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Teknologiakehityksen myötä vertikaalista ja kolmiulotteista (3D) geoinformaatiota voidaan
hyödyntää täydentämään perinteistä horisontaalista ja kaksiulotteista paikkatietoa. Niin
kutsuttujen 3D-geovisualisointien käyttö on kuitenkin vielä jäsentymätöntä ja ymmärrys niiden
yhteiskunnallisesta merkityksestä on vajavaista; erityisesti niiden kyky imitoida elettyä ympäristöä
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geovisualisointien avulla tehtävän ihmiskeskeisen kaupunki- ja viherympäristön arvioinnin
kriittiseen tarkasteluun monitieteisellä otteella.
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käsittelee subjektiivisten paikkasuhteiden merkitystä 3D-geovisualisointien avulla toteutetuissa
subjektiivis-induktiivisissa kaupunkiympäristön arvioinneissa. Osatutkimusten synteesinä
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1. Introduction

We live in an increasingly visual culture (Nicholson-Cole, 2005) where the vis-

ualization of information is an integral part of decision-making processes 

(Sheppard et al., 2011; Bishop et al., 2013; Herbert & Chen, 2015; Billger et al., 

2017, Metze, 2020). Apart from being visual, our culture is also increasingly dig-

ital and virtual. Through technological routines and advancements, the coexist-

ence of the real and the virtual determine (Moneta, 2020) both the lived and 

perceived reality. Cities and urban decision-making are not only affected by the 

virtual visual fora but also act as an intrinsic force of digitalization. One example 

of this is the creation and implementation of digital geospatial data.

The management of cities, including the planning and assessment of land use, 

by definition, is supported by visualizations and other geographic information. 

Through technological advancement, vertical, three-dimensional (3D) infor-

mation has been designated to fulfill the horizontal, two-dimensional data re-

sources and viewpoint of the environment. Hence, the 3D geovisualizations, 

that is, 3D visualizations representing the real world, parts of the real world, or 

other data with a spatial reference (Bleisch, 2012), are exhibited as a method to 

support city governance and planning. In this dissertation, I apply a broad def-

inition of 3D geovisualization, including distinct realizations deploying 3D geo-

spatial data, such as 3D point clouds, photorealistic 3D geovisualizations, and 

3D city models.

3D geovisualizations are still divergent and nonstandardized (Julin et al., 

2018). Even though multiple studies present 3D geovisualization-based solu-

tions for assessment and planning, recent research has pointed out an imple-

mentation gap between the envisioned solutions and planning in practice (e.g., 

Feltynowski et al., 2017; Julin et al., 2018; Silva et al., 2017, Newell et al., 2021). 

The knowledge gap does not only apply to implementation but also to our un-

derstanding of 3D geovisualizations’ impact on society and decision-making—

their abilities to imitate their physical counterparts as lived environments and 

places as social entities. That is, far from being a smooth, psychologically neutral 

surface, virtual 3D spaces are emotional and affectual, and different digital tech-

nologies produce spaces in different ways (Osborne & Jones, 2022). However, 

the links between Cartesian 3D geovisualization and theories of human geogra-

phy are still rarely explicitly addressed in the research (Newell & Canessa, 2015; 

Ash et al., 2018; Osborne & Jones, 2022). This dissertation seeks to fill this gap 

by studying the human-centered approaches to planning and decision-making 



Introduction

10

by applying three study cases in urban and green space assessment that are fos-

tered by 3D geovisualizations.

Human-centered urban and green space assessments are defined in this dis-

sertation as approaches that advocate information shaped by societal needs 

and/or human perception. Information in this context is understood as orga-

nized data from various sources, and knowledge refers to the deeper human un-

derstanding of the subject, essential for decision-making. Urban in this matter 

refers to medium- and high-density built environment, and covers residential, 

commercial, industrial, and mixed-use districts. Urban green space is a compre-

hensive term for vegetated areas, including both planted and natural vegetation 

found in the built environment (Lo & Jim, 2012; Taylor & Hochuli, 2017). Urban 

green infrastructure (UGI) encompasses both natural and artificial elements 

that are designed to provide ecosystem services (Faehnle, 2013) and is a central 

concept, especially in land-use planning and policy (European Commission, 

2013). Urban ecosystem services is a term used for nature's functions in produc-

tion, regulation, support, and cultural services (Millennium Ecosystem Assess-

ment, 2005), and it is closely linked to both urban green spaces and UGI.

Sometimes referred to as reality-based 3D models and 3D city models, the 

need for 3D geovisualizations has often been reasoned by referring to the fun-

damentals of evidence-informed city policies and planning (e.g., Billen et al., 

2014; Lafioune & St-Jacques, 2020). 3D geovisualizations are currently becom-

ing realized in varying ways in cities in applications such as solar energy poten-

tial calculations publicly open to citizens (Agugiaro, 2016; Rossknecht & 

Airaksinen, 2020). According to an interview study (Julin et al., 2018), the ac-

cessible and accurate presentation of urban information to foster communica-

tion and mutual trust between distinct stakeholders, both professional and non-

professional, is one of the most anticipated and agreed-upon potentials of 3D 

geovisualizations. Moreover, deliberate ideas, such as openness of the data and 

co-creativity in their development, are increasingly established in policies with 

3D city models. 

As cities aim to harness the economic, social, and image benefits of such tech-

nological advancements, it is also a question of technology race and rivalry be-

tween modern societies. Many cities, such as Berlin, Boston, Helsinki, and Rot-

terdam have been developing their 3D city models for a long time. According to 

the policies of cities such as Vienna, Austria (Deistler et al., 2022), and Helsinki, 

Finland (City of Helsinki, 2019), and regions such as New South Wales, Aus-

tralia (Spatial Services of New South Wales Government, 2022), the road map 

has a clear goal: to create near real-time updatable 3D presentations of a city 

that also allow bidirectional interaction with its users and the physical counter-

part of the city. In other words, the road map of urban 3D geovisualizations 

leads to digital twins of the city.

Thus, 3D geovisualizations are a part of a technological regime that is only 

emerging but already embodies big promises for cities and societies. Until re-

cent years, the limitations of computing power, preparation time of the 3D mod-

els, and facility requirements of display systems have been seen as issues poten-

tially hindering the application of interactive, real-time 3D geovisualizations 
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(Lovett et al., 2015). Recent technological developments, however, have led to 

enhanced visual quality, improved computing power, and accessibility, making 

3D geovisualizations more convenient to use. From the technical point of view, 

photorealistic 3D representations of the environment can be produced through 

3D measuring and modeling, namely laser scanning and photogrammetry tech-

niques and related data processing software. Further, 3D visualizations have be-

come more easily shareable and accessible, for instance, as 3D viewer applica-

tions on the web (Julin et al., 2019).

Through 3D geovisualizations, geographic information is not only enriched by 

the vertical dimension but is also more often aimed to present information by 

visually appealing digital means. Apart from the modeling of the physical envi-

ronment as 3D point clouds, a varying level of (photo-)realism is usually in-

cluded in the 3D geospatial representation. Even if the 3D city model-based 

tools do not necessarily equal (realistic) visualization, the research has found 

that by 2015, the majority of 3D city model applications utilized visualization to 

deliver the desired results (Biljecki et al., 2015). Indeed, visualization seems to 

be a profound instrument in harnessing three-dimensional data for assessment 

and planning. Thus, there are an increasing number of studies that address hu-

man abilities and perception in spatial-cognitive terms. However, visualizations 

in decision-making are not value-free, and they comprise aspects of power rela-

tions and unequivalent, even unanticipated, perspectives in perception and as 

stimulated effects (Ash, 2010; Metze, 2020). Thus, before adopting new visual-

ization technologies in decision-making, we should assess and understand their 

use in a critical manner, not only from a quantitative and cartographic point of 

view but also from a point of view that evaluates places and their digital coun-

terparts as social constructions. This idea works as the central motivation be-

hind my dissertation.

In this study, geoinformation, including 3D geovisualizations, is elaborated as 

social technology (see, e.g., Schuurman, 2002) as it both reflects and directs in-

stitutional policies. Since detailed 3D geovisualizations in many ways imitate 

the perspective of the lived environment and also target non-professional users, 

the human perspective is particularly interesting in studying them. Thus, in-

stead of a larger geographical scale, in this study, the gaze is on the detailed, 

local environment and district-based applications to investigate the qualities of 

the lived environment in a context-sensitive manner.

I approach 3D geovisualizations in terms of human-centered urban quality as-

sessments for decision-making and planning by critically exploring them and by 

reconciling a framework for their future research and use as part of urban deci-

sion and policy-making. Urban quality assessments are often linked to urban 

sustainability measures (Kaur & Garg, 2019), and assessment as a term gener-

ally refers to “the act of judging or deciding the amount, value, quality, or im-

portance of something” (Cambridge Dictionary, 2022). Urban quality assess-

ments in this dissertation are thus understood as distinct measures to define the 

value of a certain function, element, or entity within an urban space, measured 

with quantitative or qualitative means, which can be utilized to support deci-

sion-making aiming for sustainable urban development.
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While a range of studies visualizes solutions and applications for 3D geovisu-

alizations, topics such as the quality of the green environment from the perspec-

tive of cultural ecosystem services and subjective relations with place as part of 

participatory development are not yet fully established and critically examined 

in the design and occupation of 3D geovisualizations. The latter is not only 

highly topical in terms of global urbanization and densification of housing phe-

nomena but closely related to supporting nature-based solutions and ecosystem 

services in cities. Recent multinational policies, such as the European Union’s 

Green Deal initiative (European Commission, 2019), nature-based solutions re-

search policy (Faivre et al., 2017), and initiatives on sustainability transitions 

(European Environment Agency, 2019), address both the need for global, re-

gional, and city-wide as well as local-scale solutions and assessments. As an ex-

ample of this, ensuring the adequacy and quality of urban ecosystem services 

and green infrastructure has been widely discussed in the urban land use and 

planning literature. However, these approaches are still rarely seen in urban as-

sessment studies facilitated by 3D geovisualizations (Feltynowski et al., 2018), 

even if the discussions could benefit from the data describing vertical strata of 

the urban and natural environment (Casalegno et al., 2017).

It is shown that among professionals, 3D geovisualizations are often given the 

role of an objective medium to foster stakeholder discussion (Julin et al., 2018). 

However, 3D geovisualizations are not only applied to facilitate objective and 

deductive measurements but there are also approaches that aim to support the 

collection of human-experimental and inductively derived information. Thus, 

we should address in which manner the medium can be occupied in altering 

contexts, as “all information is acquired through knowers situated in particular 

subject positions and social contexts” (Kwan, 2002). That is, for the use of 3D 

geovisualizations in human-centered urban assessments, the delusion of trans-

cendent objectivity needs to be avoided, and instead, gain an understanding of 

perception and knowing through 3D geovisualizations. For this reason, the 

study distinguishes between distinct knowledge approaches and spatial reason-

ings in geospatial data analytics. One of the most central aspects in spatial rea-

soning, and therefore in knowledge-gathering, is the distinction between abso-

lute and nonabsolute spaces (e.g., O’Sullivan et al., 2018). Absolute space refers 

to Euclidean space, which is fundamental for representing physical space in ge-

ometry. Nonabsolute space refers to the idea that space is inevitably socially 

constructed and thus denoted by meanings given by individuals and societies 

(sometimes referred to as “place”’).

The purpose of the dissertation is to evaluate the suitability of 3D geovisuali-

zations for assessing the qualities of urban space. The research setting is inter-

disciplinary. I combine frameworks from human geography and urban and 

green space planning while presenting and applying technologies within the 

field of 3D geoinformatics.  The dissertation also deals with distinct knowledge 

approaches for facilitating information exchange and discussions for communi-

cative planning and policymaking. Hence, 3D geovisualizations are dealt with 

distinction to objective-deductive assessment tasks and to subjective-inductive 

assessment tasks. The study is conducted via technical and practical knowledge 
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interests. However, the overall study interests lie in the emancipatory explora-

tion of knowledge approaches that can be applied with 3D geovisualizations.

Thus, the aim of my research, within the scope of urban and green spaces, is 

to explore and develop possibilities for human-centered quality assessments 

through 3D geovisualizations. The study has the following research questions:

1. What role does the point cloud data collection method have in 

assessing the quality of urban green spaces via 3D geovisualization? 

(Publication 1)  

The first research question examined the objective-deductive assessment 

methods with 3D point clouds. The study aim was to investigate the role of 3D 

point cloud acquisition methods in gathering information for urban and green 

space assessments. The study combines the concept of the green factor and the 

means of 3D measuring. The study focused on the urban green elements that 

are not traditionally included in urban assessment with 3D point clouds but 

could support the green factor assessment. To gain an understanding of the 

matter, the study compared four distinct point clouds derived from distinct 3D 

measuring methods.

2. How can affordances of urban space, and features linked to 

them, be subjectively perceived via 3D geovisualization, and how do 

the findings relate to the in-situ reference data? (Publication 2)

The second research question examined the suitability of subjective-inductive 

assessment methods with textured 3D mesh on a head-mounted display 

(HMD). The study combined a walk-along interview method for subjective-in-

ductive assessment of urban green space and a virtual reality (VR) realization of 

a 3D geovisualization. The study compared the VR interview data to the in-situ 

interview data to gain an understanding of the suitability of 3D geovisualization-

supported methods for urban and green space assessments.

3. How are the sense of presence and sense of place assessed in a 

photorealistic 3D geovisualization (Publication 3), and how do the 

findings relate to the subjective prior knowledge of the place? (Pub-

lication 3, Publication 2)

The third research question examined the subjective-inductive assessment 

methods with a textured 3D mesh displayed on a desktop with a particular in-

terest in the user’s subjective place relations. The study aim was to investigate 

3D geovisualization’s ability to support perception and communication on ur-

ban regeneration, with the distinction to the effectiveness of the medium (sense 

of presence) and the ability to generate meanings (sense of place). Through a 

user questionnaire, it was studied how a respondent’s prior familiarity with the 

place affects perception to gain an understanding of how subjective place rela-

tions affect urban assessments and communication supported by 3D geovisual-

ization.
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Finally, the aim is to address how distinct epistemic approaches to knowledge 

determine 3D geovisualization design and deployment for assessments in urban 

and green spaces.

To carry out the study objectives, the study setting includes distinct examples 

of visualization, displays, and perspectives of perception, and addresses both 

expert- and non-expert perspectives conducted by an individual in an interview 

and group inquiry (Figure 1, section A). The study includes three case studies in 

Finland that address urban green assessment in terms of the green factor, per-

ceived affordances of urban green space, and communication of regeneration of 

an urban shopping mall (Figure 1, Section B). The applied study cases include 

differing levels of urban and green spaces (Figure 1, section C) for both the ur-

ban green space and urban space assessment points of view (Figure 1, section 

E). Further, the research addresses both the objective-deductive and subjective-

inductive means for gathering information (Figure 1, section D).

