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1. Introduction

1.1 Background and motivation

Geomatics is the science of spatially related information, containing the as-
pects of collection, interpretation and presentation of such information (RICS, 
2019). In geomatics, geospatial data typically combines spatial information 
and geometric data to other information or data. Several authors have dis-
cussed the relationship between geomatics, users and emerging technologies. 
In the early 1990s, digital systems were seen to possess the potential for the 
interactive presentation and 3D visualization of carthographic data (Visvalin-
gam, 1990). Naturally, this had been preceded by the development of relevant 
digital processing methods (e.g., Jenson & Domingue, 1988) and the “birth” of 
digital geographic information systems (GIS) in general. At the time, the digi-
tal tools were still predominantly professional and were intended for trained 
operators. The role of the general public was to be on the receiving end, view-
ing the completed geospatial information products. 

About a decade later, focusing on GIS as software, Batty (1999) envisioned 
the transition to online systems and 3D visualization via browser-based tech-
nologies. The Internet allowed users to connect with online information sys-
tems, and access interactive content from their own devices with web brows-
ers, rather than having dedicated pieces of software for each specific task. At 
least on a conceptual level, these users could also be members of the public, 
rather than trained professionals of a certain discipline. 

Since the beginning of 2000s, interactive 3D environments became an in-
creasingly applied tool for geospatial data, facilitating immersive, nearly pho-
torealistic visualization that could be used for collaborating with stakeholders 
(e.g., Bishop & Stock, 2010; Manyoky et al., 2014). This was commonly ac-
complished by utilizing technology from the computer games industry, and 
often included adapting many of the user interface conventions from 3D 
games. The increase in computational capacity also brought geospatial 3D data 
to mobile devices (Nurminen, 2008). The 2000s also brought about the idea, 
that online users would not only view geospatial data via their devices, but also 
produce it (Elwood, 2008; Schuurman, 2009). This would occur via networked 
mobile devices with positioning sensors and computational capacity (Figure 1) 
without the users perceiving their engagement with geomatics tasks (Parker, 
2004). 
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Figure 1. The connections between the user and the online repositories of geospatial data are 
increasingly two-directional, facilitated by online systems and smart mobile devices.

Developments in geomatics also include the increase in close-range terrestrial 
3D measurement capacity, facilitated by active sensors such as laser scanning 
(Pirotti et al., 2013), mobile laser scanning (Kukko et al., 2007) and the devel-
opment of computational image-based methods (Remondino et al., 2014), es-
pecially dense image matching (Hirschmüller, 2008) and structure from mo-
tion (Snavely et al., 2006). From the user perspective, the combination of in-
creased 3D mapping capabilities and near-photorealistic visualization holds 
the potential to increase the level of detail in virtual 3D environments, and 
push geomatics to include indoor environments, near-photorealistic scenes, 
detailed pedestrian scenes and natural environments mapped in fine detail. 
For the user, these information products combining detailed geospatial data 
and interactive, near-photorealistic visualization are more akin to virtual 
worlds or computer games, than traditional maps. The same technologies have 
found use in cultural heritage work (Portalés et al., 2009), urban planning (Wu 
et al., 2010) and virtual museums (Bruno et al., 2010).  

What are the currently ongoing developments in technology that will po-
tentially affect the geomatics discipline in the future? Are there developments 
that hold the potential to radically alter the relationship between users and 
geomatics? Which technologies are approaching the consumer market (thus 
becoming attainable for large groups of users) in the near future, that may 
prove to be relevant in geomatics?  

Within geomatics literature, several development trends have been men-
tioned in the previous years: some of these are linked to developments in other 
industries, such as the increasing importance of Building Information Models 
(BIM), the Internet of things or smart cities (GIM International, 2016). These 
themes have been well represented in the research literature (e.g., Isikdag, 
2015; Song et al., 2017). Further areas of development include the computa-
tional methods being applied to geospatial data (e.g., machine learning for 
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point cloud analysis: Qi et al., 2017), or developments within the field such as 
semantic point clouds (Weinmann et al., 2015).  

The development of measurement systems also affects the field. The emer-
gence of UAVs as a viable platform for imaging and other sensors is a well-
known example of this: affordable and easy to use UAVs have been linked to 
the open source community and “democratization of geospatial data” (Van 
Wegen & Radford, 2018) and stimulated the development of new professional 
grade mapping systems. 

Concerning the online users, one of the major changes during the last few 
years has been the introduction of browser-based systems. These range from 
browser-based 2D visualizations (Steiniger et al., 2013) to full 3D virtual 
globes (such as in Müller et al., 2016). In addition to new software products 
being launched, major software vendors have redesigned existing software 
titles as browser-based services (e.g., ESRI, 2019; Trimble, 2019). These dif-
ferent systems share the idea that by operating on the web browser they would 
be easy to distribute to a large number of users. Many of these systems also 
allow the development of new functionalities by programming and distribution 
of these programs along other content, creating new interactive software for 
online users. In this thesis, such systems are referred to as distributable 3D 
platforms including the notions that they allow both the distribution of 3D 
data and the development of new applications. 

By integrating emerging 3D mapping methods attainable by large user 
groups, developments in professional instruments, and automated processing 
methods, new approaches to national mapping may be envisioned (Virtanen et 
al., 2017). It is not only that the development of other fields of technology af-
fects the geomatics discipline: the techniques utilized in geomatics may prove 
to be of utility in other fields. To give an example, digital photogrammetry is 
increasingly drawing interest as a 3D content production tool for the games 
industry. 

1.2 Role of consumer technologies and users in innovation

Consumer electronics are commonly understood to include devices intended 
for everyday use in common households, such as TV sets, game consoles, mo-
bile phones etc. Their orientation towards consumers is reflected mostly in the 
idea that they would be easy to obtain and use and in terms of price, feasible 
for people to acquire. 

Defining strictly whether a specific device is a consumer device or not is 
complicated by several aspects: Firstly, the same piece of computer hardware, 
e.g., a mobile phone or a computer, can be applied for both professional of 
entertainment use. Secondly, some devices intended for digital entertainment 
at home, such as gaming laptops, can be significantly more expensive and 
powerful than their office equivalents, making purely price- or performance-
based definition unfeasible. Thirdly, there are several examples of systems that 
are not intended for everyday tasks but aren’t intended for professional use 
either, such as advanced gaming hardware, affordable drones and 3D printers.  
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Finally, a common route of commercialization is that technology first becomes 
available for professional tasks, then hobbyists and finally common consum-
ers, following the reduction of price. Digital photography is a good example of 
such development. From a research perspective this implies that for future 
consumer systems, it is worth looking at current professional systems ap-
proaching the lower end of price range. In this thesis the term near-
consumer-level is used, referring to consumer electronics, non-professional 
systems available for hobbyists, and low-end professional hardware, with their 
associated software.  

The relationship between these emerging technologies, consumers and inno-
vation is a complex one. Potts et al. (2008) have positioned technology, espe-
cially the Internet, as an enabler that allows consumer co-creation to occur via 
the inclusions of consumers in the development processes. As examples, they 
list the development of online games, digital photography and digital citizen 
journalism (Potts et al., 2008). They argue that the traditional view to innova-
tion in the development of technology has been entrepreneur/company-
centric, and too little attention and investment has been paid to the users and 
user cultures.  

Baldwin and von Hippel (2011) share a largely similar mindset, and further 
state, using open source software as an example, that open collaborative de-
velopment efforts are not necessarily competitors to company-controlled de-
velopment, but may become complimentary (Baldwin & von Hippel, 2011). 
However they also acknowledge that open innovation might not be feasible in 
all scenarios, not entirely discrediting traditional product development. 

The shift towards open, collaborative innovation is also visible in literature 
concerning product design and development. Traditional product development 
theories (e.g., Eppinger & Ulrich, 1995) and older design literature (e.g., Drey-
fuss 1955) focused on systematic processes and professional tools, with user 
testing being a way of verifying the design outcomes. The same approach is 
visible in older usability literature (e.g., Nielsen, 1994). Following open and 
collaborative innovation, the focus in the literature has shifted towards better 
understanding the users’ situation (e.g., Mattelmäki, 2005) and discovering 
user created solutions (e.g., Kotro, 2007).  

It can be argued, that for some industries, such as computer games, the in-
fluence of hobbyist cultures, essentially user innovation, has already been sig-
nificant (Saarikoski & Suominen, 2009). The idea of active consumers, engag-
ing in collaborative development efforts is present in the development of digi-
tal content (e.g., games: Saarikoski & Suominen, 2009) and physical products 
(e.g., sports equipment: Kotro, 2007). 

It seems feasible to assume, that to support user innovation via co-creation, 
it would be important to have easily available tools, either physical or digital, 
that could be applied to the various situations encountered by active users. The 
similar idea of affordable tools that can be embraced without professional 
training is strongly present in the “Maker movement” (Dougherty, 2012).  If 
the similar approach of user empowerment and open collaborative innovation 
is to be supported in other fields, such as geomatics, attention should be paid 
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to tools available for consumers and hobbyists, in addition to professional 
equipment and software. This further supports the orientation of this thesis 
towards near-consumer-level technologies. 

1.3 User participation in geomatics

As stated earlier, user participation is also present in geomatics. At least three 
different mechanisms can be identified for this. Firstly, technological devel-
opments have brought geospatial data to users via interactive applications 
such as mobile 3D maps (Nurminen, 2008), and online browser-based sys-
tems (e.g., Wang et al., 2017). Secondly, portable smart devices have made it 
possible to develop a variety of location-based applications that respond to the 
real position of the user (Wilson, 2012). Thirdly, these connected smart devic-
es with embedded sensors, and other technological means have been applied 
to allow users not only to utilize geospatial data, but also to produce it. 

In the geomatics research literature, crowdsourcing commonly refers to the 
collection of geospatial data by citizens not trained in geography, cartography 
or other related fields (Heipke, 2010). When discussing the production of 
maps via crowdsourcing, the most significant enabling technologies have been 
smartphones with embedded GNSS sensors and Internet connectivity (Heipke, 
2010). In addition to crowdsourcing the actual mapping work, citizens have 
been involved for enriching maps with experience-based information, in a va-
riety of participatory GIS (or SoftGIS) approaches (Rantanen & Kahila, 2009). 
Alternatively, the data produced by citizens has been approached in a “Big da-
ta” fashion, relying on large datasets obtained from sports tracking applica-
tions, for example (Oksanen et al., 2015). The difference between the last two 
approaches is that in participatory GIS (Rantanen & Kahila, 2009), the citizens 
of a specific area are approached via online surveys, whereas in the second 
case (Oksanen et al., 2015) the data is produced by the users of the application 
without their specific intent to participate in mapping efforts. 

The 3D mapping capability available to citizens has greatly increased, both 
via the development of image-based 3D reconstruction methods (Somogyi et 
al., 2016) and the introduction of affordable active 3D mapping systems com-
bined with handheld devices (Capocchiano et al., 2017). Image-based methods 
have been tested for massive photo collections online (e.g., Somogyi et al., 
2016) and by utilizing open software packages with consumer grade digital 
cameras (e.g., Lerma & Muir, 2014). Figure 2a shows a camera orientation 
estimate and Figure 2b a 3D point cloud reconstructed from a set of 
smartphone camera images. One of the key sensor technologies has been the 
depth camera, which was originally introduced to the consumer market as a 
gaming console accessory, and then applied for 3D reconstruction (Izadi et al., 
2011). A colored point cloud obtained with a depth camera equipped 
smartphone is shown in Figure 2c. It may be assumed, that this increased 
mapping capacity could also be leveraged in geomatics. 
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Figure 2. a) A set of oriented smartphone camera images, b) The reconstructed dense point 
cloud produced from them with the COLMAP application (Schönberger & Frahm, 2016; 
Schönberger et al., 2016). c) A segment of a point cloud depicting an indoor environment, 
originating from a smartphone with an integrated depth camera. Both of these methods 
produce dense, colored point clouds.  
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1.4 Emerging technologies

It is also possible that new technologies emerge, that affect geomatics in the 
future. One of the tools commonly mentioned when discussing emerging tech-
nologies is the so-called hype cycle, produced by the company Gartner (Gart-
ner, 2019). While it has faced criticism (Steinert & Leifer, 2010), it is neverthe-
less commonly seen in innovation contexts. Between 2010 and 2018, the Gart-
ner hype cycle for emerging technologies listed a total 129 individual terms, 
out of which 64 appeared on more than one occasion (Gartner, 2010 to 2018). 
Table 1 lists the technologies mentioned five or more times in these summar-
ies. 

Table 1. The most frequently mentioned technologies on the hype cycle for emerging technolo-
gies (Calculated from Gartner 2010-2018).

Technology Occurrences 
2010-2018

First mention Last mention

Augmented Reality 9 2010 2018
Quantum Computing 8 2011 2018
Human Augmentation 8 2010 2017
Autonomous Vehicles 7 2010 2017
Brain-Computer Interface 6 2013 2018
Speech-to-Speech Translation 6 2010 2015
Connected Home 5 2014 2018
Natural-Language Question Answering 5 2012 2016
Smart Dust 5 2013 2018 (not listed in 2014)
Smart Robots 5 2014 2018
Virtual Reality 5 2013 2017
Internet of Things 5 2011 2015
Activity Streams 5 2010 2014
Cloud Computing 5 2010 2014
Virtual Assistants 5 2010 2018 (not listed in 

2012,2014-2016)

 
Out of the technologies listed (Table 1), a few also been commonly mentioned 
in geomatics contexts. These include augmented and virtual reality, commonly 
seen as promising display mediums (Hruby et al., 2019), and autonomous ve-
hicles as a potential data sources (Virtanen et al., 2017; Feng et al., 2018). Fur-
ther, technologies such as the Internet of things and cloud computing have 
already had a significant influence on the geomatics field. Understandably, 
many of the listed, e.g., quantum computing or smart dust, are still in the early 
stages of development and cannot be expected to enter the market in the im-
mediate future. 

Concerning consumers and utilization and production of 3D data, it is inter-
esting to note that in addition to VR and AR (which are commonly applied to 
visualize 3D models), 3D Scanners were listed on three consecutive years mov-
ing fast from being “one the rise” (in 2012) to hitting a “peak” (in 2013) and 
finally onto a steady “slope” in 2014. In a similar manner, 3D Printing was 
listed between 2010-2012, and between the years 2013-2015 it was listed as 
either “commercial 3D printing” or “consumer 3D printing” (Figure 3). 
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Figure 3. Progress of 3D printing and 3D scanning along the hype curve (adapted from Gartner 
2010-2018). 

Out of these technologies, both the 3D scanning and 3D printing are highly 
interesting when discussing future user applications in geomatics, as they 
would either increase the potential of users to produce 3D data, or bring 3D 
models into the physical domain. In addition, the 3D printing is heavily linked 
to the “maker movement” ideology and hobbyist innovation, as stated earlier. 

1.5 Aims and scope 

The aim of this thesis is to produce new knowledge on the capabilities and lim-
itations of near-consumer-level technologies, and their applicability in 3D ge-
omatics. For this, processing methods and workflows are developed for apply-
ing near-consumer-level hardware and software, aiming to allow their use in 
both applying and producing data for 3D geomatics. Work is limited to the 
scale typically encountered by a common citizen in the built environment: ur-
ban environments, buildings, building interiors and building components, and 
features of corresponding size in the natural environment. Features of global 
scale, commonly touched upon in geography, obtained by remote sensing 
methods operating over considerable distances, such as satellites, are not dis-
cussed. In similar matter, detailed 3D measuring of individual objects, as en-
countered in e.g., cultural heritage applications, is omitted. As the intent is to 
focus on 3D geomatics, purely 2D carthographic systems, and devices intended 
for measuring individual coordinate points such as GNSS receivers are omit-
ted. 

