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Abstract

3D city models are omnipresent in urban management and simulations. However,
instruments for their evaluation have been limited. Furthermore, current instances
are scattered worldwide and developed independently, hampering their comparison
and understanding practices. While there are developed assessment frameworks in
open data, such efforts are generic and not applied to geospatial data. We establish
a holistic and comprehensive 4-category framework ‘3D City Index’, encompassing
47 criteria to identify key properties of 3D city models, enabling their assessment
and benchmarking, and suggesting usability. We evaluate 40 authoritative 3D city
models and derive quantitative and qualitative insights. The framework implemen-
tation enables a comprehensive and structured understanding of the landscape of
semantic 3D geospatial data, as well as doubles as an evaluated collection of open
3D city models. For example, datasets differ substantially in their characteristics,
having heterogeneous properties influenced by their different purposes. There are
further applications of this first endeavour to standardise the characterisation of
3D data: monitoring developments and trends in 3D city modelling, and enabling
researchers and practitioners to find the most appropriate datasets for their needs.
The work is designed to measure datasets continuously and can also be applied to
other instances in spatial data infrastructures.
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1 Introduction

3D city models have increasingly developed in the past years. Numerous studies have af-
firmed their advantage in supporting different stakeholders, e.g. urban planners, citizens,
and researchers. As the technologies and supporting infrastructure have been strength-
ening, many cities and countries adopted 3D city models as an advanced tool to solve
urban issues, catalyse the process of participation, and inform decision-making across a
variety of use cases (Arroyo Ohori, 2020; Biljecki et al., 2021; Dukai et al., 2020; Gil,
2020; Labetski et al., 2022; Ledoux et al., 2021; Liang et al., 2020; Noardo et al., 2022;
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Palliwal et al., 2021; Park et al., 2021; Stoter et al., 2020; Virtanen et al., 2021; Vitalis
et al., 2020; Wysocki et al., 2021). Subsequently, over the past few years, there has been
a noticeable increase in the number and variety of 3D city models publicly released by
different organisations, primarily governments.

With the involvement of different stakeholders, geographical coverage, and prolifer-
ation of an increasing breadth of use cases, 3D city models are scattered around the
world and developed in disconnected initiatives, which leads to heterogeneous character-
istics (Bognár et al., 2021). Currently, governments are the major provider of 3D city
models, but efforts by universities and research institutions also present a fair share in
contributing to the availability of datasets, while crowdsourcing has been gaining cur-
rency as well (Wu & Biljecki, 2022). This diversity entails that 3D city models nowadays
vary in methods of data acquisition, processing, storage, publication, use, and mainte-
nance along with technical, socio-economic, political and cultural differences (Conradie
& Choenni, 2012; Dukai et al., 2020; Peters et al., 2022). These issues make it difficult to
understand practices, characterise a good 3D city model, gauge whether it is suitable for
a particular use case, and explore the integration of multiple datasets. It may also lead
to ambiguity in comparing multiple datasets, e.g. given a choice between two datasets,
as it is not clear which one is better. This topic is also relevant in the context of urban
digital twins, for which there is a consensus that 3D city models are a pillar (Shahat
et al., 2021).

At the moment, there is no holistic and standardised instrument to understand the
characteristics of 3D city models, which would bridge the aforementioned issues. Despite
some recent efforts focused on particular aspects such as integrity of geometry and topol-
ogy (such related work will be overviewed in Section 2.1), there has been no mechanism
to characterise 3D city models by their properties that hint at their quality, usability,
and suitability.

Take the language barrier as an example. Although the documentation and content of
many 3D city models are available in English, many still use local languages, which may
hinder understanding and interoperability (e.g. mismatch of attribute names and values,
which may not be recognised by software). While plenty of use cases, practitioners and
researchers rely on high-quality open data, many public administrations do not provide
integrated and standardised 3D city models, which makes further analysis difficult in
practice (Susha et al., 2015). 3D city models are often managed in different standards
with different sets of information in the datasets to support various purposes. Moreover,
while many applications of 3D city models may have some common requirements with
each other, datasets may be heterogeneous and not all of them are suitable for particular
use cases. An issue is compounded by the lack of means to characterise data and their fit
for purpose. For example, some visualisation-only applications do not require semantics,
while others demand particular attributes to conduct analyses (Lim et al., 2020). Among
various implications, it is challenging for stakeholders to understand the best practices
and determine the characteristics of a dataset they seek to acquire. As various purposes
have shaped the provenances of different datasets, there is no general manner nor specific
standard to produce 3D city models, leading to diverging datasets.
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Apart from the heterogeneous nature of 3D city models hampering comparison, a
lack of a standardised approach to characterise datasets is another issue. Although the
research fields of, e.g. gauging open government data, have been well established (Kedron
et al., 2021), such research does not apply to 3D geoinformation. In terms of open
data released by the authorities, many studies evaluate primarily three main aspects:
quality, adoption, and barrier (Borzacchiello & Craglia, 2012; Conradie & Choenni, 2012;
Degbelo, 2021; Susha et al., 2015). There are several generic initiatives for understanding
the characteristics and usability of open data instances, (e.g. Global Open Data Index1,
Open Data Barometer2), and some research papers (Braunschweig et al., 2012; Strathern,
2000) provide insight into various aspects, such as the quality. However, in terms of 3D
data in the geospatial realm, there lacks a comprehensive approach to realise a related
but specific implementation.

