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Abstract 

This paper investigates user preferences and behaviour associated with 2D and 3D modes of urban 
representation within a novel Topographic Immersive Virtual Environment (TopoIVE) created from 
official 1:10,000 mapping. Sixty participants were divided into two groups: the first were given a 
navigational task and the second were given the freedom to explore the simulated city. A Head-Mounted 
Display (HMD) Virtual Reality (VR) app allowed participants to switch between 2D and 3D 
representations of buildings with a remote controller and their use of these modes during the experiment 
was recorded. Participants performed mental rotation tests before entering the TopoIVE and were 
interviewed afterwards about their experiences using the app. The results indicate that participants 
preferred the 3D mode of representation overall, although preference for the 2D mode was slightly 
higher amongst those undertaking the navigational task, and reveal that different wayfinding solutions 
were adopted by participants according to their gender. Overall, the findings suggest that users exploit 
different aspects of 2D and 3D modes of visualization in their wayfinding strategy, regardless of their 
task. The potential to combine the functionality of 2D and 3D modes therefore offers substantial 
opportunities for the development of immersive virtual reality products derived from topographic 
datasets. 

1 Introduction 
Virtual reality (VR) is a display and control technology that provides an interactive, multi-sensory, 
computer-generated, three-dimensional Virtual Environment (VE) to a user. Although the first VR 
systems began to emerge in the 1960s and their cartographic applications were acknowledged by the 
1990s (Taylor 1991; Moore, 1999), only recently has VR become an explicit focus of user research in 
cartography (e.g. Çöltekin et al., 2016; Roth et al., 2017; Lütjens et al., 2019; Zagata et al., 2021). 
Although Çöltekin et al. (2020) note that VR offers a fundamental paradigm shift in allowing users to 
experience a sense of place comparable or even identical to the real world, possibly alleviating the need 
for travel, the full potential of VR technology to provide effective cartographic visualizations, including 
topographic data maintained by national mapping agencies, has yet to be explored. 

VR technologies work by directly coupling the viewer’s position with the image shown on their display 
(Kraak, 2002), usually via a desktop monitor (low-immersive), simulators e.g. flight simulators (semi-
immersive), or a Head-Mounted Display (HMD) (immersive). HMD-based VR delivers an immersive 
and immediate sensory experience of simulated environments (which may or may not resemble reality), 
particularly those that would otherwise be physically inaccessible to the user due to location, scale, 
time, or danger (McGreevy, 1993). More recently, the use of HMD VR to simulate a 3D virtual teaching 
environment and provide an immersive learning experience has enabled learners to comprehensively 
acquire knowledge through the senses of hearing, sight, and touch (Sun et al., 2019). However, while 
significant progress has been made in the processing of 2D and 3D data on a computer monitor, 
cartographic research has tended to focus on the use of low-immersive Virtual Environments, such as 
those displayed on an LCD (Liquid Crystal Display) desktop monitor, or on a projection screen placed 
in front of the viewer (e.g. Bischof and Boulanger 2003; Kober et al., 2012; Lokka and Çöltekin, 2017; 
Lokka and Çöltekin, 2019).  



Although an HMD may be regarded as a barrier that removes the user from actual reality, and, as such, 
is a defining feature of VR (Peddie, 2017), according to Shu et al. (2018), the use of HMD-based VR 
can have a higher positive effect on spatial presence and mental immersion when compared to desktop 
VR. With regard to the latter, the scene or images of a given area are limited by the physical size, shape, 
and resolution of the display monitor. In contrast, HMD-based VR can provide users with an all-round 
visual experience, enhancing their visual stimulation and generating a greater sense of being in the 
scene. It is therefore important that user research in this area utilizes HMD-based VR and encompasses 
a range of simulated environments.  

In addition to immersion, interactivity is an important factor in VR design. Blom and Beckhaus (2014) 
propose that what makes environments both interesting and engaging is having worlds that are both 
active and reactive, particularly through dynamic components and interactions. Experiments that 
measure participants’ engagement with VR have therefore incorporated user interactivity, including 
responses to stimuli presented via video monitors (e.g. Lokka and Çöltekin, 2017). 

Today, there is an increasing need to develop intuitive and immersive 3D representations of urban areas. 
This is particularly important for applications that require the simulation and interaction with VR to be 
as authentic as possible, such as urban planning, emergency response, environmental and microclimate 
investigations, as well as gaming. Chen and Lin (2018) recognize the need to develop more human-
behaviour-integrated models at large, regional, and local scales. This is especially relevant for national 
mapping agencies, who hold the responsibility for maintaining topographic data, i.e., that symbolize 
the national landscape, and these organizations are exploring VR increasingly as a relevant method of 
display (Kent and Hopfstock, 2018). The advantages of VR offer a substantial opportunity to establish 
new products and services for the topographic datasets maintained by national mapping agencies. 

This research therefore seeks to advance the technologies of 3D and immersive virtual environments 
by encouraging the effective use of topographic data maintained by national mapping agencies and 
widening their application for the sustainable management of natural and human resources – 
particularly in urban areas. It explores user preferences and behaviour within a geographically 
referenced 3D model that uses official topographic data to represent the real planet. It recommends the 
development of 3D and immersive virtual environments for applications that rely on the effective 
representation of accurate geodata from a first-person view. 

Specifically, this study combines the representation of topographic data with immersive VR (IVR) 
technology. It uses a Virtual Environment that can be explored using an HMD and a remote (hand-held) 
controller. In seeking to investigate larger-scale urban environments than those used in desktop VR 
experiments, it introduces a Topographic Immersive Virtual Environment (TopoIVE), which presents 
the first step in the development of more human-behaviour-integrated models derived from topographic 
mapping. The use of a TopoIVE allows user preferences for the 2D and 3D visualization of buildings 
from a pedestrian perspective to be analysed and interpreted. Understanding how users interact with the 
TopoIVE is therefore useful for developing more effective applications of topographic datasets, and, 
more broadly, for advancing the implementation of VR in a variety of applications, from urban planning 
to humanitarian and disaster relief operations. 

The experiment investigates how people navigate and explore a TopoIVE in first-person-view mode 
using an HMD. It allows participants to switch between 2D and 3D modes of representing buildings 
using a remote controller and to either walk over (2D) or through (3D) buildings in the virtual urban 
environment. It aims to investigate user preferences for 3D versus 2D mode and to examine whether 
these preferences differ when participants undertake a navigational task or are allowed free exploration 
of the TopoIVE. The experiment therefore aims to test the following hypotheses: 

1) Users prefer one mode of representation (either 3D or 2D) in the TopoIVE (first-person-view mode), 
regardless of whether they are given a navigational task or are allowed to freely explore the simulated 
urban environment; and 

2) The mode of representation (2D or 3D) in immersive VR triggers different user behaviours, 
regardless of whether users are given a navigational task or are allowed to freely explore the TopoIVE. 



Testing these hypotheses aims to provide some insights into the preferences and behaviour of users in 
a simulated urban environment using an HMD and remote controller when completing navigational and 
non-navigational tasks. In addition, participants’ characteristics, i.e. age, gender, left/right-handedness, 
visual defects, video role-playing game experience, IVR experience, and spatial ability (via a mental 
rotation test) are analysed in order to explore their possible association with user preferences and 
behaviour.  

With an increasing number and breadth of applications of VR, this study brings a new approach to 
refining user-centred design in this area. In particular, the research aims to inform those national 
mapping agencies who are exploring IVR to develop new products based on their extensive topographic 
databases. 