In this thesis, near-consumer-level technologies, consisting of both hardware 
and software, are studied, forming the two research topics. The work is re-
stricted to studying these systems, aspects related to their actual use by con-
sumers is excluded. This issue is discussed in more detail in section 1.6.  
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In software, the distributable 3D platforms for geomatics are the first 
research topic of the thesis, discussed in detail in 1.5.1. These 3D platforms, 
consisting of collaborative virtual environments and game engines, are ap-
proached with the intent of allowing the utilization of 3D geospatial data and 
datasets produced by the near-consumer-level 3D mapping systems. The plat-
forms are applied for development of interactive applications intended for 
non-professional users. The work is limited to systems that allow interactive 
3D visualization, following the already stated focus to 3D geomatics.  

In hardware, out of all potential technologies, the thesis focuses on two con-
sidered relevant for the 3D geomatics and estimated to be approaching wider 
applicability (Figure 3): 3D scanning and 3D printing. The second research 
topic of this thesis, emerging near-consumer-level hardware for 3D 
geomatics, constitutes these devices and their associated software, discussed 
in detail in 1.5.2. 

The research aims to produce new knowledge on the capabilities and lim-
itations of these technologies, and their applicability in the context of 3D geo-
matics. Following the notions of Parker (2004) and illustrated in Figure 1, the 
idea is that the user might both produce new data and apply the existing data 
assets. This leads to the main hypothesis: 

 
Hmain: By developing processing methods and workflows, the emerging near-
consumer-level technologies could be applied in 3D geomatics.  

 
The hypothesis and research topics are illustrated in Figure 4. The two re-
search topics are approached in the five publications, with the last publication 
combining aspects from both topics. This structure is shown in Table 2. 
 

Figure 4. Summary of the research topics and publications.
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Table 2. Research topics and publications.

Distributable 3D plat-
forms for geomatics
(Research topic  1)

Emerging near-consumer-
level hardware for 3D 
geomatics 
(Research topic 2)

Publication 1 x
Publication 2 x
Publication 3 x
Publication 4 x
Publication 5 x x

1.5.1 Distributable 3D platforms for geomatics 

As stated, the work is limited to distributable 3D platforms that allow interac-
tive 3D visualization. Several tools are available for this, including both profes-
sional tools and systems intended for the consumer market. (A more compre-
hensive overview is available in Publication 1, with existing examples present-
ed.) Out of these tools, this thesis focuses on those intended for producing ap-
plications for non-professional users: collaborative virtual environments and 
game engines. Other software platforms are omitted from this study.  

Concerning the use of geospatial data in virtual environments, several case 
results are available (Heinrichs et al., 2008; Anderson et al., 2010; Alatalo et 
al., 2016), but very few of them utilize 3D mapping methods for producing the 
3D content used in these environments. While some examples are available 
(e.g. Kersten et al., 2018), the applied 3D mapping methods do not commonly 
include near-consumer-level systems. Further, the utility of large virtual envi-
ronments depicting the real world has been demonstrated in a number of ap-
plications (Herwig & Paar, 2002; Manyoky et al., 2014). However, the com-
monly available geospatial data typically consist of traditional GIS assets, such 
as building and road polygons in a topographic database, which are not direct-
ly suitable for utilization in game engines and similar virtual environments. 
Following these observations, the following hypothesis is placed for research 
in this topic: 
 
HTopic 1: GIS assets and indoor mapping data could be applied with distribut-
able 3D platforms for producing virtual environments. 

1.5.2 Emerging near-consumer-level hardware for 3D geomatics  

The utilization of 3D mapping methods for various purposes and the analysis 
of their performance and accuracy is a common research theme. However, in 
many application cases, the applied sensors have been “professional grade”. At 
the same time, several “low-end” systems have entered the market, offering 3D 
reconstruction with near-consumer devices. In these systems, depth cameras 
have been the most applied sensor technology, and are therefore chosen as the 
studied 3D mapping technology, excluding other technologies. While several 
studies and comparisons of these sensors have been presented (Gülch, 2016; 
Diakité & Zlatanova, 2016; Froechlich et al., 2017; Lehtola et al., 2017), esti-
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mating their performance in specific applications, especially in conjunction 
with distributable 3D platforms, is still largely missing from the research liter-
ature.  

While purely image-based systems are extremely relevant for large user 
groups, allowing 3D mapping with existing mobile devices (e.g., Liang et al., 
2014), they are excluded as they do not represent a new technology as such. 
Furthermore, image-based systems typically suffer from performance issues 
when operating under varying lighting conditions and featureless surfaces 
commonly encountered in indoor environments (Zlatanova et al., 2013). UAV- 
based systems are excluded as their applicability varies due to regional legisla-
tion, and they, while a promising sensor platform for professional applications, 
are typically restricted to imaging as data acquisition method in the embodi-
ments attainable by consumers (as noted by e.g. Hastedt et al., 2016).  

Finally, the application of geospatial data is not limited to computer mediat-
ed systems but may also occur through physical models manufactured through 
3D printing (Rase 2002; Rase, 2011; Tucci & Bonora, 2011). 3D printers have 
effectively become near-consumer devices in the past 10 years. Out of the 
available 3D printing technologies, the Fused Deposition Modeling (FDM) 
systems are the most available ones, and also chosen for study here. While the 
use of near-consumer-level 3D printers is occasionally mentioned (Tucci & 
Bonora, 2011), and some performance evaluations have been published (Pei et 
al., 2011), the evaluation of these machines in combination with detailed geo-
spatial datasets is largely missing.  

In this research topic, the hypothesis is: 
 

HTopic 2: Emerging near-consumer-level systems could be applied for 3D data 
production and application. 

1.6 Research process and approach

All of the near-consumer-level hardware were approached via case experi-
ments, testing the systems in real environments and with real data, instead of 
laboratory settings. In a similar manner, the software was tested with real da-
tasets, rather than established benchmarks or synthetic datasets. This way, the 
aim was to gain knowledge on the applicability and limitations of these sys-
tems in real conditions, rather than purely assess their performance. The uti-
lized tools and research outcomes are summarized in Table 3. Nevertheless, 
the work falls into the genre of deterministic research in engineering, which 
assumes that by looking at the performance of a system in certain conditions, 
similar performance may be expected in other cases with similar conditions. 
Similar approach for performance evaluation via field tests is commonly ap-
plied in the existing research, especially when discussing low-cost or highly 
integrated measuring systems (e.g., Kersten & Lindstaedt, 2012a; Froechlich et 
al., 2017; Tomaštík et al., 2017).  

For testing the distributable 3D platforms, virtual environments were pro-
duced from existing game engine compatible models, indoor mapping data 
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and GIS assets, with the intent of bringing these assets into distributable ap-
plications. The use of 3D indoor mapping data on a game engine platform was 
studied, hoping to identify the pitfalls in using 3D mapping data in applica-
tions developed with game engine technology. 

In the second research topic (Emerging near-consumer-level hardware for 
3D geomatics), two depth-camera-based 3D mapping systems were studied, a 
smartphone integrated consumer system, and an indoor mapping system in-
tended for commercial work. The smartphone system was tested for a 
crowdsourcing oriented purpose, whereas the indoor mapping system was 
applied to producing content for the distributable 3D platforms in the first 
research topic. The near-consumer-level 3D printer was studied with terrestri-
al laser scanning point clouds for producing illustrative models.  

While the research interest was strongly geared towards near-consumer-
level systems, existing professional tools were applied where appropriate. By 
this, the aim was to achieve the testing of the systems under investigation, ra-
ther than to establish and evaluate entire processing chains in a consumer-
ready state. In situations where high know-how requirements were met they 
were noted, but the process was nevertheless carried out for research purpose, 
even though it would have resulted in a not consumer friendly workflow. Simi-
lar setups bringing near-consumer-level systems into professional settings for 
research purposes have also been utilized by other authors (e.g., Tucci & Bono-
ra 2011; Scopigno et al., 2017). In a similar manner, if the accomplishment of 
the tasks in a research setting required extreme amounts of manual work, or 
other aspects which would not have been pervasive for a potential future user, 
this was noted as a disadvantage of the system, but the task was still carried 
out for research purposes. 

The connections between the studied systems and users were kept distant to 
allow the evaluation of the capabilities of the studied systems, rather than their 
user experience, or the user motivation for particular tasks. On the whole, 
these are significant aspects and could explain the use (or not use) of the tools 
in real life, but they would also have introduced a high amount of uncertainty 
to experiments. This would have hindered the research of systems that are not 
yet commonly used (and therefore, for which users do not yet exist), and pur-
poses of use that have not yet been encountered by larger user groups (for 
which the user motivation is still unknown). A similar focus on the systems, 
rather than their entire scenario of use, is strongly present in research con-
cerning 3D mapping systems (e.g., Kersten & Lindstaedt, 2012; Tomaštík et 
al., 2017). 
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Table 3. Publications, tools and research outcomes.

Publication Near-consumer-level 
system under investiga-
tion

Professional tools / 
datasets utilized in study

Research outcomes

1 Collaborative virtual 
environment

3D modeling software 3D Virtual world scenes

2 Collaborative virtual 
environment

Python programming Method for producing 3D 
virtual world scenes from 
GIS data

3D modeling software (data 
production)
NLS datasets (test data)

3 Near-consumer-level 3D
printer

TLS (test data production) Evaluation of 3D printer 
capability

Professional reverse engi-
neering software (data pro-
cessing)

Observations of data 
processing steps for 3D 
printing

4 Smartphone integrated 
depth camera & associat-
ed software

Professional point cloud 
processing software & analy-
sis methods

Evaluation of device
capability in tree diame-
ter measurement

5 Indoor mapping system & 
associated cloud service

TLS (for evaluation data) Evaluation of system 
capability in real-life 
case

Game engine 3D modeling software Observations of game 
engine application pro-
duction process
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2. Background

For both of the research topics, a set of relevant background theory is present-
ed, in the same order. For the first research topic (Distributable 3D platforms 
for geomatics) this includes the different online 3D platforms and their respec-
tive data types. For the second research topic (Emerging near-consumer-level 
hardware for 3D geomatics), 3D mapping and printing techniques are present-
ed, including the operating principles and applications of professional grade 
systems (used to produce test data and act as a reference) and the near-
consumer-level systems being tested. Connections between the research topics 
and background theory are illustrated in Figure 5. 

 

 

Figure 5. Positioning the background theory and the research topics.

2.1 Online visualization in 3D geomatics

Concerning visualizing and distributing geospatial datasets, the leading direc-
tion of the current development has been towards 3D GIS (Batty, 1999), online 
use (Batty et al., 2010) and  increasing level of detail (Goetz, 2013; Isikdag et 
at., 2013). The supporting developments include standardized interfaces for 
the transfer of geospatial data (WMS, WFS, see OGC 2018a; OGC 2018b), in-
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troduction of open source systems for storage and hosting datasets (e.g., Open 
Source Geospatial Foundation, 2018), and systems that allow the development 
of online applications using these datasets (e.g., Steiniger & Hunter, 2013; Ce-
sium Consortium, 2018). In Figure 6, a visualization utilizing a contemporary 
virtual globe system is shown. 
 

 

Figure 6. A 3D virtual globe (based on Cesium), combining data from the WMS interface with a 
set of 3D buildings. Sample data courtesy of the City of Espoo. 

Compared to cartographic visualizations, more detailed virtual environments 
have been generated for a multitude of applications, using a large range of dif-
ferent tools. Examples are available for multiple purposes ranging from cul-
tural heritage (Ogleby, 1999; Portalés et al., 2009; Anderson et al., 2010; 
Tschirschwitz et al., 2019), construction and planning (Herwig & Paar, 2002; 
Fassi et al., 2011) and medical training (Heinrichs et al., 2008). While most 
game content production has been carried out by manual modeling, producing 
textured mesh models by hand in dedicated software, 3D mapping methods 
have been applied for building virtual environments in a number of cases. Cul-
tural heritage (Portalés et al., 2009), virtual museums (Bruno et al., 2010; Ker-
sten et al., 2017b), and urban planning (Wu et al., 2010) are traditional appli-
cations for combining virtual environments with 3D mapping methods. In 
many cases, the challenge of utilizing 3D mapping for producing content to 
virtual environments has been the processing of dense datasets from 3D map-
ping systems (Figure 7a) to produce models suitable for interactive visualiza-
tion (Figure 7b) on these platforms.  
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Figure 7. Two different depictions of real-world environments: a) a dense, colored point cloud 
from terrestrial laser scanning, and, b) a textured planar model.  

Several types of software platforms exist for creating virtual environments. 
Game engines, originally intended for game development, combine graphics, 
audio and physics engines for efficient development of interactive multimedia 
applications (Trenholm & Smith, 2008). Also employing the game engine 
components, collaborative virtual environments (CVEs), “virtual worlds”, were 
a highly topical research area for several years, spearheaded by the popularity 
of the Second Life platform, which was also considered for several professional 
applications (Boulos et al., 2007; Warburton, 2009; Anderson, 2010). In addi-
tion, several open source platforms for realizing CVEs have been developed 
(Alatalo, 2011; Kaplan & Yankelovich, 2011; Pellas, 2014). Figure 8 shows a 
group of users assembled in a virtual world.  

 

 

Figure 8. A group of users gathering in a virtual world, depicted as avatars. The German Fire-
fighting Museum scene shown courtesy of Adminotech Ltd. / Spinning Wire. 

The emergence of support for WebGL technology (Khronos Group, 2018) has 
enabled the creation of browser-based 3D applications that do not require ad-
ditional software installations. In addition to browser-based game engines, 
several types of online platforms for specific purposes have emerged.  
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Increasingly, the interactive 3D applications can be realized in web browser, 
making them easier to distribute. 

In addition to platforms, the display technologies have also advanced. While 
many of the virtual environments have been used with conventional laptop or 
desktop computers, or with mobile devices (Nurminen, 2008), several hard-
ware solutions for increasing the amount of immersion in virtual environ-
ments have been developed. These include walk-in projection systems (CAVE) 
(Jacobson & Lewis, 2005) and head mounted displays (HMDs) for virtual real-
ity (VR). Figure 9a shows a user wearing an HMD system, and Figure 9b a 
game engine facilitated 3D model visualization. 

 

 

Figure 9. a) A user studying a virtual environment with a VR HMD, and b) a game engine ren-
dering from the open 3D model of Helsinki city (image courtesy of Hannu Handolin). 

2.1.1 Game engine technology 

Game engines are software development environments intended for building 
interactive multimedia applications. Both open source implementations and 
commercial game engines are available (Navarro et al., 2012). While intended 
for games development, they have been applied for various research purposes 
as well, mostly for their interactive 3D visualization capabilities (e.g., Fritsch & 
Kada, 2004; Manyoky et al., 2014; Mat et al., 2014). In addition to just lever-
aging technology from the computer games industry, several aspects of game 
design philosophy have been applied in non-entertainment applications, under 
the term of “gamification” (Hamari et al., 2014). However, gamification of ap-
plications does not necessitate the use of game engine technology. 

Commonly, a game engine consists a set of software components, such as a 
graphics engine, sound engine, physics engine etc. (Bishop et al., 1998). By 
offering a single environment in which these components can be utilized, game 
engines provide efficient means of application development. As game engines 
are intended for developing real-time interactive applications, their design is 
often very performance centric. This aspect includes solutions for managing 
3D scenes to maintain performance (Bishop et al., 1998). Nevertheless, the 
performance limitations have to be kept in mind when preparing 3D data for 
game engines, often necessitating measures such as limiting the polygon count 
of the models (e.g., Navarro et al., 2012). While the most common type of 3D 
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data utilized by game engines is a textured mesh model, engines for different 
types of depictions of 3D geometry, such as voxels, have been developed and 
applied (de Andrade et al., 2016). Additionally, many game engines contain 
specific tools for depicting terrain based on height maps (Mat et al., 2014).  