The motivation of this study is to build a universal framework to measure rele-
vant properties of 3D city models, which can assist in gauging their usability, quality,
and development. Further, in an aggregated manner, such insights can provide an un-
derstanding of the trends of capturing, maintaining, and releasing 3D geoinformation.
The framework we design is intended to apply to instances of 3D data that are either
closed or open. The same goes for their lineage, applying to either governmental or
non-governmental data, and the different ways to acquire them. However, in the im-
plementation of the framework in this paper, only open government data is taken into
account to ease obtaining data. To our best knowledge, this framework is the first ef-
fort to characterise 3D city models and compare their properties. Furthermore, such
a framework will lead to formalising the suitability of data for a particular use case
(e.g. developers of a simulation software may use our framework to specify minimum
requirements for a dataset for a reliable analysis). Other applications are many. For ex-
ample, the framework would facilitate identifying particular characteristics of a dataset
that may be useful to researchers and users for whom the geography of the dataset is
not important. They may find a dataset with a particular characteristic important for
their development regardless of its location (e.g. developers of a wind flow simulation
software that are looking for 3D data around the world with certain requirements to
test the development). As similar work has not been done for other types of geographic
information, we believe that it also contributes broadly to the domain of spatial data
infrastructures and may be adapted to suit other instances of spatial information.

We address three objectives: (1) define relevant properties of 3D city models; (2)
establish a framework to characterise 3D city models; and (3) benchmark and compare
the performance of a selected set of datasets as the implementation of the framework.
The last point also doubles as an instrument to gauge the state of the art of 3D geoin-
formation and to provide a collection of 3D city models around the world together with
their properties.

1https://index.okfn.org
2https://opendatabarometer.org/? year=2017&indicator=ODB
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2 Background and related work

2.1 Related work in 3D GIS assessment

While there is a substantial gap in characterising and evaluating 3D city models, there
has been working on validating particular aspects of 3D datasets, primarily the geometric
integrity (Alam et al., 2014; Dukai et al., 2021; Ennafii et al., 2019; Ledoux, 2018; Wagner
et al., 2015) and adherence to standards such as CityJSON and CityGML (Biljecki et al.,
2016; Ledoux, Ohori, et al., 2019). Geometric and schematic consistency is not in our
domain, as our approach is geared towards a broad understanding of the characteristics
of 3D city models. However, such work is relevant to us as it may complement ours
(geometric quality is a consideration that may affect usability). Some researchers note
that 3D city models have application-specific requirements (Biljecki & Tauscher, 2019;
Coors et al., 2020; Tang et al., 2020), which we regard in our work to develop a framework
that will aid researchers in gauging the usability of a dataset.

Another relevant work is the one by Labetski et al. (2018), developing means to
describe metadata of 3D city models. Considering that we aim to identify relevant
properties of 3D city models, our work intersects with metadata, so we adopt certain
elements from their work that characterise 3D city models, e.g. Level of Detail (LoD),
textures, and thematic modules present in a dataset.

2.2 Related work on benchmarking data

Existing approaches to describing and assessing data mostly focus on evaluating open
government data efforts (Shannon & Walker, 2018), and they have different emphases
depending on particular purposes, with some being general. Berners-Lee (2006) proposed
a Five-Star Scheme to assess the usability of datasets, based on (1) availability of a
website with any formats openly licensed; (2) availability of being as structured data
(e.g. spreadsheet rather than images); (3) availability of non-proprietary formats; (4) use
of open standards; and (5) availability of linking with other datasets. Several disciplines
have widely adopted the proposed scheme (Hossain et al., 2016; Wilson et al., 2021);
however, the scheme mostly concentrates on specific aspects without being holistic and
considering other critical properties, e.g. timeliness. Consequently, an outdated dataset
may still get a higher score according to their approach.

The work of Kundra (2011) identified ten principles for improving federal trans-
parency when generating and publishing open data. For example, the work states the
importance of common data standards, real-time information and collaboration with
third parties. Ubaldi (2013) proposed a comprehensive framework to measure open gov-
ernment data with a range of dimensions, covering political, technical, economic, and
organisational aspects. In terms of data, the work mainly investigates its availability,
quality, uptake and re-usability. In terms of data availability, a number of datasets are
assessed whether they are accessible or downloadable on the portals. At the same time,
data quality is considered as data accuracy, consistency, frequency of update and afford-
ability. This analytical framework is a valuable attempt to build a broad approach with
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a large set of metrics from different dimensions. However, it ignores the properties of
datasets as all indexes are created at a portal level. Furthermore, a lack of a quantitative
standard for assessment makes the work prone to ambiguity.