2 Related studies 

2.1 Virtual reality and virtual environments 

Although Sutherland (1965) had described ‘The Ultimate Display’ as a room in which a computer would 
control the existence of matter, the term ‘virtual reality’ was not coined until 1987 by Jaron Lanier, co-
founder of the Visual Programming Lab. With the evolution of VR technologies, attempts have been 
made to define VR and to explore what would constitute the ideal VR system. According to Milgram 
and Kishino’s (1994) reality-virtuality continuum, VR lies on the opposite side of real-world experience 
and is fully computer-generated. More recently, Çöltekin et al. (2020: 258) describe the ideal VR system 
as providing humans with experiences that stimulate all the senses and that are indistinguishable from 
those that could be real, echoing Sutherland’s description of 55 years earlier. The Consumer Technology 
Association (2020) emphasise a combination of immersion and interactivity in their definition of VR, 
i.e. as a fully immersive user environment affecting or altering the sensory input(s) (e.g., sight, sound, 
touch, and smell) that can allow interaction with those sensory inputs by the user’s engagement with 
the virtual world, typically, but not exclusively, via an HMD, the use of spatial or other audio, and/or 
motion controllers (with or without tactile input or feedback).  

It is, however, important to distinguish between ‘virtual reality’ and ‘virtual environment’. The former 
refers to an experience that feels real to the user and does not necessarily refer to mimicking reality 
accurately but to creating a high level of presence (Heeter 1992; Slater and Wilbur 1997). In this case, 
presence is defined as a state of consciousness; the psychological awareness of being in a computer-
generated space. However, because the word reality may invoke the impression of mimicking present 
real-world situations in digital space, the term virtual environment was introduced because one can also 
explore fictional (past or planned) environments. Simulated environments typically completely 
surround the participant through the use of a head-mounted display (HMD), or a virtual display on the 
walls around the participants in a room-sized cube, the so-called cave automatic virtual environment 
(CAVE). This dynamic display enables a direct coupling between the participant’s motor actions and 
the virtual environment (Cruz-Neira et al., 1992). 

Within the context of geovisualization, there remains a substantial level of terminological ambiguity in 
current literature (Hruby et al., 2019). Concepts such as virtual geography (Batty 1997), geospatial 
virtual environments (GeoVE) (Slocum et al., 2001), virtual globes (Jones et al., 2014), virtual 
landscapes (Minton 2014), virtual geographic environments (VGE) (Lin and Gong 2001; Konecny 
2011; Zhang and Moore 2013; Zhang et al., 2016), VRGIS (Boulos et al., 2017), immersive virtual 
environments (IVE) with collaboration of users in VR (Sasinka et al., 2019), and geovisualization 
immersive virtual environments (GeoIVE) (Hruby et al., 2019), are offered but lack clear distinction. 

According to Hruby et al. (2019), ‘geovisualization immersive virtual environment’ (GeoIVE) is a 
subcategory of ‘immersive virtual environment’ (IVE), which is itself a subcategory of ‘virtual 
geographic environment’ (VGE). Unlike other sub-categories of IVE, a GeoIVE visualizes geographic 
environments at a 1:1 scale in a generalized but realistic manner. It also offers interactive navigation 



and a stereoscopic view, allowing users to experience a degree of immersion that generates the sensation 
of personal presence.  

In this paper, we introduce the term ‘TopoIVE’, which we consider to be a sub-category of GeoIVE 
that utilizes topographic data. Since the virtual environment is modelled from these data, the resulting 
simulation is less realistic in appearance but preserves faithfulness to the real environment in terms of 
spatial accuracy. Hence, the TopoIVE aims to provide a starting point for combining VR technology 
with the full range of topographic datasets that are maintained by national mapping agencies. Together 
with research into their use, the development of TopoIVEs should explore methods of modelling virtual 
environments for real-world applications, such as emergency services and disaster relief, that would 
benefit from the accurate relative positioning of geographical features.   

2.2 User performance and 2D/3D preferences  
In order to design more effective virtual environments, that is, virtual environments that are more 
successful in stimulating and replicating real-world user behaviour, it is necessary to understand how 
users perform within immersive simulations. The extent to which users comply with real-world schema 
when engaging in virtual environments may suggest their immersivity and hence the level of their 
success. Preferences for 2D or 3D modes of representation may indicate the efficiency of these options 
when users are engaged in wayfinding and navigation. Wayfinding concerns the cognitive processes 
involved in orientation and decision-making through an environment, whereas navigation entails a more 
precise understanding of locations, determining a specific route between them and the method of travel. 
Montello (2005) emphasizes the association between wayfinding and planning (and distinguishes this 
from movement), which is reiterated by Takemiya and Ishikawa’s (2011) view that wayfinding is a 
purposeful activity to move from an origin to a destination, rather than navigating through an 
environment randomly. Therefore, Hirtle (2011) recognizes that some spatial information may have 
more relevance than others in wayfinding contexts, allowing people to navigate more effectively. 

Studies of user performance for 2D versus 3D representations in non-VR environments have delivered 
mixed results, with some advantage in using 3D over 2D when users are engaged in tasks based on 
extracting information from topographic data. Savage et al. (2004), for example, found that participants 
who were given problem-solving and data-extraction tasks requiring elevation information did not tend 
to perform any better when using 3D models displayed on a monitor in comparison to the 2D equivalent. 
A study by Fuhrmann et al. (2009), involving the use of 3D holographic models, however, found that 
these models enabled more effective route planning than 2D versions. This was corroborated by 
Wahyudi et al. (2020) in their study of students of varying ages learning about landslides in Bumiaji 
District, Indonesia, with the participants’ assessments of vulnerability found to be more accurate using 
3D representations. Similarly, Hsu et al. (2018) found that students using 3D representations were able 
to interpret landscapes more effectively than by using solely 2D topographic maps, while Carbonell-
Carrera et al. (2018) discovered that 2D teaching methodologies are still effective and can be 
complemented by the use of innovative 3D visualization technologies such as AR. 

In terms of user preferences, studies have revealed a slight leaning towards 3D representations for 
topographic mapping and 2D for thematic mapping. In their study of hikers’ preferences between 3D 
versus 2D representations on trail maps, Schobesberger and Patterson (2008) found that 3D 
representations were preferred only slightly more than the 2D versions, with a more pronounced 
preference for 3D revealed at the 26-40 age group. The 2D and 3D trailhead maps with equivalent 
content and design were displayed for testing in situ on alternate days and under similar conditions, 
after which participants completed a questionnaire. Similarly, the study by Wahyudi (op. cit.) recorded 
a very high level of preference for 3D representations of landslides. For thematic maps, Niedomysl et 
al. (2013) found that participants preferred 2D maps in their study comparing 2D with 3D population 
density maps of Sweden, although they noted the high level of unfamiliarity with 3D methods of 
representing these data. For assessing spatial accessibility, participants in the study by Wielebski and 
Medyńska-Gulij (2019) perceived 3D mapping techniques as being more attractive than their 2D 
equivalents, but considered 2D to be more effective.  



The application of eye-tracking hardware and software by Popelka and Brychtova (2013) allowed users’ 
physiological reactions to simultaneous 2D and 3D terrain representations to be measured. Although 
the post-experiment questionnaire revealed the users’ preference for 3D representations, the data 
collected by the eye-tracking equipment indicated that there was no significant difference between 
participants’ engagement with 2D and 3D versions, which were presented on different sides of a 
computer monitor. The experiment revealed that the order of the arrangement (i.e. whether the 2D or 
3D representations were placed on the left or right sides of the monitor) was more statistically 
significant in participants’ level of engagement with these representations. 