Concerning visualization, the most significant process facilitated by the game 
engine is the real time rendering of 3D scenes, typically utilizing dedicated 
graphics hardware (GPU) in computers. A typical rendering pipeline consists 
of firstly gathering the objects to be rendered (on the CPU side) and then per-
forming the coordinate transformations from the 3D scene to the 2D display 
surface coordinates for all the rendered objects (using the GPU) and finally 
determining the correct pixel color values for each displayed pixel (using the 
GPU) (Bao & Hua, 2011). 

One of the research applications for game engines has been the construction 
of virtual 3D environments. In these cases, game engines have been used to 
facilitate the study of virtual models (e.g., Fritsch & Kada, 2004; Isler et al., 
2006; Friese et al., 2008; Kersten et al., 2018), and different interaction cases 
(e.g., de Andrade et al., 2016; Alavesa et al., 2016). Potentially, these environ-
ments may contain other users, or artificial characters implemented by pro-
gramming. For a variety of research cases, both fictional and non-fictional vir-
tual environments (e.g., Friese et al., 2008; Alatalo et al., 2016) have been im-
plemented. The equipment used in combination with virtual 3D environments 
has ranged from desktop systems and other affordable devices (e.g., 
Tschirschwitz et al., 2014) to high-end immersive projection systems (e.g., 
Dawson et al., 2011). 

Lately, one of the motivations for utilizing game engines has been the emer-
gence of affordable VR HMDs (e.g., Tschirschwitz et al., 2014; Kersten et al., 
2018). As most of these devices have been intended for entertainment applica-
tions, libraries and documentation for using them with commercial game en-
gines have been available. As a result, many of the research cases utilizing easi-
ly available commercial HMDs have also utilized existing game engines (e.g., 
Fernández-Palacios et al., 2017).  

The interests of applying game engine technology for research and serious 
applications have led to the development of algorithms and processing work-
flows that allow the use of different types of 3D data on game engine plat-
forms, such as dense mesh models from photogrammetry and laser scanning 
(Fernández-Palacios et al., 2017), BIM (Yan et al., 2011), and 3D city models 
(Blut et al., 2017). With complex models originating from professional applica-
tions, this has not only required converting the models to mesh geometry, but 
also implementing incremental loading schemes or multiple levels of detail to 
control the amount of data present in the rendering phase (e.g., Blut et al., 
2017; Friston et al., 2017; Lütjens et al., 2019). 

2.1.2 Collaborative virtual environments 

Game engine technology has also been utilized to produce dedicated systems 
for multi-user interaction. CVEs allow the simultaneous presence of several 
users and their communication with each other. CVEs have been introduced 
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both as online games for role playing and without a specific gaming logic 
(Mennecke et al., 2008). The later ones have often been called “virtual worlds” 
by several authors (Bell, 2008). This has in effect created a large body of re-
search, where virtual environments, often accomplished with game engine 
technology, have been applied and studied, without explicitly mentioning the 
use of game engine technology. 

Research into CVEs has been carried out both using dedicated virtual world 
systems, with discipline specific virtual training environments, and by imple-
menting the collaborative functions of game engines (Liaw et al., 2018). In the 
research context, CVEs have been applied for various purposes involving coop-
eration and communication, such as education (Boulos et al., 2007), psycholo-
gy (Gorini et al., 2008) and archaeology (Sequeira & Morgado, 2013). The vir-
tual communities found in these environments have been a topic of research 
themselves as well (e.g., Whang & Chang, 2004).  

From a content production standpoint, CVEs are a difficult topic, as dif-
ferent systems have offered varying degrees of freedom for content pro-
duction by the users (e.g., McArthur et al., 2010). In combination with 3D re-
construction, suitable CVEs have been applied for creating virtual exhibitions 
(Isler et al., 2006) and illustrating sensor data of the built environment (Vir-
tanen et al., 2016), largely following the content production conventions of 
game engines. 

2.2 Digital representation of 3D geometry

It is possible to describe 3D geometry on a computer through various rep-
resentations. These range from 3D point clouds to networks of planar surface 
segments (meshes), or mathematical surface representations, such as surface 
segments (boundary representation) (Requicha & Voelcker, 1983) or non-
uniform rational b-spline surfaces (Piegl, 1991).  

The increasing availability of dense, colored point clouds originating from 
3D mapping has stimulated research into point cloud processing and man-
agement (Otepka et al., 2013), visualization (Richter & Döllner, 2014), analysis 
uses (e.g., Jalonen et al.; 2015) and has raised the importance of point clouds 
as 3D assets (Otepka et al., 2013; Virtanen et al., 2017). 

In addition to “surface oriented” representations, geometric shapes may also 
be volumetrically represented, as in voxel maps (e.g., Wu et al., 2013) or in 
constructive solids geometry (CSG) (Requicha & Voelcker, 1983). As voxel 
maps can be efficiently produced from point cloud datasets, they have been 
commonly applied using 3D mapping data for accomplishing various analyses 
(Wu et al., 2013; Jalonen et al., 2015; Bienert et al., 2018). 

For dedicated applications in different disciplines, discipline-specific data 
formats have been introduced for storing and exchanging digital geometric 
information. These often combine the aforementioned geometric representa-
tion types with additional data fields and structuring conventions intended for 
describing specific types of objects, such as IFC (e.g., Pazlar & Turk, 2008), 
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GML and CityGML (Gröger & Plümer, 2012) that all utilize several types of 
geometric representations in combination with other object data. 

2.2.1 Mesh models 

A mesh model defines surface geometry via points situated on the surface (in 
computer graphics these are commonly called “vertices”), surface edges de-
fined by points, and planar surface segments defined by the edges. Mesh mod-
els are applied for various purposes such as computer graphics (Hoppe, 1996) 
and simulations in engineering, e.g., computational fluid dynamics (CFD) 
(e.g., Lanzafame et al., 2013) or finite element method (FEM) (e.g., Dias et al., 
2007). Due to the multitude of applications, the terminology used with mesh 
models varies between different disciplines: for example, mesh models may 
consist either of triangular, quadrilateral or polygonal surface segments, often 
reflected in calling them either “triangle meshes”, “quad meshes” or “polygon 
meshes”. 

In specific applications, additional restrictions and properties may exist for 
mesh models. One example of this are the triangular irregular networks (TINs) 
commonly used to describe, e.g., the surface of the earth in surveying and re-
mote sensing (Fowler & Little, 1979). In TIN, it is commonly understood that 
the terrain may not overlap or intersect itself, the mesh consists of triangular 
segments, and that the segments contain a reference to their immediate 
neighbors (Van Kreveld, 1996).  

In computer graphics (and consequentially, game engine technology), mesh 
models are the most commonly applied geometric representation, also sup-
ported by the 3D rendering hardware on most devices (see, e.g., Shreiner et al., 
2013). In this context, mesh models typically include additional data for ren-
dering: the mesh vertices may contain colors and normal information, sharp 
edges may be noted, and in addition to the 3D coordinates, mesh vertices are 
often given additional 2D coordinates describing their position on a texture 
map (Hoppe, 1996). This allows combining the mesh (e.g., Figure 10a) and its 
texture (Figure 10b) in rendering (Figure 10c). It is also worth noting, that in 
the game engine context, mesh models are commonly understood to be “one 
sided”, e.g., only rendered from the side with the camera facing normal, and 
are not required to be solid (i.e., to define a closed surface).  

 

 

Figure 10. a) A triangular mesh surface and, b) a texture map. c) The texturized mesh model is 
shown running in a game engine application, as the mesh normals face inwards, the user is 
able to see through the roof from above. 3D indoor mapping data courtesy of Aino Keitaan-
niemi.
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When applying game engines for visualization purposes, it is common to first 
form mesh models from all the data to be visualized (e.g., Indraprastha & Shi-
nozaki, 2009; Tschirschwitz et al., 2019). In a similar manner, the toolpath 
calculation for 3D printing is usually performed from a mesh model  
(e.g., Jin et al., 2013), necessitating the conversion of digital models of objects 
to be printer from other types of CAD models to meshes. 

Mesh models are also encountered in the context of 3D scanning and reverse 
engineering. The common processing operations for mesh models include 
smoothing the model surfaces to reduce possible noise in data and filling holes 
left by occlusions (e.g., Subsal et al., 2015). As these issues are not commonly 
encountered with mesh models built manually by a human modeler (such as in 
game content production), dedicated reverse engineering software has often 
been applied for this stage of the process (e.g., Guidi et al., 2006; Subsal et al., 
2015). 

2.2.2 Triangulation 

When 3D mapping methods that produce a dense 3D point cloud are used, the 
mesh model can be formed by “triangulating” the point cloud, referring to the 
formation of a mesh model from the given point cloud. Several different algo-
rithms may be applied for this, slightly depending on the specific case. One of 
the classic cases for triangulation has been construction of TIN models from a 
set of points depicting the terrain surface. Here, the most common approach is 
the Delaunay triangulation method, that can be realized by a number of differ-
ent algorithms (for an overview, see: Midtbo, 1993). In this case, the problem 
of triangulation is somewhat simplified as the terrain points are assumed to be 
non-overlapping, resulting in a “2.5D” case. 

For triangulation of a 3D point cloud, several approaches have been applied 
(e.g., Lin et al., 2004). Forming a triangle mesh from a point cloud is not a 
trivial problem, especially as the point clouds produced by 3D mapping meth-
ods commonly contain noise, gaps and erroneous points. The applied algo-
rithms can be classified into three categories, following Lin et al. (2004). In 
“sculpting-based approaches”, the surface model is obtained by refining the 
convex hull of the point set (Boissonnat, 1984). A somewhat similar approach 
is used in the “alpha shapes” method (Edelsbrunner & Mücke, 1994). Another 
group of methods, are “contour-tracing approaches”, which utilize a signed 
distance function to define the edge of the object, as in Hoppe et al. (1992). 
Thus, the fairly commonly used Poisson reconstruction method (Kazhdan & 
Hoppe, 2013) would also belong to this category. The advantage of these 
methods is that they operate on a surface approximated from the point set, 
rather than use the original point coordinates for vertices, and are thus more 
resilient quality issues in point clouds, such as noise. The third category are 
“region-growing approaches”, in which the mesh is formed by starting from a 
single point and then identifying the closest neighboring points (e.g., Bernar-
dini et al., 1999). Similar algorithms have also been introduced for specific 
purposes such as tree modeling (Raumonen et al., 2013). 
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When discussing triangulation algorithms, it has to be noted, that in prac-
tice, the triangulation is often carried out using the triangulation feature in a 
point cloud processing software, with the exact implementation of the triangu-
lation algorithm being hidden from the user. Further, some software titles in-
tended for photogrammetric reconstruction or processing of laser scanning 
point clouds also contain triangulation features (Remondino et al., 2014). Ad-
ditionally, algorithms that combine detailed photogrammetric reconstruction 
and triangle mesh generation have been introduced (Furukawa & Ponce, 
2010). From a user perspective this leads to a situation where the 3D recon-
struction resulting in a dense point cloud and the consecutive triangulation are 
seemingly integrated. It is also possible to combine results from triangulation 
to models produced by other methods (Kersten & Lindstaedt, 2012b). 

2.2.3 Texturing 

When producing models for visualization purposes, it is common to apply sur-
face textures to describe the appearance of model surfaces. Texturing makes it 
possible to incorporate realistic surface colors and details in virtual models. In 
the context of 3D mapping, the simplest approach has been to obtain images 
with a digital camera, utilize image processing to correct for some of the arti-
facts caused by camera distortions and image perspective, and then define 
matching points for a planar surface in the 3D model and the image. Texturing 
has been applied for various sizes of objects, such as city models (Fritsch & 
Kada, 2004), more detailed 3D models (Lerma et al., 2010), or individual ob-
jects (Bruno et al., 2010).  

In game engine content production, texture positioning is achieved by defin-
ing texture coordinates for mesh model vertices. This implies giving the verti-
ces separate 3D coordinates (defining their position in the model) and 2D co-
ordinates (defining their position on the texture image plane) (Shreiner et al., 
2013). These coordinates are commonly called “UV coordinates”, referring to 
texture images coordinate axis. Correspondingly, the process of mapping tex-
ture images to model surfaces is known as “UV mapping”. A closely associated 
term in mesh modeling for computer graphics is “unwrapping”, that refers to 
opening a model with a complicated geometry (such as a game character) onto 
a planar surface for producing texture coordinates. In game engine content 
production, texture images are often created manually by digitally painting 
them. To reduce the amount of image data, and thus memory required, it has 
been a common practice to create texture images that are repeated on the 
models surface. This is often called “tiling”. 

In several software titles intended for photogrammetric 3D reconstruction, 
original images also applied for the derivation of the geometry are also applied 
for texture map generation. In a similar manner, software that utilizes point 
cloud color information for texture map generation is available. From a user 
perspective, this combines the stages of texture mapping and texture genera-
tion into a seemingly integrated process. This is especially visible in the lately 
emerged commercial software titles intended specifically for 3D reconstruction 
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of dense textured mesh models (e.g., Capturing Reality, 2018), or generation of 
mesh models from dense point clouds (Thinkbox Software Inc, 2018). 

2.3 3D mapping technology

3D mapping of the physical world can be accomplished with a variety of meth-
ods. There are several active sensing methods that send electromagnetic radia-
tion (light) to the target, and study the returning signal. Correspondingly, pas-
sive methods rely on environmental light illuminating the targets. For 3D 
mapping built and natural environments, laser scanning is one of the most 
commonly applied active 3D mapping methods (Vosselman & Maas, 2010).  

3D reconstruction may also be performed from a set of overlapping images, 
relying on the interpretation of image features, commonly known as photo-
grammetry. Image-based 3D reconstruction has a long history of development 
and application. Recent developments in dense image matching (Hirschmül-
ler, 2008; Remondino et al., 2014) and structure from motion algorithms (e.g., 
Snavely et al., 2006), combined with the increasing computational capabilities 
have turned photogrammetry into a commonly applied method for producing 
3D point clouds in various disciplines (Westoby et al., 2012; Fritsch et al., 
2013; Nurminen et al., 2013; Nebiker et al., 2014).  

While professional mapping systems have been limited in availability due to 
the price of the equipment and the know-how requirements, several low-cost 
systems have been introduced in the research literature (Lin et al., 2011; Henry 
et al., 2012). Some of the latest commercial developments have also highlight-
ed the ease of use and efficient application of systems, with a significantly low-
er price tag than the traditional professional 3D mapping instruments, such as 
terrestrial laser scanners (e.g., Nocerino et al., 2017; Blaskow et al., 2018). It is 
feasible to claim, that the 3D mapping capability that was traditionally only 
attained using high-end instruments is continuously approaching larger user 
groups, and even consumers.  

The increasing uptake of 3D mapping systems has stimulated research both 
into their application as source data for modeling (Abmayr et al., 2005; Arayi-
ci, 2007; Bonora et al., 2008) and for various analyses that directly utilize 
point clouds from these systems (Lehtomäki et al., 2010; Jalonen et al., 2015; 
Bienert et al., 2018). 

