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Have you ever been in a furniture shop and wondered whether a 
couch fits in the space you have for it? Have you bought some 
interior decoration item – and realized at home that it doesn't fit the 
atmosphere? Or have you been frustrated when trying to 
understand the instructional pictures in an assembly manual for 
some gadget? 
    Augmented reality (AR) is a visualization technology that can 
help in the situations described above. It merges virtual 
objects into the user's view, and enhances spatial perception skills. 
Why isn't this technology widely utilized in everyday situations 
then? Are there still some technical bottlenecks that need to be 
solved before wide consumer-level use? Are there some business 
ecosystem factors that hinder AR applications from entering the 
consumer market? This work seeks answers to these questions. 
    We involve users in the development process and show that 
ordinary, non-technically oriented users can provide useful insight 
regarding emerging technologies such as AR. Different user-
centred and participatory design methods are used to find out the 
factors hindering the widespread use of AR and user expectations 
regarding AR enhanced interior design services. 
    This work also describes application development to support 
wider use of AR and algorithm development to solve some critical 
bottlenecks, such as not having a way to remove existing furniture 
virtually. This thesis presents a solution for this kind of virtual 
removing functionality, aka diminished reality, which is an enabler 
for many AR applications. 
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1. Introduction

People’s level of spatial perception skills varies, and viewers sometimes have
difficulty understanding the relations between spatial objects. Different visualiza-
tion techniques have therefore been used to help people understand 3D structures
and relations (Figure 1). Traditional visualization methods are typically static and
show only one viewpoint.

Figure 1. A fossil with an illustration of its whole skeleton helps the viewer under-
stand the dimensions of the animal better (visualization at the Museum of Natural

History, New York).

Augmented reality (AR) is a real-time technology that merges digital elements with
the environment in a way that the user perceives the elements as being part of the
real environment. As a 3D visualization method, AR allows the user to examine an
object from any viewpoint. (Azuma 1997)

The roots of AR technology date back to the 1960s when Sutherland (1965,
1968) first presented a head-mounted display concept, the ultimate display, and
later demonstrated the potentiality of virtual and augmented reality with a head-
mounted 3D display system.
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Figure 2. Augmented reality combines reality with digital content (3D graphics).
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exclude games, for example. Consumer-level means that we are interested in
ordinary people and mass market applications as opposed to specialized profes-
sional use of AR by experts. In addition, our aim is to find ways to enhance aug-
mented reality and develop methods and algorithms that support consumer-level
visualization applications.

1.1 Background and research environment

Besides the work described in this thesis, the author has studied several other
aspects of AR. This additional research supports the work described in this thesis
and forms a solid foundation upon which this work is built. The present thesis is,
however, independent of the additional, supporting work.

The supporting research consists of:
 Tracking solutions

o (Siltanen, Hakkarainen & Honkamaa 2007)
o (Honkamaa et al. 2007)

 Mobile interactions
o (Siltanen, Hyväkkä 2006)
o (Ailisto et al. 2007)
o (Siltanen, Woodward, Valli, Honkamaa and Rauber 2008)

 AR solutions for building, construction and interior design
o (Siltanen 2013)
o (Pinto Seppä et al. 2007)
o (Kähkönen, Hyväkkä, Porkka, Siltanen and Woodward 2008)
o (Woodward et al. 2007b)
o (Woodward et al. 2007a)
o (Oksman, Kulju and Siltanen 2011)

 AR research for maintenance and assembly tasks
o (Sääski, Salonen, Siltanen, Hakkarainen and Woodward 2007)
o (Salonen et al. 2007)
o (Sääski et al. 2008)
o (Azpiazu et al. 2011)

 Mixed reality and hybrid media solutions
o (Siltanen and Aikala 2012)
o (Välkkynen et al. 2013)

 Diminished reality and marker hiding methods
o (Korkalo, Aittala and Siltanen 2010)
o (Siltanen 2006)
o (Siltanen, Saraspää and Karvonen 2014)

 Overview of the AR field
o (Siltanen 2012)

To date, the author and other researchers have presented a considerable number
of demos and pilots, and the technology has been developed in many aspects. In
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and Leeb-du Toit 2014). In this work, we consider factors that would enable AR to
transfer to the plateau of productivity.