Herbert and Chen (2015) conducted a study that focussed on comparing the effectiveness of 2D and 3D 
representations for planners, which was based on conducting a series of tasks associated with their 
everyday workflows. Although the sample was relatively small, the authors concluded that there was 
no overall preference for one mode over the other, since some tasks (e.g. 2D for making simple 
measurements and 3D for assessing recession planes and shadows).  

The user’s familiarity with virtual environments can also be a factor in affecting their perception of the 
experience, particularly their level of immersion. Birenboim et al. (2019) conducted an experiment 
where participants mounted a static bicycle and used HMD to explore a simulated city. Those with prior 
experience with VR reported lower levels of spatial presence in the IVE experiment. 

Hence, there remains a need to investigate user preferences for 2D or 3D representations where 
participants can choose freely between these modes, to measure their engagement when assigned a 
wayfinding task or free exploration, and to examine these within the context of using immersive VR. 
Although previous studies have indicated that user preferences for 2D or 3D representations exist, few 
have used a head-mounted VR display and therefore the level of immersion has been limited in those 
experiments.  

2.3 Building digital 3D city models 
Urban environments and their buildings can be digitally modelled in 3D using many different 
techniques, from simple extruded polygons to triangulated meshes. There have been different attempts 
to develop a 3D city modelling taxonomy, for example, Biljecki et al. (2015a) referred to over 100 
applications, yet there remains no optimum all-purpose data structure (Ohori et al., 2015).  

The CityGML 2.0 standard, proposed by the Open Geospatial Consortium (2012), is currently the most 
popular standard adopted for building 3D city models (Kolbe et al., 2005). For this standard, elements 
of the built environment can be modelled using a specific level of detail (LOD). LOD is a term and 
concept adopted by a wide range of disciplines, from computer graphics to building information 
modelling, each with its nuances in its definition (Wong and Ellul, 2016). Within GIS, the concept is 
most commonly used in 3D city modelling to represent different levels of semantic and geometric 
complexity. In CityGML, the LOD specifies how much detail should buildings be modelled, ranging 
from simple 2D models of building footprints (LOD0) to complex 3D exterior and interior models 
(LOD4) (Figure 1) (Biljecki et al., 2016a). These LODs can be used in several variants and since there 
is considerable interest in standards of modelling buildings, they are gradually increasing (Biljecki et 
al., 2016b). 

 

 
Figure 1. Level of detail (LOD) for buildings according to OGC CityGML 2.0 standard (source: authors) 

Recent research on LODs focuses on the formalization of 3D city modelling (Biljecki et al., 2014; 
Biljecki et al., 2016a; Biljecki et al., 2016b), presenting features in virtual environments (VE) through 
the selective use of more detailed models (Semmo et al., 2012; Lokka and Çöltekin, 2017), and revising 



the LOD concept in future CityGML 3.0 specifications (Kutzner et al., 2020). Rautenbach et al. (2016) 
noted that users can struggle to perform tasks such as identifying or differentiating between features in 
the LoD2 model, whereas objects with higher LoDs can guide attention by standing out from other 
objects. The creation of additional objects such as landmarks has also been investigated (Jansen-
Osmann and Wiedenbauer, 2004; Nuhn et al., 2012). It is, however, important to note that the level of 
detail does not explicitly convey data quality as defined by ISO Standard 19157 (2013). The LOD is 
seen as a product specification of a 3D model, and it is different from data quality concepts such as 
spatial accuracy or completeness. It is therefore possible to devise an LOD1 block model which is 
accurate and an LOD3 model which is of poorer data quality (Biljecki et al., 2015b).  

The level of variation (or heterogeneity) in the simulated environment can also influence users’ recall 
of spatial information. For example, the study by Shushan et al. (2016) asked participants to explore 
homogenous and heterogenous simulated urban environments on three computer screens and tested 
their ability to recall their route (by drawing sketch maps) and interviews. Participants using the 
heterogeneous environment were found to have remembered their route more accurately. In another 
study, Snopková et al. (2019) discovered that participants who had taken a virtual tour of an indoor 
environment created richer navigation instructions, mentioned more landmarks, and could recall their 
characteristics than those who had used a 2D floor plan. It is therefore important to ensure that the LOD 
is consistent when investigating user engagement in any virtual urban environment.  

2.4 Using topographic data in VR 

Topographic data collected by national mapping agencies on behalf of the state form an authoritative 
foundation of national data infrastructure (Kent and Hopfstock, 2018). These datasets are characterized 
by their data quality (particularly with regard to accuracy and completeness) and their coverage, which 
extends over the national territory. Hence, there is immense potential for new VR applications that 
utilize topographic datasets, and especially for adopting immersive VR, that require a high level of 
fidelity to the real world.  

Although cartographic perspectives of VR have been developed (as discussed above), the application 
of IVR technology to visualize topographic data in a 3D environment has not been fully explored from 
a user perspective. Responding to the limitations of topographic map symbols, Collinson (1997: 117) 
suggested that progress in cartography lay in abandoning symbology for the realism of virtual worlds, 
where maps ‘have sky, and mist, and rain, and shadows, just like the real world’, while Pajarola et al. 
(1998) proposed the visualization of large topographic scenes through the creation of a virtual reality 
GIS. In converting existing 2D topographic data for a real-life city into a 3D VR visualization, Halik 
(2018) noted that the absence of a digital terrain model (DTM) was necessary for an efficient 
visualization (i.e with the ground surface as a plane of equal height) and that this could cause problems 
for environments with higher variations in terrain. Nevertheless, it was demonstrated that a simulated 
VR environment could be constructed from an existing topographic dataset as maintained by a national 
mapping agency (as opposed to creating a simulated environment from scratch). 
 
Although it is possible to use other topographic datasets to develop applications of IVR (e.g. Laksono 
and Aditya, 2019), there is considerable scope for these to be derived directly from current topographic 
datasets maintained by national mapping agencies. There are significant advantages offered by the 
combination of accurate and comprehensive topographic data with IVR capabilities, particularly for 
real-world user-groups and applications that require such datasets, such as emergency services (police, 
paramedic, fire and rescue), organizations engaged in disaster relief, urban planning, transport, 
architecture and utility companies. Hence, national mapping agencies should readily explore the 
creation of new products that utilize IVR for existing and potential clients and applications.  
 
In this study, we therefore propose the use of immersive virtual environments that are derived from 
official topographic data (TopoIVE). The rendering of these simulated landscapes may be less realistic 
than other 3D models, largely due to the generalization of topographic data and their presentation at 1:1 



scale, nevertheless, it represents a step towards the potential implementation of VR by national mapping 
agencies and the development of new products based on their existing topographic datasets.  

3 Methodology 

3.1 Approach 
This experiment involves the use of an official topographic dataset (1:10,000 Polish Database of 
Topographic Objects or BDOT10k) to create an immersive virtual environment (TopoIVE) for the 
purposes of testing user preferences of 2D versus 3D representations and user behaviour in IVR (Figure 
2). The area covered by the TopoIVE is approximately 1 km² and the representation of 3D buildings 
was created according to the LOD1 OGC CityGML 2.0 standard, which is the highest level of detail 
that can be derived from the BDOT10k database. The buildings’ colours were adopted from the original 
BDOT10k specification according to their function. The VR application allows the user to switch freely 
between 2D (LOD0) and 3D (LOD1) representations of buildings in the simulation using a remote 
controller and for their preferences to be recorded and measured. 