Figure 1. Description of case study design.
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2. Theoretical and methodological 
framework

2.1 3D measuring and modeling for presenting the urban environ-
ment 

2.1.1 3D geovisualizations as a hypernym for three-dimensional geospa-
tial data visualizations

In this dissertation, digital 3D representation of the physical environment is re-

ferred to as 3D geovisualization (e.g., Bleisch, 2012; Kubíček et al., 2019). 3D 

geovisualization is a broad concept and includes a variety of three-dimensional 

geospatial data visualizations (Hildebrandt & Döllner, 2010; Bleisch, 2012; 

Neuville, 2020). According to Bleisch (2012), 3D geovisualization is defined as 

“a range of 3D visualizations representing the real world, parts of the real world 

or other data with a spatial reference (Bleisch, 2012, p. 129).” A variety of appli-

cations can be seen as examples of 3D geovisualizations, for example, digital 

elevation models draped with ortho or satellite imagery but also detailed 3D city 

models. Building information models (BIMs) used especially in the building in-

dustry and property management (Volk et al. 2014) can be seen as a type of 3D 

geovisualization. 3D geovisualizations are applied on different scales. There are 

examples of global visualizations (e.g., Mahdavi-Amiri et al., 2015; Müller et al., 

2016), citywide visualizations (e.g., Glander & Döllner, 2009; Singh et al., 2013; 

Alatalo et al., 2016), and urban scenes consisting of single buildings (e.g., Xiong 

et al., 2013; Malihi et al., 2016).

Photorealistic 3D representations of the environment can be generated with 

the support of 3D measuring and modeling (i.e., laser scanning and photogram-

metry) and related data processing software. From the geographic information 

point of view, laser scanning and photogrammetry-related approaches in creat-

ing 3D geovisualizations have been shown to provide benefits such as variably 

high geometric accuracy (Nesbit & Hugenholtz, 2019) combined with the possi-

bility of georeferencing the measuring results (point clouds and images) to geo-

graphic coordinate systems (Gabrlik et al., 2018). Thus, in Euclidean terms 

(Couclelis, 1999), these approaches are often referred to as “reality-based” 

measuring and modeling, and their Euclidean correctness is often set as the ref-

erence in their quality assessments. 

From the 3D visualization point of view, the possibility of a high automation 

level with methods of 3D measuring and modeling has been shown to be effi-

cient in terms of production (Remondino et al., 2009) as it reduces the need for 
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manual work in the visualization process (Julin et al., 2019) and increases the 

reproducibility of the visualizations (Huadong et al., 2017). Laser scanning and 

photogrammetry can be used to acquire data for both the geometries and tex-

tures of the objects (Balsa-Barreiro & Fritsch, 2018). However, the selected in-

strument and data processing method has a great impact on the results (e.g, 

Grussenmeyer et al., 2008, Puliti et al., 2017). Consequently, laser scanning and 

photogrammetry are increasingly studied and utilized methods to acquire infor-

mation about the environment and to produce 3D geospatial information, which 

is sometimes referred to as 3D GIS, depending on academic and disciplinary 

orientation (Julin et al., 2018). Thus, within this study, the interest is particu-

larly in 3D geovisualizations generated by means of laser scanning and photo-

grammetry, also referred to as 3D measuring and modeling.

2.1.2 From 3D point clouds to photorealistic 3D models of the environ-
ment  

There are several approaches to gathering 3D measurement data. However, the 

methods utilized in this dissertation are terrestrial laser scanning, terrestrial 

mobile laser scanning, and UAV (unmanned aerial vehicle) photogrammetry 

(sometimes referred to as drone photogrammetry). Other examples for collect-

ing 3D measurement data include geodetic surveys or using various imaging and 

ranging sensors in satellite or manned airborne platforms, including airborne 

stereo photogrammetry, which is one of the oldest methods to capture 3D infor-

mation of the environment.

As the 3D measuring data is acquired, it is generated into a set of data points 

in space as Cartesian coordinates (X, Y, Z), usually referred to as point clouds 

(see, e.g., Rusu & Cousins, 2011). Point clouds conducted by laser scanning are 

based on light detection and ranging (LiDAR) techniques. That is, the distance 

measurement in the current laser scanners is mostly based on either time-of-

flight (TOF) techniques or phase-shift (PS) methods (e.g., Suchocki et al., 2020).  

With the newest laser scanner technology, point cloud generation can be done 

in automated computational processing as part of the data acquisition 

measures. By means of modern close-range photogrammetry (e.g., with UAV 

photogrammetry), most applications for generating point clouds are based on 

bundle-based methods (Murtiyoso et al., 2018).   

With both laser scanning and photogrammetry, errors and noise in the data 

might occur due to factors such as occlusion and lighting (see, e.g., Favorskaya 

& Jain, 2017) during the measuring. These can be tackled in the processing 

phase with manual or automated filtering methods, including the management 

of noise and outliers (e.g., Han et al., 2017). Point clouds are often colored ac-

cording to the photograph-derived RGB coloring. Depending on the final design 

and motivation of the 3D visualizations, point clouds can be further developed 

into 3D mesh models utilizing photography-derived texturing (sometimes re-

ferred to as photorealistic 3D models (Stamos et al., 2008)), which has been 

used in numerous applications, for example, in cultural heritage and archaeol-

ogy documentation (Lerma et al., 2010; Kersten & Lindstaedt, 2012). Even if 
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point clouds are not usually occupied as final products of visualizations for com-

munication, point cloud-based visualization studies do exist, for example, in 

landscape planning (Urech et al., 2020), sometimes combined with other the-

matic and spatial data sets (Wissen Hayek et al., 2019). Also in this dissertation, 

a point cloud-based 3D geovisualization is utilized in a study (Publication 1).

Further, another example of 3D geovisualizations are 3D city models that usu-

ally refer to citywide data sets with standardized visualization and storage tech-

niques (Kolbe, 2008; Kaden & Kolbe, 2013). 3D city models are often generated 

by means of large laser scanning campaigns and turned into the desired data 

model standard. However, altenative methods to generate 3D city models are 

still emerging because not all communities have such data in use. That is, cities 

are in unequal positions in terms of 3D city model data accessibility and use 

(Girindran et al., 2020). 

Some studies have applied 3D city models for spatial analyses at the local and 

neighborhood scale, such as in property assessment (Krüger & Kolbe, 2012; Pal-

liwal et al., 2021) and in assessments related to urban green space (Dissegna et 

al., 2019; Virtanen et al., 2021). Further, 3D city models are related to digital 

twins of the city as 3D city models play a role in their development (Batty, 2018; 

Ketzler et al., 2020) and 3D city models are developed to serve as public scalable 

multipurpose platforms (Döllner et al., 2006; Biljecki et al., 2015; Julin et al., 

2018). 

During the last two decades, apart from their technical development (e.g., Zhu 

et al., 2011), the research has increasingly begun to examine and evaluate the 

use of 3D geovisualizations. For example, 3D geovisualizations’ applicability to 

specific tasks (e.g., Boulos et al., 2007; Biljecki et al., 2015; Urech et al., 2020) 

and related user experience (e.g., Sylaiou et al., 2010) to support understanding 

and exploration are increasing found in the literature. Also, the enrichment of 

3D geovisualizations with interactive and multimodal content, such as storytell-

ing and audio installations (Virtanen et al., 2018; Thöny et al., 2018), have been 

presented. Hence, from the data and applications point of view, the study field 

of 3D geovisualizations becoming more multidisciplinary. 

Viewing and operational platforms are important especially when assessing 

3D geovisualizations’ performance with users. Publishing 3D geovisualizations 

on the web (Julin et al., 2019) has been enabled by recent technological ad-

vancements in technology, and now they are becoming more accessible to the 

wider public. The production and application of interactive, real-time 3D geo-

visualizations can be hindered by the limitations of computing power, prepara-

tion time for the 3D models, and the facility requirements of display systems 

(Lovett et al., 2015). Hence, the recent technological development leading to en-

hanced visual quality, improved computing power, and accessibility in terms of 

data and operational platforms supports the accessibility and use of 3D geovisu-

alizations. During the last years, 3D city models and other 3D geovisualizations 

have been increasingly applied to game engines. This opens new possibilities for 

virtual reality applications with geospatial datasets, enabling a multi-perspec-

tive and multimodal reconstruction of physical space (Laksono & Aditya, 2019; 

Tschirschwitz et al., 2019; Keil et al., 2021). 
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2.2 Consolidating cities, nature-based solutions, and 3D geovisu-
alizations

2.2.1 Urban densification in shaping the need for urban assessments 

Densification of housing is part of global urbanization phenomena (Organisa-

tion for Economic Co-operation and Development, 2012), and in the Western 

context, the idea of the compact city is strongly related to the idea of the sus-

tainable city (e.g., Howley, 2009). The ideals of compact cities are implemented 

in many cases as project-based development (Wicki & Kaufmann, 2022), in 

which local districts are renewed within existing urban structures and lived 

spaces (e.g., Schmidt-Thomé et al., 2013; Bibri et al. 2020). Thus, for local re-

newal projects, the deliberate, communicative, and participatory approaches 

are essential for densification planning and implementation (Khoshkar et al., 

2018). This makes 3D geovisualization particularly interesting, as the perspec-

tive of densification is often on local scale attributes that can be illustrated with 

such techniques. In addition to the spatial data in 2D, the perpspectives in 3D 

(such as those of vertical strata) can be of interest in densification planning (Vir-

tanen et al., 2015; Koziatek & Dragićević, 2017).

While urban areas are becoming increasingly dense, observation of and move-

ment in nature have been proven to enhance human well-being (Grahn & 

Stigsdotter, 2010; Tsunetsugu et al., 2013) and health and are also linked to 

housing desires (Tyrväinen & Miettinen, 2000). In recent years, urban land use 

and the planning literature has widely highlighted ensuring the adequacy and 

quality of ecosystem services and green infrastructure in cities. Yet, densifica-

tion is in most cases bound to, and confronted by (Ruming et al., 2012), changes 

in urban landscape as well as structural and functional changes, including those 

of green spaces (Haaland & Bosch, 2015; Grêt-Regamey et al., 2020). 

Urban green spaces have several important roles as part of the urban structure 

which are referred to as urban ecosystem services. The ecosystem services 

framework was designed to support decision-making by distinguishing between 

nature’s functions in supporting services (e.g., nutrient cycling), production 

(e.g., food, wood, fiber, fuel, fresh water), regulation (e.g., climate regulation, 

water purification), cultural services (e.g., spiritual and recreational services), 

and also by recognizing nature’s intrinsic function. In this way, the ecosystem 

services framework illustrates and categorizes the values of ecosystems for hu-

man well-being. (Millennium Ecosystem Assessment, 2005.) 

Ecosystem-based management and planning call for spatial planners and de-

cision-makers to apply ecosystem services framework to ensure the resiliency of 

planning assessments, for example, by identifying and weighting social and eco-

logical values of urban green spaces (e.g., Chan et al., 2012; Kabisch 2015; 

McPhearson et al., 2015; Campbell et al., 2016). Nature-based solutions for con-

serving biodiversity, protecting water resources, improving microclimate, se-

questering carbon, improving mental health, and even local production of fresh 

food (e.g., Lovell & Taylor, 2013; Almenar et al., 2021) are now acknowledged 

in the policy agendas of many cities (Campbell et al., 2016; Frantzeskaki 2019). 

Practical examples include water sensitive urban design to promote sustainable 
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stormwater management (e.g., Lähde & Rosqvist, 2018) and tackling urban heat 

islands by diminishing the conversion of natural green spaces into artificial sur-

faces (Marando et al., 2019).

Hence, in densely populated areas, ecosystem-based management and plan-

ning put pressure on preserving and promoting the natural environment as 

much as possible, even in times of consolidating urban structure. Thus, to be 

rightly utilized for the planning purposes of consolidating cities, 3D geovisuali-

zations should be designed to illustrate both built and green environment.

2.2.2 Methods to study the quality of urban green spaces

The importance of green spaces on a small scale has been acknowledged in the 

academic literature, since they enable access to nature in cities more widely than 

large-scale and more concentrated urban green projects. Local private green 

spaces and yards are not always included in UGI assessments, even if they play 

an important role as part of the urban green areas (Ojala et al., 2017; Ariluoma 

et al., 2021). Their proportion in urban morphology can be significant. Accord-

ing to a survey (Loram et al., 2007) the urban area covered by domestic yards 

ranged from 21.8% to 26.8% in six studied cities in the UK. According to Cam-

eron et al. (2012), the form and management of yards influence their benefits, 

namely, their quality affects their impact on ecosystem services such as carbon 

sequestration and storage potential (Ariluoma et al., 2021). Moreover, private 

trees dominate the tree canopy cover in many cities (Clark et al., 2020), and 

thus, densification of housing can lead to fewer private trees and the diminish-

ing of the urban tree canopy cover. By acknowledging the role of private green 

spaces, the debate on preserving and managing UGI expands to the private 

realm (Bush et al., 2021).

In cities such as Berlin in 1997 (Keeley, 2011), Helsinki in 2014 (Juhola, 2018), 

and Melbourne in 2020 (Bush, 2021), awareness of the importance of small-

scale, private green spaces and the need for their comprehensive planning have 

led to the implementation of the green factor (i.e., green area/space ratio, green 

space factor) tool. The idea of the green factor is in most cases to ensure a suffi-

cient amount of total green (Stenning, 2008) as well as the quality of a new dis-

trict (Inkiläinen et al., 2014). This is done by investigating the landscape plans 

and generating a numeric value for the planned and remaining green elements 

of the respective area. Thus, the green factor requires gathering prior infor-

mation on the area under planning. The city of Helsinki, for example, has used 

a green factor tool in planning new districts. The tool gives a multiplier for each 

green element in the plan to ensure the green space quality of the area.

Surprisingly, only few practical application experiences of the green factor are 

described in the academic literature so far (Juhola, 2018). However, in Helsinki, 

for example, instead of limiting its use to new area development, the recent po-

litical debate has pointed out the necessity to extend the use of the green factor 

tool to urban infill projects (Helsinki City Council, 2020). Thus, assumably, 

there will be a growing need to study the possibilities to assess the already ex-

isting vegetation locally for the benefit of green factor and other green space 

effectiveness measures.
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It has been argued that the existence of green space in a locality does not al-

ways equate with the quality of the environment (Lennon et al., 2019), and thus, 

quality-enhancing green space assessment approaches have been called for in 

the academic literature. The ecosystem services framework considers “the non-

material benefits people obtain from ecosystems through spiritual enrichment, 

cognitive development, reflection, recreation, and aesthetic experiences” as cul-

tural ecosystem services (Millennium Ecosystem Assessment, 2005). Compared 

to the provisioning and regulating services, cultural services have been pre-

sented less explicitly in the ecosystem services research agenda. This has been 

explained to be due to the methodological challenges linked to their less tangible 

character. (Chan et al., 2012; Plieninger et al., 2013; Cheng et al., 2019.) Further, 

assessing cultural ecosystem services has been stated as benefiting especially 

from human audits and participation (Faehnle et al., 2014; Rall et al., 2019). 

Hence, the researchers have argued for the importance of inclusive UGI govern-

ance (Møller et al., 2019) and the individually perceived quality of urban green 

space.  

To gather perception-based data on the environment, urban field audits have 

been used as methods in which the perceiver is located in situ (also on foot or 

on-site) while observing the environment. The so-called objective audits are 

usually done by professionals with a detailed field manual, while subjective au-

dits aim to gather the individually perceived qualities (Kim & Lee, 2022). Urban 

green space research has used urban field auditis and walk-along interviews, for 

example, in studying how residents value green infrastructure within their 

neighborhood (van Vliet & Hammond, 2021). 