The author has been a member of VTT’s augmented reality team3, which has
created ALVAR4, A Library for Virtual and Augmented Reality (Appendix C). Most
of the work reported in this thesis is either built using ALVAR or contributes to
ALVAR.

1.2 Objectives and scope

The objective of this work is to advance AR towards commonplace consumer
applications and get it to the plateau of productivity stage on the hype cycle. It is
apparent that this only is possible if user-based experimentation is applied to
augmented reality development (Swan and Gabbard 2005).

The author’s earlier, comprehensive work in the AR field showed that getting
AR technology into everyday use in consumer-level applications is laborious (see
page 13 for references). It also revealed that besides technology development,
business factors and human factors affecting acceptance of the technology must
be considered. In other words, adoption of the technology must be considered
from a wide perspective. Thus, the aim is threefold: firstly to understand the hu-
man factors affecting acceptance of AR technology and involve users in the
design process, secondly to develop applications and technical solutions for
AR that support these factors and, thirdly, to discuss some of the economic fac-
tors affecting the wide use of the AR technology.

Considering all this, the research problem is formulated as How can user in-
volvement be utilized in developing more effective AR experiences? The
research problem is further divided into the following research questions (RQs):

RQ1a: How to involve users in the design process to create more effective
AR experiences?

RQ2a: What are the user expectations regarding AR interior design?
RQ3a: Which technical solutions fulfil the user expectations and improve

the user experience of AR?

In addition to these three main research questions we discuss the following:

RQ4a: Which business ecosystem factors support the wide utilization of
the AR technology?

3 www.vtt.fi/multimedia  (The actual name of the team and its composition has varied.)
4 www.vtt.fi/multimedia/alvar.html

http://www.vtt.fi/multimedia
http://www.vtt.fi/multimedia/alvar.html
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than product development, therefore some parts of the cycle are iterated and
some are covered superficially. Certain parts are considered from multiple applica-
tion domain viewpoints and other parts concentrate on a single application do-
main. The users are involved at different stages of the process. This work concen-
trates on the “first half” of the software development cycle; the main contribution
falls in requirements specification, design and implementation phases (Figure
6). In the implementation phase the work contributes both on application develop-
ment and algorithm development. The initial planning process is not explicitly
described although it is in the background of the work. It goes without saying that
user testing and evaluation are essential components for assessing how the de-
veloped system actually meets user needs. However, in order to focus on the
presented research questions, testing and evaluation are covered in this thesis in
a more informal manner and have to be left for further studies.

In commercial software development, the development often follows more
strictly some established software development process. Moreover, in real soft-
ware development the cycle is iterated several times.

1.4 Dissertation structure

The introductory part of this work is organized as follows:
Chapter 2 provides an overview of the conceptual background of augmented

reality and clarifies the terminology and technical framework of the AR field.
Chapter 3 focuses on the user aspects – user experience, expectations and re-

quirements – of augmented reality. In the first section (Section 3.1), the author
reviews the conceptual background of user-centred and participatory methods.
Then an overview of the applied methods and their research aims is given (Sec-
tion 3.2). Thereafter, the author presents five case studies (Sections 3.3–3.7). The
presented research identifies factors delaying the adoption of AR in commonplace
consumer-level applications, with a focus on interior design. The author also con-
siders business ecosystem factors affecting the mass-market adoption of AR in
two application areas: interior design and hybrid media. (Papers I, II, III and IV)

Chapter 4 addresses the key issues of AR application development towards
commonplace technology and describe authors work on application and algorithm
development. It focuses on selected bottlenecks identified during the preceding
work (results from Chapter 3) and presents technical and algorithmic solutions for
resolving them. The first section (4.1) describes research work in the area of aug-
mented reality assembly. Section 4.2 focuses on the AR interior design application
area. Section 4.2.2 describes algorithm development in diminished reality. The
chapter ends with real-life examples of AR interior design (Section 4.3). (Papers V,
VI and VII)

Chapter 5 concludes together the outcomes of all studies presented in Chap-
ters 3 and 4 and answers all research questions.

In Chapter 6, the author concludes her research and examines how it contrib-
utes to the goal of bringing AR into consumer-level applications. In addition, Chap-
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ter 6 gives guidelines for AR application development and discusses the future of
the AR field.