Based on previous work, Vetrò et al. (2016) set up a framework to assess open
government data focusing on data quality. They pick up a set of metrics: traceability
(e.g. metadata availability in terms of creation/update process), currentness (e.g. update
timeliness), expiration (e.g. delay between creation and publication), completeness (e.g.
dataset with complete value), compliance (e.g. dataset with standard), understandability
(e.g. comprehensive formats) and accuracy (e.g. accuracy in aggregation and correct
value in each cell). For quantitative analysis, they adopt the two-tailed Mann-Whitney
test (Sachs, 2012) to compare the results of two examples. This work is a detailed
framework to investigate data and set metrics, despite its particular scope of data quality.

Based on such efforts, there have been projects to assess and rank countries or cities
in terms of their performance regarding open authoritative data. Since 2013, the World
Wide Web Foundation, with the support of the Omidyar Network, has launched the
project of Open Data Barometer3, aiming to reveal global trends of open data initiatives
and provide a systematic comparison covering 30 governments. It ranks countries with
a tripartite structure regarding readiness, implementation and impacts on government,
civil society and business. The three tiers are weighted equally (1/3) in quantitative
analysis, with a series of questions to score each sub-index. It is probably the first
comprehensive work to evaluate how governments publish and use open data to promote
accountability, innovation and social impact. Nevertheless, it remains at quite a high
level to assess external performance rather than examine details of the dataset as it
emphasises the yearly change of score trends between countries. Another relevant project
is the Global Open Data Index4, conducted by the Open Knowledge Network. This work
aims to provide feedback on open government data to gain insight into data gaps and
motivate more engagement to make data useful and impactful. The framework is built
with a range of categories (e.g. budget, maps, locations and law), and selects a set of
questions to examine the openness of each dataset in each city around the world. The
scoring system gives 60 points to data accessibility and 40 points to questions around
license/status/standard/formats through a survey. As this project intends to measure
how datasets are openly published, the final score and the ranking suggest a degree of
openness which means only scoring 100% indicates the data is open compared to 80%
presenting public but not open.

Certain disciplines have related research, e.g. there is work on assessing data open-
ness in air quality measurements (Mak & Lam, 2021). While these efforts affirm the
importance of implementing such work in the domain of GIS or specifically 3D city
modelling, they are usually too specific to be transported to our realm. Also, current
frameworks in the field of open data maintain two gaps: existing studies lack a compre-
hensive consideration of data properties, and many have no metrics system to compare
datasets in a distinct manner.

3https://opendatabarometer.org/? year=2017&indicator=ODB
4https://index.okfn.org
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Nevertheless, we take inspiration from the above work — as they cater to general
data, and some elements can be adopted in the realm of 3D GIS. To address the limi-
tations described above, we develop a holistic multi-level approach with regard to both
portals and datasets, and establish a scoring system to benchmark their performance
from a neutral, non-profit, and unbiased academic standpoint.

3 Methodology

3.1 Framework design and principles

We develop a 4-category framework, dubbed ‘3D City Index’ (Table 1) encompassing 47
criteria to gauge 3D models and benchmark intrinsic content (Farhang et al., 2008). We
examined research papers and initiatives related to data assessment, screened several
evaluation indexes that align with our research objectives, and finally selected these 47
relevant criteria. Such selection aims to reflect the characteristics of 3D city models and
help stakeholders understand current models from different aspects. This framework is
general and can be applied to different kinds of 3D city models worldwide, e.g. open
or closed, governmental or non-governmental, obtained by extrusion or with laser scan-
ning. The implementation of this framework may benefit researchers and practitioners
to understand the properties of a dataset, gather the trend of 3D geoinformation, and
enable them to choose one or multiple datasets for different purposes. Furthermore, the
implementation of framework is intended to drive the future creation of 3D city models.
For example, when contracting the acquisition or production of data from companies,
governments may set certain requirements using criteria in this framework and enhance
internal workflows, i.e. improving openness, increasing the frequency of update, and
promoting maintenance services. At the same time, the framework’s design is flexible,
allowing extensions and customisations for particular scenarios, e.g. use cases.

The proposed framework includes 4 categories and provides a comprehensive under-
standing to stakeholders spanning a variety of domains and geographies. The structure
of this framework starts with an overview of the data portal (Category 1), followed by a
description of the 3D city model (Category 2), and then considering its thematic content
(Category 3), i.e. object types, and finally examining building attributes in detail (Cate-
gory 4). The design of our framework includes a high-level description of 3D city models,
as well as considering their properties that are relevant for stakeholders and align well
with research objectives. With these 4 categories, practitioners may assess datasets from
different perspectives, from the portal level to detailed and low-level characteristics.

The framework is data agnostic – we consider 3D geospatial data in all relevant
formats. After defining the 4 categories and the scope of this study, we endeavour to
gather relevant criteria and obtain 47 criteria under all measurement categories. Each
criterion is characterised by a question that has a boolean answer, with 1 point for
a yes and 0 for a no. A ‘yes’ answer indicates that the city model has satisfied this
criterion. For example, we propose a criterion for affordability – Is a 3D city model free
of charge (2C4). A positive answer here implies that the dataset can be downloaded at no
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cost. On the other hand, it also indicates that this dataset performs better in openness
and accessibility, suggesting that a single criterion may have multiple functions. This
quantitative benchmark is intended to serve as a generic approach to assessing 3D city
models. Moreover, the framework may also satisfy other purposes for specific uses. That
is, it enables giving more weight to a particular aspect that may be more important than
another in a particular context. Also, if necessary, the framework may be extended with
further aspects, and aspects less relevant for a particular purpose can be omitted.