2.3.1 Laser scanning 

Laser scanning systems can be roughly divided into categories following their 
platform. Terrestrial laser scanners (TLS) are typically instruments installed 
on a tripod, used to survey their surroundings (Fröhlich & Mettenleiter, 2004). 
Airborne laser scanners (ALS) are devices that are intended to be installed on a 
plane or a helicopter, and face downwards to observe the terrain and its fea-
tures (Wehr & Lohr, 1999). In ALS systems, a global navigation satellite sys-
tem (GNSS) receiver and an inertial measuring unit (IMU) are combined with 
a laser scanner to obtain 3D coordinates from a moving platform (Baltsavias, 
1999). The same principle is applied in mobile laser scanners (MLS). These 
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typically contain laser scanning instruments that obtain 2D profiles from the 
environment by rotating on a single axis, relying on the movement of the plat-
form to obtain data from the surroundings (Kukko et al., 2007).  
Laser scanning systems have also been installed on UAVs, leading to UAV laser 
scanning (Jaakkola et al., 2010).  

In terrestrial laser scanning, a laser range finder is combined with an ar-
ticulating mirror to obtain a dense set of distance observations from around a 
stationary instrument. The coordinate observation is formed by combining the 
distance observation with the rotation angles of the reflecting mirror. The 
range measurement is accomplished either by measuring the actual laser pulse 
return time (time of flight), or by comparing the difference in the phase of a 
wave-modulated signal (phase difference) (Fröhlich & Mettenleiter, 2004). In 
phase difference systems, several magnitudes of wavelengths are commonly 
employed to maintain the measuring accuracy and range (Lichti, 2007). The 
final accuracy of the instrument is affected by several potential error sources, 
including the performance of the actual range finder, but also the angular 
measuring accuracies of the mirror system, as well as the alignment of the la-
ser source and the mirror system (Lichti, 2007).  

Contemporary TLS instruments are typically heavily integrated, and often 
contain additional sensors, such as a camera for later point cloud colorization, 
or an inclinometer (Mechelke et al., 2007). The instruments commonly oper-
ate by recording raw observations, which are later processed to form the final 
point cloud using dedicated software (Fröhlich & Mettenleiter, 2004). The 
typical processing stages of TLS data include filtering the data to remove stray 
points, and co-registering point clouds from different scan positions (Bornaz & 
Rinaudo, 2004). The co-registration can be accomplished by detecting specific 
fixed targets (often spheres), aligning the point clouds with iterative closest 
point (ICP) algorithms, or by relying on direct geo-referencing of each measur-
ing location (Fan et al., 2015). Image-based methods have also been suggested 
for TLS co-registration (Al-Manasir & Fraser, 2006), and implemented in 
commercial systems (e.g., Leica, 2019). 

In TLS systems, measuring rates in excess of 500,000 points / second were 
already mentioned over ten years ago (Fröhlich & Mettenleiter, 2004). The 
operating principle of TLS instruments dictates that different limitations apply 
for their angular and range measuring accuracies. Additionally, the data quali-
ty is affected by resolution limitations, edge effects (due to the beam size), the 
influence of the surface reflectivity, and environmental conditions such as in-
terfering radiation (Boehler & Marbs, 2003). Range measurement accuracies 
below 1 mm at a range of 10-50 m were already reported in 2003 for the best 
instruments (Boehler & Marbs, 2003). Current TLS systems can attain a high 
measurement rate and an accuracy that allows several professional applica-
tions. In research cases, TLS data has frequently been applied as the reference 
data for benchmarking other systems (e.g., Liang et al., 2015; Lehtola et al., 
2017). 

MLS systems allow significantly more efficient 3D mapping of the envi-
ronment than TLS, with vehicle mounted systems producing hundreds of pro-



Background 
 

25 

files / second and some attaining a planimetric accuracy with an RMSE of less 
than 3 cm (Kaartinen et al., 2012). The restriction of most vehicle mounted 
MLS systems is that they commonly rely on GNSS for localization and  
therefore cannot operate properly in environments that restrict GNSS visibil-
ity. A separate group of MLS systems have emerged for indoor 3D mapping, 
containing both handheld systems and those mounted on a cart (Lehtola et al., 
2017). Typically, these systems operate with the simultaneous localization and 
mapping (SLAM) principle to allow operation without GNSS. Examples of two 
different MLS systems are shown in Figure 11. 

 

  

Figure 11. Two radically different MLS systems: a) the FGI Roamer in vehicle mounted configu-
ration, and b) the Zeb-Revo personal MLS system. 

2.3.2 Depth camera technology 

The term “depth camera” commonly refers to sensor systems that produce a 
combination of depth and RGB information from a camera-like view frustum, 
operating with frame rates similar to those of commercial digital video camer-
as (e.g., 25 Hz).  The most known commercial example of a depth camera de-
vice is Microsoft Kinect, but lately several different sensors have become avail-
able (Halmetschlager-Funek et al., 2018). When discussing depth cameras, it 
should be noted that the terminology in the literature is not entirely con-
sistent, with some authors referring to range cameras, RGB-D cameras (Lachat 
et al., 2015), or structured light systems (Kersten et al., 2016).  

Two alternative operating principles have been utilized in depth cameras: 
triangulation and the time of flight. Further, the time of flight measurement 
may be accomplished either by measuring the pulse return times or via meas-
uring the phase shift of a returning, modulated signal, analogous to two oper-
ating principles in laser scanning (Sarbolandi et al., 2015). Typically, an RGB 
camera with a limited parallax to the depth sensor is also integrated in the sys-
tem, allowing the acquisition of pixel colors. This results in an image with both 
depth and color information.  

Depth camera systems that rely on the triangulation principle project a pat-
tern onto the target and then observe its deformation with a camera (Khoshel-
ham & Elberink, 2012). In the case of the Microsoft Kinect, the sensor operates 
on the infrared wavelength, using an IR laser projector. Systems that utilize a 
stereo camera with a visible light projector are also available (Halmetschlager-
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Funek et al., 2018). Understandably, the depth cameras have been classified 
under structured light systems in some cases (Kersten et al., 2016).  

Alternatively, a time of flight principle has also been used. In this technique, 
triangulation is not utilized, but the distance information is obtained from the 
return time of a laser pulse, much the same as in laser scanning systems, but 
using a frame sensor (Stettner, 2010). The principle is applied in later version 
of the Kinect system (Lachat et al., 2015; Kersten et al., 2016). These systems 
have also been referred to as “flash lidar” or “time of flight (TOF) cameras”, 
further complicating the terminology. 

Advantages of depth camera systems include accomplishing active 3D meas-
urement with a potentially compact solid-state system, and a low price at-
tained through mass production. This has allowed the production of compact 
sensors (Halmetschlager-Funek et al., 2018), or even the integration of depth 
camera sensors into smartphones (e.g., Tomaštík et al., 2017). However, the 
triangulation principle reduces the operational range of the sensor, especially 
with compact sensors that possess a limited baseline. As active systems, they 
may also suffer from performance issues caused by lighting conditions (Hal-
metschlager-Funek et al., 2018). 

Sensors similar to the Kinect have been employed in a number of 3D map-
ping systems. The Matterport system combined several depth camera sensors 
into a tripod mounted indoor mapping instrument, whereas the Occipital 
Structure is a compact depth camera to be used as an accessory of a tablet 
computer. For comparisons of different depth camera systems for object scan-
ning, see Kersten et al. (2016). Indoor mapping systems, including a depth-
camera-based system, have been tested, e.g., in Lehtola et al. (2017). 

2.3.3 Triangulating laser scanning 

Triangulating laser scanning is an active 3D measurement method, employed 
especially to 3D measurement of individual objects. In triangulating laser 
scanning, the principle of triangulation with an observing camera is employed 
with a laser line projection. Typically, systems that operate with a projected 
laser line are known as triangulating laser scanners (Fröhlich & Mettenleiter, 
2004), whereas systems that project a pattern of visible light are commonly 
known as structured light systems (e.g., Pavlidis et al., 2007). It has to be not-
ed, that there is a certain degree of ambiguity with the use of these terms in the 
literature.  

The triangulating laser scanner systems typically operate in the range of a 
few meters (Boehler & Marbs, 2002). As the observation of the projected beam 
is accomplished with a camera, some models allow the use of different lenses 
to affect the size of the observed area and the measuring accuracy (e.g., Iuliano 
& Minetola, 2005; Guidi et al., 2006). The camera makes it possible to obtain 
texture information from the target (Lerma & Muir, 2014), but simultaneously 
limits the scanning range due to its depth of field (Subsol et al., 2015). As with 
TLS, several scans from different positions are obtained to reduce occlusions 
in data, with co-registration carried out during post-processing. The final ac-
curacy of models produced with a triangulating laser scanner is influenced by 
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the accuracy of the instrument itself, the co-registration of several scans, and 
finally the potential processing steps applied for smoothing the model to re-
duce noise (Iuliano & Minetola, 2005; Subsol et al., 2015).  

For digitizing objects, rotating tables are commonly employed with trian-
gulating laser scanners (for a cultural heritage case example, see: Isler et al., 
2006). As the rotation axis can be determined beforehand with a dedicated 
calibration target, the use of a rotating table speeds up the scanning process 
and simplifies the later orientation of scanned segments (Isler et al., 2006). 
Nevertheless, triangulating laser scanners are best suited for measuring non-
moving objects (Kovacs et al., 2006; Pesce et al., 2015). 

Typical applications for these systems include industrial quality control (Yao, 
2005), cultural heritage (Isler et al., 2006; Tucci & Bonora, 2011; Balletti et al., 
2017) medical applications (Kovacs et al., 2006; Sansoni et al., 2009) and re-
verse engineering (Kuş, 2009). Triangulating laser scanners have also been 
applied to obtaining ground truth data for benchmarking other systems (Ler-
ma & Muir, 2014; Pesce et al., 2015). In addition to factory made measuring 
instruments, custom systems have been developed for specific purposes (e.g., 
Levoy et al., 2000). 

2.3.4 Low-cost 3D mapping systems 

One of the recent development directions in 3D mapping systems has been the 
development of low-cost systems. These have included image-based stereo 
(Nawaf et al., 2017) or panoramic systems (Holdener et al., 2017) or simply 
reconstruction with open source software (Kersten & Lindstaedt, 2012a). For 
active systems, affordable 2D laser scanners or rangers have been combined 
with rotating stages for producing 2D/3D mapping systems (Zhang et al., 
2008; Magnenat et al., 2010).  Affordable IMUs and laser scanners have been 
combined in low-cost MLS systems for various platforms (Jaakkola et al., 
2010; Lin et al., 2011). Some of this development has also led to commercial 
products, such as the Zeb-Revo MLS (see, e.g., Nocerino et al., 2017; Tucci et 
al., 2018), sold for less than a typical TLS. For traditional TLS instruments, a 
class of devices characterized by their lower price and high mobility, such as 
the Leica BLK 360 have emerged (see, e.g., Blaskow et al., 2018). In a similar 
manner, affordable triangulating laser scanners have also been introduced 
(e.g., Subsol et al., 2015).  

Another affordable technology applied to 3D mapping systems has been the 
depth camera, especially the Microsoft Kinect. One of the main application 
areas for affordable depth-camera-based sensors has been robotics, from 
which several examples exist. Other applications include mapping (Henry et 
al., 2012; Chen et al., 2018a), and SLAM for navigation assistance (Lee & Me-
dioni, 2016). Depth cameras have also been applied in affordable 3D scanning 
instruments intended for object scanning (Kersten et al., 2016). 

Dense 3D reconstruction can also be carried out from image sets with struc-
ture-from-motion and dense image matching algorithms. This has led to the 
utilization of consumer-level cameras for point cloud generation, supporting 
various applications such as forestry (Liang et al., 2014). Another camera 
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group have been the action cameras such as the GoPro (see, e.g., Helmholz et 
al., 2016; Hastedt et al., 2016) and equivalent devices being applied, via photo-
grammetry, to production of 3D point cloud. Additionally, different multi-
camera systems have been developed, relying on affordable cameras (instead 
of industrial cameras, that have been a mainstay in photogrammetric systems 
for a long time). These systems include stereo-cameras for various specific 
cases, mobile systems, object scanning setups (Menna et al., 2017) and multi-
camera character scanners (Straub et al., 2015). Examples of stereo camera 
systems can be found in the work by (Williams et al., 2015; Mazzei et al., 
2015).  

A specific, emerging application area commonly integrating several of the 
aforementioned sensors is the development of autonomous vehicles. For sens-
ing the static and moving components of the environment, both laser scanning 
methods (Maurelli et al., 2009) and image-based methods (Menze & Geiger, 
2015) are commonly applied, in addition to radars. To become a commercial 
reality, highly affordable sensor systems will be required for autonomous vehi-
cles. 

2.4 3D printing

Originating from product development and industrial design, “rapid proto-
typing” commonly refers to manufacturing methods suitable for fast manu-
facturing of physical objects from digital 3D models, allowing the one-off pro-
duction of geometrically complex objects (Chua et al., 1998). Rapid prototyp-
ing methods are often divided into additive and subtractive techniques (Pham 
& Gault, 1998). In additive manufacturing, the production typically occurs 
layer by layer, with new material being added to the piece (e.g., stereolithogra-
phy). Subtractive techniques (e.g., CNC milling), on the contrary, remove ma-
terial from a block, thus carving out the desired shape. Rapid prototyping by 
additive manufacturing methods has become commonly known as “3D print-
ing”. 

3D printing is accomplished by a set of methods that can be further clas-
sified according to their working principles (Chua et al., 1998; Pham & Gault, 
1998). The most common ones include selectively spraying a binder onto a 
thin powder layer (often known as “binder jetting”), stereolithography, where 
a directed laser beam is used to selectively cure photo-curable resin, selective 
laser sintering (SLS), laminated object manufacturing (LOM), where sheets of 
material are cut and glued on top of each other, and fused deposition modeling 
(FDM) where thermoplastic material is extruded from an articulated nozzle 
(Pham & Gault, 1998). In addition to reproducing the geometry, some of the 
binder jetting machines are also capable of producing objects with an image 
texture (e.g., Di Franco et al., 2015). 

In the geomatics, 3D printing and CNC milling have been applied for carto-
graphic visualizations (Rase 2002; Rase, 2011), as well as for models illustrat-
ing larger structures (Bonora et al., 2008; Tucci & Bonora, 2011) and for the 
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production of replicas of cultural heritage artifacts (Tucci & Bonora, 2007; 
Kersten, 2018) using 3D reconstructed models. 

Approaching the market from the opposite end of the professional grade 3D 
printers, several near-consumer-level 3D printers have emerged, typically op-
erating with the FDM principle (Pei et al., 2011; Campbell et al., 2012). Much 
akin to the depth camera sensors in 3D mapping, these machines have brought 
3D printing to a growing group of researchers, hobbyists, consumers and small 
enterprises. In addition to the availability of affordable devices, online services 
offering 3D printing have emerged, bringing higher quality 3D printing tech-
nologies to the masses (Rayna & Striukova, 2016). Furthermore, several online 
libraries offering 3D printable models for download have been founded. Com-
bined, these developments may turn 3D printing into a tool potentially appli-
cable in most fields dealing with 3D data, including geomatics. Two 3D print-
ing examples are shown in Figure 12. 

 

 

Figure 12. Two 3D prints: a) a professional quality metallic print, made from an engineering 
CAD model using a binder jetting method (co-designed with Kim-Niklas Antin) and, b) a 
plastic print from an an Ultimaker II printer, from a 3D scanning based mesh model originat-
ing from an online model repository (Scan the World / MyMiniFactory). 

2.4.1 Fused deposition modeling 

Fused deposition modeling (FDM) works by heating a thermoplastic material 
to allow its extrusion through an articulated nozzle (Pham & Gault, 1998), that 
is moved along a trajectory to deposit a thread of plastic that solidifies as it 
cools down. The manufactured object is constructed by laying consecutive lay-
ers on top of each other (Figure 13). 
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Figure 13. FDM operating principle (Figure from Publication 3).