Appendices A and B present the use case scenarios used in the studies pre-
sented in Chapter 3. The ALVAR library is presented in Appendix C. Original re-
search papers I–VII are also included.
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It is debatable whether the still image augmentation is considered augmented
reality or not, because it has a fixed view point (or a set of fixed viewpoints when a
set of still images are used) and a fixed view direction. This is especially arguable
when still image mode is the only mode in the application. AR telescope or AR
web camera applications also have fixed viewpoint, and limited or fixed view direc-
tion. Some visualisation applications show fixed augmentation; the user interac-
tions with the system are limited or non-existent. Some mobile guidance applica-
tions show information for navigation purposes, the location of e.g. a restaurant
can be approximate and only associated with the building; the 3D registration is
loose and has some restrictions and in many cases no interactivity is present. It is
rather a philosophical question how much restrictions there can be in a system to
be still considered mixed or augmented reality.

The author considers still image based augmentations as augmented reality, if
the virtual elements are augmented in real environment in 3D and the user interac-
tion happens in real time, that is, the user is able to e.g. move elements in real
time and there is no off-line processing involved. In this case the application fulfils
the definition of augmented reality as defined in Figure 8.

2.1 Aligning virtual and real elements

The essential difference between AR and other basic image and video manipula-
tion tools is that in augmented reality virtual objects are manipulated in 3D coordi-
nates instead of 2D image coordinates, and that the manipulations happen in real-
time. In order to be able to do this, the system needs to know where the user is
and what the user is looking at. Normally, the user explores the environment
through a display that portrays the camera image with augmentation. Thus, in
practice the system needs to calculate the pose of the camera. Pose means the
six degrees of freedom (6 DOF) position, i.e. the 3D location and 3D orientation of
an object, and tracking in the augmented reality context means calculating the
pose of a camera continuously in real time. Tracking is a core functionality of an
augmented reality system.

In computer graphics, the virtual scene is projected through a virtual camera
and this projection is then rendered on screen (see e.g. Shirley, Ashikhmin and
Marschner 2009: 142–155). The trick in augmented reality is to use a virtual cam-
era identical to the system’s real camera. This way, the virtual objects in the scene
are projected in the same way as real objects, and the result is convincing (see
e.g. Siltanen 2012: 55). In order to be able to mimic the real camera, the system
needs to know the optical characteristics of the camera. The optical characteristics
are presented with camera parameters. The system needs to know the camera
parameters also to be able to track the camera accurately. The process of identify-
ing these characteristics is called camera calibration. With a calibrated camera the
system is able to render virtual objects in the correct place. (See e.g. Szeliski
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2010: 320–334.) Camera calibration can be part of the AR system, and many AR
tools (e.g. ALVAR7) have calibration functionality.

Researchers in computer vision, robotics and photogrammetry have developed
a considerable number of different tracking methods. Since the camera is already
part of the system in most augmented reality setups, visual tracking methods are
of special interest in AR. Visual tracking methods use computer vision methods to
deduce the pose of the camera. Visual tracking is also called camera (-based)
tracking or optical tracking.

One approach to tracking is to add an effortlessly detectable predefined sign in
the environment. A sign or a picture that can easily be detected from a video im-
age using image processing, pattern recognition or computer vision techniques, is
called a marker. In marker-based tracking the pose calculation relies on marker
detection. In general, it is impossible to deduce the correct scale solely based on
visual observations (see e.g. Hartley and Zisserman 2000: 157). However with a
marker of known size an AR system is able to calculate the correct scale.

Other approaches for visual tracking are feature-based and model-based
methods. In model-based tracking, the system contains a 3D model of the scene
or part of the scene (Bleser, Wuest and Stricker 2006, Makita 2014). It compares
visual observations with the model and finds the best match thus defining the
pose. In feature-based tracking, the system detects optical features in the images
and learns the environment based on observations of movements between frames
(see e.g. Klein and Murray 2007, Rosten, Porter and Drummond 2010, Dong,
Zhang, Jia and Bao 2014).

Even though the mainstream development in visual tracking research is to-
wards model- and feature-based tracking, markers are still widely used in aug-
mented and mixed reality (e.g. Celozzi, Paravati and Lamberti 2010, Jun, Yue and
Qing 2010, Santos, Stork, Buaes, Pereira and Jorge 2010). Feature tracking and
marker-based tracking are mutually non-exclusive; hybrid methods can combine
marker-based and feature-based tracking. Markers may encode information or at
least have an identity. This enables a system to attach certain objects or interac-
tions to the markers.