 
Figure 2. Experimental design: (a) plan of the fictitious city derived from topographic data; (b) bird’s-eye view 
of 3D and 2D representations of buildings; and (c) first-person view of 3D and 2D representations of buildings 
in the TopoIVE from the starting point of the experiment, with user height set at 175 cm (source: authors)  

People vary widely in their ability to complete spatial tasks, such as locating themselves on a map and 
visualizing the hidden, internal portions of three-dimensional structures (Ishikawa and Kastens, 2005). 
Moreover, Snopková et al. (2019) note that variation in the development of spatial skills and navigation 
performance is closely related to participants’ predispositions. It is therefore important to consider how 
variables, including spatial ability, may influence users’ preferences for 2D or 3D representations and 
their wayfinding behaviour (including observing real-world schema) within immersive virtual 
environments. If, as Montello (2005) suggests, wayfinding reflects cognitive processes that occur 
during navigation, analysing wayfinding activities can provide insights into how humans perceive and 
reason about space.  

Takemiya and Ishikawa (2011) acknowledge that spatial abilities are likely to have a measurable effect 
on wayfinding performance. Although Pellegrino et al. (1984) recognized two major factors, i.e. spatial 
relations (the mental transformation and rotation of external stimuli) and spatial visualization (the 
manipulation of surfaces to conform to a solution), a definitive classification of spatial abilities remains 
elusive. Uttal et al. (2013) classify spatial thinking according to a two-by-two matrix comprising 
intrinsic representations (relating to the structure and size of individual objects, their parts and the 
relationship between them) and extrinsic representations (object locations, the relationship between 
different objects, and the position of objects relative to their reference frames), qualified by either 
dynamic representations (requiring transformations or manipulations such as scaling, rotating, folding 



or bending) or static spatial representations (where movement or transformation is not required). 
Although spatial ability comprises other aspects in addition to mental rotation, Black (2005) identified 
mental rotation as the strongest predictor of ability in university students’ conceptual understanding of 
Earth Sciences, and others, such as Wilkening and Fabrikant (2013), applied a mental rotation test 
(MRT) to assess participants’ use of interactive 3D globe viewers. Similarly, to explore whether spatial 
ability correlates with preference for 2D or 3D representation or user behaviour, the participants of this 
experiment undertook an MRT adapted from Vandenburg and Kuse (1978) (Figure 3).  

  
Figure 3. Mental Rotation Test (MRT) to measure the spatial ability of participants involved in the study 
(adapted from Vandenburg and Kuse, 1978) 

In addition to measuring each participant’s mental rotation ability, other characteristics were also 
recorded: their gender, experience of virtual reality, experience of role-playing games, and whether they 
had normal vision or required glasses/contact lenses. If there are individual differences in the way that 
people encode new routes in the context of forming generalizable cognitive maps (Gagnon et al., 2018), 
the recording of these variables enables the participants' preferences and their behaviour in the TopoIVE 
to be analysed further.  

3.2 Apparatus  
As GIS packages have limited functionality for 3D modelling (Buyuksalih et al., 2017), a 3D game 
engine (Unity3D), was used to create the TopoIVE. As an established 3D game engine, Unity3D enables 
the creation of IVR, particularly the design of urban 3D environments (Indraprastha and Shinozaki, 
2009). However, it also allows the movement and behaviour of participants to be measured, recorded 
and analysed. The user’s position in the simulated space, as well as their physical movement (including 
head rotation), can both be captured.  

Game engines such as Unity3D use a cartesian system of spatial reference and placing objects closer to 
the origin generates fewer computational errors when rendering the image (smaller floating numbers 
result in a more accurate rendering of space and a less ‘jumpy’ image). Since it was derived from actual 
topographic data, the simulated city was mathematically transformed to the cartesian system using 
AutoCAD software (with the bottom left-hand corner of the TopoIVE set as the origin, i.e. 0, 0, 0). This 
ensured a higher accuracy for tracing the movement of participants within the simulated environment, 
and for pinpointing their actions, such as their switching between 2D and 3D modes of representation.  

To ensure sufficient focus on the comparison of 2D and 3D representation of buildings, the TopoIVE 
created for this experiment does not incorporate variations in elevation. Some modifications were also 
made to the dataset, i.e. the inclusion of some fictitious buildings and the inversion of spatial locations, 



in order to avoid participants recognizing the city and navigating according to their familiarity with its 
built environment. Hence, the TopoIVE adopted here may be termed more accurately as a 
‘pseudoTopoIVE’ (as opposed to an ‘orthoTopoIVE’). Nevertheless, sufficient fidelity to the original 
dataset was retained in order to ensure compatibility with future applications.  

The hardware used in the experiment comprised a laptop computer (MSI GS63VR 7RF series, Core i7-
7700HQ CPU, GeForce GTX 1060 6GB) to run the TopoIVE, with participants using a FOVE 0 
tethered head-mounted display (HMD) together with a Bluetooth remote controller. FOVE 0 was the 
first HMD to be equipped with eye-tracking technology and foveated rendering, hence the visual display 
was better than that offered by other standard tethered HMDs. The controller allowed participants to 
switch between 2D and 3D modes of representation and to initiate movement with its two-way joystick 
(forwards-backwards), in the direction of the participant’s viewing direction in the HMD. The 
experiment was conducted indoors with one participant at a time seated at a desk in a controlled 
laboratory environment and supervised by two researchers. The laptop computer was placed on the desk 
in front of the participants, allowing the researchers to see the image displayed on the HMD in real 
time. 

3.3 Participants 
Sixty participants (29 male and 31 female, with a mean age of 22 years), all of whom undergraduate 
students enrolled on the BSc Geography programme at Adam Mickiewicz University, Poznan (Poland), 
voluntarily took part in the experiment. Participation was conditional on the absence of known 
susceptibility to photosensitive epilepsy, which none reported.   

3.4 Procedure 
The procedure comprises four stages. Firstly, the participants completed a pre-experiment questionnaire 
to collect basic information (e.g. age, gender, left/right-handedness, visual defects, video role-playing 
game experience and IVR experience) and undertook a mental rotation test (see Figure 3). After the 
completion of the questionnaire and mental rotation test, all participants were given a short training 
session to allow their familiarization with the HMD equipment and Bluetooth controller. A pre-
experiment IVR app was created to give each participant experience in moving between different 
coloured cubes (1 x 1 x 1 m in size) and a red cylinder placed randomly on a flat surface. The participant 
could turn the 3D view of the coloured cubes on or off (Figure 4), although the red cylinder remained 
in 3D to simulate the destination towards which some participants would be navigating within the 
TopoIVE. This aimed to ensure that those participants could readily identify their destination without 
being distracted from their navigational task. Under the supervision of the investigators, the participants 
were free to use as much time as they needed in order to become familiar with the way of moving and 
switching between modes (usually under two minutes). Participants were not told whether or not they 
could walk over/through buildings and none asked if this was either possible or permitted. 

 
Figure 4. 3D (left) and 2D (right) mode in the pre-experiment HMD VR app (source: authors) 

For the third stage (the main experiment), the participants were divided into two groups of equal size. 
The approach followed a between-subjects design, in which the participants were allocated one of two 



different experimental conditions, with each participant experiencing only one of these conditions. All 
participants started from a place close to a central point in the TopoIVE (Figure 2). One group was 
given a navigational task that required their movement across the TopoIVE from point A (a green star) 
to point B (a red cylindrical building located between the participant’s location and the south-east corner 
of the TopoIVE) in the quickest possible time. The other group were given the freedom to explore the 
TopoIVE without being allocated a specific navigational task. The red cylindrical building was visible 
from the beginning of the experiment by both groups. Participants could control the start and stop of 
their movement around the TopoIVE using the Bluetooth remote controller, with a constant speed of 5 
m/s in the direction towards which the HMD was pointing (Figure 5). 