3.2 Criteria and scoring system

Category 1 is about the data portal and its openness, which is the first step in providing
communication and access to a 3D city model. Typically, portals describe datasets,
sometimes including visualisations, before their download. The first few criteria consider
web-based visualisation and the principles of openness. Web-based visualisation includes
a detailed website (1C1), a web viewer (1C2) and the timeliness of provided information
(1C3). For example, practitioners could view the 3D virtual city online, search for specific
buildings by interest, and obtain further information, such as address and building type.
In terms of openness of datasets, it regards the use of language (1C4, 1C5), as well as
a way to leave feedback on recommendations or reporting errors (1C6). All criteria are
built based on the first phase of facilitating obtaining 3D city models.

Category 2 encapsulates key characteristics of 3D city models. It investigates the
availability of datasets, including downloadability, age, frequency of update and the
record of historical data, which are highly related to the needs of users (Mak & Lam,
2021). Considering the impact of data acquisition technique, we firstly set two criteria
to define city models — whether it is a structured 3D city (information) model (2C1)
or a mesh model (2C2), or if it is both. By means of downloadability, the provision
of downloads is essential access for subsequent investigation (2C3). Furthermore, an
ideally downloadable dataset should be free of charge (2C4) in consideration of access.
Downloading data without mandatory registration or additional obstacles is another
major consideration (2C5). Requiring additional software for download or approval
from data providers hinders the process of procurement (Attard et al., 2015). A dataset
provided in more than one format will be more useful in satisfying different purposes
(2C6). For example, a dataset in the OBJ format may be better for visualisation than
a CityGML, which on the other hand, may be more appropriate for semantic analysis.
Thus, instead of favouring a specific format, we attach importance to the availability
of multiple formats. Continuing the consideration of data formats, we also take into
account whether the dataset has been released according to an open standard (2C7). One
of the key benefits of using open data standards is to make city models interoperable,
potentially leading to supporting multiple applications (Kolbe & Donaubauer, 2021). To
address the practical value, further we include open license (2C8) and metadata (2C9)
as additional criteria. The timeliness is highlighted by the criteria of age and update
frequency, where it is assumed that recently published datasets potentially represent
the built environment more veraciously, and may also be of better quality and accuracy
thanks to the continuous advancement in 3D data acquisition. We firstly establish a

7



criterion to assess whether a city model is recently published (2C10), to reflect the age
of datasets. The threshold of considering a dataset recent is set to the last 5 years.
As it is the case with other criteria, practitioners may customise such details if needed.
In terms of update, we consider the status as whether it has been updated at least
once (2C11) and define the frequency of update according to the officially stated plans
(2C12). These criteria are instrumental as a regularly updated dataset tends to provide
accurate information and ensure quality. In addition, we also add one more criterion to
describe the version management of datasets: keeping historical datasets (2C13). The
availability of historical records may benefit users in studying the development of cities
through time. Level of detail (LoD) is another integral component of this category —
it indicates the correspondence of a model with its real-world counterpart (Tang et al.,
2020). As such, we consider whether the 3D city model includes more than one level of
detail (2C14). We also include a criterion of coverage in the framework, as whether it
covers the entire jurisdiction (2C15).

In addition to the general features of datasets, we further consider the types of
thematic objects in Category 3, which comprehensively reflect physical components of
a city. We adopt the Open Geospatial Consortium (OGC) standard CityGML in this
category to determine relevant criteria. CityGML is considered as a comprehensive
format for representing 3D urban information (Gröger et al., 2012; Kolbe, 2009), and we
adopt its taxonomy of thematic features and building attributes, which will be explained
in the Category 4. The urban objects regarded by Category 3 are derived from the
specification of CityGML. For example, the first criterion (3C1) refers to whether a
model is generated with semantically differentiated surfaces. A LoD2 model that has
roofs distinguishable from walls is one of the cases. Combining different object types
is common in visualisation, planning, management and decision making (Julin et al.,
2018), e.g. a dataset including waterbody may enable flood simulations (Schröter et al.,
2018).

CityGML also enables representations of the properties of individual urban objects.
It is possible to attach textures and material to the surfaces of each object (Ledoux,
Arroyo Ohori, et al., 2019). Thus, we define the aim of Category 4 to characterise
attribute content. Considering that buildings are the most explicit theme and critical
in several domains (Jaillot et al., 2020; Park & Guldmann, 2019; Willenborg et al.,
2018), we only focus on building information in this work, e.g. the class, roof type,
texture, measured height, etc. For future uses, criteria in Category 4 may be expanded
depending on the specific context. For example, practitioners may determine extra
criteria regarding the attributes of bridges, tunnels, tracks, city furniture, or other urban
objects.