Hybrid tracking means that the system combines two or more tracking meth-
ods; typically visual tracking and sensors in AR applications (see e.g. Naimark and
Foxlin 2002, Reitmayr and Drummond 2007, Honkamaa, Siltanen, Jäppinen,
Woodward and Korkalo 2007, Kurz and BenHimane 2011).

The basic idea of pose calculation is the same in all visual tracking methods.
The system detects known “things” from the image (marker corners, features,
edges, lines, model parts). It knows the real 3D physical relations between them
(e.g. size of the marker, relative position of the features, 3D model) or it deduces
the relations during tracking. See, for example, (Szeliski 2010: 321–326 and 363–

7 www.vtt.fi/multimedia/alvar.html, See also Appendix C.

http://www.vtt.fi/multimedia/alvar.html
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369, Hartley and Zisserman 2000: 153–166) for more details on pose calculation
and tracking methods.

Augmented reality software libraries provide a good base for starting AR appli-
cation development (e.g. ARToolKit8 and ALVAR).

Adding a tracking module – which is pretty straightforward task – to a still-
image-based application, would transform it to a real-time visualization application.
This is also why the author does not feel urged to separate still-image applications
from other augmented reality applications, if the application otherwise fulfils the
definition of augmented reality.

2.2 Overview of augmented reality application areas

AR benefits all tasks where real-time 3D visualization of information on site helps
the human operator. It is well suited for on-site visualization both indoors and
outdoors, for visual guidance in assembly, maintenance and training. Augmented
reality enables interactive games and new forms of advertising. This subsection
provides an overview of different application areas of augmented reality, with
notions on special issues in the presented application areas.

Augmented reality on mobile devices, mobile augmented reality (MAR), has
great potential to alter the way people interact with the environment and with each
other (MIT 2007, Fenn 2010, Liao and Humphreys 2014, Ajanki et al. 2011).

AR is used for visualization of building projects on-site (Woodward et al. 2010)
and over the internet with an interactive pan-tilt-zoom camera (Woodward et al.
2007b). With a connection to the BIM (Building Information Model), the user can
interact with materials and browse through the timeline of a construction project,
as our research team at VTT has demonstrated (Kähkönen et al. 2008). See also
(Rankohi and Waugh 2013). AR helps also facility management of the build envi-
ronment (Irizarry, Gheisari, Williams and Walker 2013).

In assembly, AR applications can show assembly instructions to the assembler
at each stage of work. The system can display the instructions on a head-mounted
display as, for example, in our assembly demonstration (Sääski et al. 2008) on a
mobile phone (Billinghurst, Hakkarainen and Woodward 2008) or on a PC display
(Salonen et al. 2009). Besides a keypad the user can interact with an assembly
system using voice commands and gestures as we have demonstrated (Paper V
and Salonen et al. 2007).

In maintenance, a mobile augmented reality system can provide workers with
relevant information from a database (Savioja, Järvinen, Karhela, Siltanen and
Woodward 2007). Augmented instructions have been proven to be helpful and
satisfying to maintenance workers (Abate, Narducci and Ricciardi 2013, Hender-
son and Feiner 2009). A mobile device is a good choice for displaying information
in many cases. However, in the case of more hands-on assembly maintenance

8 http://www.artoolworks.com/products/

http://www.artoolworks.com/products/
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tasks, a head-mounted display is often a better choice (Henderson and Feiner
2011b, Henderson and Feiner 2011a).

Augmented reality is used to enrich print media. Several newspapers have pub-
lished AR content that the user can see with a mobile AR application such as
Layar App9. In addition, several books have augmented digital content (Billing-
hurst, Kato and Poupyrev 2001, Evans 2008, Green 2010, Lehtinen, Mäkijärvi and
Inkeri 2010, Moffet 2010, Mash 2010).

Augmented reality is by nature ideally suited, for example, to gaming, learning
motivation (Cascales, Laguna, Perez-Lopez, Perona and Contero 2013, Di Serio,
Ibáñez and Kloos 2013) and advertising. In these fields, application development
often focuses on the user interface, user interactions, enjoyment, playfulness,
smoothness of use, etc. Technology is often used in a creative way in these appli-
cations, and user experience is typically a major priority. The New Media Consorti-
um10 (NMC) sees the importance of AR in education as increasing (Johnson,
Smith, Levine and Haywood 2010).