Despite advancements in VR technologies, many users still experience sickness symptoms (Saredakis 
et al., 2020). Various studies have indicated that exposure to episodes of VR can cause nausea and/or 
disorientation (e.g. McCauley et al., 1990; Rebenitsch and Owen, 2016; Siniski et al., 2018), with the 
duration of exposure remaining a key factor (Duzmanska et al., 2018). According to some researchers 
(e.g. Min et al., 2004), users may exhibit symptoms of VR sickness after 10 minutes, which is when 
symptoms peaked in the study by Moss and Muth (2011). Although the manufacturers of the FOVE 0 
HMD recommend that periods of using the equipment should not exceed 30 minutes, to follow ethical 
considerations in the present experiment, both groups of participants were given a maximum of five 
minutes to accomplish their task, one participant at a time, and so their individual use of the HMD was 
completed before 10 minutes. 

 
Figure 5. The experimental procedure (left), setup and equipment (top-right), and plan of the TopoIVE (bottom-
right). The participant’s location in the TopoIVE and their view is presented in real-time on the laptop display 
for monitoring by the researchers. A video indicating what participants saw in the HMD when conducting the 
experiment is available at: https://youtu.be/TFcdyX_txfc   

During the experiment, each participant’s location in the TopoIVE (position X, position Y, position Z), 
their HMD rotation (rotation X, rotation Y, rotation Z) and their action (switching between 2D/3D mode 
of representation) were recorded and saved in a spreadsheet (as a CSV file) for further analysis. These 
data therefore also indicate whether participants observed real-world schema (e.g. walking over 
buildings in 2D mode or through buildings in 3D mode) while engaged in the TopoIVE.  

Participants could remain in the TopoIVE for up to five minutes, regardless of their task. Afterwards, 
each completed a post-experiment questionnaire that asked them to reflect upon their experience in the 

https://youtu.be/TFcdyX_txfc


TopoIVE and also to state which mode of representation (2D/3D) they preferred and why. They also 
undertook another mental rotation test to compare any differences between pre-and post-VR results. 
These steps concluded the fourth and final stage of the procedure. 

4 Results 

All sixty participants carried out the set tasks using the FOVE 0 headset and TopoIVE and completed 
the pre- and post-experiment questionnaires. None were ineligible due to epilepsy or other conditions 
and none demonstrated symptoms of VR sickness whilst participating in the experiment.  

4.1 Preferences for 3D or 2D mode of representation 

The first hypothesis aimed to establish whether users prefer one mode of representation in the TopoIVE 
(first-person-view mode), regardless of the task they were given. In order to compare these preferences 
with the participants’ actual behaviour in the TopoIVE, the time each participant spent in 3D/2D mode 
was recorded, enabling the percentage time that participants spent in each mode to be calculated, along 
with the number of times participants switched between modes. These results are compared with the 
3D/2D preferences as stated by participants in the post-experiment questionnaire to reveal the extent to 
which they reflect participants’ behaviour in the TopoIVE. 

4.1.1 Analysis by Group 

The results indicate that for both groups of participants, a greater percentage of time was spent in 3D 
mode (85%) and a slightly higher percentage of participants in the navigational task group spent more 
time in 2D mode than those in the free exploration group (18% versus 13%). According to a Mann-
Whitney U test (a Kolmogorov-Smirnov test indicated that the distribution is not normal), the 
percentage of time spent in either mode of representation depending on the task was not statistically 
significant (2D mode p-value > 0.05 (0.265526); 3D mode p-value > 0.05 (0.259256)). The frequency 
at which participants switched between 2D and 3D modes in the TopoIVE indicate that, on average, 
participants belonging to the free exploration group switched between modes slightly more frequently 
than those in the navigational task group (7.5 versus 6.9 mean switches), but again, the difference 
between groups was not found to be statistically significant. 

According to the post-experiment questionnaire, 77% of all participants (comprising both groups) 
preferred the 3D mode of representation over the 2D mode, which aligns to the higher percentage of 
time all participants spent in the 3D mode (85%). In analyzing the preferences for each group, of those 
allowed to freely explore the TopoIVE (n = 30), 90% preferred 3D mode whereas 10% preferred 2D. 
Of the participants in the navigational task group (n = 30), mostly (63%) preferred the 3D mode, with 
37% preferring 2D. A Chi-squared test confirms that the difference in preferences according to the 
allocated task is statistically significant (p-value <0.05 (0.0014611)). Although the 3D mode of 
representation was preferred by all groups and more time was spent in this mode than in 2D, two 
participants (both of whom were given the navigational task) preferred the 2D mode and spent more 
time in 2D mode. Additionally, twelve participants stated they preferred 2D, but actually spent more 
time in 3D mode. There were three participants in each group who used 3D mode, but did not switch to 
2D.  

Table 1 summarises the factors influencing the mode of preference that participants identified in the 
post-experiment questionnaire (number of participants in brackets). Generally, the motivation for 
choosing a given mode was similar for both groups. The 2D mode is regarded as useful for practical 
aspects related to wayfinding, such as overcoming problems with visibility (e.g. when obstructed by 
buildings), orientating oneself more easily, and finding passages between buildings. In contrast, the 
motivations for selecting 3D mode are more related to aesthetic aspects of the visual experience, such 
as a more realistic, interesting, or attractive appearance, and better identification of the type of building. 
Drawing a comparison with regard to the time spent in each mode suggests that the 3D mode was the 
preferred choice for movement around the TopoIVE, while 2D mode was selected for orientation and 
to remove occlusion by providing an unobstructed view of the surroundings. 
 



 
2D mode 3D mode 

Free exploration 
group 

- better view of a normally obstructed 
area with buildings (3%) 
- easier determination of travel 
direction (3%) 
- more visible passages between 
buildings (3%) 

- closer to reality / more realistic (33%) 
- more interesting look / visually more 
attractive (18%) 
- better identification of the type of buildings 
(15%)  

Navigational task 
group 

- easier orientation in the field (15%) 
- easier navigation to the destination 
(12%) 
- better view of a normally obstructed 
area with buildings (6%) 

- closer to reality / more realistic (33%) 
- more interesting look / visually more 
attractive (12%) 
- better identification of the type of buildings 
(6%) 

Motivation type practical aspects related to navigation aesthetic aspects related to the visual 
experience of the simulated environment 

Table 1. Participants’ stated motivations for choosing the mode of representation in the TopoIVE 

4.1.2 Analysis by Participant Characteristics 

Of the 60 participants, 63% either played video role-playing games less frequently than several times 
per month or never; 32% had previous experience with immersive virtual reality, mainly in amusement 
arcades; two-thirds reported normal vision (one-third stated wearing glasses or contact lenses); and 63% 
gained full marks (i.e. five correct answers) for the mental rotation test. In order to investigate 
differences between and within groups in the percentage of time spent in either mode of representation, 
a series of Mann-Whitney U tests were performed. These tests revealed no statistically significant 
results, neither did tests for 2D or 3D preferences in the post-experiment questionnaire, according to 
participants’ characteristics (i.e. their MRT score, gender, VR experience, RPG experience, or vision) 
(Figures 6–8). Figure 4 confirms the significantly higher levels in the use of, and preference for, 2D 
mode amongst participants in the navigational task group regardless of their characteristics. 