To support in-situ-based subjective assessments, the affordances approach 

has been used to study the subjectively perceived opportunities of the environ-

ment and green space. Affordances has its roots in the ecological approach (Gib-

son, 1979, cited in Lennon et al., 2019) as in the concept of affordances, the en-

vironmental attributes are dealt together with their context. By studying indi-

vidually perceived affordances in their context, it is possible to distinguish the 

diversity of personal, social, and environmental conversion factors that advance 

or hinder the realization of individual needs and desires (Withagen et al., 2012; 

Douglas et al., 2017; Lennon et al., 2019). The affordances star is a concept for 

green space evaluations, through which the distinct environmental qualities 

perceived by a human subject can be investigated. It includes six dimensions for 

acknoledleding the perceived opportunities and constraints of a green space, 

namely space (e.g., landforms); scale; objects (trees, benches); time; actions 

(e.g., jogging); and the physical and psychological state (e.g., individual prefer-

ences) of the observing person.

2.2.3 3D geovisualizations in presenting urban green spaces

The potential of 3D geovisualizations for a variety of land use and planning as-

sessments has been increasingly addressed in academic research (e.g., Willen-

borg et al., 2018; Onyimbi et al., 2018). However, in the academic literature, it 

is also seen that especially in the applications of 3D city modeling, the emphasis 
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is more often in buildings (Labetski et al., 2022) rather than on small-scale nat-

ural environments. With 3D point clouds, it is possible to model physical prop-

erties and monitor visually detectable elements in the urban environment. 3D 

geovisualizations based on 3D point clouds are applied, for example, in natural 

resource management and forestry (White et al., 2015; Yu et al., 2015; Puliti et 

al., 2017), landscape monitoring and planning (Chen et al., 2014; Urech et al.,

2020), disaster management (Yonglin et al., 2010; Al-Rawabdeh et al., 2016), 

as well as in the monitoring of individual urban buildings and urban scenery 

(Vosselman, 2013) and urban streetscapes (Cabo et al., 2014; Lin et al., 2021). 

3D measuring is already well established in forestry research (e.g., Wulder et al., 

2012; Holopainen et al., 2014; Torresan et al., 2017). In forestry studies, point 

clouds are applied both from structural (Neuville et al., 2021; Bottalico et al., 

2017; Wallace et al., 2017) and individual tree points of view (Carr & Slyder, 

2018; Kaartinen et al., 2012; Nevalainen et al., 2017; Saarinen et al., 2021; 

Zhang et al., 2015), including forest inventory and change prediction (Yu et a., 

2004; Hyyppä et al., 2003; Tompalski et al., 2021). There are also studies con-

centrating on a detailed single tree model (Liang et al., 2016).

As in forestry, the contributions of 3D measurement research for UGI include 

evaluations of urban trees (Safaie et al., 2021; Weinmann et al., 2017), and the 

volume of urban trees (Liang et al. 2016). It is notable that 3D geovisualizations 

are not always detailed representations of the physical urban green environ-

ment, but generalizations and in some cases, 3D geovisualizations and hypo-

thetic 3D visualizations are combined in the applications. That is, some studies 

present typology-based visualization using general 3D green objects (Neu-

enschwander et al., 2014) or hypothetic green space for illustrating future plans 

(Irvine et al., 2021). In addition, applications for a green index and green view 

index have been introduced in terms of 3D visualizations. These are visibility 

analysis-based applications advancing land-use maps (Virtanen et al., 2021), or-

thophotos (Schöpfer et al., 2005), or panoramic street views (Li et al., 2015; 

Long & Liu, 2017; Khan et al., 2022) as the source data. However, according to 

the literature, these are based on 2D or 2.5D green space data and not exactly 

on 3D data.

During the last years, a few 3D measurement-based approaches have emerged 

for local UGI, such as in the study by Susaki & Kubota (2017), who presented a 

mobile laser scanning-based estimation of local vegetation geometry and vol-

ume. Nevertheless, according to Casalegno et al. (2017), Alavipanah et al. 

(2017), and Feltynowski et al. (2018), until recent years, the use of laser scan-

ning and photogrammetry-aided methods have been implemented in surpris-

ingly few applications in UGI assessments. Even if well-established in forestry 

research, 3D mapping of urban green space and landscape for inductive and de-

ductive assessments is only now emerging (Urech et al., 2020). If 3D measure-

ment-based urban green space representations are so few and do not yet form a 

clear research tradition, maybe they are not considered important. Further-

more, remote sensing data, such NDVI (normalized difference vegetation in-

dex)-based applications in 2D, are already broadly applied for UGI assessments 

(e.g., Marando et al., 2019). However, according to the recent literature, these 
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ideas should be contested. Casalegno et al. (2017) showed that a comparison of 

2D data-based NDVI estimations contradicted the results acquired with 3D 

measurement data. Thus, information on vertical strata has been shown to be 

useful in the urban green space assessments—for example, in green corridor and 

connectivity studies—but also in imitating the human perspective (under the 

canopy, vertically). According to Casalegno et al. (2017), it is not merely a matter 

of shifting the perspective to 3D entirely but to complement the already existing 

measures in 2D. Hence, UGI applications seem to be underrepresented within 

the field of 3D geovisualization as well as in precision and 3D measuring.

2.3 Human-centered perspective in 3D geovisualizations 

2.3.1 Subjective urban assessments with 3D geovisualizations

The potential of 3D geovisualizations for enhanced participation and communi-

cation is already widely discussed in the academic literature (e.g., Batty et al., 

1998; Pettit et al., 2006; Neuenschwander et al., 2014). The possible uses in-

clude applying 3D geovisualizations for supporting individual information pro-

cessing and to motivate the observer to explore relevant information from it 

through individual perception. Also, stimulation of participant discussions, and 

information transfer in terms of collecting, exploring, and analyzing problem-

relevant information as well as choosing possible solutions for planning are 

among the use possible uses of 3D geovisualizations (Andrienko et al., 2007; 

Dransch, 2007; Hayek, 2011). 3D geovisualizations’ effectiveness in supporting 

communication is thus an interesting topic for the research community inter-

ested in planning and human-centered applications (Hayek, 2011).  

As presented in chapter 2.2.2, subjective auditing is a way to gather subjective-

inductive information about the urban environment. Hence, the research com-

munity has started to test alternative ways to conduct the audits and gather sub-

jective information from the urban environment by digital means instead of re-

lying solely on in-situ approaches. In terms of 3D geovisualizations, omnidirec-

tional virtual audits have been increasingly dealt in the academic literature (Fig-

ure 2), presenting both hypothetical 3D visualizations of the built environment 

(see, e.g., Birenboim et al., 2019) and 3D geovisualizations based on reference 

data from a real-life environment.  The latter includes both audits with pano-

ramic view images, such as Google Street Views (GSVs) (e.g., Pliakas et al., 2017; 

Cleland et al., 2021) and with 3D geovisualizations (e.g., Newell et al., 2017; van 

Leeuwen et al., 2018).
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Figure 2. Omnidirectional virtual urban audits in the academic literature.

2.3.2 Perceived realism of 3D visualizations 

The literature on 3D geovisualizations for communication often highlights 

a user’s perception and performance. As applications for geovisualization began 

to emerge and be explored, evaluation of their user experience and performance 

started to gain research interest (Slocum et al., 2001). The reason for this is that 

for designing effective virtual environments, it is seen to be necessary to under-

stand how users perform within immersive simulations, that is, which presen-

tations are more successful in stimulating and replicating real-world user be-

havior (see, e.g., Zanola et al., 2009; Stachoň et al., 2018; Halik & Kent, 2021). 

Hence, in the 3D geovisualization tradition, visual realism, the transmission of 

the physical environment in visual terms has been a regularly treated study ob-

jective. The key aim of the research has usually been to evaluate the efficiency 

and performance of the geovisualization tool in transmitting information of the 

physical counterpart. Following, academics generally agree that users of 3D ge-

ovisualizations require different 3D geovisualizations based on their differing 

needs (Voinov et al., 2018; Ugwitz et al., 2019). Thus, the type of visualization 

should be carefully chosen according to the audience, communication type, and 

task (Hayek, 2011; Lovett et al., 2015). 

Following the discussion on perception, visual realism has traditionally had 

a central role in the discourse on 3D geovisualizations (Çöltekin et al., 2016; Ap-

pleton & Lovett, 2003). Realism in 3D geovisualizations has been noted to aid 

in the comprehension of complex spatial relations but also in estimation of the 

effects of planned projects (Drettakis et al., 2007; Virtanen et al., 2015). The 

realism-related discussion was brought to geovisualizations already at least over 

20 years ago when researchers noted that the new visually compelling 3D geo-

visualizations acquire a multidisciplinary effort, a cognitive framework, and it-

erative testing and principles of usability in engineering (Slocum et al. 2001). 

Based on cognitive orientation, these approaches are found with studies utlizing 

user surveys, quantitative parameters and measurements such as user’s eye 
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movement studies (Liao et al., 2017; Herman et al., 2018; Wissen Hayek et al., 

2019), aiming to evaluate user performance with the tested medium and visual-

ization methods.

Another form in studying perceived realism is related to individually per-

ceived immersion, that is, a sense of presence. It has been applied to study the 

subjective perception of being in a particular place, even if situated physically 

somewhere else, in other words, to assess the level of immersiveness of the dig-

ital representation (Witmer & Singer, 1998; Slater, 1999; Lessiter et al., 2001). 

It is most often studied by applying virtual reality (VR) glasses, but 2D screen 

approaches also exist (e.g., Williams, 2014b). Visual quality is often presented 

as a dominant factor in immersiveness and sense of presence, but this idea has 

been contested, and instead, many researchers emphasize the compherensive-

ness of spatial experience instead, such as the possibility to move freely, the 

soundscape, social interactions, and interactions with objects (e.g., Wirth et al., 

2007; Saunders et al., 2011; Cummings & Baileson, 2016; Lindquist et al., 2016).

2.3.3 3D geovisualizations in co-producing place-based meanings: Sense 
of place  

Sense of presence is not the only way to reflect on the impact of a digitally pro-

duced environment on perception and communication, and realism-centric dis-

cussions of 3D geovisualizations have been eventually contested (e.g., Ervin, 

2001). Thus, in order to apply 3D geovisualizations for communication in plan-

ning and to assess their role in them, it has been noted that human connections 

to a place and the ability to transmit them via 3D geovisualizations should be 

addressed as part of the user studies on 3D geovisualizations. 

Hence, some scholars (Newell, 2017; Falconer, 2017) working with 3D geovisu-

alizations have studied perceived meanings and affordances of a place together 

with 3D geovisualizations in order to understand their efficiency and function-

ality in communication. In particular, sense of place is an interesting concept 

for grasping the urban environment, not only as a technical and physical con-

struct, but also as a socially constructed and perception-dependent entity (e.g., 

Tuan, 1979; Massey, 1994; Jorgensen & Stedman, 2001; Stedman, 2003). Sense 

of place has different definitions within different disciplines (e.g., Gustafson, 

2001), but in general, scientific research with a sense of place is usually based 

on the idea that “places represent not only physical settings and activities within 

those settings, but also the meanings and emotions people associate with set-

tings, influencing e.g. environmental planning and participation processes” 

(Davenport & Anderson, 2005). By studying the sense of place, the motivation 

is usually to illustrate and reveal the socially constructed and shared place at-

tachment and place meanings that can affectcommunication processes 

(Kudryavtsev et al., 2012; Williams, 2014a; Sebastien, 2020). 

It is shown that a sense of place, in the traditional sense, takes time to develop 

(e.g., Falconer, 2017). However, there are studies that have addressed the im-

mediately perceived and sensory dimensions of sense of place. Raymond et al. 

(2017), for example, have found that several aspects speak to the rapid and im-

mediately emerging perceptions of a place, that is, affordances. Affordances are 
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direct and contextual and have links to scientific realism. According to Kyttä 

(2004), affordances can be actively used and shaped but also only passively per-

ceived. 

While still less dealt with in 3D geovisualization studies (Newell, 2017), sense 

of place has been applied in studies with virtual environments (e.g., Zhang & 

Clear, 2014) as well as in gamification-related study settings (e.g., Bowser et al., 

2013), indicating that digital applications may have positive effects on partici-

pants’ sense of place and learning motivation, for example. Newell and Canessa 

(2015) showed that 3D geovisualizations can work as platforms that interact 

with people’s sense of place. Thus, it is possible identify key visual elements and 

perspectives in 3D geovisualizations that resonate with their users. Further-

more, Newell and Canessa (2015) noted that sense of presence is linked to sense 

of place. That is, sense of presence enables cognitive processes via observation 

which allows 3D geovisualizations to connect to people’s sense of place through 

their subjective perceptions and personal knowledge. In this way, these two con-

cepts are possible to study together (Figure 3).

Figure 3. Sense of presence and sense of place in the context of 3D geovisualization-assisted 
communication in urban planning.

2.3.4 Individual factors affecting perception: familiarity with the real 
physical setting

As stated above, factors affecting a sense of place are related to place-based re-

lations. One such factor is prior familiarity with the place. There are some ex-

amples of studies that address prior familiarity with the real physical setting as 

part of the use evaluations of 3D geovisualizations. Already two decades ago, a 

study found that users visiting an urban park prior to viewing it via 3D geovisu-

alization were more impressed by the realism and presentation quality of the 

computer simulations than those who did not visit the physical space before 

viewing the simulation (Bishop & Rohrmann, 2003). Furthermore, Newell 

(2017) noted that “experiences with real-world places influence how we regard 

and interact with virtual representations of these places,” and hence, recent 

place experiences of the participants should be considered when assessing 3D 

geovisualizations’ performance and effectiveness. 

Pouke et al. (2019) studied contextuality and place-based meanings generated 

by 3D geovisualizations. In their HMD-assisted VR study, in situ tests and qual-

itative analysis were applied to examine the perception of a realistic VE (virtual 

environment) in its real setting in Finland. According to the study, familiarity 

increases expectations about the use of a VE, and on-site experience has both 

supporting and degenerative effects on sense of presence. That is, when back-

ground noises did not contradict the stimuli in VR, the real soundscape could 
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reinforce sense of presence. In a 3D simulation study of the historical landscape 

of Avebury (UK), it was noted that familiarity also matters when the real site is 

not familiar but the virtual site is. It was shown that a visitor’s sense of orienta-

tion and sense of familiarity could benefit from visiting the virtual Avebury be-

fore visiting the real one (Falconer, 2017).

2.4 Methodological contestations in geographical information 
science—from absolute to nonabsolute spaces

Cartography and geographical information science (or geoinformation science 

(GIS or GIScience) have been traditionally seen as positivist and materialist. 

Positivism is, by definition, empirical and rational, aiming for the discovery of 

cause and effect in an instrumentalist manner. With the positivist means, the 

explanation lies in the observation of well-identified regularities and the crea-

tion of general laws and theories to support prediction. (Hallisey, 2005) Posi-

tivism presumes “the infallibility of science and emphasizes a properly executed 

scientific method, preferably deductive rather than inductive” (Hallisey, 2005,

p. 355). In the positivist and materialist orientation (Raper, 1999), the re-

searcher is an objective stakeholder describing reality as it is. In mapping, the 

positivist orientation shows particularly the belief that with the methods of ge-

ospatial technologies, it is possible to model reality and, hence, to search for a 

‘‘perfect’’ presentation of reality through continual improvement in technique 

and design (Hallisey, 2005). In 3D geovisualization research, this shows as the 

convention to refer to “reality”-based or highly realistic 3D models.