AR provides means to link information to real-world objects and specific loca-
tions. AR content is used in AR browsers, aka world browsers (e.g. Layar11,
Junaio12, and Wikitude13), and other location-based services for visualizing a va-
riety of different data. These applications use AR to show nearby restaurants,
metro stations, shops, cafes, offers and museums. Location-based AR applica-
tions can provide additional information on buildings, history, bus timetables and
restaurant menus, and help with navigation. AR location-based applications let the
user define tags and points-of-interest and link them to Facebook, Twitter, Four-
square and other social media networks. Grubert, Langlotz and Grasset (2011)
identify user experience factors – user interface design, amount and quality of
data, system performance – as key factors affecting long-term use of these appli-
cations.

Augmented reality visualization is used to support other tasks in the area of ro-
botics, for example for collision-free robot programming (Chong, Ong, Nee and
Youcef-Youmi 2009) and for improving robotic operator performance (Maida,
Bowen and Pace 2007, Stone, Bisantz, LLinas and Paquet 2008). It also benefits
many medical applications, such as laparoscopic surgery (Bichlmeier, Heining,
Rustaee and Navab 2007, Shekhar et al. 2010, Kang et al. 2014).

Interior design is another application area were AR is beneficial (Wang 2009,
Caruso, Re, Carulli and Bordegoni 2014). AR enables users to virtually test how a
piece of furniture fits in their own home (Figure 10). Positioning virtual objects is
easier on a still image or in a paused live video (Lee et al. 2009). Augmented
reality interior design applications may use still images. Nonetheless, the user

9 https://www.layar.com/products/app/
10 http://www.nmc.org/about
11 https://www.layar.com
12 http://www.junaio.com
13 http://www.wikitude.com

https://www.layar.com/products/app/
http://www.nmc.org/about
https://www.layar.com
http://www.junaio.com
http://www.wikitude.com
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interactions with virtual elements happen in real-time (e.g. positioning them), and
the augmentation is realized in 3D coordinates. (Paper VI) Another possibility is to
combine the still image approach with video; the user pauses the video to position
furniture in a still image, but thereafter the augmentation is carried out in live vid-
eo14 similar to freeze technique described by Lee et al. (2009). Naturally, the ap-
plication can use live video only (Honkamaa, Jäppinen and Woodward 2007).

Figure 10. Augmented reality interior design enables the users to test furniture at
own home.

2.3 Interactions between virtual and physical objects

Virtual objects interact with real objects; they may collide, occlude or overlap each
other. Occlusion means a situation where an object is in front of another object,
and hides it from the view. As the augmentation is rendered on the top of the
camera image, occlusion is a problem when one needs to augment a virtual object
(partly) behind a physical object.

In foreground masking the occluding object is masked and only visible parts of
the virtual object are augmented (Pilet, Lepetit and Fua 2007, Boun Vinh, Kakuta,
Kawakami, Oishi and Ikeuchi. 2010, Abate, Narducci and Ricciardi 2014). The
system can detect occluding moving objects based on motion and background
detection and segmentation methods (Boun Vinh et al. 2010, Chen, Granier, Lin,
and Peng 2010).

14 For example, Vivid Works’ LiveAR extension to VividAR works this way:
https://www.youtube.com/watch?v=lp5plNOT20U (see also page 84).

https://www.youtube.com/watch?v=lp5plNOT20U
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Depth cameras can be used to detect occluding objects from the foreground
(Li, Li, Zhang, Li and Wang 2013, Corbett-Davies, Dünser, Green and Clark 2013)
(Figure 11). Few hardware solutions (e.g. Microsoft Kinect15) have integrated
depth and RGB cameras.

When the occluding objects are contextually unimportant, the application can
use diminished reality to overcome occlusion; the occluding objects are removed
virtually and the whole virtual object is augmented (Figure 11). A mask used for
diminished reality can be approximate as long as it totally covers the diminished
object (Avery, Piekarski and Thomas 2007), whereas a mask used to define a
foreground object needs to be accurate. We discuss diminished reality more in the
next section (Section 2.4).

Figure 11. Use of a depth camera to diminish a foreground object. Top (left to
right): original RGB image; false-colour depth image; thresholded mask and dilat-
ed mask. Bottom (left to right): diminished version of original image; augmented
image with mask used to mask out the foreground object; augmentation on the
diminished image (Siltanen 2012).