Compared to other additive manufacturing methods, FDM has been easy to 
implement, as the construction of a 3D printer utilizing the FDM principle can 
be accomplished by combining a set of fairly common and affordable compo-
nents (servo engines, heating block etc.). Furthermore, as the temperatures 
required by certain plastic materials (e.g., PLA, ABS) to reach a degree of plas-
ticity allowing them to be extruded with a limited force are below 300°C, it has 
been possible to build desktop mounted systems that operate in normal room 
conditions, and do not require protecting the environment (compared to weld-
ing, for example). These features have made it possible to produce highly af-
fordable, “office friendly” machines.  

A limitation of FDM is that the manufactured object has to be supported dur-
ing manufacture, depending on its geometry. This is typically solved by print-
ing supporting structures along with the piece, which are then manually re-
moved afterwards. To facilitate this, systems where two printing heads are 
integrated to allow extruding both water soluble and insoluble material have 
been developed, thus allowing the printing of soluble, easily removable sup-
port structures. The detail level achievable with an FDM machine is limited 
both by the layer thickness and the width of the extruding nozzle.  

To form a toolpath for FDM, a commonly used approach is to first obtain a 
“solid” mesh model of the object to be manufactured, that describes the vol-
ume without holes of self-intersecting surfaces. In engineering applications 
this is often accomplished through the tessellation of a CAD model. After this, 
the mesh model is applied to produce a series of parallel cross sections, which 
are then filled with a printing pattern of a desired density (Jin et al., 2013). 
The toolpath calculation may be carried out with a set of different software, 
including manufacturer-specific tools, other commercial software, or open 
source solutions. In the printing phase, the toolpath is transferred to a ma-
chine as a set of simple move commands. 

Capturing and utilizing the geometry from existing artifacts has played a part 
in a number of applications for 3D printing. This has been encountered in 
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medical implantology, cultural heritage work (Iuliano & Minetola, 2005), mu-
seum uses, object replication, manufacturing of customized components (Vir-
tanen et al., 2019), etc. One of the challenges in applying 3D scanning data to 
3D printing is the requirement of hole-free mesh models, often leading to 
manual modeling work after scanning, to overcome holes caused by small oc-
clusions (Iuliano & Minetola, 2005). As the FDM machines have been availa-
ble for some time, they have been tested for several other applications as well, 
such as the clothing and garments industry (Spahiu et al., 2016). 
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3. Materials and methods

3.1 Test sites

In publications 3-5, 3D mapping was performed on a set of test sites with a 
variety of instruments. They are summarized in Table 4. The area of Kei-
laniemi, in Espoo, Finland, was used in experiments concerning the applica-
tion of distributable 3D platforms. However, as no measurement works were 
undertaken on the site, it is only described in datasets (section 3.2). 

Table 4. Test sites

Test site Description Publication
Grönqvist House, Helsinki Detailed building façade 3
The Three Witty Men statue, Turku Statue
Masala, Kirkkonummi Forest environment 4
Lapinlahti, Helsinki Building interior 5

 
For experiments with a near-consumer-level 3D printer, two separate test cas-
es were used, in which 3D mapping was realized with a TLS, followed by mesh 
modeling and finally additive manufacturing with FDM. The first test case was 
the segment of the façade of a Neo-Renaissance style building in downtown 
Helsinki, the Grönqvist House (Figure 14a). The second dataset was acquired 
from the campus area of University of Turku, featuring the statue "Three Witty 
Men" by Harri Kivijärvi (Figure 14b). The same instrument was used to meas-
ure both of the sites, producing similar point densities with 46 M points for the 
building façade and 57 M points for the statue and its surroundings. After 
manual trimming and filtering, the processing continued with 2 119 631 points 
for the façade segment and 1 040 824 points for the statue. 
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Figure 14. The two test cases for mesh modeling and 3D printing (Figures from Publication 3). 

In Publication 4, a forest environment was utilized for studying the use of a 
smartphone with an integrated depth camera for taking 3D measurements. 
Here, the test site consisted of grown pine trees (Pinus Sylvesteris), in Masala, 
Finland. A total of 80 stem diameters (from multiple heights of the same trees) 
were obtained from the pine stems on the test site for three times, resulting in 
a total of 240 diameter observations. 

In Publication 5, the use of an indoor mapping system for game engine 3D 
content production was assessed. The 3D mapped environment in this case 
was a historic mental institution building designed in the 1830s by Carl Lud-
wig Engel (Figure 15). The building is located in Lapinlahti, Helsinki, and con-
tained a number of different sized interiors, rooms, corridors and staircases, 
introducing a degree of complexity to the mapping campaign. From a sensor 
technology point of view, the environment was fairly free from mirrors and 
extensive glass surfaces that are potentially troublesome for 3D mapping sys-
tems. 

 

 

Figure 15. Segment of the Lapinlahti interior point cloud. (Figure from Publication 5). 
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3.2 Datasets

For producing the test examples of applying distributable 3D platforms, sever-
al datasets (Table 5) were used to study the capabilities and develop the re-
quired processing methods, and to identify workflows required. These includ-
ed pre-built, game engine compatible 3D mesh models, existing 3D GIS assets 
(obtained as open datasets from the National Land Survey of Finland) and 
textured 3D mesh models produced from the Lapinlahti test site using the 
Matterport instrument. 

Table 5. Datasets used to test distributable 3D platforms.

Type Description Publication
Pre-built 3D models Keilaniemi overview model 1

Keilaniemi shore model
Existing GIS assets NLS ALS point cloud 2

NLS Orthophoto
NLS Map raster
NLS Topographic data base

3D Mapping models Lapinlahti indoor mapping campaign 5

 
In the experiments presented in publication 1, two 3D mesh models with high-
ly differing levels of detail depicting the Keilaniemi area in Espoo, Finland, 
were used. Both of these models consisted of several individual mesh objects.  
The first model was an overview depicting a larger area, consisting of a DTM 
mesh and simplistic road and building models. The method described in Zhu 
et al. (2015) was applied for producing these approximate models from ALS 
and GIS data offered by the NLS. An exterior model of a proposed building 
project, obtained by triangulating from a CAD model, was also incorporated to 
the aforementioned model of the area. The second model used in the experi-
ments concerning the use of pre-built 3D models (in publication 1) was a high-
ly detailed depiction of a pedestrian area, containing detailed structures and 
building facades. Although MLS and ALS data were referenced while creating 
the model, it was produced with manual methods commonly used for 3D con-
tent production in the computer games industry. The model production is de-
scribed more extensively in Publication 1. In this thesis both of these models 
are approached as pre-built game engine compatible mesh models. 

For experiments concerning the utilization of GIS assets (in publication 2) 
GIS assets, the datasets openly available from the National Land Survey of 
Finland were used as source data. A classified ALS point cloud was used for 
producing a DTM, with an orthophoto and map raster used as textures, alter-
natively. Road and building models were produced from the data available in 
the topographic data base, obtained in GML format. A similar approach for 
producing 3D scenes from a set of 2D polygon datasets with some building 
height information, supported by ALS point clouds (where available) has been 
applied also by other researchers (Zhu et al., 2015; Biljecki et al., 2017) and in 
commercial products (Mapgets, 2019). 

Finally, for testing the utilization of data from a 3D mapping system on a dis-
tributable 3D platform (in publication 5), the results of an indoor mapping 
campaign in Lapinlahti, Helsinki are utilized. The Lapinlahti test site is also 
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described in the section 3.1, as it was applied for testing the indoor mapping 
system. For the experiments concerning the use a distributable 3D platforms, 
the results of the indoor mapping campaign are applied as a dataset. The in-
door mapping campaign was extensive and consisted of 384 scan positions 
with the Matterport indoor mapping system, covering both small individual 
room spaces and larger interiors. In total, 21 individual scan projects were 
prosessed, ranging from 3 to 82 scans / project, covering areas from approx. 5  
m2  to over 400 m2, resulting in a set of automatically generated, textured mesh 
models. 

3.3 Instruments

Several 3D measurement instruments were utilized in the experiments, includ-
ing TLS instruments, depth-camera-based systems and a triangulating laser 
scanning system. The full list is given in Table 6. Note that digital SLR cameras 
used to obtain images of the results, experiments and environments are not 
listed as instruments. 

Table 6. 3D mapping instruments and 3D printers utilized

Instrument Type Application Publication
Leica HDS6100 TLS Test data for 3D printing 3
Konica-Minolta Vivid i9 Triangulating laser scan-

ner
Data acquisition from test piec-
es for evaluation

Ultimaker Kit (BETA) FDM machine Studied near-consumer-level 
system

Stratasys Prodigy Plus FDM machine Reference system
Lenovo Phab2ProAR Smartphone with an

integrated depth camera
Studied near-consumer-level 
system

4

Faro Focus S120 TLS Reference data 5
Matterport Indoor mapping system Studied near-consumer-level 

system

 
Terrestrial laser scanners were used for obtaining the test data for 3D printing. 
Similar TLS scanning workflows can be found for cultural heritage documenta-
tion (Abmayr et al., 2005; Yastikli, 2007), for example. As the experiments did 
not require the presence of any texture information, no terrestrial imaging was 
performed in combination with the laser scanning, unlike in case presented by 
Yastikli (2007). TLS was also applied for obtaining reference data when study-
ing the performance of the indoor mapping system in Publication 5. A similar 
approach can be found in Kersten et al. (2016). 

In Publication 3, the Ultimaker was chosen as an example of a  near-
consumer-level 3D printer (Figure 16). The Statasys Prodigy was used as an 
example of a professional grade machine. Both of the machines utilize the 
FDM principle. Similar systems have been applied in earlier research concern-
ing making illustrative duplicates of cultural heritage artefacts (Tucci & Bono-
ra, 2011). 
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Figure 16. a) The segment of the statue immediately after 3D printing, b) the completed model 
attained by joining the finished segments. Figures from Publication 3. 

A Konica-Minolta Vivid i9 triangulating laser scanner was utilized for the eval-
uation of the 3D printing results. Similar 3D scanning instruments based on 
projecting a laser pattern on the object and following it with a calibrated digi-
tal camera have been applied by (Pieraccini et al., 2001), for example.  

During the experiments focusing on the use of near-consumer-level devices 
for 3D mapping, two depth-camera-based 3D mapping systems were tested. 
The Lenovo Phab2ProAR smartphone, with an integrated depth camera, origi-
nating from the Google Tango project, was tested as a tool for obtaining meas-
urements from individual objects. The device contains a time of flight depth 
camera sensor with the resolution of 224 by 172 pixels (Druml et al., 2018). 
Additional examples of testing devices with depth camera sensors (from 
Google Tango project) are provided by Gülch (2016) & Tomaštik et al. (2017).  
Other consumer grade depth camera sensors have also been released and stud-
ied (see, e.g., Popescu & Lungu, 2014). In this case, the use of the mobile 
phone with and integrated depth camera was studied for producing tree stem 
diameter information. The Matterport Scenes application was used to facilitate 
the 3D mapping.  

For indoor mapping, the Matterport system, and its associated cloud service 
were used. The data processing was performed automatically in the cloud and 
consisted of co-registering the scans, then triangulation to form a mesh model 
(Bell et al., 2016), and finally texturing and model simplification. The first 
product version of the Matterport camera was tested in the experiments.  

3.4 3D platforms 

Table 7 lists the utilized distributable 3D platforms used. These were applied 
in combination with the datasets (described in 3.2). 
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Table 7. Used 3D platforms

Platform Utilized datasets Publication
Meshmoon Webrocket Pre-made game engine models 1
Meshmoon Rocket NLS open data 2
Unity 5 Indoor mapping mesh models 5

 
The Meshmoon collaborative virtual environment was applied as the online 
platform in Publications 1 and 2. In the Publication 1, the browser-based ver-
sion of the system, Meshmoon Webrocket, was used, being operated with the 
Google Chrome browser. In Publication 2, the standalone version, Meshmoon 
Rocket, was used on the Microsoft Windows operating system. Both of the 
systems utilize the same server architecture and employ similar scene produc-
tion workflows. The Meshmoon system is based on realXtend technology 
(Alatalo 2011), which has been applied to a number of research cases (Alatalo 
et al., 2016; Alavesa et al., 2016; Virtanen et al., 2016). It falls into the category 
of online virtual worlds (Bakri et al., 2016), but relies on game engine technol-
ogy for certain aspects such as rendering. One of the specific features of 
Meshmoon is its scene-entity-component-attribute model, in which the virtual 
world scene is formed from entities, that in turn consist of a number of com-
ponents describing individual attributes (Alatalo, 2011).  

In Publication 5, the Unity 5 game engine was used for developing both mo-
bile- and browser-based applications.  The mobile applications were released 
for Android operating system. The Unity engine has been extensively used 
both in industry and for research purposes, and has also been applied with 
models produced by 3D mapping techniques (Pietroni et al., 2012; Wessels et 
al., 2014). 

From the distribution point of view, the Meshmoon Rocket CVE applied in 
publication 2 required the user to install a client software and then connect to 
the server, with the server then providing all scene content and scene specific 
application functionalities. In the browser-based version (used in Publication 
1) the client was replaced by a browser-based client, only requiring the user to 
login to the system from the systems website. The Unity engine was used to 
produce both a WebGL version of the application, distributed by hosting the 
final application on a web server, and an Android application offered for 
download. 

3.5 Evaluation methods

Evaluation methods used are summarized in Table 8. These were applied in 
combination with the instruments (3.3), on the test sites (3.1) to facilitate ex-
periments with near-consumer-level 3D mapping systems 3D printing. 
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Table 8. Evaluation methods

Studied data Reference data Evaluation 
method

Parameters Publication

Mesh models of 3D 
prints obtained via 
triangulating laser 
scanning

Mesh models 
used in 3D print-
ing toolpath 
calculation

Mesh-to-mesh 
distance (in Ge-
omagic Qualify 
11)

Average 
mesh-to-
mesh dis-
tance

3

Diameter estimates 
from Tango 
equipped 
smartphone point 
clouds

Manual tree 
diameter meas-
urements

Comparison of 
observed diame-
ters

Bias 4

RMSE
Matterport mesh 
models

TLS point cloud Mesh-to-cloud 
distance (in Cloud 
Compare 2.6.1.)

Signed mesh 
to cloud 
distances

5

- Analysis of mesh 
parameters

Mesh polygon 
density

 
In the study conducted to evaluate the capabilities of a near-consumer-level 
3D printer in Publication 3, the software Geomagic Qualify 11 was used to 
compare the scanning results against the original mesh models, which had 
been produced from TLS point clouds. For examples of using Geomagic for 
quality evaluation of complex geometric models, see: Tucci et al. (2004) or  
Kersten et al. (2016). 

In the studies concerning near-consumer-level 3D mapping systems based 
on depth camera technology (Publications 4 & 5), they were tested by compar-
ing the results against another dataset. For estimating the performance of the 
smartphone equipped with the Google Tango sensor as a crowdsourcing tool, 
the point clouds produced with the device were studied by comparing the di-
ameter observations obtained with circular fitting to the data obtained 
measuring by tape. Similar approaches are commonly encountered when esti-
mating sensor performance for forestry measurements (e.g., Liang et al., 2014; 
Bauwens et al., 2016). 

The performance of the Matterport system was evaluated by comparing the 
mesh models produced with it against terrestrial laser scanning (Figure 15). 
The comparison was performed in Cloud Compare (version 2.6.1), by first co-
registering the TLS point cloud (co-registered, manually cleaned and 
downsampled to 10 mm point density) with the Matterport mesh via the ICP 
method, and then computing the “Mesh to cloud” distance. 

 In addition, the properties of the models were evaluated by looking at a 
number of parameters, e.g., the mesh density. In prior research, density maps 
have been used for DTM quality evaluation (Karel et al., 2006). Subjective 
evaluation methods have also been applied with mesh models (e.g., Corsini et 
al., 2007).  