After designing criteria for the framework, a consistent scoring method is crucial to
quantify the performance of each 3D city model, as well as indicate particular charac-
teristics of datasets (Chi & Mak, 2021). The total score for this measurement is 47
points based on a 4-category scale, with 6 points for criteria around the data portal
(Category 1), 15 points for basic information at Category 2, 11 points for thematic con-
tent (Category 3) and 15 points for attributes (Category 4). The score for each dataset
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could reflect its overall value, with higher scores generally indicating better performance.
However, datasets with the same score may differ from each measurement category. For
example, City A and City B score 25; City A receives 8 points in Category 2 and City B
obtains 15 points in the same category. In order to present a standardised comparison,
the scoring system intends to provide the result from two aspects. One is an overview of
the measurement of included 3D city models by comparing their performance, and the
other is investigating datasets’ properties within each category.. As such, researchers
and practitioners are able to select relevant parts in the dataset.

Our framework is not perfectly exhaustive, e.g. it may not include some attributes
that are uncommon in practice, are not part of any major standard, and/or are developed
for a very specific geographic or application context. However, if required by a particular
use, it can be expanded to accommodate such information, e.g. building materials as
per the CityGML Application Domain Extension for energy applications (Agugiaro et
al., 2018), and verges as distinct features based on a national geoinformation standard
(Brink et al., 2013). The framework is intended to be generic and flexible. It also enables
practitioners to tailor it to specific use cases or geographical contexts. For example, in
Category 4, we primarily regard building attributes as applications of 3D city models
that primarily rely on buildings, e.g. the analysis of urban energy consumption (Biljecki
et al., 2015). However, for further adoption, it also allows users to choose additional
criteria in a specific context. For example, for research on the urban heat island effect,
a set of attributes of other features can be added, e.g. trees, such as trunk height,
vegetation canopy (Park et al., 2021).
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Table 1: The 4-category framework with criteria.

Category Criterion

(1) Data Portal

1C1 – Does the dataset have a dedicated website?
1C2 – Is there a web viewer in 3D?
1C3 – Is there near real-time information in the viewer?
1C4 – Is it available in local language?
1C5 – Is it available in English?
1C6 – Is there a way to leave feedback?

(2) Basic Information

2C1 – Is it a structured 3D city (information) model?
2C2 – Is it a 3D mesh model?
2C3 – Is it downloadable?
2C4 – Is it free of charge?
2C5 – Is it available to download without registration?
2C6 – Is it available to download in more than one format?
2C7 – Is it generated using open data standard?
2C8 – Is it openly licensed?
2C9 – Does it provide metadata?
2C10 – Is it recently published (within latest 5 years)?
2C11 – Has it been updated?
2C12 – Does it have a plan to update?
2C13 – Does it keep historical datasets?
2C14 – Does it include more than one level of detail (LoD)?
2C15 – Does it cover the entire jurisdiction?

(3) Thematic Content

3C1 – Are buildings modelled with semantically differentiated surfaces?
3C2 – Does it contain bridges?
3C3 – Does it contain land use?
3C4 – Does it contain terrain?
3C5 – Does it contain roads?
3C6 – Does it contain tunnels?
3C7 – Does it contain tracks?
3C8 – Does it contain city furniture?
3C9 – Does it contain vegetation?
3C10 – Does it contain individual trees?
3C11 – Does it contain water bodies?

(4) Attribute Content

4C1 – Does it contain the postal code?
4C2 – Are buildings with texture?
4C3 – Does it contain the ID of buildings?
4C4 – Does it contain the year of construction?
4C5 – Does it contain the address of buildings?
4C6 – Does it contain the function of buildings?
4C7 – Does it contain the height of buildings?
4C8 – Does it contain the volume of buildings?
4C9 – Does it contain the number of storeys?
4C10 – Does it contain the area of walls?
4C11 – Does it contain the area of roofs?
4C12 – Does it contain the type of roofs?
4C13 – Does it contain the area of grounds?
4C14 – Does it contain gross floor areas?
4C15 – Does it contain materials of buildings?
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4 Implementation and Results

4.1 Inclusion Criteria

In this section, we put the framework into use by evaluating scores of datasets. While
the framework is widely applicable, in our implementation, we define four criteria to
filter datasets that we consider. First, datasets should be open. The Open Definition5