Methodological contestations in geography started to take place during the 

second half of the 20th century. Within the research community of cartography, 

extensive debate on the epistemological approaches started to emerge during 

the 1990s and 2000s (e.g., Pickles, 1995; Sheppard, 1995; Hallisey, 2005; El-

wood, 2006). Human geographers and social theorists argued that certain con-

ceptions of space, particularly the geometric and absolute, cannot be used to 

adequately present the communicative rationality of everyday life (e.g., Shep-

pard, 2005). The positivist, objectivist assumption of science as a universal 

truth-revealing method was contested especially for the study approaches that 

include human and lived realities. 

Hence, epistemologies encompassing alternative perspectives on reality and 

knowledge started to emerge within geovisualization scholarship. Among these, 

realism has the most similarities with positivist scholarship as it exhibits empir-

ical and rational reasoning while being a more critical epistemology. Realism 

highlights the possibility of non-observable theoretical entities and recognizes 

that science is fallible and subjective. Realism asserts that cause and effect are 

contingent on context, that is, context affects causality. Further, unlike tradi-

tional positivism, realism utilizes both qualitative and quantitative means. 

(Schuurman, 2002) Experimental realism, which has some similarities with 

structuralism in visual communication, brought the interest in cognitive seman-

tics to the field of geovisualization. The field by investigating how people cate-

gorize. Experimental realism finds inherent spatiality in human thinking and 
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approaches language as a study subject that accounts for human cognition as 

well as structures and mechanisms. For experimental realism, human cognition 

(that is, perception, reasoning, and memory) and the world of measurement are 

compatible in many ways and are possible to study as such. (Mark, 1999.)

Finally, critical GIS started to emerge by coupling critical social theories with 

spatial reasoning, an approach that was already established in human geogra-

phies (e.g., Kwan, 2002; O’Sullivan et al., 2018). Critical GIS includes social con-

structivist, feminist, postmodernist, and hermeneutical approaches to 

knowledge creation. Critical GIS takes knowledge as contextual and situated 

that is generated through the subjective interpretation of a researcher, and thus, 

often by inductive means. For critical GIS scholars, the reality is not possible to 

model as such, as reality is inevitably socially constructed, multiple, and contex-

tual. Thus, instead of Euclidian and absolute orientation toward space, in criti-

cal GIS research, the space is nonabsolute in character. (O’Sullivan et al., 2018.)

Qualitative methods are at the core of critical GIS approaches, and thus, issues 

such as positionality, reflexivity, multiple subjectivities, the varied construction 

of truth, and the politicized nature of research are central topics in the qualita-

tive research process (Dowling, 2005; Knigge & Cope, 2006; Kwan & Ding, 

2008). In total, studies in critical GIS include a variety of issues, such as (public 

participation geographic information system (PPGIS), ways of combining GIS 

and qualitative research, as well as technical approaches in addressing the rep-

resentational limitations of GIS. One of the approaches applied to critical geo-

visualization research is “grounded visualization”, which suggests that 

grounded theory and visualization can be used together as a research strategy 

that is both iterative and reflexive, both contextual and conceptual, allowing the 

idea of “alternative geographies” that reflect the experiences by diverse groups. 

(Knigge & Cope, 2006; Kwan & Ding, 2008.) 

Today, scholars of GIS epistemologies generally agree (see, e.g., Sheppard, 

2005; Burns, 2014; O’Sullivan et al., 2018) that most phenomena are best stud-

ied with a mixed methods approach as the distinct epistemological perspectives 

on cartographic visualization are all valid. In research addressing societal prob-

lems, “the gap between science as the active knowledge producer and society as 

the passive recipient in the knowledge production process” should be replaced 

with the co-production of knowledge. (Mauser et al., 2013) In other words, tech-

nological determinism should be avoided (Kwan, 2002), and instead, geovisu-

alization research should promote the adoption of the mixed methods approach 

and the co-constructive manner of technology and society (e.g., Sheppard, 

2005; Elwood, 2006; Kwan & Ding, 2008; Burns, 2014; Roth, 2021). Hence, 

this dissertation brings into discussion the epistemic perspectives and concepts 

that can be (together) applied to describe, analyze, and understand (Pike & Ga-

hegan, 2007) the possibilities and restrictions of applications in the field of 3D 

geovisualizations.
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3. Materials and Methods

3.1 Methodological design 

The first research question advances technical interest (for knowledge-consti-

tutive interests in research design, see, e.g., Huckle (1993) and Gunbayi (2020)). 

The study aims at presenting information that can be used for prediction and an 

instrumental approach that relies on the use of technical instruments. The 

method used is objective-deductive surveying of the physical, visible items and 

distinguishing between the suitability of different instruments and surveying 

methods. Thus, the approach to space is absolute. The method used an already 

existing framework called the green factor, which is meant to support green 

space efficiency in green space planning. By defining the qualities of geometry 

and the appearance of gathered data, the method is aimed at studying the suit-

ability of 3D measurement methods for the benefit of urban and green space 

assessments. 

The first research question advances practical interest, that is, a hermeneutic 

and understanding approach to knowledge, that is, avoiding positivist assump-

tions and allowing qualitative observation. The approach to space is both abso-

lute and nonabsolute. The study includes subjective urban audits, namely green 

space qualities of a park as perceived by individuals. Thus, in the center of the 

observation is the subjective perception of the physical environment: items, ma-

terials, routes, and subsequently, the interpreted affordances. The study ap-

proach relies on an existing framework called the affordances star. However, the 

outcomes are derived inductively in terms of an interview.

The third research question advances practical interest as the second one, and 

the approach to space is also both absolute and nonabsolute. The study encom-

passes 3D geovisualization-facilitated commenting and discussion of the urban 

renewal of a shopping mall with remarks about sociopolitical aspects through 

the multimodal video content in the 3D geovisualization, which includes inter-

views of local people at the Puhos mall. Central aspects for observation are the 

concepts of perceived meanings, sense of presence, formation of sense of place, 

and their interconnectedness. The effects of prior familiarity with the mall as a 

determinant for both perception and communicativate urban planning are stud-

ied according to the practical (hermeneutic, understanding) knowledge interest.

The general research objective examines the distinct approaches of human-

centered applications for 3D geovisualization-supported urban assessments.  

The general objective is to point out the knowlegde interests and epistemes that 
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determine the design and use of 3D geovisualization data. Thus, the general re-

search objective of the dissertation includes emancipatory interest, that is, crit-

ical and reflexive exploration for understanding the ways to use 3D geovisuali-

zations in human-centered knowledge creation for decision-making. The criti-

cal inspection is based on explorative study cases. A summary of the methodo-

logical study design is presented in Table 1.  

Table 1. Methodological study design.

Research 
question

Approaches to 
urban evalua-
tion and plan-
ning

Study subjects of 
interest and cen-
tral concepts

Approaches 
to space

Knowledge-
constitutive 
interest 

Methodological 
orientation in 
analysis

R1

Data provision for 
green efficiency 
estimations within 
small-scale green 
spaces

Distinct instruments 
in acquiring point 
cloud data; data 
quality; green ele-
ments; geometry; 
appearance; green 
factor, green effi-
ciency

Absolute

Technical in-
terest; predic-
tion, instru-
mental ap-
proach

Objective-deduc-
tive surveying of 
green elements, 
evaluation of the 
instruments in 
data acquisition

R2

Subjective urban 
audits; green 
space qualities of 
a park as per-
ceived by individ-
uals

Subjective percep-
tion of urban green 
space affordances; 
space, scale, ob-
jects, time, actions, 
persons; walk-
along interviews in 
VR

Absolute and 
nonabsolute

Practical in-
terest; under-
standing, her-
meneutic

Subjective-induc-
tive perception of 
items and af-
fordances of an 
urban green 
space; compari-
sons with in-situ 
reference data

R3

3D geovisualiza-
tion-facilitated 
discussion of the 
renewal of an ur-
ban mall; effec-
tiveness of the 
medium

Sense of presence; 
sense of place; 
prior familiarity with 
the geovisualized 
place; multimodal 
and narrated 3D 
geovisualization

Absolute and 
nonabsolute

Practical in-
terest; under-
standing, her-
menetic

Subjective-induc-
tive perception of 
place and af-
fordances; sub-
jective place rela-
tions in connec-
tion to sense of 
place and sense 
of presence

General re-
search ob-
jective

Distinct ap-
proaches for turn-
ing information 
into knowledge in 
decision-making 
with 3D geovisu-
alizations

Epistemelogy in the 
deployment of 3D 
geovisualization 
data 

Absolute and 
nonabsolute

Emancipatory 
interest; criti-
cal, reflexive

Critical inspection 
based on explor-
ative study cases

3.2 Case study design

For the first research question, the task was to assess how well the green factor 

elements were monitorable via distinct 3D point cloud data sets. The study com-

bines the concept of green factor and the means of 3D measuring and focuses 

on the green elements that are not traditionally included in an urban assessment 

with 3D point cloud data but which could support the green factor assessment 

(Table 2). The tested green factor elements were adapted from the Helsinki 

green factor tool. Four distinct point cloud datasets were explored visually and 

in comparative terms as qualities in geometry and appearance (see, e.g., Julin, 

2021). The study setting also took into consideration the context, for example, 

the elements that were located under the canopy. 
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The research question used an expert-based and framework-bound perspec-

tive, that is, an objective-deductive assessment conducted by an individual re-

searcher. Objective-deductive research approach refers to the idea, that the re-

search methods and reasoning are based on existing theories or frameworks us-

ing objective point of view, and generally not influenced by personal feelings or 

opinions when forming and representing results. In turn, subjective-inductive 

research approach considers personal perspective when making observations 

for reasoning. Further, inductivity in assessment allows recognition of patterns 

and forming conclusions accordingly, rather than engaging in presenting results 

that are considered as absolute, as perception is ultimately subjective and re-

sults in “multiple truths”. (For inductive and deductive approaches in solving 

theoretical and practical problems, see, e.g., Gregory & Muntermann, 2011, or

Coccia, 2018.)

Table 2. Tested green factor elements according to, and adapted from, the Helsinki green factor 
tool.

For the second research question, to understand how the quality of green 

space could be determined through human audits with 3D geovisualizations, the 

affordances star approach (Lennon et al., 2017) was applied in walk-along in-

terviews that were conducted both in situ (on-site) and in VR. The affordances 

star (Figure 4) being the test frame, the aim was to gather observations central 

to the planning aspect to compare to the reference interview data gathered in 

in-situ. The investigated affordances included both tangible and intangible as-

pects of green space. The study was mainly based on a realist perspective (Braun 

& Clarke, 2006), which has been shown to be convenient in interview settings 

dealing with perceived environmental attributes (see, e.g., Macintyre et al., 

2019). That is, we applied a larger interview sample size and analyzed the par-

ticipants’ explicit descriptions instead of a more in-depth analysis with a few 

individuals’ experiences, and a semantic rather than latent approach. In addi-

tion, a distinction was made between VR participants with and without a prior 

visit to the park deck. The research question used a non-expert perspective, that 

Element description Location in the test area
Large (> 10 m) tree in good condition, at least 3 m In cluster, open area
Small (≤ 10 m) tree in good condition, at least 3 m In cluster, open area
Tree in good condition (1.5–3 m) In cluster, open area
Natural ground vegetation Under the canopy
Large shrubs (3 m² each) Under the canopy
Flowering shrubs Open area
Perennials Open area
Lawn Open area
Perennial vines Mostly open area
Semipermeable pavements: grass stones Open area
Permeable pavements: gravel and sand surfaces Open area
Plants with impressive blooming Open area
Dead wood/stumps Under the canopy
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is, a subjective-inductive assessment design conducted in dialogue in terms of 

interviews.

Figure 4. Green space affordances according to, and by courtesy of, Lennon et al. (2017).

For the third research question, to get insight into how multimodal 3D geo-

visualization could support communicative planning approaches in an urban 

environment, perceptions and opinions about an urban mall were gathered in a 

questionnaire study. The study interest was in 3D geovisualization’s ability to 

support perception, distinguishing the effectiveness of the medium—perceived 

realism (sense of presence) and the ability to generate meanings (sense of 

place), with particular interest in how the existing place relations (prior famili-

arity) with the mall affected the results (see Figure 3 in chapter 2.3.3). Sense of 

presence was addressed through multiple-choice questions, open-ended ques-

tions, and five-point Likert scale questions. The questions encompassed the fol-

lowing topics: sense of space, involvement, attention, distraction, control and 

manipulation, realness, naturalness, and negative effects (Lessiter et al., 2001). 

Sense of place was studied both deductively and inductively, addressing place-

related meanings and affordances. Finally, the preferred future planning 

measures of the mall were studied by giving the respondents five distinct future 

options. The research question used a non-expert-based perspective, that is, a 

subjective-inductive assessment design conducted in a group inquiry with a 

questionnaire.

The research questions were designed to support the general research objec-

tive: to understand the possibilities of multidisciplinary knowledge creation 

with 3D geovisualizations, that is, how to turn information acquired with 3D 

geovisualizations into knowledge that can be applied for planning and decision-

making. Distinct approaches to urban 3D geovisualizations applied in the study
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are illustrated in Figure 5. A summary of practical case study design is presented 

in Table 3.

Figure 5. Distinct approaches to urban 3D geovisualizations. A point cloud of Träskända manor 
on the top (in Publication 1), the textured mesh model of Bryga park viewed with an HMD in 
the center (in Publication 2), and the textured mesh model of the Puhos shopping mall with 
multimodal content in the bottom (in Publication 3).
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Table 3. Practical case study design.

3.3 Data for analysis

For the first research question, detection of the reference elements was tested 

with four distinct point cloud data sets acquired during the fall of 2020 (de-

scribed more in detail in chapter 3.7). In addition, reference data of the park’s 

green elements, namely notes and photographs taken with an iPhone 6, were 

collected during the acquisition campaign. 

For the second research question, two types of interviews were organized: in-

situ interviews, where 13 participants were recruited to in-situ interviews that 

took place on the Bryga park deck in fall 2020; and VR interviews, which took 

place at the Oodi public library in Helsinki in fall 2021. Interviewees were re-

cruited via the project and study staff’s network and also via snowball sampling. 

Participants responded to a pre-survey that included information on the partic-

ipant’s age, prior familiarity with the Kalasatama area, and possible former vis-

its to the Bryga park deck (Appendix B in Publication 2). Participants also 

agreed with the informed consent document. 

To ensure the comparativeness of the two methods, both the in-situ and VR 

walk-along interviews had the same interview design. This included a predeter-

mined path that was followed in both interview settings (Figure 6 in Publication 

2). The VR interview also included a brief additional round in Bryga 3D, in 

which embedded panoramic views in selected spots of Bryga were shown.

Publ. Study site
Type of 3D geovisualiza-
tion and instruments used 
in geovisualization data 
acquisition

Means of view-
ing and opera-
tional platforms

Data for analysis

P1

Träskända 
manor yard, 
Espoo,
Finland

Point cloud data sets ac-
quired by means of means 
of laser scanning and pho-
togrammetry

On an open-
source point 
cloud processing 
and viewing soft-
ware with a 2D 
display

Four point cloud data 
sets acquired by 
means of terrestial la-
ser scanning, mobile 
laser scanning, and 
UAV drone photo-
grammetry from two 
distinct altitudes and 
with two distinct cam-
era systems

P2

Bryga park 
deck, 
Helsinki, 
Finland

Textured mesh model ac-
quired by means of laser 
scanning and photogram-
metry 

In VR on a game 
engine-based 
software with a 
head-mounted 
display

21 participants in VR-
based walk-along in-
terviews, and 13 par-
ticipants in in-situ-
based interviews

P3

Puhos 
shopping 
mall, 
Helsinki, 
Finland

Textured mesh model ac-
quired by means of laser 
scanning and photogram-
metry displayed with a 2D 
display, including narrated 
multimodal data; interview 
videos and 2D images.