The evaluation of the Matterport system was complicated by the degree of in-
tegration and servitization in the system. Therefore it was not possible to reli-
ably separate different error sources affecting the final model (e.g., registration 
errors, sensor noise, artifacts caused in later processing and model simplifica-
tion). The situation is partially analogous to estimating the performance of 
other integrated low-cost systems (e.g., Kersten et al., 2016).
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4. Results

4.1 Distributable 3D platforms for geomatics

 

Figure 17. Overview of the experiments conducted for the research topic concerning distributa-
ble 3D platforms.

Utilizing the described distributable 3D platforms and datasets, several exam-
ples of 3D applications were realized (Figure 17). In these applications, the 
virtual environments were produced from pre-made game engine models, geo-
spatial data (namely GIS assets) and indoor mapping data. 

In Publication 1, two models depicting the Keilaniemi shore area were made 
viewable with a browser-based 3D CVE system (Meshmoon). One of the mod-
els was based on open GIS assets sets and depicted a larger area with a limited 
level of detail (Figure 18b) (similar models were also produced in Publication 
2). The other model was highly detailed, offering a pedestrian viewpoint of a 
limited outdoor area (Figure 18a). As the models were produced from the be-
ginning for game engine use with rather manual content production methods 
(see Publication 1 for details), applying them on the browser-based CVE plat-
form only required converting the mesh objects to a supported file format and 
setting up the virtual scene by defining walkable areas and creating the re-
quired interaction applications.  

In Publication 2, a method was developed for producing mesh models from 
GIS data and partially automating the 3D scene setup for the used CVE. Rely-
ing on the original GIS object structure, the production of the mesh models 
and setup of the 3D scene was partially automated (the method is described in 
more detail in 4.1.1).   
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In Publication 5, more detailed indoor models were used to produce a game 
engine application (Figure 19), which was finally released both as a browser-
based version, and a downloadable application for the Android mobile operat-
ing system. In this case, the automatically produced mesh models had to be 
manually edited to make their utilization on the game engine platform feasible 
(see 4.1.2). 

 

 

Figure 18. a) Pedestrian level visualization of the Keilaniemi shore area, and b) the overview 
visualization of the Keilaniemi area (Figures from Publication 1). 

 

Figure 19. A 3D model of Lapinlahti site shown in the completed application (Figure from publi-
cation 5). 

In the described experiments, three different 3D platforms were used. For the 
Keilaniemi models in Publication 1, the browser-based version of the collabo-
rative virtual environment, Meshmoon, was used. In publication 2, the 
standalone version of the same system was applied. The Lapinlahti application 
in Publication 5 was realized on the commercial Unity game engine. As all of 
the 3D platforms utilized were based on game engine technology, their re-
quirements for 3D models were quite similar: 3D mesh models were required, 
with or without texture images. This implied, that while the platforms them-
selves were different, they placed very similar demands on the 3D models used 
on them, and therefore, on the required content production workflow.  
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Regardless of the original model formats and their types of geometric repre-
sentation, the content production process became to include mesh modeling. 

Comparing the results from Publication 1, where GIS assets were processed 
to game engine geometry before the experiments, with method by following 
Zhu et al. (2015) and Publication 2, in which the conversion was done by a self 
developed method (see 4.1.1) maintaining the object structure and meta-data 
present in the original GIS assets, reveals the importance of data structures. 
While the same platform technology was used in both cases and the models 
originated from very similar GIS datasets, only the latter one allows object 
queries and interaction with individual objects in the final application. In addi-
tion to the capabilities of the applied distributable 3D platforms, the properties 
of the data and the applied processing pipelines affect the final application 
possibilities. If the models are to be dynamically edited in the visualization, or 
individual objects are to be tied to external datasets, this object structure has 
to be present in the model. This places further demands, not only on the origi-
nal data, but also on the content production workflows applied to process the 
data to game engine compatible 3D mesh models. 

In the presented experiments, the object semantics and structure almost ap-
peared to oppose the high level of detail and photorealism (Figure 20). For 
other applications than pure visualization, the virtual scenes created from GIS 
data whilst maintaining the object structure (Publication 2) were the most ad-
vantageous, albeit limited in the level of detail. Presence of suitable object 
structure in models allows combination of other data to model components. 
Semantics and metadata allow search functions, and visualizing objects ac-
cording to selected properties. Imposing a similar object structure and seman-
tics on the near photorealistic data originating from automated indoor mapper 
(Publication 5) would have required extensive model editing. Some manual re-
structuring was carried out to meet optimization needs (see 4.1.2), but this was 
not to a degree where the model would have consisted of individual objects 
suitable for including semantic data. Manual content creation (as used in pro-
ducing the detailed Keilaniemi shore model in publication 1) could potentially 
meet both ends but can hardly be suggested as a feasible alternative in terms of 
costs. Neither was the manually created object structure present in the model 
applied to e.g., inclusion of sematic properties 

 

 

Figure 20. Positioning 3D scenes according to their data sources in respect to semantics and 
photorealism.
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4.1.1 3D virtual environments from GIS assets 

In Publication 2, a method was developed for producing 3D multi-object 
scenes from GIS assets, that were, as such, not compatible with the platform 
applied. The terrain for the scene was produced by triangulating the classified 
ground points of an ALS point cloud. Mesh objects corresponding to GIS road 
lines and building polygons originating from the topographic database were 
produced via offsetting operations implemented in Python (Figure 21). In ad-
dition to the geometry, the additional data fields associated with the GIS ob-
jects originating from GML files, were used to produce the virtual world scene 
contents. 

 

Figure 21. Overviews of methods for generating a) road and b) building objects from their origi-
nal GML polygon representations (shown in orange) (Figures from Publication 2). 

By maintaining the additional data and object structure of the GIS data in a 
virtual world scene, it was possible to utilize the editing functions offered by 
the platform and to use object data for search queries and object highlighting. 
This was demonstrated by development of a simple search and highlight appli-
cation allowing the user to perform searches for objects according to infor-
mation transferred from the original data (Figure 22). 

 

  

Figure 22. a) Visualizing a new construction project with the surrounding environment in a sim-
plified 3D view. b) Searching for all building objects that have been marked for commercial 
use, with the found buildings highlighted in orange (figures from Publication 2). 

This highlights the importance processing pipelines for distributable 3D plat-
forms: while a 3D online visualization can be produced by the conversion of 
models to a suitable format, the implementation of systems that maintain the 
object structures and that include additional properties have the potential for 
developing more sophisticated applications, rather than just visualizations. 
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4.1.2 3D virtual environments from indoor mapping data 

In Publication 5, textured mesh models produced with an indoor mapping 
system were utilized in creating a game engine application. The models used as 
a starting point had been produced automatically by a commercial system.  

Unlike the GIS data in Publication 2, the models here were already com-
patible with the game engine platform, consisting of textured mesh surfaces. 
However, an extensive manual editing step had to be performed to refine the 
models for a number of reasons. Firstly, the models were significantly simpli-
fied to ensure sufficient performance on more low-end devices, reducing their 
polygon count to the final total polygon count of 292 000 polygons (in total, 
the original models contained over 3.7M polygons). Secondly, the object struc-
ture of the models was refined for better rendering optimization via frustum 
culling (Figure 23). Finally, the models also had to be edited due to aesthetic 
and content requirements for the intended application, by manually editing 
the texture maps and in some cases, editing the furniture present in individual 
rooms. Figure 24 shows an individual example before and after manual re-
finement operations. 

 

 

Figure 23. a) The original object structure and, b) the revised structure with different objects 
noted by color. The original structure consists of several small objects per room, whereas 
the edited structure groups the smaller rooms into a set of larger objects (figure from Publi-
cation 5). 

 

Figure 24. a) The original and, b) edited mesh models of an individual room showing (a) the 
manual reconstruction of missing geometry, (b) filling of holes, (c) addition of planar surfac-
es to window frames, and (d) a significantly reduced polygon count, especially on planar 
surfaces  (figure from Publication 5). 

The amount of  manual model editing highlights the differences between 3D 
mesh models produced manually for use on 3D platforms (seen in Publication 
1) and models produced by 3D mapping (as in Publication 5). While both were 
textured mesh models, the ones produced from 3D mapping data required 
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further refinements prior to their utilization in distributable 3D applications. 
For the models produced with game engine use in mind, only format conver-
sion was required.  

In experiments, accomplishing a complete game engine application not only 
required model refinement steps, but also necessitated additional manual 
work setting up the audio and mobility systems (passaging doorways, using a 
map etc.) for the application. These steps consisted of defining which parts of 
the model were interactable, how the user was allowed to move in the applica-
tion, setting up additional objects for positioning the audio clips and defining 
how they are activated in the proximity of the user. While the utilized game 
engine was well suited for producing applications with interaction, accom-
plishing these interaction features also placed demands on the content used. 
The production of the mesh models had been automated in the utilized com-
mercial mapping system, but the production of a functional game engine scene 
was largely left to manual work. For example, making the doors of the virtual 
model “passable” required separating them from the wall and floor surfaces. In 
the original model, the object structure did not follow any real-world seman-
tics. These observations correlate with observations made from Publications 1 
& 2: implementing interaction functionalities requires additional content pro-
duction steps, or at least noting the requiments of intended functions in the 
content production. This limits the applicability of 3D mapping in game engine 
content production.  

Compared to the production of the game engine scenes from GIS data in 
Publication 2, the situation is “inverted”. As the GIS assets have a well-defined 
object structure and object specific semantics as well as data which could po-
tentially be used in further applications, the main task for allowing visualiza-
tion in the game engine was automating the mesh generation. In Publication 5, 
the mesh generation was done by the system, but the manual editing became a 
set of re-structuring and object definition tasks.  
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4.2 Emerging near-consumer-level hardware for 3D geomatics

 

Figure 25. Overview of the experiments undertaken in the second research topic.

Near-consumer-level hardware was tested for both producing 3D data and 
applying 3D datasets (Figure 25). In the cases presented in Publications 3 and 
5, the most significant challenges encountered in the workflows were associat-
ed with mesh modeling. In Publication 3, a professional reverse engineering 
suite was applied to produce hole free mesh models for 3D printing, whereas 
extensive manual editing was required in Publication 5 to produce mesh mod-
els allowing efficient use in a game engine. While near-consumer-level hard-
ware was used, tools and know-how from the professional domain were still 
required to accomplish the tests. 

4.2.1 Depth-camera-based 3D mapping instruments 

Two depth-camera-based 3D mapping systems were tested, a smartphone in-
tegrated system (Publication 4) and a dedicated indoor mapping system (Pub-
lication 5). While utilizing a similar sensor technology, the two tested systems 
were very different, and had differing capabilities.  

The indoor mapping system in Publication 5 was used while mounted on a 
tripod, as intended. When applying it for a set of interiors, no apparent, coarse 
registration errors were encountered. When comparing three models of differ-
ent sizes with TLS point clouds, the most significant local deviations were en-
countered in small details that failed to be represented in the models (Figure 
26b). In addition, the system appeared to produce models that were systemati-
cally slightly too large, which was especially observable in larger scenes. 
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Figure 26. Comparison of Matterport mesh models and a TLS point cloud (figure from publica-
tion 5). 

In the larger dataset, some warping was also observed (Figure 26a). This was 
further investigated more by comparing a manually segmented floor of the 
corridor dataset and the TLS point cloud against a plane (Figure 27). The sys-
tem appears to produce the corridor floor with a smooth curvature of approx-
imately 10 cm, whereas the TLS shows a significantly more planar floor.  

 

 

Figure 27. Comparison of Matterport mesh models and a TLS point cloud against a plane (fig-
ure from Publication 5). 

The study of model polygon counts and areas revealed a trend in model size 
affecting the detail level. The associated cloud service, in which the automated 
processing facilitating the combination of several scans to a single, complete 
mesh model is performed, seemed to reduce the level of detail of the resulting 
3D models as the size of the measured area increased. Comparing the polygon 
density of a large corridor dataset (23 / m2) to that of a smaller corridor (355 
polygons / m2) or a single room scan (e.g., 2211 polygons / m2), we can see that 
the density appears to radically drop as the size of the scanned area increases. 
This is visible when comparing the details from larger and more limited scan-
ning projects (Figure 28). 

As this observed variation in the level of detail was quite dramatic, leading to 
polygon density differences of nearly 100 times (23 polygons / m2 vs. 2211 pol-
ygons / m2), it appeared that the most major issues encountered with the sys-
tem were associated with the automated data processing pipeline rather than 
the instrument itself. 
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Figure 28. a) Segment of a Matterport model from a small scan project and, b) a similar seg-
ment form a large project. The differences in the level of detail are apparent (Figure from 
Publication 5). 

The smartphone with an integrated depth camera, tested in Publication 4, was 
a significantly lighter system, both literally and in terms of its performance. 
Operated as a handheld device with a limited field of view, the system was 
originally intended to facilitate device localization and plane detection for 
augmented reality applications, rather than to operate as a mapping instru-
ment.  

Unlike the indoor mapping system in Publication 5, the performance of the 
smartphone integrated system in Publication 4 was therefore evaluated for a 
more limited case, producing diameter estimates of tree stems. Compared to 
the use of tape measures, a positive mean bias was observed (3.34 mm), with 
the errors ranging from a minimum error of 0.3 mm to a maximum of 26.5 
mm (RMSE 7.3 mm). If the scan area was expanded to cover several trees in 
one scan, the variance in the results increased, ranging between 4.4 mm and 
60.6 mm, when looking at all 16 diameter estimates of an individual stem. The 
individual diameter estimates varied from a near perfect fit (0.01% error) to a 
course error of 20.48%. In general, the performance while scanning several 
trees never exceeded that of scanning a single tree, and resulted in far worse 
errors in the worst case. Example scans are shown in Figure 29. Unlike the 
mapping system in Publication 5, the major source of error in the larger 
scanned areas appeared to originate from erroneous registration. 

 

 

Figure 29. a) A fairly successful two-tree scan and, b) a failed one showing extreme registration 
errors (Figure from Publication 4). 
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4.2.2 Near-consumer-level 3D printing 

In Publication 3, a near-consumer-level 3D printer was used to manufacture 
physical models from two different real-world scenes that were digitized using 
TLS. Obtaining a “printable” mesh model proved to be the most labor inten-
sive step in the process, necessitating specific tools (Geomagic software) and 
manual work. Here, the majority of time was spent filling in the holes in mesh 
models formed from the TLS point clouds and constructing surfaces that were 
absent from the laser scanning data. After these manual steps, the software 
associated with the 3D printer hardware could be used to setup the print, cal-
culate a machine toolpath and finally manufacture the objects. The mesh edit-
ing steps required were partially analogous to those in Publication 5, in the 
respect that they consisted of manually editing dense mesh surfaces that had 
been formed algorithmically from 3D mapping data. However, the 3D printing 
placed stricter requirements on the mesh geometry than the distributable 3D 
platforms in Publications 1, 2 & 5, with the toolpath calculation requiring the 
models to form a hole free surface. This meant that the models had to be pro-
cessed more extensively. In game engine use (as in publication 5), attaining a 
sufficient appearance by filling the largest holes was sufficient. Here, pro-
cessing had to include even the smallest holes and self-intersecting geometries 
of the surface. 

The most significant limitation with the near-consumer-level 3D printer was 
its inability to produce easily removable support structures. The need for these 
is highly dependent on the model geometry. These limitations had to be taken 
into account when planning the 3D printing the models. 

Several artifacts could be identified in the 3D printed models (Figure 30). 
These included issues caused by the layered structure of the model (visibility of 
the build layers) and the thickness of the extruded thread. These two factors 
limit the detail level attainable with an FDM 3D printer. In addition, some 
overhanging areas of the models show how manufacturing without support 
structures results in deformed build layers on the bottom surfaces. Out of 
these limitations, the build layer height issue and extruded thread diameter 
are inherent to the FDM technique. 