Simple transparency means that occluding or occluded objects are made trans-
parent. This approach gives a hint of occlusion, but the order of objects may be
confusing (Livingston et al. 2003, Furmanski, Azuma and Daily 2002).

In X-ray vision the real environment and the augmentation are blended in a
manner that creates an illusion of seeing through or inside a real object. X-ray
vision is an effective and useful method for outdoor inspection and maintenance
tasks of underground infrastructure, such as voltage bands and gas pipes (Schall,
Mendez and Schmalstieg 2008, Schall et al. 2009, Kalkofen, Mendez and

15 http://www.microsoft.com/en-us/kinectforwindows/

http://www.microsoft.com/en-us/kinectforwindows/
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Schmalstieg 2007), as well as in laparoscopic surgery applications for visualizing
tomography images on patients (Shekhar et al. 2010).

Perception of the distance and depth order of objects is improved with tunnel
frustum cut-out and rendering of the edges of the occluding object (Bane and
Höllerer 2004, Avery, Sandor and Thomas 2009). However, users tend to under-
estimate the distance to the occluded object in X-ray vision even with depth cues
(Dey, Cunningham and Sandor 2010). Besides edges, other salient features such
as hue, luminosity and motion can be maintained to provide richer content for the
occluding object (Sandor, Cunningham, Dey and Mattila 2010a). Another possible
approach is to compress the occluding object such that it appears to ‘melt’ onto
the ground (or floor) (Sandor et al. 2010b).

Collision detection between a real and a virtual object is challenging because
the application does not know the boundaries of real objects. Therefore, AR appli-
cations seldom have any mechanism for collision prevention and users may, for
example, move virtual objects through real ones.

Systems that are able to detect and prevent collisions with moving physical ob-
jects typically use multi-camera systems (Yoon and Jung 2009), depth cameras
(Seo and Lee 2013) or a stationary setup (Murase, Ogi, Saito, Koyama and Biru
2008). It is also possible to use a model-based approach, which requires a-priori
knowledge, i.e. the model (Breen, Whitaker, Rose and Tuceryan 1996).

In some applications, such as games and other applications using gesture in-
terface, collision detection reduces to 2D (Lee, Lee, Kim and Lee 2010, Paper V).
Another approach for collision prevention is to mark collision-free areas before-
hand (Chong et al. 2009).

In order to perceive seamless integration of the virtual and real world, a system
should also consider real shadows on virtual objects. When foreground objects are
divided into actual objects and shadows, the application is able to recast shadows
of real foreground objects on virtual objects (Boun Vinh et al. 2010, Pilet, Lepetit
and Fua 2007).

2.4 Diminished reality

Augmented reality applications are often used for visualizing changes. Users may
wish to remove an existing object or replace it with a new one. If a virtual object is
augmented such that it even partially overlaps an existing object, the illusion of
augmented coexistence is lost, and the user experience is damaged (Figure 12).
This problem can be overcome by physically removing the real interfering object
before augmentation. However, the essential point of using AR is to enable visual-
izations without requiring physical action. Therefore, a digital solution is preferred.
One possibility is to use diminished reality, i.e. to virtually remove real objects from
view.

Interior design is an application area where diminishing capability is especially
valuable (Paper III, Pinto Seppä et al. 2007).
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plied exemplar-based inpainting methods for diminished reality (Kawai, Sato and
Yokoya 2014, Herling and Broll 2012).

AR applications contain 3D information on the environment. Thus, for example,
marker hiding can be carried out in marker plane coordinates (Korkalo et. al 2010,
Kawai et al. 2012, Siltanen 2006). Other planar objects can also be diminished
using 3D coordinates (Siltanen 2012).

For indoor scenes, Kawai, Sato and Yokoya (2014) propose rectifying planes in
keyframes and carrying out inpainting in the rectified planes, and then, in the sub-
sequent frames, mapping the inpainting textures according to the current pose (i.e.
position and orientation).

Diminished reality applications may aim for situations where it is possible to
have information on background textures and use multiple cameras (Enomoto and
Saito 2007, Jarusirisawad, Hosokawa and Saito 2010). The background can also
be reconstructed from a collection of images (Zhuwen, Yuxi, Jiaming and Loong-
Fah 2013).