 
Figure 6. Percentage of time that participants from both groups spent in 2D and 3D modes of representation and 
their preferences 



 
Figure 7. Percentage of time that participants in the free exploration group spent in 2D and 3D modes of 
representation and their preferences 

 
Figure 8. Percentage of time that participants in the navigational task group spent in 2D and 3D modes of 
representation and their preferences 

Tables 2–4 present the number of switches participants made between the two modes of representation 
and their preferences for either mode. Examining the mean number of switches for all participants, the 
highest were made under each of these categories: a full MRT score (5), male, with experience of VR, 
playing RPGs monthly or more, and with normal vision. This was the case for both groups (free 
exploration and navigational task). Those participants who played RPGs games regularly recorded the 
highest mean number of switches (9.3), particularly for the free exploration group (10.8). It is possible 



that they tended to be more confident in the experiment and therefore switched between 2D and 3D 
more often.  

A Mann-Whitney U test again revealed that there was no significant difference between the mean 
number of switches between modes of representation and the groups and sub-groups. Despite the 
contrast between the results of male and female participants, a box plot (Figure 9) indicates that there 
are several outliers caused by a few male participants who switched between modes very frequently. 
However, the test did find a significant difference between the frequency of switching and participants’ 
preferences for 2D or 3D mode in the post-experiment questionnaire (Figure 10). This indicates that 
those participants who stated a preference for the 2D mode tended to switch between modes more often 
and, hence, referred to 2D more often than those who preferred 3D. 

 
Table 2. Number of switches between modes and mode preferences from the post-experiment questionnaire for 
participants from both groups 

 
Table 3. Number of switches between modes and mode preferences from the post-experiment questionnaire for 
participants in the free exploration group 

 
Table 4. Number of switches between modes and mode preferences from the post-experiment questionnaire for 
participants in the navigational task group 



 
Figure 9. Box plot indicating the frequency of switching between 2D and 3D modes of representation for male 
and female participants from both groups  

 
Figure 10. Box plot indicating the frequency of switching between 2D and 3D modes of representation and 
participants’ post-experiment mode preferences from both groups 

These results indicate that most participants (77%) preferred the 3D mode of representation regardless 
of the task they were given. They indicated a preference for this mode both during their experience of 
the TopoIVE (in terms of the duration of time spent in that mode) and in their post-experiment reflective 
opinion. The hypothesis that participants will prefer one mode (2D or 3D) regardless of their task is 
therefore accepted. The next section presents the results associated with the second hypothesis relating 
to the participants’ behaviour in the TopoIVE and their observance of real-world schema 

4.2 User behaviour in the TopoIVE 

The second hypothesis aimed to test whether users behave differently when using a 3D or a 2D mode 
of representation in immersive VR (in first-person-view mode). For example, these modes may trigger 
different behaviours such as adherence to real-world accessibility schema, e.g. not walking 
over/through buildings, regardless of whether participants are given a navigational task or are allowed 
to freely explore the TopoIVE. In order to test the second hypothesis, participants’ locations in the 
TopoIVE were recorded (X, Y, Z) and it was therefore possible to derive maps from these data to 
compare the spatial patterns of movement and to establish sections where the 3D or 2D mode was 
selected by participants. The maps also indicate their behaviour with regard to real-world schema, such 
as whether or not the participants walked over/through buildings.  



4.2.1 Analysis by Group 

The first two maps (Figure 11) indicate participants’ tracks for each group. As may be expected, there 
is greater coverage of the TopoIVE by the free exploration group (Figure 11a) than by those undertaking 
the navigational task (Figure 11b). Those in the latter demonstrate a more focussed direction of travel 
to the destination building (cf. Figure 2), although some participants engaged in an exploration of the 
TopoIVE after they had completed their objective in reaching their destination. Figure 12 is a box plot 
comparing the total track lengths of participants in the two groups, which exhibits a statistically 
significant difference. There is also a statistically significant difference between participants with an 
MRT result of 5 and those who scored under 5, as represented in Figure 13. Participants who (according 
to the post-experiment questionnaire) preferred different modes of representation tended to access 
different levels of the extent of the TopoIVE. However, since the sample sizes of the preference groups 
were considerably different (19 for 3D versus 11 for 2D for the navigational group and 27 for 3D versus 
3 for 2D for the free exploration group), it was not possible to test for meaningful associations. 

         

 
Figure 11. Tracks of participants in the TopoIVE from (a) the free exploration group (n = 30), and (b) the 
navigational task group (n = 30). Blue lines indicate the tracks recorded after participants had reached their 
destination 

 
Figure 12. Box plot indicating the total route length for participants from both groups (p-value = 0.017896) 



 
Figure 13. Box plot indicating the total route length for participants with MRT <5 and MRT= 5 from both groups 
(p-value = 0.002439) 

The next four maps indicate the tracks that the participants made while using 2D mode (Figure 14) and 
3D mode (Figure 15) for both groups. As the maps indicate, the spatial implementation of 2D mode 
(i.e. where it was used) is more consistent in the navigational task group and more sporadic in the free 
exploration group. Indeed, the navigational task group tended to use 2D mode to reach the destination 
before exploring the TopoIVE in 3D, while the free exploration group seemed to rely on 2D mode for 
the purposes of orientation and to remove occlusion and reverted to 3D mode while moving around the 
TopoIVE. These results suggest that participants tended to use 2D mode when fulfilling a navigational 
task whereas they preferred using 3D mode to freely explore the TopoIVE. 

    
Figure 14. Tracks of participants in (a) the free exploration group, and (b) the navigational task group while using 
2D mode 

Figure 15 indicates the widespread use of 3D mode in both groups and confirms that participants 
preferred this mode in terms of where they used it, when and for how long. These maps reinforce the 
point made earlier that 3D mode tends to have been used for movement, with participants referring to 
2D mode for orientation, i.e. they would stop moving and switch to the 2D mode of representation to 
‘get their bearings’ (rather like stopping to consult a 2D map in the real world). It is worth noting that 
participants in the navigational task group could have opted to remain in 2D mode throughout (since 
the red cylindrical building was always visible in this mode) and therefore have simply walked in a 
straight line towards their destination instead of reverting to 3D mode.  



 
Figure 15. Tracks of participants in (a) the free exploration group, and (b) the navigational task group 
while using 3D mode 

4.2.2 Analysis by Participant Characteristics 

In order to investigate whether participants’ behaviour in navigating the TopoIVE varies according to 
their characteristics (i.e. spatial ability, gender, experience of using VR, frequency of using RPG, and 
whether they have normal vision), their tracks in the TopoIVE were analysed and a series of linear 
density maps was created. These reveal whether there are differences in how participants navigated and 
moved through the TopoIVE. It should be noted, however, that the method of visualizing these data 
according to the density of routes (as per the maps below) is only applicable for equally sized samples, 
such as gender in this case.  

Firstly, in terms of participants’ general movement throughout the TopoIVE, the maps reveal that the 
lower half of the simulated city was rarely encountered (even by the free exploration group), since 
participants tended to move in the direction they were facing when first experiencing the TopoIVE. 
This implies that the initial view presented to the participants in a virtual environment has some 
considerable influence over their subsequent direction of travel.  

A comparison between the track densities of all male and all female participants (Figure 16) indicates 
that, overall, there was a greater diversity of routes taken by male participants. However, when 
comparing the routes undertaken by male and female participants in each group (Figures 17 and 18), 
the maps indicate that there were general differences in the paths chosen by male and female 
participants. For example, in the navigational task group, female participants tended to use routes on 
both sides of the square building in reaching their destination, whereas male participants tended to use 
only one side. Additionally, once their navigational task had been completed, the female participants 
tended to explore the TopoIVE by moving in the same direction beyond the destination (the red 
cylinder), whereas male participants tended to move to the west. 