On an open-
source point 
cloud viewing 
software with a 
2D display and 
headphones

122 participants in a 
questionnaire study af-
ter exploring a multi-
modal 3D geovisuali-
zation displayed on 2D 
screen
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All the interviews were semi-structured. That is, predetermined questions 

were asked, but participants also freely described the attributes in the environ-

ment. In the VR interview, virtual hands were used for pointing at objects. 

Meanwhile, the interviewer was observing the walk from a laptop screen (Figure

8 in Publication 2). 

For the third research question, data collection took place at three primary 

schools in southern Finland in May 2018 and in the Itis mall in Helsinki in June 

2018. Three schools in southern Finland expressed an interest in cooperating 

and invited the study group to join eight distinct classes. At the Itis mall, recruit-

ment was done on-site. The attending classes consisted of eighth and ninth-

graders. At the Itis mall, the classes consisted of young adults and adolescents 

15 years of age and older.

With the help of a monitor, keyboard, mouse, and web browser, an online sur-

vey operating on the Webropol (version 2.0) platform was used as the survey 

platform. The participants were given oral and written instructions before the 

test and survey, in which they were instructed on the study purpose and proce-

dure and on practicalities, such as how to use the 3D geovisualization with a 

mouse and keyboard. Then, respondents explored Puhos 3D with videos indi-

vidually and subsequently, they were instructed to respond to a survey. Eight 

responses included conflicting information, causing doubts about their credibil-

ity. Thus, we needed to exclude them in the final data, which included 122 re-

sponses.

3.4 Analysis design

For the first research question, four point cloud datasets were compared in their 

ability to convey information on green elements and their characteristics based 

on a qualitative inspection. Appearance is a concept that has been used for the 

qualification of 3D visualization (Saran et al., 2018; Julin et al., 2020; Richard, 

2021) along with geometric representativeness. Appearance can be defined as 

non-geometric information that includes visual comprehensiveness and in-

formativeness based on the interplay of the colors and surface of an object. 

However, geometry and the appearance of an element are distinct concepts and 

were distinguished in the analysis. For the evaluation of appearance, point 

clouds with RGB color information were utilized, and for the evaluation of ge-

ometry, height ramp colored point clouds were utilized. In addition, the analysis 

included aspects of both quality and details, as well as the volume and/or num-

ber of green elements. The assessment thus included evaluation of green ele-

ment details, i.e., green element characteristics and distinctiveness, and com-

pleteness, i.e., green element volume and/or amount. 

For the second research question, qualitative data were audio-recorded during 

the walk-along interviews and transcribed verbatim. Problems with the audi-

otaping occurred in two of the in-situ interviews, and thus, they were not rec-

orded, but notes were applied instead. The data was anonymized and subse-

quently analyzed by applying content analysis, coding, and regular expression 
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search methods in Atlas.ti (Version 9). Finally, a summary analysis of the inter-

view data was conducted, excluding two interviews with only notes as the data 

source. For a detailed description of the data analysis process, see Figure 9 in 

Publication 2. 

For the third research question, SPSS 24 was used for analyzing quantitative 

survey responses by means of descriptive statistics and cross-tabulation. The 

variables’ level of measurement was nominal and ordinal. Thus, non-paramet-

rical tests were utilized in the cross-tabulation. To identify significant associa-

tions between unfamiliar and familiar respondents, Pearson’s Chi-square tests 

were applied in the nominal scale questions (multiple choice questions) and 

Mann-Whitney U tests in the ordinal scale questions (Likert Scale questions) 

(De Winter & Dodou, 2010). When the cell size of the nominal question data 

was small and required an alternative test method, Fisher’s exact test was ap-

plied instead. With the responses to the open-ended questions, manual coding 

and content analysis were applied.

3.5 Study sites

The study site for the first research question encompassed the yard of Träskända 

manor, located in southern Finland and owned by the city of Espoo. The area is 

part of a nature reserve and park (City of Espoo, 2017), and the numerous green 

elements made it an interesting study field for testing the point cloud data for 

the purpose of assessing the green factor. 

The study site for the second research question is the Bryga park deck, located 

in the Kalasatama area of Helsinki, Finland, a former brownfield area and one 

of Helsinki’s flagship renewal projects. The park deck is connected to four court-

yards of nearby h Bryga 3D tai Puhos 3D high-rise buildings that were still under 

construction when the 3D measurements for the Bryga 3D and the in-situ walk-

along interviews took place. The urban park includes a range of both built and 

natural green space elements, which made it an interesting area for the study. 

Also, the park was rather new when the interviews were conducted, which made 

it possible to include and recruit interview participants that had not yet visited 

the park and were exploring it for the first time via 3D geovisualization.

The study site for the third research question was the Puhos shopping mall in 

Helsinki (officially the Puotinharjun Puhos shopping mall), which opened in 

1965 and flourished during its first two decades. The value of the Puhos mall 

had considerably decreased by the 1990s, and due to the affordable rental 

prices, many entrepreneurs with immigrant backgrounds opened up businesses 

in Puhos during the last two decades. Nowadays, the Puhos mall includes shops 

for ethnic goods, restaurants, and a mosque. In the last fews years, the city of 

Helsinki has begun putting pressure on the current property owners to plan for 

refurbishment. However, the public concern is that as the property value rises 

with the refurbishment, the immigrant entrepreneurs might lose their ability to 

run their businesses in the area (Helsingin Sanomat, November 13, 2018). 

Puhos 3D was published as part of a news article by the Finnish public service 
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media company Yle, which made it an interesting example of narrated and mul-

timodal 3D geovisualization with a topical urban planning case. The study site 

locations are illustrated on a map in Figure 6.

Figure 6. Study site locations. (1) Träskända manor; (2) Bryga park deck; and (3) Puhos shop-
ping mall. Background map © National Land Survey of Finland.

3.6 Instruments for 3D geovisualization data acquisition

In all three study cases in this dissertation, both terrestrial laser scanning (TLS) 

and close-range photogrammetry were used in constructing the models for 3D 

geovisualizations. The devices used are presented in Table 4. 

Table 4. Instruments for 3D geovisualization data acquisition.

Instrument Publication Method
GeoSLAM ZEB Revo RT P1 Mobile laser scanning
Leica RTC360 P1, P2 Terrestial laser scanning
Tarot T960 P1 UAV photogrammetry
DJI Phantom 4 Pro+ P1, P2 UAV photogrammetry
Faro Focus S120 P3 Terrestial laser scanning
Trimble TX5 P3 Terrestial laser scanning
Nikon D800E P3 Terrestial close-range photogrammetry

In addition, in publications 1 and 2, using a Leica GS18 GNSS RTK device, a 

set of ground control points was measured to assist in combining the acquired 

data sets.

In Publication 1, using the Tarot T960 UAV (Kauhanen et al., 2020), aerial 

imagery data was acquired with a flight that was planned with Mission Planner 

(version 1.3.68 build 1.3.7105.26478) as a cross-grid oblique imaging survey. 

The flight path length was 2771 m (Figure 1 in Publication 1). The survey area 

was 3.45 hectares, and the survey data were acquired during a single 12-min 

flight. According to Agisoft Metashape Professional (version 1.6.5), the survey 
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flight altitude was 61 m. The take-off and landing were operated manually, but 

the rest of the flight was controlled by the flight control unit (FCU). 

Aerial imagery data was also gathered with a DJI Phantom 4 Pro+ that was 

flown in the standard basic configuration with a hover time of approximately 30 

min (Figure 2 in Publication 1). The survey area was 0.94 hectares. The survey 

flight altitude was lower than that of Tarot T960—32 m according to Agisoft 

Metashape Professional version 1.6.5. The flight was conducted in three manu-

ally operated parts with a total flight time of 61 min. The first two flights were 

done using oblique imaging, while the third flight was done using nadir images. 

With the Leica RTC360, the test site was measured (Figure 3 in Publication 

1) with two RTC360 laser scanners simultaneously, totaling 77 scans during a 5 

h period. A scanning resolution of 6 mm at a 10 m distance was used with the 

“double scan” option enabled to reduce the level of noise in the measurements. 

Finally, with GeoSLAM ZEB Revo RT, the study field was measured with five 

independent measurements in 30 min (Figure 4 in Publication 1). 

In Publication 2, the data sets for developing Bryga 3D included both UAV 

aerial imagery and terrestrial laser scanning data. The data sets were collected 

in two ways: first, using aerial imagery based on UAV, namely with a DJI Phan-

tom 4 Pro+; and secondly, using terrestrial laser scanning, namely two Leica 

RTC360 scanners by using on-field preregistration and identical specifications 

and the same manual parameters.

In Publication 3, similarly to the Bryga 3D, Puhos 3D was created applying 

two kinds of source data: TLS data (acquired with a Faro Focus S120 and a Trim-

ble TX5 scanner) and terrestrial imagery. Both laser scanners had identical 

specifications, and the manual parameters in the scanners were the same 

throughout the scanning procedures. However, in the middle of the Puhos mall, 

one scan station was scanned at a higher resolution setting (6 mm at 10 m in-

stead of 12 mm at 10 m) in order to enhance the quality of registration. The data 

was acquired simultaneously within a time window of approximately three 

hours. Collecting data simultaneously supported hindering unwanted side ef-

fects in the data caused by the changing weather and lighting conditions. The 

data acquisition for publication 3 is described more in detail in Julin et al. 

(2019).

3.7 Processing, visualization, and platforms of 3D geovisualiza-
tion data

In publication 1, all the datasets were georeferenced and presented in an ETRS-

TM35FIN (EPSG:3067) coordinate system. Tarot T960 UAV resulted in 354 im-

ages which were processed with Agisoft Metashape Professional to set up a 

georeferenced point cloud. In georeferencing, five ground survey global naviga-

tion satellite system (GNSS) control points were used. DJI Phantom 4 Pro+ re-

sulted in 503 images which were processed in Agisoft Metashape Professional 

set up a georeferenced point cloud.
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Further, the scans from Leica RTC360 were processed, registered, and georef-

erenced with Leica Cyclone Register 360 (version 2020.1.0 build R17509) soft-

ware. The measurements by GeoSLAM ZEB Revo RT were processed in Ge-

oSLAM Hub (version 6.1) with default settings. Video material of the integrated 

camera were used for colorizing the data. The separate measurements were 

merged first in GeoSLAM Hub without colors with the merge tool. After merg-

ing, the colorized point clouds were registered based on GeoSLAM Hub regis-

tration in Cloud Compare. Finally, all the point cloud data sets were matched to 

the same coordinate system as the Tarot T960 point cloud with iterative closest 

point (ICP) calculation in Cloud Compare version 2.11.3 (Anoia) Stereo.

Cloud Compare was used for the point clouds’ visualization and comparison. 

The perception of depth with the height ramp colored point cloud was supported 

by using EDL (shader) filter, a shading filter method that enhances very small 

features on blank clouds. Further, a fixed point size 2 was used for point cloud 

visualization.

In publication 2, Leica Cyclone Register 360 (version 2020.1.0) was used for 

preprocessing of laser-scanned preregistered point cloud data. That is, errone-

ous and outlier points, for example points caused by reflections and dynamic 

objects, such as vehicles and people, were removed from the data. Further, scan-

ning stations were registered, following the point cloud colorization. Panoramic 

images generated during the scannings were processed in an image editing soft-

ware called Darktable (version 3.0.0). Aerial imagery was processed using 

Adobe Lightroom Classic (version 10.1.1) to enhance image and model quality. 

A 3D reconstruction software RealityCapture (version 1.1) was used to gener-

ate the textured 3D mesh model from the laser scanning and photogrammetric 

data. Measured ground control points was used for georeferencing the model. 

The original full density model was simplified to make it game engine-compat-

ible model and to run effortlessy in a VR application. 

With the resulting model, a versatile commercial game engine Unreal Engine 

4 (version 4.26.2) was used for developing the final VR application. Three ex-

ternal data assets were added to the model: (1) untextured Helsinki 3D city 

model data (level of detail 2 (LoD2)) to built the VR scene around Bryga park 

deck, (2) two high-rise buildings next to the Bryga park deck, and (3) dynamic 

lighting, including sun and clouds. In addition, panoramic images were added 

to the model to be viewed after the first interview round (described more in de-

tail in Publication 2).

The final application was designed to support the walk-along interviews in VR 

with the following design steps: (1) The users could move with the teleportation-

based locomotion technique in a predefined area within the scene using VR con-

trollers. (2) Navigable area was defined to match the walking route of the walk-

along interviews. (3) Interactive elements, a map of the area with the walking 

route and arrows as guidance markers, were added to the model to support the 

interview. (4) Finally, a set of 17 interactive panoramic image sphere marked 

with green dots were added along the route to be activated in the second inter-

view round.
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In publication 3, Puhos 3D was generated by using both laser scanning and 

photogrammetric image data, combined with manual modeling. Laser scanning 

-derived point cloud data was processed in SCENE (version 6.0.2.23), including 

checking the laser data for errors, registering all the scanning stations in a uni-

fied coordinate system, and colorizing the point cloud using the image data col-

lected by the scanners. The image data was processed in Photoshop Lightroom 

(version 6.12), including adjusting image tonal scales and excluding blurred or 

otherwise failed photographs were excluded from the image set (see also, Julin 

et al., 2019). 

RealityCapture (version 1.0.3.5735 RC) was used for creating a textured 3D 

mesh model. External assets, such as booths and bicycles in 3D, and locals of 

Puhos, dogs and pigeons in 2D, were added to the model to enliven it.  The final 

realization of Puhos 3D was viewed via Sketchfab, a web-based software. Fi-

nally, in Sketchfab, videos of local people describing their daily life at Puhos mall 

were embedded in the model. Broadcasting company Yle produced the inter-

view video material for Puhos 3D, for which local stakeholders with differing 

backgrounds were involved. A summary of the processing and visualization 

platforms is presented in Table 5.

Table 5. Processing and visualization platforms.

Publ. Instrument / data Processing software Visualization 
platform

Final data for the 
analysis / testing

P1

Tarot T960 UAV Agisoft Metashape Pro-
fessional; CloudCompare CloudCompare

Georeferenced 
RGB and height 
ramp colored point 
cloud

DJI Phantom 4 Pro+ Agisoft Metashape Pro-
fessional; CloudCompare CloudCompare

Georeferenced 
RGB and height 
ramp colored point 
cloud

Leica RTC360 Leica Cyclone Register 
360; CloudCompare CloudCompare

Georeferenced 
RGB and height 
ramp colored point 
cloud

GeoSLAM ZEB Revo RT GeoSLAM Hub; Cloud-
Compare CloudCompare

Georeferenced 
RGB and height 
ramp colored point 
cloud

P2 Leica RTC360; DJI Phan-
tom 4 Pro+ 

Leica Cyclone Register 
360; Darktable; Adobe 
Lightroom Classic; Reali-
tyCapture; 

Unreal Engine 4
Georeferenced tex-
tured 3D mesh 
model 

P3 Faro Focus S120; Trim-
ble TX5; Nikon D800E

SCENE; CloudCompare; 
Photoshop Lightroom; 
RealityCapture

Sketchfab Textured 3D mesh 
model 
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4. Results

4.1 3D point cloud data for green factor assessment—a compari-
son with distinct point clouds

4.1.1 The role of physical context and green elements in data acquisition

The results show that the point clouds originating from different systems have 

differing abilities in conveying information about green elements presented in 

the 3D green factor framework. With some of the elements, there even were ra-

ther remarkable differences between the data sets, as shown with natural 

ground vegetations, semipermeable surfaces, and perennials (Figure 7). Fur-

ther, some elements (such as plants with impressive blooming) resulted in gen-

erally good or moderate results with all the proposed methods. Some elements 

were captured well or moderately well with only some of the methods (such as 

natural ground vegetation).