 

 

Figure 30. The issues identified from the Ultimaker print: a) A clearly visible layer structure 
caused by layer height. b) A step-like pattern on near horizontal surfaces due to layer 
height. c) “Hanging layers”, caused by the lack of support. d) Minor gaps caused by the ex-
trusion control limitations. e) Occasional over- or under-extrusion on the top surfaces. (Fig-
ure from Publication 3). 
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The geometry of the 3D printed models was studied by comparing the digital 
models used for the toolpath calculation with 3D scans of the printed models. 
For scanning, a Konica Minolta Vivid i9 instrument was used. For the two cas-
es, the average distances between the original mesh and the scanned surface 
were found to be 0.33 mm and 0.26 mm. As the models were made to 1:40 
scale, they would correspond to 13.2 mm and 10.4 mm on a real-world scale. 
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5. Discussion

The research aim was to produce new knowledge on the capabilities and limi-
tations of near-consumer-level technologies, and their applicability in the con-
text of 3D geomatics, with the following hypothesis: 

 
Hmain: By developing processing methods and workflows, the emerging 

near-consumer-level technologies could be applied in 3D geomatics.  
 

The hypothesis was tested in two research topics, the first one focusing on dis-
tributable 3D platforms and the second one on emerging near-consumer-level 
hardware for 3D geomatics. In the first research topic, the studied technolo-
gies were limited to two distributable 3D platforms, that allow interactive 3D 
visualization and are intended for non-professional users: collaborative virtual 
environments and game engines. In the second research topic, near-
consumer-level 3D mapping and printing were studied, focusing on depth-
camera-based systems and FDM 3D printing.  

Ideally, these technologies would form a loop, where 3D measurement sys-
tems available to consumers would be applied to produce data for online re-
positories of 3D geospatial data, which would in term be applicable in a variety 
of applications available to consumers as well (Figure 31).  The full confirma-
tion of the hypothesis would therefore require the data produced with near-
consumer-level systems to be combatible with the geospatial data repositories, 
of utility with conventional tools used in geomatics and the near-consumer-
level applications being able operate with common data formats and types 
used in geomatics. This would potentially support the wider adoption of geo-
spatial data and promote the role of non-professional users as both data users 
and producers. In addition to creating new application potential for users, this 
could also lead to improvements in geospatial datasets, via higher level of de-
tail and more frequent updating, as visioned in Virtanen et al. (2017). The in-
tegration of 3D scanning and 3D printing with near-consumer-level systems 
can also be envisioned for scenarios in other disciplines, such as manufactur-
ing and design (Virtanen et al., 2019). 
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Figure 31. Near-consumer-level hardware and distributable 3D platforms in geomatics

In the presented experiments, two depth-camera-based 3D measurement sys-
tems were used to produce data. Several datasets were used on distributable 
3D platforms and for 3D printing, some of which had been produced by the 
aforementioned measuring systems. In this respect, the work confirms the 
hypothesis. In the presented results, the results of applying the distributable 
3D platforms with GIS datasets came closest to the stated hypothesis, almost 
automating the usage of data from the geomatics context on the platform. 
However, several issues still remain, both in applying the near-consumer-level 
systems for data production and application. In the presented work, the most 
prominent issue encountered was the amount of manual work required, mak-
ing the application of the studied technologies unfeasible in many cases. In 
addition to further automation of data processing and modeling tasks, several 
research questions remain concerning data integration, updating and quality 
assurance, to name a few examples. 

The limitations of the near-consumer-level systems, compared with pro-
fessional tools were apparent: In 3D mapping, the range, resolution and relia-
bility of the two tested systems were clearly inferior to e.g., professional grade 
TLS. In 3D printing, the tested machine was limited by its lack of support ma-
terial deposition possibility compared to older professional grade hardware. In 
software, the tested distributable 3D platforms did not offer support for for-
mats or interfaces commonly used in geomatics, requiring methodological 
development or manual processing work. The manual steps were not only re-
quired by e.g., uncompatible data formats, but arose from the need to manual-
ly refine the models prior to application. 

However, the near-consumer-level systems also had their advantages: the 
indoor mapping system tested (Matterport) proved quite efficient in indoor 
mapping in terms of scanning speed, especially with the automated cloud ser-
vice practically eliminated the need for data processing after the measuring 
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campaign. The models were also almost directly compatible with a game en-
gine, and in a more limited case their application might have been more 
straightforward. In terms of portability, the smartphone with an integrated 
depth camera naturally proved superior to any professional measuring system. 

The utilization of geospatial data may occur via the wider utilization of exist-
ing datasets, such as GIS assets, on new application platforms, such as game 
engines for mobile and browser-based application development. This direction 
has lately attracted a great deal of interest from the industry in the form of new 
services offering geospatial 2D and 3D data for game engines (e.g., Google 
Maps Platform 2019; MapBox 2019). The role of game engines has become 
more central as they are the primary application development tools for AR and 
VR, both of which have attracted plenty of commercial attention in the last few 
years. This is further supported by the trends in and around the gaming cul-
ture, such as indie games attracting lots of developers, serious gaming, and 
utilizing the game engine technology for non-entertainment applications, such 
as visualization via VR HMDs.   

The development of sensor technology and modeling algorithms allows the 
production of new datasets. These may include game engine compatible, tex-
tured mesh models, such as those produced by the tested indoor mapping sys-
tem. As the mapping methods for both indoor and outdoor environments be-
come more efficient, and the modeling algorithms improve, tools for 3D map-
ping will become more accessible and affordable. This also means that they 
may be feasibly used in an increasing number of applications. The Lapinlahti 
case can be seen as an example of this. The development of methods that per-
mit game engine content production expand the applicability of 3D mapping 
technologies traditionally applied in geomatics and civil engineering.  

The development of near-consumer-level technologies may also bring entire-
ly new application possibilities. For example, the concept of 3D printers being 
available for consumers for a price less than that of an SLR camera could not 
have been imagined in the early 2000s. VR HMDs are a similar example: while 
these devices have been available for use in professional applications and have 
been a topic of research for a considerable amount of time (e.g., Howarth & 
Costello, 1997), their commercialization into consumer products widens the 
field of potential use cases. For geomatics, these new technological possibilities 
increase the significance of developing methods that allow the utilization of 3D 
datasets in these systems, if they are to be leveraged as tools. 

5.1 Distributable 3D platforms

For studying distributable 3D platforms, a more limited sub-hypothesis was 
placed: 
 
HTopic 1: GIS assets and indoor mapping data could be applied with dis-
tributable software platforms for producing virtual environments. 
 



Discussion

53 

A method for producing 3D virtual world scenes from open geospatial datasets 
from the NLS was developed. With application development potential in mind, 
the method is able to preserve the original object data from the topographic 
database. The application development potential of virtual 3D applications 
along with real-world data holds potential for applications such as urban plan-
ning, gaming or disaster management. Similar methods have been introduced 
by other authors as well (Zhu et al., 2015). 

The development of such methods paves the way for the further application 
of GIS datasets, which were previously mainly reserved mostly for professional 
use, for wider audiences. By converting the professional datasets from their 
dedicated formats into a form where they are supported by online 3D plat-
forms enables their wider distribution and use. 

In this respect, the stated hypothesis was met. However, in particular with 
the models produced by indoor mapping methods, the processing methods 
employed still required a considerable amount of manual work. This remains a 
major hindrance for similar application cases. 

5.2 Emerging near-consumer-level hardware

For the second research topic, a following sub-hypothesis was stated: 
 

HTopic 2: Emerging near-consumer-level systems could be applied for 3D data 
production and application. 

 
The hypothesis was to some extent confirmed for both data production and 
application. However, especially with the smartphone having an integrated 
depth camera, signs of decreases in performance when measuring larger areas 
were clear, limiting the potential applicability. A similar criticism has to be 
made of the near-consumer-level 3D printer tested in this study.  For both of 
these systems, it would have been possible to find cases where their perfor-
mance would have remained insufficient. 

Depending on their performance, 3D mapping systems can be applied for ei-
ther obtaining data for existing objects by taking individual measurements 
from objects (as in Publication 4), or by mapping entire environments (as in 
Publication 5).  

Systems such as Matterport allow a person who is not trained in photo-
grammetry or laser scanning to perform indoor mapping tasks with relatively 
little training. The system is already applied commercially in the real-estate 
sector. The Google Tango project brought active 3D sensors to smartphones 
and thus commercial market (for a while). While these systems do not match 
the performance of professional 3D mapping systems such as TLS, they may 
be perfectly applicable for certain, more limited tasks, as indicated by the ex-
periments.  

The applied indoor mapping system, Matterport, was found to be best suited 
for producing dense textured mesh models of smaller indoor environments. In 
larger environments, the operation of the automated processing and modeling 
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pipeline led to less detailed results. However, this reduction did not affect the 
quality of the texture images applied, which helped mitigate the effect. In the 
presented case, the efficiency of the Matterport system exceeded that of a typi-
cal TLS. In addition to the real-estate applications which have been well 
acknowledged by the manufacturer, the Matterport system could be applicable 
to situations where textured mesh models are required, but the accuracy re-
quirements are more relaxed. Potential examples include the production of 
virtual environments for training applications, virtual museums and cultural 
heritage. When looking at the game engine use of Matterport models through 
the presented case, several issues were identified. Despite the highly automat-
ed modeling workflow, manual model editing work was still required. Manual 
editing steps included better optimization of the models by reducing the poly-
gon count and improved object division and manual alterations to the scanned 
environment necessitated by the case.  

In a more limited case of tree stem diameter mapping, the depth camera em-
bedded in a smartphone was found to perform with a surprisingly high level of 
accuracy, reaching an RMSE of 7.3 mm in diameter estimates, when compared 
with diameters obtained by measuring tape. In theory, this would render the 
system accurate enough for operational work in crowdsourcing forestry data. 
Other authors have reached similar conclusions (Tomaštík et al., 2017). In the 
presented case, one of the main drivers for this was that the data production 
consisted of a fairly limited task (scanning individual tree stems), allowing the 
device to operate within its limitations. If the task would have involved scan-
ning larger areas or greater distances, a much more limited performance 
would have likely been attained. In a similar manner, comparable systems 
could be applied in cases where the 3D measuring of features that are of a suit-
able size is needed. Further, the approach of utilizing the measuring data for 
fitting geometric primitives could also be applied to mass-customization. To 
conclude, both of the tested depth-camera-based systems could, within their 
performance limits, be applied to geomatics in purposes such as crowdsourc-
ing. Such devices potentially increase the capability of citizens to produce geo-
spatial data.  

For creating 3D printing compatible models from point cloud datasets, a 
mesh modeling process was applied. The lack of automation was the biggest 
hindrance in the process, necessitating manual work with professional tools. 
In terms of performance, the most significant limitation of the tested system 
was the lack of easily removable support structures. When acknowledging this, 
the tested equipment was found to be suitable for producing illustrative physi-
cal models. However, some surface quality errors inherent in the FDM tech-
nique could still be identified. Similar observations have been made by other 
authors as well (Hagelganz & Przybilla 2018). The results are nevertheless im-
pressive in terms of the performance of a near-consumer-level 3D printer (Ul-
timaker) being able to reproduce complex and detailed surface geometries 
obtained with TLS. The aforementioned limitations of lack of automation and 
some performance issues withstanding, the hypothesis was met. This supports 
the idea of near-consumer-level 3D printers being useful for geomatics and 
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other disciplines which commonly utilize 3D mapping. This also brings the 
applications of 3D printing closer to hobbyists and ordinary citizens. Later on, 
similar results have been attained in other studies, also highlighting the poten-
tial of affordable FDM machines in combination with models produced by 3D 
mapping methods (Spahiu et al., 2016; Balletti et al., 2017; Scopigno et al., 
2017; Hagelganz & Przybilla 2018). 

In addition to rapid manufacturing and prototyping applications inherently 
expected from 3D printing technology, even the near-consumer-level ma-
chines, in combination with 3D measuring technology, could find use for pro-
ducing one-off support structures for manufacturing and medical applications, 
or in suitable manufacturing scenarios (e.g., Virtanen et al., 2019). Additional-
ly, they could support work in cultural heritage and museum artifact duplica-
tion by affordably producing, e.g., haptic models for vision impaired museum 
visitors. 

5.3 Reliability & validity

5.3.1 Changes in commercial systems 

Over the course of drafting the manuscripts, review and revision cycles and 
finally publishing in scientific journals, the commercial products and services 
tested do not necessarily remain the same. This occurred a number of times 
during the thesis process.  

Concerning the Matterport indoor mapping system, the tests were performed 
with the first production version of the Matterport instrument, and the associ-
ated cloud service as it was in April 2016. Since then, the manufacturer has 
released a new version of the camera, with a slightly altered sensor package. 
The cloud service productization model and functionalities have also been al-
tered, with the mesh models now available for per order “Matterpack” pro-
cessing (50$ is charged for the processing). In addition to the mesh models the 
current processed packages also include a point cloud, bringing the system 
closer to measuring instruments commonly used in geomatics. 

The changes mentioned above would have inflicted a cost of 1,050$ for the 
whole Lapinlahti campaign (21 separate scan projects), in addition to the in-
strument cost and monthly costs of the cloud service. This would have poten-
tially affected the choice of instrument for the project. On the other hand, with 
the current version of the service, obtaining point cloud datasets with the Mat-
terport system would have been possible, potentially increasing the usefulness 
of the data for other applications, such as building modeling. The quality and 
consistency of the Matterport point clouds remains to be studied.  

In a similar manner, the Google Tango project integrating depth camera sen-
sors to smartphones and tablet computers was discontinued shortly after the 
publication of the manuscript (the manuscript was published in December 
2017, whereas the support for the Tango system was discontinued in March 
2018). The main reason behind this can assumed to be the development of 
image-based feature detection and integration with other, affordable 
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smartphone sensors, such as IMU, which eventually made it possible to per-
form similar 3D environment sensing tasks without additional sensors. These 
tools were released as ARCore by Google (ARCore, 2019), with Apple releasing 
a similar package called ARKit (ARKit, 2019). Both of these packages allow the 
detection of planar surfaces from the environment for augmented reality ap-
plications, primarily relying on the camera images. The mapping of environ-
ment for applications of augmented reality was one of the driving reasons for 
the Tango technology, relying on active sensors. The first software pieces using 
these new libraries for 3D mapping of the environment have emerged, but 
their performance remains to be studied. 

To summarize, releases, changes and product discontinuances from major 
technology companies have an influence on the academic community experi-
menting with new technology, especially when near-consumer-level systems 
are involved. These shifts also affect this thesis. 

5.3.2 Development of hardware and software 

In addition to radical changes, such as moves by large technology companies, 
the slower, constant development of both hardware and software are present 
in the thesis. For example, at the time of publication, the Ultimaker 3D printer 
was still in its BETA testing stage. Over the course of the following years, sev-
eral more finalized product generations have been introduced. Furthermore, 
the number of near-consumer-level 3D printers on the market has grown sig-
nificantly, with the introduction of both lower and higher end devices. Some of 
these currently contain features that were earlier only associated with profes-
sional grade machines, such as dual material extrusion.  

This implies, that some of the difficulties encountered with the early gen-
erations of near-consumer-level 3D printers can be expected to have been mit-
igated by the iterative developments in machines, e.g., through improvements 
in extrusion control, reduction of printing layer thickness, improvement in 
speed, reliability etc. Later generation devices should not be entirely character-
ized by observations made on past systems. At the same time, some of the limi-
tations more related to the core technologies, such as the need to provide tem-
porary support structures during FDM manufacturing, have remained. 