 
Figure 16. Track densities of (a) male participants from both groups (n = 29), and (b) female participants from 
both groups (n = 31) 

The difference of approaches between the two genders is amplified when comparing the density of 
participants’ routes in the free exploration group (Figure 17). Here, there is a clear divide in the choice 
of direction after participants moved forward and reached the first major junction, with the majority of 
male participants choosing to go right (Figure 17a) and the majority of female participants choosing to 
go left (Figure 17b). Since the red cylinder was present as a prominent building in the TopoIVE 
presented to both the navigational task and the free exploration groups, it is possible that the female 
participants in the latter were more curious to investigate this landmark and decided to reach it. By 
contrast, the male participants tended to explore the northeastern region of the TopoIVE. 

 
Figure 17. Track densities of (a) male participants in the free exploration group (n = 16), and (b) female 
participants in the free exploration group (n = 14) 



 
Figure 18. Track densities of (a) male participants in the navigational task group (n = 13), and (b) female 
participants in the navigational task group (n = 17) 
 
Statistically significant differences corresponding to gender are also indicated by the minimum period 
spent in 2D mode regardless of group (p-value = 0.048564), the average (mean) time spent in 2D mode 
(p-value = 0.039079) (Figure 19), the average (mean) route length in 3D mode for male and female 
participants in either group whose MRT score is 5 (p-value = 0.047658), and the number of route 
segments in 3D mode for male and female participants in either group whose MRT score is 5 (p-value 
= 0.037845) (Figure 20). Although these results reveal differences between the male and female samples 
within each group, the variance within other variables (such as VR experience) in the sample is too 
great to allow meaningful tests for the independence of these variables in determining behaviour based 
on spatial patterns of movement within the TopoIVE.   
 

 
Figure 25. Box plot indicating the average time in 2D mode for male and female participants from both groups 
(p-value = 0.039079) 



 
Figure 20. Box plot indicating the count of route segments in 3D mode for male and female participants from 
both groups whose MRT score is 5 (p-value = 0.037845) 
 
Regarding participants’ behaviour in terms of their adherence to real-world schema, the results indicate 
that this varies according to the chosen mode of representation. For 2D mode, there is no statistical 
difference (p-value = 0.541552) between the two groups, as most users (free exploration group 80%; 
navigational task group 73%) walked between the building outlines in 2D mode without walking over 
them. By contrast, there is a statistically significant difference (p-value = 0.000025) between the two 
groups when using 3D mode: over 93% of participants in the navigational task group went through 
buildings at least once, whereas this was only 57% in the free exploration group. 

Table 5 indicates a further analysis of those participants who chose to walk over/through buildings 
according to their Mental Rotation Test (MRT) score, gender, VR experience, and frequency of playing 
RPGs. In addition to the tendency for participants with a higher MRT score to walk through or over 
buildings regardless of 2D or 3D mode, the results suggest that the level of experience in VR and RPGs 
experience plays a role in how real-world schema are considered in a virtual environment. Those with 
VR experience and more frequent engagement in RPGs in the free exploration group tended to not walk 
over/through buildings (regardless of mode), while those without VR experience or lower engagement 
in RPGs in the navigational task group tended to walk through buildings in 3D mode. This could be 
explained by the participants’ experience in VR and RPGs conditioning them to observe real-world 
schema (e.g. from games where real-world schema are simulated) in the TopoIVE. 

 
Table 5. Percentage of participants who walked over/through buildings while using 2D/3D mode 

With regard to participants' performance in MRT scores before and after the VR experiment, there were 
no statistically significant differences between groups or between pre-experiment and post-experiment 
MRT results. In the free exploration group, 7 participants had a lower score in the post-experiment 
MRT (4 female, 3 male); 17 had the same score; and 6 had a higher score (3 female, 3 male). In the 
navigational task group, 2 participants had a lower score in the post-experiment MRT (both male); 26 
had the same score; and 2 had a higher score (both female). Since a modified MRT was presented (i.e. 
having different solutions) with the intention of eliminating the possibility of participants remembering 
answers from the previous test, the elapsed time between pre- and post-experiment MRTs was not 
required to be consistent.  



The results of this experiment suggest that, in general, participants behaved in the simulated city as if 
they were moving through a city in real life, regardless of the mode of representation (2D or 3D) they 
used most often or stated as their preference after the test. They could walk over/through buildings, yet 
most chose to adhere to real-world schema by following the streets. More specifically, the results also 
confirm the second hypothesis by indicating that the different modes of representation triggered 
different behaviours in the TopoIVE. Most participants used the 3D mode for moving around the 
simulated urban environment (and adhered to real-world accessibility schema when doing so) but used 
the 2D mode to orientate themselves while stationary, regardless of whether they were given the 
navigational task or were allowed to freely explore the TopoIVE.  

5 Discussion 
Based on the results of existing studies, the TopoIVE was designed to allow participants to switch 
between 2D and 3D modes of representation and to allow these preferences to be evaluated and 
compared with a post-experiment questionnaire. The latter revealed that participants preferred 3D over 
2D mode, regardless of the task they were given, and recorded their rationale for doing so: moving 
through a simulated virtual environment in 3D mode is more familiar and aesthetically engaging, while 
2D mode is more beneficial for the practical purposes of orientation and wayfinding.  

The results of the first part of this study support the findings of Shushan et al. (2016) and Birenboim et 
al. (2019), that users prefer the egocentric approach offered by a first-person point-of-view mode in 3D 
virtual environments. They also align with those of Wahyudi et al. (2020), whose participants indicated 
a very high level of preference for 3D digital representations of landslides. In terms of the comparison 
between test and post-experiment preferences between 2D and 3D modes, the results of the post-
experiment questionnaire in the present study indicate a similar finding to that of Popelka and Brychtova 
(2013), whose participants stated a preference for 3D mode in their post-experiment questionnaire. 
However, the results of the present study demonstrate a far stronger alignment between participants’ 
use of 3D mode during the test and their stated preference for this.  

Although the results indicate an overall preference for 3D mode (which was corroborated by results 
indicating the time participants spent using 3D), this does not necessarily imply that participants 
regarded 2D mode to be unhelpful or irrelevant. The differences in user preferences were reflected more 
substantially when comparing the two groups, with a greater proportion of participants in the 
navigational task group preferring the 2D mode. Only five participants (in total from both groups) chose 
to remain in 3D mode throughout, while the other 55 made use of both modes. The higher percentage 
of switching between modes in the navigational task group suggests that the availability of both modes 
of representation was deemed helpful, probably by combining the wayfinding activities of movement 
(in 3D mode) and task-driven orientation (in 2D mode). This confirms the findings of Liao and Dong 
(2017), who observed participants’ combined use of 3D perspective views and 2D building layouts in 
navigational tasks, and those of Wielebski and Medyńska-Gulij (2019), where participants perceived 
3D mapping techniques to be more attractive but considered 2D more effective when assessing spatial 
accessibility. The lack of statistically significant associations between participants’ characteristics (i.e. 
MRT score, gender, VR experience, RPG experience, vision) and their preference and use for either 
mode of representation, however, suggests that other, unidentified, factors may influence these choices. 
Indeed, since this study used a Mental Rotation Test as a proxy for spatial ability (and found no 
significant difference between pre- and post-experiment MRT scores), other indicators could have been 
responsible for participants’ wayfinding behaviour. 