According to the findings, among the elements in the green factor framework, 

the elements with clear geometric form have a good potential to be assessed with 

the support of point cloud data. From the green elements’ point of view, trees of 

different sizes were generally well-visible in all the point clouds. The visual com-

parisons for the green elements are shown in Figures 8-10 and 12-14. In all the 

figures, the point clouds are denoted as the following: (a) Tarot T960 for geom-

etry, (b) DJI Phantom 4 Pro+ for geometry, (c) Leica RTC360 for geometry, (d) 

GeoSLAM ZEB Revo RT for geometry, (e) Tarot T960 for appearance, (f) DJI 

Phantom 4 Pro+ for appearance, (g) Leica RTC360 for appearance, and (h) Ge-

oSLAM ZEB Revo RT for appearance. In the top row of the figures, the point 

clouds are colored with the height ramp, and in the bottom row with RGB col-

orization.

Generally, the elements under the tree canopy were less detectable than the 

elements in the open area. Apart from this, the form of the element was shown 

to be crucial for achieving good results. Lower scores were given to the elements 

with less clear geometry, such as sand surfaces and lawns. Despite the low scores 

in geometry, these elements were still varyingly detectable in terms of appear-

ance.
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Figure 7. The mean results of all the point cloud data sets to convey information on green ele-
ments, 3 being the top score (good ability to convey information) and 0 (no ability to convey 
information) being the lowest score.

Figure 8. Comparisons of point clouds for large trees.

Figure 9. Comparisons of point clouds for small trees.
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Figure 10. Comparisons of point clouds for very small (<1,5m) trees.

4.1.2 The role of instruments in data acquisition

The results show that there are differences not only between UAV photogram-

metry and laser scanning-based solutions but also between UAV photogramme-

try methods. The higher flight altitude with UAV had a hindering effect on some 

of the elements, for example, the very small trees (<1,5m), leaving their trunks 

missing (Figure 10).  The same applies to the two laser scanning methods, as 

illustrated with flowering shrubs and lawns. The Leica RTC360 generated the 

best mean results for geometry, and the DJI Phantom 4 Pro+ generated the best 

mean results for appearance (Figure 11).

Figure 11. The mean results of all the point cloud data sets with geometry and appearance, 3 
being the top score (good ability to convey information) and 0 (no ability to convey infor-
mation) being the lowest score.

For the elements with distinctive geometry, laser scanning-based solutions 

could more likely provide a well-presented geometry. However, the results show 
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the strengths in the appearance of the UAV-based solutions in conveying infor-

mation about distinct visual details in elements such as perennials (Figure 12 

and Figure 13).

Figure 12. Comparisons of point clouds for perennials, lawns, perennial vines, and semipermea-
ble surfaces: grass stones, and permeable pavements: sand surfaces.

Figure 13. Comparisons of point clouds for plants with impressive blooming.

Apart from the large trees, the terrestrial laser scanning-based data was likely 

to cover the geometry of the element as a whole, as shown for blooming shrubs 

(Figure 14). The GeoSLAM ZEB Revo RT generated point cloud was not gener-

ally very informative in terms of appearance due to the poorer RGB visualization 

(Figure 14, section h), which would be essential in defining the blooming ele-

ments of the green elements, for example.

Figure 14. Comparisons of point clouds for a blooming shrub. 
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4.2 Exploring subjectively perceived affordances via 3D geovisu-
alization 

4.2.1 Similarities in perceived affordances between the VR and in-situ 
data 

The results show (Figure 15) that most of the dimensions of green space af-

fordances—that is, space, scale, objects, time, actions, and persons—were at 

least to some extent perceivable through the Bryga 3D application. Most of the 

identified affordances were comparable to the interview results gathered in situ.

Objects were the most mentioned affordances in both interview data sets. Es-

pecially the descriptions of the park deck’s facilities (objects) in the VR inter-

views were well in line with the reference data. The materials were also broadly 

identified. Many VR participants identified the general type of vegetation, such 

as bushes and low vegetation, on the park deck. More than half of the VR group 

reported trees, shrubs, and grass, and many were able to identify between low 

and high vegetation. Interestingly, VR participants also noticed a variation in 

the spatial division of vegetation as many reported preferring the western side 

of the park since the impression of vegetation was fuller and nicer there. The 

same spatial variations and preferences were reported in the in-situ group.

Furthermore, in terms of space, both groups had participants who would not 

refer to the Bryga park deck as a green area. This was connected to the identified 

purpose of the space. Participants in both groups said that they would not come 

to visit the place for the nature but for some other recreational purpose. The 

divisions of space, such as play areas, paths, and places for picnics, were broadly 

identified and in line with each other in both groups. Both positive and negative 

intangible descriptions occurred in both data sets, sometimes in the same inter-

view.
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Figure 15. Key similarities in perception between VR and in-situ interviews. Items were men-
tioned by at least 35% of the participants in the VR or in-situ interviews, with a 15% or less 
difference between the occurrence rates. Darker color denotes VR interviews and lighter 
color denotes in-situ interviews.

In both groups, an equal share of participants compared the Bryga park deck 

to another real-life place. In terms of timely affordances, VR participants in-

cluded notions on the changing characteristics of space, such as that the area is 

still being built, it is newly built, and the vegetation is newly planted and has not

grown yet. Finally, there were similarities in terms of how the participants saw 

the possible actions on the deck, their potential visits to the park deck, and how 

they reported the development ideas, including topics such as restaurant facili-

ties on the deck and a change of pergolas.

4.2.2 Disparity in perceived affordances between the VR and in-situ data

The deficits of geovisualization-generated information were investigated by 

comparing the results achieved by VR and in-situ interviews. The perception of 

the Bryga 3D and the in-situ park deck had some dissimilarities. This is illus-

trated as differences among some of the key items were mentioned by the groups 

(Figure 16).
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Figure 16. Key differences in perception between VR and in-situ interviews. Items were men-
tioned by at least 35% of the participants in the VR or in-situ interviews, with 35 or more 
differences in percentage points between the occurrence rates. Darker color denotes VR 
interviews and lighter color denotes in-situ interviews.

One of the most explicit weaknesses for perception in the Bryga 3D was the 

low detailed surroundings, which in the end affected the perception of the sur-

roundings in several ways. First, it was not clear to the VR participants whether 

and how impressive the views from the deck were. Another aspect was linked to 

the connectivity and location in the city, as well as to the possible actions and 

services around and under the park deck. Some could interpret the exact loca-

tion of the park deck, but for some VR participants, it was hard to know the 

surrounding possibilities for shopping and dining, which were regularly men-

tioned in the in-situ interview data. 

Applying detailed surroundings in the application, even if demanding in terms 

of computing power, shows what is advisable according to the results. Moreo-

ver, integrating other data sets, for example, a 2D map, into the geovisualization 

could illustrate and visualize the location and connections to the rest of the city 

and thus make interpretation of affordances easier for the participants. This not 

only affected the perception of scale-related affordances but also potential ac-

tions and perceived possibilities to visit the park deck.

Secondly, a difference between the perception in VR and in-situ was linked to 

the social activities through the persons on the park deck. The majority of the 

in-situ participants mentioned other park visitors currently visiting the park 

deck, and their actions were observed in terms of possible actions, which was 

not possible in VR. Moreover, the absence of people was mentioned by the VR 

participants as a disturbing factor on the park deck. The second round with pan-

oramic images showing persons on the deck also underlined that people in the 

geovisualization might have surprising effects. People in the 3D geovisualization 

could support the participants’ ability to interpret the relevant season, for ex-

ample.

Thirdly, even if the VR participants were able to list multiple tangible and in-

tangible aspects of the park deck, there were also descriptions that were not in
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line with the in-situ observations. This was due to the process including only a 

little manual modeling, which caused some deficits in the realistic modeling of 

the park deck. In the VR interviews, the negative descriptions were often related 

to the hesitation caused by the feeling of unrealness or weirdness as the majority 

of the participants found that there was something wrong in the environment 

or that the environment did not make sense, or they made a wrong interpreta-

tion caused by misleading visual information. The VR participants were dis-

turbed by the flaws in the model, resulting in space descriptions such as “un-

safe”, “weird”, and “apocalyptical”. These notions were linked to the objects that 

were poorly or only partly modelled, and thus, were found to create an unpleas-

ant, even intimidating environment. Furthermore, VR participants sometimes 

described the place as private and empty or open and spacious, which was not 

characteristic for the in-situ interview data.

Even if most of the items on the park deck were listed in the VR interview 

corresponding to the listings in the in-situ data, the distinctive factor between 

in-situ and VR interview data was linked to the perceived quality or hesitation 

in perception. For example, there were misunderstandings connected to the 

problematic geometry and texture of the playground equipment and the Bryga 

park deck fence (since the laser scanner was not able to capture the parts made 

of glass; see Figure 17). Some of the VR participants considered the fence to be 

broken or a confusing design, or they could not tell what was wrong with it. 

Thus, the fence was mentioned more often in the VR data. Confusions linked to 

the deficits in realism altered the perception and possibly made VR participants 

concentrate on single and nonrelevant items more than the in-situ participants. 

The differences in perception were shown, for example, in vegetation. In-situ 

participants raised more concerns and development ideas about the vegetation 

than the VR participants.

Figure 17. The park deck fence in Bryga 3D (section a) and in situ as captured in a photograph 
(section b).
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4.3 Prior familiarity with the place as a perception-altering factor 
in subjective-inductive methods with 3D geovisualizations 

4.3.1 Familiarity and sense of presence

Sense of presence-related factors were reported by the Puhos 3D survey re-

spondents having prior knowledge of the place (familiar respondents) and by 

the participants having no prior knowledge of the place (unfamiliar respond-

ents). Of all the respondents, more than half considered that the environment 

was easy to understand, half considered that the environment felt real and that 

the people in Puhos felt real. Slightly less than half considered that they could 

navigate in the real Puhos mall according to the visit in Puhos 3D. A considera-

bly lower share, about a quarter of the respondents, felt that they had visited the 

real Puhos mall. 

The results show that familiar respondents expressed a more positive sense of 

presence in all the Likert scale statements dealing with a perceived sense of 

presence than the unfamiliar respondents (Figure 18). Similarly, the unfamiliar 

respondents showed a more negative sense of presence than the familiar re-

spondents. Apart from the trend in frequencies, there were also statistically sig-

nificant differences between the groups in some of the statements on sense of 

presence (Appendix B in Publication 3). The familiarity of the place seemed to 

have an effect on the perceived ability to navigate in the real mall according to 

the 3D geovisualization (U=1931, p=0.017). Similarly, familiar respondents con-

sidered statistically significantly more that the visit felt like visiting a real Puhos 

shopping center (U=1987, p=0.007).
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Figure 18. Distribution of responses related to statements evaluating the perceived sense of 
presence in Puhos 3D, with a distinction between the unfamiliar (n=87) and familiar (n=35) 
respondents. The statistically significant differences between the groups are denoted with * 
and **.

With Puhos 3D, the respondents were asked to indicate what details they paid 

attention to the most (Figure 4 and Appendix B in Publication 3). Most respond-

ents (82.8%) in both groups expressed having noted people in the 3D environ-

ment. Respondents who paid attention to other details than the listed ones, re-

ported, for example, the birds on the inner yard of Puhos 3D. Familiar places 

were chosen statistically significantly more often by the familiar respondents 

(p=<0.001, Fisher's exact test). 

The research also sought to understand what kinds of factors influenced the 

experience of Puhos. According to those who answered the open-ended question 

(n=66), a significant factor was movement in 3D geovisualization, where up to 

45% of those who responded to the question hoped for improvements. Present-

ing people as 3D objects and better image quality were among the suggestions 

in the open-ended questions. 
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4.3.2 Familiarity and sense of place

The results with Puhos 3D show that while there were many aspects of sense of 

place that were shared in light of the results, prior familiarity has some effect on 

how the place meanings were reported and also on the preferred planning initi-

atives. The most chosen term equivalent to respondents’ perception of Puhos 

was multicultural, identified by 85.2% of respondents (Figure 5 and Appendix 

C in Publication 3). Familiar and unfamiliar groups showed statistically signifi-

cant differences for the terms familiar (p=<0.001, Fisher's exact test) and easy 

to run errands (p= 0.023, Fisher's exact test); familiar respondents chose these 

more often than the unfamiliar ones. Unfamiliar respondents chose unfamiliar 

(χ²(1, n=122)=23.388, p=<0.001) and I would not spend my time there or go 

shopping or run errands there (χ²(1, n=122)=8.899, p=0.003) more often than 

the familiar ones.

Furthermore, there were statistically significant differences between the 

groups in expressing a negative interest in the Puhos mall (Figure 19), which the 

unfamiliar respondents showed more often (33.3%) than the familiar respond-

ents (14.3%) (χ²(1, n=122)=4.505, p=0.034). (However, responses expressing a 

positive interest did not vary significantly between the groups.) A similar pat-

tern was seen in the responses to the open-ended questions (Figure 7 in Publi-

cation 3). Familiar respondents described the place somewhat more positively, 

for example, as a comfortable, friendly, or nice place (6% of unfamiliar and 15% 

of familiar respondents) or in terms of diverse and ethnic shops (21% of unfa-

miliar and 12% of familiar respondents). Similarly, negative descriptions such 

as seeing Puhos as a gloomy, unattractive, or dirty place (20% of unfamiliar and 

3% of familiar respondents) or as a small or cramped place (6% of unfamiliar 

and 0% of familiar respondents) were more frequent among the unfamiliar re-

spondents.

Figure 19. Distribution of interest in the Puhos mall after the virtual visit, with a distinction between 
unfamiliar (n=87) and familiar (n=35) respondents. The statistically significant difference be-
tween the groups is denoted with (*).
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Considering future initiatives, almost half of all the respondents (47.5%) sup-

ported a moderate renewing of the mall (Figure 20, Appendix D in Publication 

3), that is, it was generally the most popular option. However, familiarity 

showed significance in terms of preserving attitude (χ²(1, n=122)=4.688, 

p=0.03). While 25.7% of the familiar respondents found preserving as the most 

suitable option for the future, only 10.3% of the unfamiliar thought the same. 

However, it is notable that at the same time, 25.7% of the familiar respondents 

chose the option of a radical renewing, which is exactly the same percentage as 

those who preferred the preservation of the mall. Thus, the familiar respondents 

showed greater variety in their opinions on planning initiatives than the unfa-

miliar respondents.

Figure 20. Distribution of respondents’ opinions on their preferred urban planning outcome for 
the future of Puhos mall, with a distinction between the unfamiliar (n=87) and familiar (n=35) 
respondents. The statistically significant difference between the groups is denoted with (*).