Similar developments can be seen in other areas too. For example, the virtual 
world “boom” driven by Second Life gave rise to the development of other vir-
tual world platforms operated by stand-alone software, such as Meshmoon. 
Later, the emergence of WebGL technology has shifted the development to-
wards browser-based systems, and VR HMDs have attracted lots of developers 
to traditional game engines. The methods developed for an individual system, 
such as Meshmoon, may not be directly applicable to currently utilized sys-
tems. However, as the requirements of mesh models for rendering have re-
mained similar, they can be expected to be adapted again, in slightly modified 
forms. 

The development of software ecosystems also reduces need for certain meth-
ods and tools: for example the emergence of the Cesium platform, and associ-
ated technologies such as 3D-Tiles specification offer more efficient tools for 
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producing 3D map applications, and offer 3D data concerning the real world 
more efficiently. This also simplifies the development of interactive applica-
tions in geomatics. 

5.3.3 Case specific issues and environmental conditions 

In the presented cases, different depth camera sensors and terrestrial laser 
scanning instruments were applied in a number of experimental cases. As the 
cases also had a practical side to them, they were carried out under varying 
conditions, in indoor and outdoor locations. This means that the conditions 
were not as tightly controlled as they would be in a laboratory setting. For the 
tests, one of the most significant environmental properties potentially affect-
ing the results is the amount of ambient infrared radiation from the sun. Po-
tentially, this may influence the operation of depth camera sensors utilizing an 
IR laser projector. Neither the amount of background infra radiation, nor oth-
er environmental conditions were measured during the experiments, which 
limits the applicability of the results. For example having a specific depth cam-
era system operate in certain outdoor locations does not guarantee its opera-
tion in any given outdoor conditions, such as strong direct sunlight.  

In addition, a number of highly case specific features may affect the results. 
These include the surface reflectance of scanned objects, the amount of glass 
and mirror surfaces in the mapped environment, and the amount of wind dur-
ing tree measurements (Vaaja et al., 2016). While these can potentially be 
eliminated by introducing more control of the test situations, this leads to limi-
tations if the practical feasibility of these systems is to be tested. For example, 
in the Lapinlahti case, revising a test that would have revealed the issues of 
object structure for optimization, or the variance of model detail level accord-
ing to area size, would have been quite resource consuming if the tests would 
have been carried out under controlled laboratory conditions. 

The case specific properties also affect tests with software. For example, in 
the all of the experiments, the data volumes remained sufficiently low to allow 
processing on regular computers, and in some cases even on mobile devices. In 
expansive projects, such as presented by Tschirschwitz et al. (2019), point 
counts of over 2.5 billion points have been reported, potentially introducing 
additional issues. Likewise, on distributable 3D platforms, the polygon counts 
were kept low to obtain satisfactory performance. The platforms were not 
benchmarked for their performance limits. In game engine realizations the 
data volumes are in the same order of magnitude as e.g. Tschirschwitz et al. 
(2019) and Kersten et al., (2017a) with models consisting of 659 000 polygons 
(Tschirschwitz et al., 2019) and 901 133 polygons (Kersten et al., 2017a) vs. the 
292 000 polygons in case presented in publication 5. 

5.3.4 Accuracy study limitations 

In the presented experiments, several accuracy comparisons against ground 
truth data obtained with other instruments were performed. As these compari-
sons were realized with practical cases, they contain a number of limitations. 
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In addition to the accuracy limitations of the instruments utilized to obtain 
reference datasets, the results are limited by the processing performed to the 
data after scanning and the accuracy of the orientation between the test and 
reference datasets.  

The tested 3D mapping systems were used “as is”, without attempting addi-
tional calibration steps, that have been shown to be potentially beneficial with 
depth cameras. Neither was the state of the sensors monitored in respect to 
sensor temperature or warm-up time, also found to be influencial (Sarbolandi 
et al., 2015). For the indoor mapping system, systematic repeated experiments 
were not performed. 

In the 3D printing example, the comparison was performed between two 
mesh models. This raises the question of whether the triangulation methods 
used to form the reference dataset had an influence, e.g., through the omit-
tance of the smallest details and the rounding of sharp corners. To obtain more 
reliable results, the tests should preferably be carried out with more carefully 
produced test targets and repeated measurements. For verification of geomet-
ric compliance of 3D printers, synthetic models could very well be applied. 

5.4 Further research recommendations

5.4.1 User studies and value chains 

In the presented cases, all of the experiments were carried out by users with 
prior experience of object scanning, indoor mapping and 3D printing. In this 
way, the presented cases represent a “best case scenario”, where the users are 
accustomed to e.g., the common limitations of 3D mapping systems, such as 
the scanning range, beforehand. This also applied to the use of distributable 
3D platforms: in experiments, the developers were accustomed with the tested 
platforms and their performance limitations. This means, that if the systems 
were to be genuinely applied by untrained users, an additional source of error 
would be introduced. Negotiating these variables and discovering the addi-
tional pitfalls in the processes would require user testing. 

A user study approach would also be highly interesting in the context of dis-
covering the potential motivations and hindrances concerning the utilization 
of 3D mapping and printing hardware by consumers, or the use of software 
development platforms with geospatial datasets. Technology centric research 
is unable to answer these questions alone. In addition, a value chain –oriented 
approach might be applied to examine the potential actors required for realiz-
ing the crowdsourcing of 3D data in geomatics. 

5.4.2 Requirements for game engine content production 

In research concerning 3D reconstruction methods, one of the commonly es-
timated aspects has been the dimensional accuracy. Commonly, this has been 
verified either by comparisons against a dense point cloud from another sys-
tem, or by studying individual features and their positions. 
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While these issues naturally remain and are topical as new sensor systems 
are developed and introduced to the market, the experiences gained from us-
ing mesh models for development of interactive applications in game engines 
raises a set of requirements for the models, other than pure geometric accura-
cy or detail level. These properties include the object structure, visual quality 
(typically attained with a high amount of texturing) and the semantics of the 
models. 

If the use of 3D reconstruction for game engine content production becomes 
more common, both methodological development and theoretical advances 
are required: tools to produce models that better facilitate application devel-
opment are needed. In addition, the “game engine usability” of the models 
needs to be better evaluated. For this, other metrics than just geometric accu-
racy or a polygon count are needed.  

Current research topics that could potentially contribute to these develop-
ments include the development of segmentation methods for 3D point clouds, 
which are commonly encountered especially in outdoor MLS cases, and object 
detection in image processing. In addition, research concerning 3D city mod-
els, in particular the CityGML format, is often concerned with their use in var-
ious applications. Additionally, the server systems to store game engine mod-
els, and standardized interfaces for transferring them would greatly help the 
deployment of game engine applications. Development trends aiming in this 
direction can be seen, e.g., in the emergence of GLTF format and 3D-Tiles 
specification. 

5.4.3 Performance verification of integrated handheld systems 

In the presented work, two heavily integrated 3D mapping systems were tested 
in practice. Both the tested smartphone with an integrated depth camera and 
the indoor mapping system combine multiple sensors to produce data. After 
the actual scanning process, they also run a set of software implemented pro-
cessing methods on the data to produce the final results. In both cases, the 
systems also assume multiple scanning positions to occur in sequence and 
form the model by fitting the data from the previous scan “frame” to the next. 
Finally, a series of automated processes are performed to form the final mod-
els, that are offered to users. Influences from all of the aforementioned stages 
are combined in the final models. 

The degree of integration in these systems complicates the evaluation of 
these systems, if compared with professional measuring instruments that al-
low the user to access individual scans and potentially even raw data. As the 
user is not able to access the intermediate steps in the data integration and 
processing, separating the effects of the different stages becomes impossible. 
For example: in conventional TLS, the co-registration is typically carried out as 
a separate step. Therefore, the quality of scans can be evaluated independent 
of their co-registration. In the case with the indoor mapping system being test-
ed, this was not possible.  

Furthermore, as the co-registration is performed relying purely on data from 
previous scans, changes in scan positions potentially affect the registration 
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results. This means that the performance of the system can vary from user to 
user, depending on how they are able to position the scans. In handheld devic-
es that scan “on the go” this is even more critical. Moving the depth camera 
equipped smartphone in a certain way, e.g., by producing strong jolty move-
ments, can affect the performance of the device.  

While the first mentioned issue (integration) can be overcome by studying 
the performance of the integrated device in practice, which indeed is common-
ly done, the potential performance variations raise more implications. At the 
minimum, experiment designs should begin to take into account the variance 
in performance with repeated trials. For systematic experiments, the paths or 
scan locations of the devices should be kept as repeatable as possible. 

 



61 

6. Conclusions & Outlook

This thesis approached the use of emerging near-consumer-level technology 
for 3D geomatics, aiming to produce new knowledge on the capabilities and 
limitations of near-consumer-level technologies, and their applicability. The 
hypothesis was, that by developing processing methods and workflows, the 
emerging near-consumer-level technologies, consisting of distributable 3D 
platforms and near-consumer-level hardware, could be applied in 3D geomat-
ics. The studied technologies consisted of depth-camera-based 3D mapping, 
3D printing with an affordable FDM machine and the use of game engines and 
collaborative virtual worlds for producing browser-based interactive 3D appli-
cations.  

It was discovered, that while three different distributable 3D platforms were 
tested, their requirements for 3D content were largely similar, as they were all 
based on game engine technology. For utilizing GIS data on these platforms, it 
was possible to largely automate the mesh generation. However, if dense 3D 
mapping data was used as a starting point, significant manual editing of the 
mesh models was needed to reach satisfactory results. This was also true when 
using 3D mapping data with 3D printers. Both of the tested 3D mapping sys-
tems could operate reasonably in a suitable setting. The performance of the 
near-consumer-level 3D printer was limited by its inability to produce easily 
removable support structures. 

Concerning distributable 3D platforms, experiments were conducted 
with a collaborative virtual world, its browser-based version and a 3D game 
engine with the hypothesis that GIS assets and indoor mapping data could be 
applied with distributable 3D platforms for producing virtual environments. 

A method was developed for producing virtual world scenes from open GIS 
assets, while conserving the object information present in GIS objects to allow 
future applications. In this respect, the work fits the continuum of researchers 
who have been motivated by utilizing the rendering and interaction capabili-
ties of 3D game engines with geospatial datasets (e.g., Fritsch & Kada, 2004; 
Greenwood et al., 2009; Manyoky et al., 2014; Lütjens et al., 2019). The con-
cept of accessing GIS data from a separate 3D visualization system is well-
known (Huang & Lin, 1999), and the ability to utilize interactive tools (Green-
wood et al., 2009) and additional objects specific data (Fritsch & Kada, 2004) 
have both been mentioned in the literature. While very similar geometric pro-
cessing approaches have been developed (Zhu et al., 2015), descriptions of 
methods that combine aspects of producing game engine compatible 3D mod-
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els from GIS whilst maintaining object specific data are rare. This aspect is 
more akin to research done with 3D virtual globes, where GIS integration has 
been a well acknowledged concept (e.g., Wu et al., 2010). 

The concept of using 3D mapping for producing virtual environments and 
objects depicting the real world is well established in geomatics, and several 
other disciplines. When utilizing indoor 3D mapping data for game engine 
content production, several observations were made concerning the processing 
steps required for the efficient utilization of the 3D mapping data in game en-
gines. Even though the applied mapping system produced textured mesh mod-
els which were compatible with the game engine used, in terms of the data 
format, manual refinement tasks such as hole filling, mesh simplification and 
object structure revision were still required. Other authors involved with utiliz-
ing 3D mapping data for game engines have most likely encountered these 
issues as well: Portalés et al. (2009) mention, that a model obtained by TLS 
had to simplified before use in AR. Bruno et al. (2010) mention cleaning, fill-
ing holes and “fine retouches”. Levy and Dawson (2006) and Tschirschwitz et 
al. (2019) rely more on manual modeling due to constraints of the case, but 
still mention the need to maintain sufficiently low polygon counts. In the geo-
matics research literature, detailed descriptions of the steps required for utiliz-
ing the game engines with 3D mapping data efficiently are limited. 

Concerning emerging near-consumer-level hardware for 3D geo-
matics, experiments were conducted with three different hardware systems 
for consumers: two depth-camera-based systems for 3D data acquisition, and 
a 3D printer for producing physical models from digital 3D data. The hypothe-
sis was, that the emerging near-consumer-level systems could be applied for 
3D data production and application. 

A commercial indoor mapping system, Matterport, was used for mapping a 
set of interiors, with the models applied for game engine application de-
velopment, as described earlier. Comparing the Matterport mesh models 
against TLS point clouds revealed that the most significant deviations were 
caused by the lack of detail in the mesh. In addition, some warping (approx. 10 
cm) was observed in the dataset from a long corridor. The biggest issue en-
countered with the system was associated with the loss of model detail, appar-
ently dependent on the size of the measured area. The Matterport indoor 
mapper has been utilized by other authors (Chang, 2017), and the author of 
this thesis (Virtanen et al., 2016), before. It has also been tested in a number of 
accuracy oriented studies (Lehtola et al., 2017; Chen et al., 2018b), with Lehto-
la et al. (2017) noting the sparsity of the produced data. Nevertheless, the au-
thor has been unable to find prior descriptions of the model detail loss inflict-
ed by the associated processing service. Descriptions of its use in game engine 
content production are also very limited, apart from other work by the author 
(Virtanen et al., 2016).  

A considerably more lightweight system, a smartphone with an integrated 
depth camera was tested for tree diameter measurement, with the intent of 
verifying its potential for use in crowdsourcing applications. Similar devices 
have been tested earlier for both mapping (Diakité & Zlatanova, 2016; Froeh-
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lich et al., 2017) and measurement purposes (Gülch, 2016). In the context of 
tree measurements for forestry, one of the few prior works is by Tomastík et al. 
(2017). In Tomastík et al. (2017), 3D mapping with a smartphone having a 
depth camera was performed on plots testing for alternative measurement 
trajectories. In this thesis, the focus was on the measurement accuracy of indi-
vidual tree stems, resulting in slightly higher accuracy with an RMSE of 7.3 
mm compared to 18.3 mm to 19.1 mm as reported by Tomastík et al. (2017). 

A near-consumer-level 3D printer, the Ultimaker Beta, was tested for print-
ing mesh models originating from TLS point clouds. Mean deviations of 0.26 & 
0.33 mm were found when 3D scanning the printed pieces and comparing 
them against the original mesh. The most significant limitations of the 3D 
printers’ capabilities were related to supporting overhanging shapes during 
printing. The use of near-consumer-level 3D printers for illustrative applica-
tions in geomatics is known (e.g., Rase, 2002), and near-consumer-level 3D 
printers have been tested with models originating from 3D mapping data 
(Tucci & Bonora, 2011). However, the work in this thesis is amongst the first to 
attempt the verification of results with 3D scanning in this context. Later on, 
the same approach has been applied (Balletti et al., 2017; Hagelganz & 
Przybilla 2018), and other authors have similarly noted the limitations of af-
fordable FDM systems (Scopigno et al., 2015).  

Through the experiments performed with the distributable 3D platforms and 
emerging near-consumer-level hardware for 3D geomatics, the hypothesis of 
the work was largely confirmed, noting the challenges of manual processing 
work still required when applying these near-consumer-level systems, and the 
performance limitations associated with them. The limitations of the present-
ed work include working with commercial systems that are a subject to ongo-
ing development, and case specific conditions encountered in the presented 
experiments. These have to be acknowledged when evaluating the reliability 
and validity of the results.  

The thesis raises a set of questions for further research, including the better 
evaluation of “game engine usability” of models produced with 3D mapping 
methods, the associated methodological development for further automating 
model production, and more systematic performance evaluation of heavily 
integrated handheld 3D measurement systems. 
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