The second part of the study, which focused upon comparing participants’ behaviour in the TopoIVE, 
indicated that most adhered to real-world schema, regardless of the task they were given (free 
exploration or navigation), but revealed differences according to whether the 2D or 3D mode of 
representation was selected. Specifically, these differences concern whether participants walked 
over/through buildings, as well as how each mode of representation was used. Non-experienced VR 
users, for example, were more willing to walk over/through buildings. Birenboim et al. (2019) found 
that participants with prior experience of VR reported lower levels of spatial presence in their IVE 
experiment, which were attributed to the VR-experienced participants being more critical of imperfect 
representations in the IVE, whereas those without VR experience were likely to have been more 



distracted by their immersion into VR, which made them more enthusiastic. It is therefore possible that 
their unfamiliarity of the immersive environment may have triggered some participants to experiment 
with the schema of the TopoIVE, whereas VR-experienced users tended to limit their movement to the 
streets. Their familiarity with the limitations of movement (as real-world schema), derived from their 
experience of other virtual environments, is likely to have influenced their behaviour in the TopoIVE 
and therefore also their adherence to real-world schema. 

It was also clear that participants generally moved in the direction in which they faced when first 
entering the TopoIVE. This observation suggests that users tend to move forward under the assumption 
that they enter the TopoIVE facing the most beneficial direction of travel. Changing this initial 
orientation would therefore provide a useful avenue for further research that could inform producers of 
immersive virtual environments regarding the most useful initial viewpoint.  

When investigating whether participants’ behaviour in the TopoIVE varied according to their 
characteristics, differences in gender revealed the most pronounced results. There were marked 
differences in both groups according to how male and female participants navigated through the 
TopoIVE. These differences support the findings of Gagnon et al. (2018), who confirm that gender is a 
prominent individual difference variable in spatial memory and navigation, especially in the context of 
navigation in large-scale space. The difference in how male and female participants behaved in the free 
exploration group was characterized by the diversity of routes and in the direction in which females 
tended to move at a specific junction, leading them to explore the area around the red cylinder (the 
destination point for the navigational task group and present in the TopoIVE for both groups). Gagnon 
et al. (2018) found that in a free exploration task in a large-scale virtual environment, females revisited 
previous locations more often and showed lower rates of spreading through an area. The reasons for 
this are unclear, although Golledge et al. (2000) found that females tended to orient themselves 
according to landmarks and their visual characteristics, whereas males oriented themselves more 
according to direction and the spatial relationships between landmarks. Similarly, Liao and Dong (2017) 
observed opposing gender differences in visual attention on landmarks between 3D and 2D groups of 
participants, with males fixated longer on landmarks than females when using a 3D map and females 
paying more visual attention to landmarks than males when using a 2D map. Although these results 
were not replicated in the present study (i.e. differences between male and female fixations on 
landmarks according to their preference for 2D or 3D), they nevertheless suggest that the presence of 
distinctive landmarks can amplify existing gender differences in wayfinding strategies. This is further 
supported by Munion et al. (2019), whose real-world navigational experiment indicated that gender is 
associated with the type of wayfinding behaviours someone is likely to produce, and how people move 
through the environment is related to their ability to locate targets. 

6 Conclusion 
This study aimed to investigate user preferences and behaviour in immersive virtual reality (IVR). It 
involved the creation and implementation of a TopoIVE - a new immersive virtual environment derived 
from official 1:10,000 topographic base data - that allowed participants to switch between 2D and 3D 
modes of representation. The division of the participants into two groups according to their task (i.e. 
navigation to a specific destination or free exploration), enabled their preferences and behaviour to be 
analysed accordingly.    

The results indicated that most participants preferred the 3D mode of representation, although the 
preference for 2D mode was slightly higher amongst participants who were assigned the navigational 
task. The frequency with which participants switched between 2D and 3D modes, however, suggests 
that they exploited different aspects of 2D and 3D methods of visualization; 2D being used for 
orientation and 3D for movement, with 2D being used more often in the navigational task group. This 
mimics real-world wayfinding behaviour to some extent, with pedestrians stopping to consult a 2D map 
to ‘get their bearings’. However, 2D mode was also chosen to gain unobstructed views of the 
surroundings (to remove occlusion). An avenue for further study could assess whether a 2D map is 
more effective for wayfinding than making buildings less opaque in 3D mode, for example.  



In contrast to identifying a preference for a particular mode and recommending its exclusive use (e.g. 
promoting IVR as a purely 3D representation), the results of this study indicate the value of allowing 
users to choose between 2D and 3D modes, particularly for navigational tasks. This multi-modality 
enables users to gain a more holistic understanding of the environment and synergizes the advantages 
of both perspectives. Given that participants’ characteristics (i.e. their Mental Rotation Test scores, 
gender, experience of VR or role-playing games) had no significant association with these preferences 
implies a general acceptance of the benefits of access to both 2D and 3D modes of representation. It is 
therefore recommended that producers of topographic datasets should develop the functionality of their 
products using VR accordingly.  

The results also indicated that participants tended to adhere to real-world schema while moving through 
the TopoIVE. Specifically, they chose to walk along streets and not over/through buildings, even when 
this would have given them an advantage (especially those in the navigational task group). Participants 
with less experience of VR walked over/through buildings in the TopoIVE more frequently than those 
with experience, suggesting that the former were not inhibited by previous VR experience that had 
conditioned the latter into respecting real-world schema. This is potentially significant for the 
development of virtual environments that rely upon real-world schema to function correctly, e.g. those 
which are designed to introduce participants to role-play situations (such as emergency responses) and 
evaluate their behaviour. It cannot be assumed that participants with little or no experience in VR will 
automatically observe real-world schema, e.g. not walking over/through buildings in order to reach a 
destination in the simulation of a critical event.  

When investigating participants’ routes in moving through the TopoIVE, the results revealed different 
wayfinding strategies adopted by participants according to their gender. In particular, males and females 
in the free exploration group demonstrated a clear difference in their choices at a particular road 
junction. It is possible that the presence of a distinctive feature in the simulated environment, a red 
cylinder (that was also the destination for the navigational task group), stimulated the curiosity of the 
female participants, while males decided to walk in the opposite direction. This corroborated the results 
of related studies, which indicate the influence of landmarks on wayfinding strategies adopted by 
females, although more research is required in this area to evaluate how this affects behaviour in virtual 
environments.  

Since the navigational performance of participants was not tested in this study, i.e. the time taken for 
participants in the navigational task group to reach their destination, there is scope to investigate 
whether the availability of both 2D and 3D modes is advantageous for wayfinding. Further work should 
also be directed towards identifying the critical moments of decision-making in the virtual environment 
and what elements influence those wayfinding decisions. The development of the TopoIVE to 
incorporate further datasets (e.g. elevation, hydrology, and vegetation) and higher levels of detail (LOD) 
may also reveal insights into how these important factors influence participants’ behaviour and 
decision-making.  

This study recommends that organizations that create and maintain topographic datasets (e.g. national 
mapping agencies) should develop TopoIVE products, since there are many applications for real-scale 
immersive exploration using accurate base data. These include urban planning (e.g. to evaluate 
accessibility and the impact of proposed developments from a first-person view), emergency services 
such as police, fire and search and rescue (e.g. to prepare and train staff in reacting to hazards or creating 
a mental map of a disaster zone), military (to prepare staff for urban operations), retail (for evaluating 
visibility), tourism (e.g. the remote exploration of destinations), and medical applications (e.g. for 
treating anxiety and agoraphobia). Although smaller-scale renderings would be beneficial for some 
applications where real-scale exploration is not necessary or where detailed data are not available, the 
development of TopoIVE products presents a paradigm shift in the way that topographic data are 
utilized. 
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