Finally, the qualitative results in Publication 2 also supported the results in 

Publication 3 indicating that prior knowledge might support the perception of 

3D geovisualization, for example by reducing the reported challenges with per-

ceived visual realism. The deficits in realism on Bryga 3D seemed to have a 

somewhat lesser effect on those VR participants who had visited the park deck 

before the VR interview.
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5. Discussion

The aim of this research was to explore and develop possibilities for human-

centered urban and green space quality assessments through 3D geovisualiza-

tions. I applied three practical approaches combining urban green space effi-

ciency, perceived qualities of urban green space, and communication of regen-

eration of an urban shopping mall. 3D geovisualizations were dealt with the dis-

tinction between objective-deductive assessment tasks and subjective-inductive 

assessment tasks, bridging instrumentalist-realist, experimental realist, and 

critical GIS approaches. It was shown, that in addition to objective-deductive 

urban assessments, subjective-inductive assessments are possible with the help 

of 3D geovisualisations under certain conditions and requirements in visualiza-

tion design. In the following, I present the central outcomes of the case studies 

and finally elaborate on how the distinct approaches to knowledge determine 

3D geovisualization design and deployment for human-centered assessments in 

urban and green spaces. 

5.1 Applying 3D geovisualizations for urban and green space as-
sessments

5.1.1 3D point cloud data for green factor assessment

The results of the first research question show that the role of the point 

cloud data collection method is essential in deploying 3D geovisual-

ization for the objective-deductive assessments of urban green 

spaces. However, the design of point cloud data acquisition is context-

based and depends on multiple factors, which are presented in the fol-

lowing.

The results illustrate that the differences between the green elements were rel-

atively low when looking at the best-performing results from any of the tested 

sensor systems. In other words, if all the tested sensing methods were in use, 

most of the tested green factor elements would have been captured at least mod-

erately. However, even if optimal in terms of data quality, this might not be a 

cost-efficient method, but the amount of detail, methods, and devices should be 

chosen according to the given task and the respective physical properties. Flight 

distance had a relatively big impact on the results (Morgenthal & Hallermann, 

2014), that is, aerial methods should be scaled according to the local context. 

The chosen perspective (i.e., bird’s eye vs. ground surface view) is shown to be 

a crucial factor in explaining the differences between aerial and terrestrial data 
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captures (Nex & Remondino, 2014). As the results illustrate, the chosen distance 

from the sensor to the subject is also important. UAVs are often applied to ac-

quire an overview of the area and terrestrial methods for the relatively close-

range target in surveys of built environments. Hence, utilizing terrestrial laser 

scanners and UAV data from lower flight altitudes can improve the accuracy of 

measurements when applied to local and small-scale UGI.

For the terrestrial methods, similar scaling is more challenging because of the 

perspective induced by occlusion. Choosing the suitable method is a question of 

optimizing the resources to meet the lowest accuracy to meet the assessment 

needs for the respective framework. Higher resolution data capture generally 

takes more time but might be useful in some cases. Again, it might not be cost-

efficient to gather high-resolution data if lower resolutions can provide the in-

formation needed. 

Yards are individually structured natural environments with multiple types of 

elements, and this might be challenging for semi-automated assessments (Nex 

& Remondino, 2014) conducted using a multilateral framework such as the 

green factor. Thus, for careful method design based on the individual character-

istics of the targeted environment, possible prior field inquiries are recom-

mended. According to the results, elements with clear geometric form have a 

good potential to be assessed with the support of point cloud data (Pomerleuau 

et al., 2014). However, it is important to notice that not all the aspects can be 

covered with above-ground data; some elements are best studied only together 

with additional information sources. These are, for example, underground 

(non-visible) and surface-like elements, such as pavements. For monitoring el-

ements of differing sizes, both terrestrial and aerial perspectives are beneficial. 

A central message is that the reference framework in the objective-deductive 

assessment is important in achieving impactful results for green space and ur-

ban planning. The possible challenges of data collection should not hinder the 

implementation of the reference framework for UGI management and planning 

(Feltynowski et al., 2018), but additional data sources should be applied if 

needed. In other words, the method used should not form a bottleneck for the 

analysis and implementation of green efficiency calculations. Furthermore, it is 

important to notice that in some cases, point cloud data sets can offer even more 

detailed and comprehensive information about the elements than is now de-

fined in the framework. Thus, instead of calculations based on square meters, 

the existing and future frameworks for tasks such as green efficiency should be 

designed to include the possibilities in vertical strata and volume. 

As a conclusion for the first research question, the optimal design for the 

data collection seems to be an interplay of the respective framework

(such as the green factor), individual characteristics of the respective 

physical properties, measurement devices, and additional infor-

mation sources available. The recent arguments for urban ecosystem ser-

vices and challenges, such as tackling biodiversity loss and preserving UGI, 

should be reflected in the 3D measurement of the environment as well. There-

fore, multiple study sites, distinct natural elements, and also small-scale solu-

tions (such as yards) (Cameron et al., 2012; Ojala et al., 2017; Ariluoma et al. 
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2021) should be included in the scope of 3D measurement applications. The 

scalable methods in 3D mapping, such as deep learning and machine learning 

(Özdemir et al., 2019), should be designed to the support evaluation of urban 

ecosystem services. Further, suitable frameworks supporting urban green space 

assessment should be identified and deployed in future research with 3D meas-

uring, as the green factor is only one example of such frameworks.

5.1.2 Aspects of visual realism for perception and information convey-
ance

The results for the second research question illustrate the role of realism in a 3D 

geovisualization for perception and information conveyance in the urban envi-

ronment. The ability to perceive the affordances of green space was tested by 

using a textured 3D mesh on a head-mounted display of an urban park deck in 

Helsinki. In-situ interview data was used as a reference to assess the results gen-

erated with the 3D geovisualization. The results show that most of the dimen-

sions of green space affordances, that is, space, scale, objects, time, actions, and 

persons, were at least to some extent perceivable through the application. Most 

of the identified affordances were comparable with the results generated in situ. 

However, there were also some deficits in perception in the VR interview.  

The lack of textures and lower geometric accuracy (LoD2) in the park deck’s 

surroundings affected the participants’ ability to understand the urban context 

of the park deck. Future studies need to solve how the links to the surroundings 

and urban context (i.e., how the park is situated in the city) can be illustrated in 

the virtual audits. This could be done by using a bird’s-eye view and a more de-

tailed model of the surroundings.

Also, due to the technical restrictions of 3D measurement-based modeling 

(e.g., Remondino et al., 2005; Soudarissanane et al., 2011; Julin et al., 2019), 

the flaws in the model resulted in some contradictory interpretations of the 

physical environment compared to the reference data. This appeared with dy-

namic (moving) items, with items of small-scale geometry (such as small vege-

tation) and with reflecting materials (such as a glass fence). The participants 

had uncertainties about these elements, even if they were eventually able to 

identify or categorize some of them. Thus, in future audits with 3D geovisuali-

zations, it should be defined case-by-case whether the participant should be able 

to understand the environment in a simple or detailed manner. With the used 

measuring methods, the elements of urban green spaces are variably detectable, 

as also shown in Publication 1, and thus, manual modeling could be used to-

gether with the 3D measurement data. Also, to optimize to data value to ensure 

functionality with lower computational power, a combination of 2D and 3D spa-

tial data sets could be applied (Yin, 2017). However, this could have a negative 

effect on sense of presence (dealt with in more detail in chapter 5.1.3). 

Hence, the results show that when a person explores the urban space through 

3D geovisualization, the coherency of visual realism, especially in tex-

tures and geometry, facilitates the perception of items and promotes 

access to the situated physical information. This applies both to highly 

detailed items within the urban space and to larger entities, such as landmarks 
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on the horizon, that is, the context of the urban space. Coherency means that 

the failures in texturing and geometry can make the geovisualization unvague 

in terms of perception in a model that is generally photorealistic and of high 

visual realism. That is, the possible irregular and unexpected deficits in model-

ing can affect the subject’s ability to interpret and categorize the items and cause 

general hesitation.

Another aspect visible in the results with perceived realism are the social 

clues in the geovisualized space. With Bryga 3D, the absence of people was 

reported as an issue. It was also shown to be one of the key elements differenti-

ating the perception between in-situ and VR interviews. Moreover, with Bryga 

3D, the VR participants reported the park deck to be calm, whereas the in-situ 

participants more often noted the windy and noisy location. Hence, 3D geovisu-

alizations could benefit from a more comprehensive spatial presence

(Saunders et al., 2011; Wirth et al., 2007; Cummings & Baileson, 2016), for ex-

ample, of soundscape (Linquist et al., 2016, Maffei et al., 2016; Sanchez et al., 

2017; Newell et al., 2021).

Considering the subjective-inductive assessments, vegetation has been shown 

to be a central factor in VR-based assessments of the pleasantness of urban de-

signs (Sanchez et al., 2017), In future subjective audits of green spaces, it would 

be advisable to pay attention to the modeling quality of vegetation, as 

vegetation has a central role in green space assessment (Veitch et al., 2020, van 

Vliet & Hammond, 2021), and as shown in this dissertation, problems with it 

could lead to misinformed perception and to delusively optimistic or pessimistic 

assessments.

5.1.3 Subjective place relations as a perception-altering factor in 3D geo-
visualizations

The results for the third research question demonstrate that both perceived 

realism (sense of presence) and meaning of the place (sense of place) 

can be distinguished for assessing the effectiveness of 3D geovisual-

ization as a medium. Moreover, the results underline the perception-alter-

ing role of prior familiarity both for sense of presence and sense of 

place. According to the results with Puhos 3D, these two concepts work in in-

terplay with each other. A weaker sense of presence might hinder the experience

and perception of a place, and previous familiarity, or even a positive sense of 

place, might increase the sense of presence.

Notably, the respondents unfamiliar with the Puhos mall reported a somewhat 

lower sense of presence. The reason for this could be that familiarity might sup-

port perception and hinder shortcomings caused by deficits in visual realism. 

The results in Publication 2 support this outcome as well as the prior research 

results, which indicate that familiarity enhances the positive impression of the 

3D geovisualization, and that prior knowledge of the place affects perception 

(Bishop & Rohrmann, 2003; Newell, 2017; Pouke et al., 2019). Also, in percep-

tion studies and participatory planning, memory has been shown to be an im-

portant factor in strengthening understanding, as perceptual memories mediate 

experiences in the present moment (Degen & Rose, 2012; Fenster & Misgav, 
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2014). According to the dissertation results, this might be the case with 3D geo-

visualization-supported perception as well. Participants could advance their 

prior knowledge to compile observations of the area. Thus, 3D geovisualizations 

might be more effective in conveying information and evoking discussion with 

those who already have some connection to the geovisualized place. 

Having said that, the results of both Puhos 3D and Bryga 3D demonstrate that 

delivering place meanings to a person exploring the place for the first time is 

possible with 3D geovisualizations. However, in Publication 3, and somewhat in 

Publication 2, more negative ideas and attitudes towards the place were ex-

pressed by those who did not know anything about it before visiting via 3D ge-

ovisualization. In the previous studies, stronger emotional bonds to the place 

have been associated with higher landscape evaluations (Soini et al., 2012). Ja-

cobs & Buijs (2011) demonstrated that stakeholders’ attitudes toward proposed 

planning interventions could be derived from their place meanings to a great 

extent.

Accordingly, results with Puhos 3D indicate that familiarity affects the opin-

ions of urban planning related visions, as preserving option was most likely cho-

sen by the familiar respondents. Interestingly, unfamiliar respondents most of-

ten chose the moderate renewing option, and not radical renewing, for example.

One way to reflect on this result is that the participants’ familiarity with the 

place can explain the greater level of confidence in the information received 

through 3D geovisualization. For participatory approaches, this would mean, 

that 3D geovisualizations based on 3D measurement data including only a little 

manual modeling suit those who are already familiar with the area. Conversely, 

extra effort in manual modeling should be used for audiences that are only ex-

ploring the place for the first time. 

In conclusion, with the subjective-inductive assessments, 3D geovisualiza-

tions are best used as supportive tools and secondary to a real visit, as reality 

exceeds our ability to simulate it (Ervin, 2001; Appleton & Lovett, 2003; Newell 

& Canessa, 2015). However, 3D geovisualizations can reinforce the already ex-

isting sense of place, and support the person resembling subjective knowledge, 

opinions, and views of the place.

5.2 Knowledge approaches with 3D geovisualizations

The case studies presented in this dissertation have distinct approaches to ac-

quiring and presenting knowledge about urban and green spaces. By bridging 

together the results of this dissertation, prior research in the field, and method-

ological discussion in geoinformation and visualization research, I suggest that 

there are three distinct approaches to creating knowledge with 3D geovisualiza-

tions for urban and green space assessment, as presented in Figure 21.
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Figure 21. Knowledge approaches with 3D geovisualization in co-producing knowledge for urban 
and green space assessments.

The first publication dealt with green efficiency, that is, a framework to quan-

tify the qualities of local green space, namely yards, for the purpose of sustain-

able planning regulation. Apart from this dissertation, a number of studies show 

the capability of geospatial information in providing measurements of the qual-

ity of urban green space and ecosystem services. The objectives of information 

gathering can include tasks such as per capita green cover of the city (Anguluri 

& Narayanan, 2017), or air purification, carbon storage, and cooling of the city 

(Derkzen et al., 2015). These study approaches aim at ensuring local green 

spaces and their quality of distinct ecosystem services in quantifiable means. 

Thus, the knowledge creation here relies on instruments and deductive and ob-

jective frameworks. Hence, I call these instrument-driven approaches that are 

based on instrumentalist-realist scientific methodology. In this knowledge ap-

proach, spatial observations made by 3D measurements are evaluated based on 

their measurement accuracy in physical geospatial terms. 

In other words, for this type of knowledge to be valid, the idea of space needs 

to be absolute in character. Hence, physical or instrumental restrictions, such 

as occlusion in measurings, can be seen as hindering elements in achieving the 

objective truth. The instrumental knowledge approach aims to model reality as 

it is or how it is predicted to be according to the existing spatial information. 
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Hence, the role of subjective interpretation is low or aimed to be low, and the 

collected and presented information is generally targeted to be quantifiable, or-

ganizable in accordance with existing standards, and scalable for use with auto-

mated vision and analysis means. Many of the 3D measuring-based studies are 

conducted according to these ideals.

This dissertation dealt with the possibility to perceive affordances via 3D geo-

visualization. This was studied in connection to the perceived realism of visual-

izations, that is, the effectiveness of the medium. The idea behind the study in-

terests was that, along with the in-situ approaches, the digital approach means 

providing new methods for gathering subjective information for the so-called 

urban audits. Whereas objective audits are led by a structured framework in an 

instrumentalist manner, subjective audits are subjective-led assessments, ena-

bling new interpretations and aspects of urban space. For the use of 3D geovisu-

alizations in subjective audits, it is thus crucial to understand the limits and pro-

spects of subjective perception with such tools, whether they enable subjective 

formulations of green space affordances, for example. The interest was to define 

what is perceivable through 3D geovisualization and what is lacking or different 

in experience when compared to the process and outcome with in-situ auditing, 

or how does the realism of the visualization affect the ability to perceive. I call 

this study approach the human-technology-driven approach, where the scien-

tific epistemology lies in more experimental-realist thinking. 

Examples of these can be found in user studies with 3D geovisualizations, for 

example, in terms of user performance assessments (e.g., Herman et al., 2018). 

These are often empirical studies acknowledging the role of human cognition. 

Perception and the world of measurement are studied together (Mark, 1999), 

for example, how the user performs navigation tasks or rates the perceived sense 

of presence, in order to understand how well 3D geovisualization works as an 

instrument for distinct individual person-led tasks. Thus, the critical features 

and interest in this approach are how well the visualizations can transmit infor-

mation about its physical counterpart and which technical and visualization 

choices affect this. This approach also deals with the user’s individual charac-

teristics, for example, the user’s educational background, gender, and familiar-

ity with digital technology, which have been addressed and shown to affect the 

use of 3D geovisualizations (Koh et al., 2010).

