------------------------------------------------- 

 

--Create table in Netezza 

CREATE TABLE ews_urban_areas_wkt 

( 

    wkt character varying(40000) 

); 

 

--------------------------------------------------------------------------------  

 

--Populate table in Netezza 

--Default delimiter is '|' so not specified in parameters 

INSERT INTO ews_urban_areas_wkt 

SELECT * FROM 

EXTERNAL 'C:\\Temp\\kelvin_wong\\ews_urban_areas_wkt.csv' 

USING 

( 

    LOGDIR 'C:\\Temp' 

    Y2BASE 2000 

    ENCODING 'internal' 

    REMOTESOURCE 'ODBC' 

    ESCAPECHAR '\' 

); 

 

--------------------------------------------------------------------------------  

 

--Update WKT representation of geometry to nzspatial supported geo 

CREATE TABLE ews_urban_areas_geo AS 

SELECT ST_WKTToSQL(wkt, 1234) :: character varying(40000) shape 

FROM ews_urban_areas_wkt 

DISTRIBUTE ON RANDOM; 
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Written feedback from the Ordnance Survey Workshop 

What findings do you agree with? 

• Standardisation remains a complicated issue 

• How 3D sits with current OS products is an interesting challenge 

• Open 3D GB dataset 

• Benefits and limitations 

• Euler value looks like a good measure 

• (Users consider that) Additional costs not worth the benefit 

• Suggestions for OS’s way forward are largely good ideas, especially Open Data 

product 

• 3D is complex, it can be difficult to understand and can fall foul of internal business 

politics 

• Great analysis piece – good start to help our understanding of sectors and 

requirements 

• Users want simple buildings geometry – users want roads and other features too 

• Open 3D dataset in the UK – merged with EA LiDAR. It is important to prove how 

agile our data is and how it can be merged with third party data. 

What findings do you disagree with? 

• Focused on ‘GIS professionals’ 

• Not sure what opportunities in the consumer market 

• National Open 3D dataset – does this need to be national initially? 

• 3D GML is too restrictive and not always applicable to all 3D city models 

• I think the sample group was too limited for the surveys 

How feasible is it to implement the recommendations? 

• Technically possible, not difficult 

• Deciding exactly what 3D we want to create is very difficult 

• Cost estimates will require more work 

• Open 3D dataset – more of a political issue than technical. Perhaps a case for a less 

detailed version similar to Netherlands 

• OS Open 3D – Possible. EA LiDAR only available to a subset of country though. Need 

data capture from elsewhere. Building heights dataset as an alternative? 
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• Education of community – is this OS’s role? It is definitely important. 

• Limited trial areas of Open 3D could be generated but in what flavour? 

• What is the 3D GIS? 

• Yes, we need a modular (granular) approach to 3D 

• This is such a complex issue spanning technology, market understanding, business of 

internal politics… It is going to be very difficult to define the next steps and gain the 

support and traction required. That said, this work hugely expands our understanding 

of what exists, what are the challenges and the remaining unknowns and has strongly 

stimulated debate about next steps – debate that has been stagnant for years. 

• Feasible, but insights and marketing testing is required prior to release.  

Other comments 

• Questionnaire – use of 3D – definition is very broad. Was there another question where 

the definition was narrower? 

• A question that could have been asked ‘Would you be willing to pay more for 3D 

data?’ 

• Sample size and target audience – not representative 

• More evaluation of 3D objects other than just buildings 

• We need a different approach to the traditional ones which are established in 

understanding 3D data and how it is used.  

• Need for large and wider group of participants to surveys. 

• Quality measures are also of value (more value?) to the product in understanding 

whether the product meets given requirements. Further, I am coming to the conclusion 

that 3D is as much or more for our internal consumption in order to answer paying 

customers’ questions that as a dataset for customers in itself.  

• Analysing the ‘barriers to 3D’ would be a good addition to this work 

• Better visuals – a bit clear presentation of the results would be great – or maybe 

handouts. 
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Discussion questions and responses from the Ordnance Survey 

workshop 

Q1: How do you feel when someone mentions the term “3D GIS”? 

Inevitable 

Challenging 

GIS? (or GI?) 

Frustration 

Risky 

Dithering 

Complicated 

 

History 

Interesting 

Complex 

 

 

Q2: In your opinion, what is the current state of 3D at Ordnance Survey? 

Unclear 

Nascent 

Moribund 

 

Embryonic 

 

Q3: How do customers decide which OS product to use? 

Historical 

Product specification 

Website tool 

Consultancy and Technical 

Services team (CATs) 

Case studies 

Product demos 

Account managers 

EDINA 

 

Q4: Name one thing we use to communicate the characteristics of 2D geographic 

information to customers. 

Quality measures 

Case studies 

Product specification 

Documentation 

Embryonic 

 

Q5: What do you think should be the next step for Ordnance Survey for 3D? 

There is value in produce an OS mesh beyond visualisation through the creation of an 

attributed mesh model. Visualisation shouldn’t be dismissed! 

Harmonisation – how can we make sure that 2D and 3D products work together? 
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What does an OS Mesh product provide you over free products such as Google Maps? 

Where does vegetation fit within the 3D product line up? 

We should start collecting raw data now – we have a rough idea of what we need to collect to 

produce 3D regardless of the final product. 

 

Q6: What are your initial thoughts for each of the proposed products? 

Can users use 3D if we supply it? 

Do we create a test area (with lots of formats, or a full national coverage dataset (in a single 

or a few format)?  

Interact with non-GI communities e.g. releasing data in IFC format 

How can we ensure continued/maintained development of 3D? 

How can we get market feedback? 

Put out a number of options, and explore the market 

Create an open 3D dataset and gather feedback 

Develop use cases with a few select customers 

Define 3D better – through testing different variations 

 

Q7: How much would you estimate the total cost of production of a national 3D mapping 

product for Great Britain to be? 

£150 million 

£25 million 

£60 million 

£110 million (per annum) 

 