defines open data as freely accessible and can be used and manipulated for any purpose.
In addition, the openness of downloads is also related to availability, considering the
operation of further analyses. Therefore, a 3D city model available on the Internet but
requires payment or registration, or cannot be downloaded should not be included. In
some cases, datasets are viewable but difficult to download. For example, some datasets
require permission from the provider to receive a download link, which may take longer
to process or be denied. Some require complex workflows to access them and are thus
excluded being in contrast with openness. The second inclusion criterion is related to
the thematic content: the dataset must contain buildings, as they are the main element
of 3D city models and critical in several domains (Jaillot et al., 2020). That is, a 3D
terrain model without buildings is technically a 3D city model, but may not be con-
sidered as such in practice (Kolbe et al., 2005). Coverage is the third consideration,
referring to the administrative scope of the dataset. The dataset should cover the en-
tire jurisdictional or regulatory boundary. While it is possible for a particular area to
represent an entire region, it limits the ability to adapt further in practice (Goy et al.,
2020). For example, each suburb in a city is in a different location, development and
geomorphological condition. To use a particular suburb as a proxy for the city as a whole
constitutes a coarse generalisation. Incomplete datasets ignore the urban environment
while amplifying specific characteristics of particular areas. Therefore, the dataset must
completely represent the jurisdictional area. Finally, the age of the 3D city model is the
last inclusion criterion. Some users may be interested in historical data to analyse urban
changes. However, age is another quality aspect, as many use cases require data with
up-to-date information, whereas older data may be not applicable (Kaasenbrood, 2013;
Zuiderwijk & Janssen, 2014). Therefore, we only consider datasets created within the
last 10 years.

After applying the inclusion criteria, 40 city models are considered for evaluation
in this work. To ensure standardisation and a valid comparison, they are all open
government datasets that can be downloaded from government portals, including official
national and municipal websites. Another reason for opting for open government datasets
is the ease of obtaining them, without the need to purchase data or solicit access to non-
open instances.

4.2 Description of one particular city: Linz (Austria)

To better understand how the framework works, we first single out a specific city to
demonstrate the implementation in more detail. The authoritative 3D dataset of the

5https://opendefinition.org
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City of Linz in Austria is considered an example to describe the properties of its 3D
city model and the result of measurement (Figure 1). Overall, Linz has gained 22 points
in total with 4 points, 11 points, 2 points and 5 points, respectively, in each category,
which we describe in detail in the continuation.

Figure 1: Visual representation of performance of Linz’s 3D city model. The top plot
indicates the share of criteria that are satisfied, while the bottom one suggests the
achieved criteria by category.

In terms of data portal and its openness (Category 1), Linz6 has a dedicated website
to integrate basic information of its 3D city model and provide a web viewer for visu-
alisation (Figure 2). Concerning language, it is developed in the local language, which
will satisfy many local use cases. However, the absence of English is also a barrier to
international users who do not understand German. In the viewer, the public can ex-
plore buildings with or without texture in terrain models. Additionally, it has a search
bar to locate a specific address and obtain information about the buildings, for example,
building use and the creation date. The data portal also provides contact information,
allowing the public to leave feedback and welcome suggestions.

Considering the description of Linz’s city model (Category 2), it performs well,
achieving 11/15 points. First, it is downloadable with an open license and free of charge.
The data provider also makes the metadata available to the public in case there are other
demands for use. Besides, there is no need to make additional registers or requests to
retrieve the datasets. However, it is not available to download in more than one for-
mat (CityGML). The age of the dataset is another significant criterion that indicates
whether the city model reflects the current status of environment and delivers up-to-date
information. In theory, the latest 3D city model has more potential to provide accu-
rate and high-quality data. Linz’s city model was created in 2020 based on LoD2 (i.e.
providing simple building and roof design), considered a recent one in our framework.
Moreover, in terms of time intervals, regular data updates are crucial as a high frequency
can improve the overall quality of the dataset by verifying information and completing
missing data. Linz’s city model has been updated once but without a publicly specified
plan to maintain it. Notably, this city model has kept the historical datasets in separate
releases, which in some ways enables practitioners to conduct a historical analysis of
urban development and reflect the change of Linz.

6https://3d.linz.at/
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Figure 2: Screenshot of the government data portal for Linz’s 3D city model, including
the web viewer. The availability of such infrastructure is considered in our assessment
framework. Image courtesy of Magistrat der Landeshauptstadt Linz, PTU/Vermessung
und Geoinformation.

Linz’s 3D city model gains 2 points among 11 questions when discussing its thematic
content (Category 3). In addition to terrain and buildings, there are no other types of
objects in the model, e.g. bridge, road, vegetation, or water. Regarding its attribute
content (Category 4), Linz’s city model scores 5/15 points. The dataset provides the ID
of buildings, height, the area of walls and roofs, as well as the total area of each building
(Figure 3). However, other detailed building information has not been included, e.g. the
address of buildings, volume and the number of storeys.

The detailed examination and the resulting score indicate that the city model of Linz
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Figure 3: Visualisation of Linz’s 3D dataset via Azul (Arroyo Ohori, 2020), including
attribute content of each building. The semantic content of data plays an important role
in the framework, while in the implementation, dozens of datasets have been inspected
for the presence of particular attributes that are key to several use cases.

provides sufficient information to help stakeholders understand its characteristics and
status. For example, this model is recently released and updated, which suggests that
the information is new and up-to-date. Depending on specific purposes, some aspects will
be more critical than others. For example, as Linz’s city model has retained different
versions of historical data, it is appropriate to track changes in the urban context.
Considering the focus on content, Linz’s city model is more suitable for building-related
analysis than other domains.