Finally, this dissertation dealt with the subjective place relations, and how 

these affect the sense of presence and sense of place formed by 3D geovisualiza-

tions. Instead of concentrating solely on performance-related factors and infor-

mation conveyance, the study included both sense of presence and sense of 

place in understanding how the perception of place is formed and/or resembled 

with the support of 3D geovisualizations. I call this the human-centered ap-

proach, which advocates the ideals of critical GIS. That is, for applying 3D geo-

visualizations in collecting information about the lived environment, instead of 

absolute measures of space, the interest is linked more to the nonabsolute char-

acter of space, that is, the variety of meanings and socio-cultural factors that 

constitute subjective knowledge. The information is produced by individuals 

first-hand and not by the instrument. 
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Thus, in the human-centered approach, the instrument (3D geovisualization) 

mainly works as a tool to spark discussion and place-based meanings. Those 

include the perceived qualities of the lived environment, for example, af-

fordances, that are meaningful for individuals and societies, or the more in-

depth meanings, such as history and childhood memories of the place. These 

subjective elements and ideas of the place are crucial in participatory planning 

processes. Information related to sense of place can, for example, be found in-

teresting and relevant for the planning process by the stakeholders and give in-

sight on areas in the landscape that stakeholders did not expect to be meaning-

ful (Gottwald et al., 2021). Also, place meanings have been shown to affect the 

results with stakeholders’ attitudes and responses to planning interventions 

(Soini et al., 2012; Jacobs & Buijs, 2011), as discussed in 5.1.3.

Hence, in the human-centered approach, a central matter is to understand 

whether the individuals explore the place for the first time through 3D geovisu-

alization or whether they resemble their prior experiences, sense of place, with 

the respective place, or even reproduce them. Human perception is also not re-

stricted to the physical environment. Social aspects, such as realistic people in 

the model, can be surprisingly important to the perceiver for the reliability of 

3D geovisualization and for reference information. 

As the information is strongly inductive and subjective in this approach, the 

visualization techniques and embedded meanings in the visualization become 

important. It is also critical to understand how 3D geovisualization affects or is 

embodied (Osborne & Jones, 2022) by individuals. These include social and po-

litical implications and power relations that visualizations hold within (Kwan, 

2002). Moreover, 3D geovisualization might even contribute to creating a sense 

of place, meaning that 3D geovisualizations cannot be treated solely as digital 

representations of their physical counterpart but as independent entities or 

even places (Goodspeed, 2017; Osborne & Jones, 2022). Furthermore, even if 

3D geovisualization could be used as a tool to understand the lived environment, 

they can hardly replace in-situ experiences or become superior to them. But, 

especially when 3D geovisualizations become more interactive, they can start to 

form their own social constructions that can be studied as such.

These three knowledge approaches do not work alone; they contribute to each 

other in a multidisciplinary and co-productive manner. Human-centered ap-

proaches require knowledge generated by human-technology-driven ap-

proaches to be appropriately gathered, as “one cannot understand sense of place 

without knowing its cognitive content; meanings put the “sense” into sense of 

place” (Stedman, 2002, p. 577). Furthermore, the human-technology-driven ap-

proaches require 3D geovisualizations that provide spatially coherent infor-

mation to be understandable. Finally, instrumental approaches do not work in 

a vacuum but are ultimately designed to fulfill distinct societal needs, here, for 

example, the sustainable management of green spaces. These initiatives are de-

veloped in cooperation with distinct disciplines, and in cities, also with the citi-

zens according to their needs. Thus, the frameworks utilized in the instrumental 

approaches have links to human-centered processes. 
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For the appropriate use of 3D geovisualizations in urban and green space as-

sessments, it is useful to distinguish between these approaches and see their 

importance in the co-production of knowledge (Sheppard, 2005; Elwood, 2006; 

Kwan & Ding, 2008; Burns, 2014; Roth, 2021). When we see how distinct epis-

temologies shape and determine the use of 3D geovisualizations, their potential 

role in policymaking and planning is easier to disclose and develop further.

5.3 Limitations of the study and future outlook

This study has limitations that should be considered when applying the pre-

sented results. Firstly, in the first research question, the results were derived by 

analyzing the green elements manually from point clouds. However, to deliver 

the study results for easily scalable analyses, automated analysis methods 

should be developed, such as those using automated vision and machine learn-

ing algorithms (e.g., Özdemir et al., 2019). Furthermore, a wider range of data 

sources (such as 2D remote sensing data) could have been applied in the first 

publication to further evaluate the benefits of distinct geospatial data for green 

efficiency measures.

The dissertation’s focus was on 3D geovisualization development and not so 

much on user interface development and investigation. However, the user in-

terface and experience play a central role in user studies. For example, in Puhos 

3D, a better ability to move around was raised by the respondents. In Bryga 3D, 

the option to advance manual modeling more extensively would have probably 

affected the results with perception. Further, in Bryga 3D, a predetermined path 

was used to ensure the comparability of VR and in-situ results. Free exploration 

of the environment could have provided more information of how the partici-

pant intuitively uses the application.

Furthermore, a more in-depth analysis of the multimodal 3D geovisualization 

design in Puhos 3D (such as the used narrative, ambiance, and video content) 

would have provided more understanding on how the multimodal content af-

fects perception. Studies on user perception include parameters that are chal-

lenging to control, which eventually affect the reliability of the results. That is, 

in the presented user studies, the triggered stimuli were not exactly the same 

among the participants but had at least some variation depending on how the 

users moved in the 3D geovisualization. Also, subjective perceptions might vary 

within the same person on two separate occasions (Lessiter et al., 2001). Finally, 

the study applied simulated study cases that were not conducted in cooperation 

with planning authorities and policymakers, which should be considered when 

evaluating the outcomes of the study

As discussed in this dissertation, the application of 3D geovisualizations to ad-

vance urban management and planning is not a new approach but is already 

deployed in multiple approaches to measuring the quality of urban and green 

spaces. However, most of these approaches are quantitative. This is logical, as 

quantified information has been found to be effective in articulating the values 

of distinct functions in consolidating cities where multiple land uses compete 

(e.g., Lai & Kontokosta, 2018). Further, economic factors are a driver of 3D 
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measurement-based applications, hence the study field in forestry has intro-

duced various 3D measurement-based applications (Wulder et al., 2012; Holo-

painen et al., 2014; Torresan et al., 2017), and the same goes for the modeling 

of buildings, for example, for the purposes of infrastructure maintenance (e.g., 

Volk et al. 2014).  The recent discussions on both nature-based solutions (Faivre 

et al., 2017) and digital participatory approaches in cities (e.g., Afzalan & Müller, 

2018) will assumably result in an increasing number of 3D geovisualization-

supported applications in the future. It remains to see how well the quickly de-

veloping automated methods with geospatial data will be able to demonstrate 

and illustrate the multiple values and benefits of urban ecosystem services.

Apart from that, urban and green space planning can benefit from subjective 

audits by digital means, as I demonstrate in this dissertation. However, due to 

the sensitive character of human-computer interaction (e.g., Osborne & Jones 

2022), their implementation entails potential confrontations. A fundamental 

question is whether the accessibility of both information gathering and sharing 

can be improved with 3D geovisualization-based methods. Generally, the design 

and implementation of 3D geovisualization-based assessments should consider 

the inclusivity of information gathering and sharing by seeking diverse partici-

pation. This includes reaching out to marginalized communities (Kempin Reu-

ter, 2019) as demonstrated in Publication 3.

There could be situations in which documentation done with 3D geovisualiza-

tion becomes useful in practice when a place becomes inaccessible due to a nat-

ural catastrophe (Ulvi et al., 2019), for example, or simply because time has 

passed by. Thus, the temporal aspects and change simulation is an interesting 

aspect that this dissertation did not address. There are benefits of 3D geovisu-

alization-based documentation that could be used in understanding the space 

and place from the past, not only for predicting the future.

Furthermore, the use of 3D geovisualizations in human audits requires plan-

ners and scholars to acknowledge the effects of distinct design choices, such as 

the use of dynamic instead of stationary elements (e.g., Newell et al., 2017), the 

level of interactivity of the application (e.g., Herman et al., 2018), and the use of 

non-realistic visualization elements (such as low-detailed city modeling assets) 

(e.g., Döllner & Buchholz, 2005). The use of gamification in 3D geovisualiza-

tions could benefit the audits that are designed for more task-oriented partici-

patory and collaborative planning processes (e.g., Ampatzidou et al. 2018; Has-

san & Hamari, 2020). When carefully designed and applied, animated elements 

in geovisualization have been shown to support the representation of spatial in-

formation, for example, spatiotemporal information (Harrower & Fabrikant, 

2008; Mayr & Windhager, 2018).

Hence, future studies with 3D geovisualization are likely to discuss multi-

modal enrichment of the 3D geovisualizations in more depth. As discussed in 

Publication 3, it remains open as to how much the videos and stories about the 

local people affected the respondents’ sense of place and the meanings they as-

signed to the place. In Publication 2, it was shown that traffic noise somewhat 

contributed to the disparity of the interview data between in-situ and VR reali-

zations, as the VR application was implemented without sound effects. Even 
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though we live in an “increasingly visual culture” (Nicholson-Cole, 2005), it is 

important to acknowledge that some stakeholders might be visually impaired 

(on human rights in developing smart cities, see, e.g., Kempin Reuter, 2019). 

Recent 3D geovisualization studies include a number of multisensory applica-

tions (e.g., Lindquist et al., 2016; Maffei et al., 2016; Sanchez et al., 2017; Newell 

et al., 2021) and implementing a soundscape, or soundmapping (e.g., Radicchi, 

2013) in 3D geovisualization could benefit especially those stakeholders who are 

essentially affected by, or dependent on, the soundscape of the environment. 

Recent research has introduced applications that combine computer vision for 

object identification with a sonification interface (Constantinescu et al., 2020) 

that could be potentially applied in 3D geovisualizations as well. Spatial percep-

tion and spatial cognition rely on multimodal information (Geronazzo et al., 

2016) and hence, audiences of 3D geovisualizations could benefit from realiza-

tions providing comprehensive spatial presence (Saunders et al., 2011; Wirth et 

al., 2007; Cummings & Baileson, 2016).

It should be noted that 3D geovisualizations are not usually deployed without 

a context but together with other visual data, oral, or textual instructions or nar-

ratives. This applies especially on 3D geovisualizations featuring storytelling, 

future simulations, and scenarions (e.g., Newell et al., 2021). In the end, 3D ge-

ovisualization, like any data, is a product of its creators. Thus, as they become 

more applied in practice, 3D geovisualizations should be studied together with 

the context to form a broader understanding of how they work as media. Future 

studies could examine 3D geovisualizations in real-life urban and green space 

planning processes to support their further critical examination in practice.

Finally, the co-production of both technical and human study settings is cru-

cial for understanding the role of 3D geovisualizations in future urban and green 

space assessments. On the other hand, 3D geovisualization is a tool, and on the 

other hand, it is the research topic itself. The studies on VR environments have 

long sought the boundaries of immersive and 3D realizations in perception, 

learning, and information conveyance. However, the links to the ”real” place 

make 3D geovisualizations a unique kind of study topic within the field of visu-

ally appealing digital media. In the future, it will be interesting to see whether 

user performance-related studies become more accompanied by studies of dig-

ital places (e.g., Goodspeed 2017) utilizing the principles of human geographies. 

In the end, all the aspects of 3D geovisualizations are worthy of investigation, as 

shown in this dissertation. Thus, I hope that this dissertation contributes to see-

ing 3D geovisualizations essentially as a matter of multiple academic disciplines 

and a subject of multiple study agendas.
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6. Summary and conclusions

The aim of my research was to explore and develop possibilities for human-cen-

tered quality assessments through 3D geovisualizations within the scope of ur-

ban and green spaces. The dissertation demonstrates that the role of the point 

cloud data collection method is essential in deploying 3D geovisualization for 

the objective-deductive assessments of urban green spaces. However, the design 

of point cloud data acquisition is context-based and depends on multiple fac-

tors. As a conclusion for the first research question, effective design for the data 

capture is an interplay of the respective framework (such as the green factor), 

individual characteristics of the respective physical properties, measurement 

devices, and additional information sources available.

It is notable that, in some cases, point cloud data sets can offer even more de-

tailed and comprehensive information on the elements than is defined in a spe-

cific framework. Thus, instead of calculations based on square meters, the ex-

isting and future frameworks for tasks, such as green efficiency, should be de-

signed to include the possibilities in vertical strata and volume. The recent dis-

cussions on ecosystem services and the importance of urban green infrastruc-

ture, such as tackling biodiversity loss, should be reflected in the 3D measure-

ment of the environment as well. Further frameworks supporting urban green 

space assessment should be identified and deployed in future research with 3D 

measuring.

In the light of the results for the second research question, most of the dimen-

sions of green space affordances, that is, space, scale, objects, time, actions, and 

persons, were at least to some extent perceivable through the 3D geovisualiza-

tion viewed with an HMD in VR. Most of the identified affordances were com-

parable with the results generated in situ. However, there were also some defi-

cits in perception in the VR interview. The lack of textures and geometric accu-

racy (lower LoD) in the park deck’s surroundings affected the participants’ abil-

ity to understand the urban context of the park deck, and the flaws in the model 

resulted in some contradictory interpretations of the physical environment 

compared to the reference data. Hence, the results show that when a person 

explores the urban space through 3D geovisualization, the coherency of visual 

realism, especially in textures and geometry, facilitates the perception. Accord-

ing to the results, social clues in the geovisualized space are also important for 

assessment and perception. It is also advisable to pay attention to the modeling 

quality of vegetation, as vegetation has a central role in green space assessment. 

The results for the third research question demonstrate that both perceived 

realism (sense of presence) and meanings of the place (sense of place) can be 
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distinguished for assessing the effectiveness of 3D geovisualization as a me-

dium. Moreover, the results underline the perception-altering role of prior fa-

miliarity, both for the sense of presence and the sense of place. According to the 

results with Puhos 3D, these two concepts interact with each other. A weaker 

sense of presence might hinder the experience and perception of a place, while 

previous familiarity (or even a positive sense of place) might increase the sense 

of presence.

As a synthesis, I suggest that there are three distinct approaches to converting 

information into knowledge with 3D geovisualizations for urban and green 

space assessments: instrument-driven approaches, human-technology-driven 

approaches, and human-centered approaches. These knowledge approaches do 

not work alone but contribute to each other in a multidisciplinary and co-pro-

ductive way. Both technical and human study settings are crucial for under-

standing the role of 3D geovisualizations in future urban and green space as-

sessments.

For achieving the optimal benefits of 3D geovisualizations in objective-deduc-

tive urban and green space assessment, multidisciplinary frameworks that can 

truly harness information on urban vertical strata should be further developed. 

Another central outcome of this dissertation is that, apart from objective-deduc-

tive assessments, urban and green space planning can benefit from subjective-

inductive assessments with 3D geovisualizations. However, their implementa-

tion entails potential confrontations due to the sensitive character of human-

computer interaction. A fundamental question is whether the accessibility of 

both information gathering and sharing can be improved with 3D geovisualiza-

tion-based methods. Finally, for gathering subjective information for planning 

and decision-making, 3D geovisualization-supported assessment should be able 

to spark discussion on multiple values of the lived and experienced urban space, 

that is, on the nonabsolute character of space.
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