4.3 Evaluating 3D city models in practice

The set of 40 datasets has been evaluated in the same fashion. A complete summary
is illustrated in Figure 4. The result shows the scores (as an outcome) obtained in the
framework with an indication of numerical values and a detailed breakdown of each cat-
egory percentage of the individual dataset. The benchmarking of the included datasets
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suggests an overview of current development of 3D city models. Clearly, all datasets have
significant differences in characteristics, reflecting their disconnected developments, lack
of best practices, and heterogeneous purposes of local governments. It is also notable that
some Japanese cities have similar performance overall. The reason is that the Ministry
of Land, Infrastructure, Transport and Tourism (MLIT) in Japan has recently launched
the PLATEAU project to create 3D city models of 66 cities in a unified manner, which
explains the comparable performance of Japanese cities. As such, it indicates that some
countries consider adopting 3D city models national and have citywide practices.

Another trend in evaluating datasets is the variation in scores between categories.
Most city models perform well in Category 1, which implies a shared focus on model
visualisation and accessibility. In Category 2, many datasets differ in the comprehensive-
ness of information provided the initiatives. For example, Zurich in Switzerland has the
best performance receiving 14 out of 15 points (93.3%) under this category. During the
in-depth analysis, we find that the local authority maintains a well-organised service to
support the timeliness of information with regular update, as well as keep temporal ver-
sions of historical data. In contrast, Potsdam in Germany performs slightly deficiently
receiving 7 points with a percentage of 46.7%. The latency of timeliness limits the po-
tential to maintain its quality. The creation date is 2012, which is too old to reflect the
latest urban environment. In addition, the update status has been static without a plan
to update the dataset since published. With regard to thematic content (Category 3)
and attributes (Category 4), many cities fail to include more object types and building
information. Nevertheless, the 3D city model of Helsinki, as the best performer in imple-
menting this framework, provides the most detailed building information. The richness
of attribute content largely allows further analysis in specific scenarios. For example,
one application of Helsinki city model is The Energy and Climate Atlas7, supporting
practitioners in investigating energy consumption and solar energy potential based on
building-specific data.

To provide a meaningful context, we group datasets by age and update frequency to
assess their characteristics in detail. For example, comparing an old dataset with a new
one may not be relevant. With such stratification, we can also infer the progress of the
development in the field, i.e. whether 3D city models that are created recently or regularly
updated have made a leap or have particular characteristics over older counterparts.
First, we split datasets into 2 groups by the criterion of 2C10 – Is it recently published
(within the latest 5 years). Plotting total scores and scores as percentages in each
measurement category clearly illustrates differences between newly published models
and old ones (Figure 5). The result shows 6 datasets published over 5 years among all
the 40 city models. The newer datasets receive more average points, indicating that
they contain more comprehensive information. Notably, new models provide a detailed
description of critical features (Category 2), more information about thematic content
(Category 3), and building attributes (Category 4). It enables users to gain a better
understanding of the 3D city model and then find out the most appropriate parts that
they are interested in follow-up studies.

7https://kartta.hel.fi/3d/atlas/
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Figure 4: Results of implementation of the framework for the evaluated datasets. The
left plot shows the scores obtained by each dataset, while the right one indicates the
performance of each dataset within the four measurement categories (share of the fulfilled
elements).

We next examine datasets by update frequency. Regarding update frequency, the
framework offers two specific criteria to consider the status, including whether it has been
updated at least once (2C11) and has the officially stated plans (2C12). All datasets are
divided into three groups based on the update-related criteria: not updated (0 points
for 2C11 and 2C12), irregularly updated (1 point for 2C11 or 2C12), and regularly
updated (2 points for 2C11 and 2C12). A comprehensive assessment is shown in Figure
6. In general, the datasets without updates receive a lower score than the other two
groups. Afterwards, their overall performance does not reflect a significant difference
when diving into the irregularly updated and regularly updated group. The frequency
of update has no notable impact on the content of 3D city models, which may imply
that some updates only address a few minor modifications rather than enriching thematic
content and building information. Although one may expect that datasets with a high
frequency of update may potentially provide better information across many criteria,
the measurement does not suggest such an advantage of regularly updated datasets.
However, the timeliness of 3D city models plays a critical role in representing the physical
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environment and maintaining data quality and accuracy. By stratifying data by age and
update frequency, we posit that the framework can provide the means to track the
evolution of characteristics of 3D datasets over time.

Figure 5: Performance among datasets of different age.

To better reflect the flexibility of the framework, we discuss some scenarios of the
implementation in practice. Suppose a software developer is looking for a test 3D dataset
for developing software, a task for which the location does not matter. In that case, they
can use the framework to pick suitable datasets from around the world with particular
characteristics they are interested in. When considering climate change, stakeholders
can adopt this framework to identify which 3D city model is better for application in
energy demand estimation studies, or what characteristics a city model should include.
For example, solar potential analyses require detailed information such as roof type
and availability of vegetation as it may cast shade affecting solar potential (Cheng et al.,
2020; Saretta et al., 2020). In this case, users can make minor adaptions of the developed
framework by adding more criteria on building properties and other relevant thematic
objects, e.g. vegetation. For Category 1 and 2, the criteria can remain the same as they
are about general information of datasets. The criteria under Category 3 and 4 could be
slightly updated to suit this specific case. Users can also remove criteria that may be of
little relevance in certain cases such as this one, e.g. bridges (3C2), roads (3C5), tunnels
(3C6), tracks (3C7), and city furniture (3C8), and then add additional criteria of, for
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Figure 6: Performance among datasets of different update frequency.

example, wall height, wall aspect, vegetation canopy, and trunk height. For government
users, this framework enables them to track best practices and drive the design of their
future acquisitions. For other scenarios, users can also weigh each category to prioritise
the objectives aligning with specific cases.

5 Discussion and Findings

The developed framework is a novel approach to assessing 3D city models, ranging from
the portal level to detailed data characteristics. It balances a holistic and generic outlook
and applicability to particular use cases. For example, it can be extended with further
aspects by adding criteria to suit specific purposes, and conversely, criteria that may not
be relevant can be omitted. As such, it will also contribute to customised uses depending
on certain contexts. We believe that the framework, containing 47 criteria, manages to
provide a holistic and robust instrument for a wide range of different stakeholders and
use cases. At the same time, it provides the flexibility to further specify extra criteria
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based on particularities entailed by some use cases.
The results of the assessment lead to the conclusion that the differences among 3D

city models are significant, while individual datasets show heterogeneous emphasis on
different properties. Consequently, it confirms the capacity of the framework to capture
the state of real-world 3D city models, as well as help researchers and practitioners
understand the development of this field and common practices. Regarding properties,
some 3D city models suffer from missing information in instances where different formats
contain different degrees of richness. For instance, Espoo’s 3D city model provides
several formats for download. The Sketchup file delivers buildings in LoD1; however, the
CityGML format contains more city objects in addition to buildings which is generated
according to the open data standard, offering the potential for future interoperability.
Moreover, it is acknowledged that various formats may satisfy different kinds of purposes
(Biljecki & Arroyo Ohori, 2015; Herman & Reznik, 2015), but data providers still need
to consider the consistency of information in each format and the adoption of open
standard to ensure compatibility.

This work is the first endeavour to assess and compare 3D GIS datasets, together
with associated aspects such as the means to obtain them (e.g. accessibility of data
portal). Some limitations should be considered in future developments. One limitation
is the selection of criteria. We consider the criteria based on relevant work in research
on open government data and typical characteristics of datasets. However, there are a
variety of criteria not selected in the framework. One example is data acquisition. The
technique of collecting data may be relevant to some practitioners. Nevertheless, this
aspect has not been included in the framework because it is often difficult to obtain and
entails complexities (e.g. due to the increasing combination of acquisition techniques).
For instance, a block 3D model derived by extruding building footprints to their height
obtained from a point cloud may be more accurate than a detailed one that is derived
from point clouds. One reason is that the former can be obtained from very accurate
and high-quality data (e.g. super-dense point cloud). At the same time, the latter may
be burdened by coarse and imperfect input datasets (e.g. coarse and inaccurate point
cloud), entailing such criteria to be even misleading.

6 Conclusion

Following recent academic efforts in gauging open data and the characteristics of datasets
in particular domains, we investigated the assessment of 3D city models and established
a framework to evaluate and compare 3D GIS datasets, a first in the field. We believe
that the work, named as ‘3D City Index’, contributes to the community researching
spatial data infrastructures. To the extent of our knowledge, there has been no related
work in the domain of geographic information.

The developed framework contains four categories, which are: Data portal, Basic
information, Thematic content, and Attribute content. Each category includes a set of
criteria (in total we identify 47 criteria) to comprehensively emphasise different points
of views (e.g. age and update frequency). Then, as a demonstration that doubles as an

19



analysis of the worldwide state of open 3D geoinformation, a set of 40 authoritative open
datasets has been assessed using the framework. Overall, our implementation contains
about 2000 manually collected properties. Besides demonstrating the implementation
of the framework, digging into the characteristics of 3D city models, there are valuable
findings presented in this paper that may be useful by practitioners and researchers.
The assessed 40 datasets present significant differences in each category. Such perfor-
mances suggest heterogeneous approaches and different focuses of local governments.
In addition, datasets that are newly released have more detailed properties than older
datasets, especially the description of models. In contrast, the frequency of update has
no significant impact on the richness of properties.

For future work, this framework can be applied to non-open datasets and those
released by other organisations. It also allows for giving more weight to a particular
aspect that may be more important than another in a specific case, allowing for a
customisation for a certain context. Therefore, the value of this framework is not limited
to this research, which a range of stakeholders can further realise to support different
uses. In our future plan, we intend to create a website for the ‘3D City Index’. As such,
it will be a sound way to maintain the sustainability of this framework and increase
usability in practice. We believe the website will encourage the wide adoption of our
framework by openly sharing it with the public and integrating discussion on its content.
At the same time, we seek to continuously monitor the status of open 3D datasets and
their characteristics. Such continuity will enable a better understanding of the trends
and provide insight into developing 3D city models worldwide. Whether people have
knowledge of 3D city models or are new to this field, they can find helpful information
and adopt some parts in practical uses from the framework and the website.
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