In a typical augmented reality scenario the user utilizes the application in an un-
foreseen environment and the items in the environment are unknown. Therefore, a
conventional approach is to exploit user interaction to define the object (Zokai,
Esteve, Genc and Navab 2003). A straightforward and commonly used approach
is that the user indicates the object across several keyframes, and a 3D volume
defining the area of the object is calculated from these keyframes (Lepetit and
Berger 2001). The user may also indicate the object by drawing a loop around it
(Herling and Broll 2010). This is especially convenient with touchscreen devices.

After the user has indicated the diminished area in the image plane, the appli-
cation must track the area or the object to be diminished in subsequent images.
Herling and Broll (2010) use an active contour algorithm (Kass, Witkin and Ter-
zopoulos 1988) for this. Object tracking can rely on motion detection and tracking,
image segmentation, feature detection and tracking, or any other real-time object
tracking method (Siltanen 2012).

An augmented reality system with haptic feedback is a special case; the system
knows the visually disturbing object (the haptic device) beforehand, the pose of
the object is known, and users can even influence the appearance of the object to
be able detect it easily (Cosco, Garre, Bruno, Muzzupappa and Otaduy 2009,
Inami, Kawakami and Tachi 2003).
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3. Investigating requirements for AR services

In this chapter, we begin to address the major research question of the thesis: how
to advance AR towards commonplace consumer applications. We describe our
work on advancing AR towards wide use with participatory and user-centred de-
sign. Our work was twofold; we studied both user expectations and business eco-
systems in order to identify factors that are critical for a widely adoptable AR ser-
vice. We investigated two augmented reality application areas, home design and
hybrid media.

First we review the conceptual background. We then discuss our five distinct
studies; their methods, implementation and the outcomes of each study.

3.1 Conceptual background of user cognizance in design

The value of user involvement in the software development process is well known.
Involving users at the early stages of the process prevents costly changes later on
(Damodaran 1996, Norman 1998). User involvement also ensures that the soft-
ware features meet the user’s needs, which in turn ensures greater acceptance
and better usability (Kujala 2003, Mao, Vredenburg, Smith and Carey 2005).

The importance of user involvement is independent of software development
models or methodologies. It is used, for example, in the waterfall, spiral and agile
(Näkki, Koskela and Pikkarainen 2011) software development approaches. Users
can contribute the software development process at different stages, from early
concept design to testing the actual software. (Butt and Wan Ahmad 2012, Bano
and Zowghi 2013)

The philosophy behind user-centred design (UCD) is to develop a system in a
direction that allows its users to interact with it in the way they want or need. Hu-
man-centred design (ISO 9241-210, 2010) is often used as a synonym for user-
centred design. In UCD the needs, abilities and wishes of the end-users are taken
into account at each stage of the design process (Sharp, Rogers and Preece
2007). User involvement is especially useful in the early stages of development; it
speeds up the development process and promotes service success (Alam and
Perry 2002, Carbonell, Rodríguez-Escudero and Pujari 2009).
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In participatory design (PD), people to be affected by the system are actively
involved in system’s design process; current, potential or future end-users co-
operate with designers, developers and researchers through the innovation pro-
cess (Schuler and Namioka 1993). The aim of participatory design is to ensure
that the product is usable and meets end-users’ needs. Participants work together
at different stages of the development process from initial exploration and problem
definition to evaluation of proposed solutions.

The ideological difference between user-centred design and participatory de-
sign is that user-centred design can be understood as “designing for the user” and
participatory design as “designing with the user”. There is also overlap between
these approaches (Sanders and Stappers 2008) and, for example, Dix, Finlay,
Abowd and Beale (2003) state that design can only be effective if the users con-
tribute to it.

User experience (UX) is defined as “a person's perceptions and responses that
result from the use or anticipated use of a product, system or service” (ISO FDIS
9241-210 2009). User experience is influenced by both the user and the context of
use. Usability is one of the things that affect user experience, not a synonym for it
(Hassenzahl and Tractinsky 2006). UX comprises all of the users' emotions, be-
liefs, preferences, perceptions, physical and psychological responses, behaviour
and accomplishments that occur before, during and after use. The aim of user-
centred design can be summed up in most cases as maximising UX.

3.1.1 User involvement in design process

Co-design is a participatory development process where professional designers
encourage and guide end-users to develop a product, service or organization in
co-operation with them. The co-design process aims to ensure that the final result
satisfies the end-user. Widely used and well established methods to involve end-
users in the design process include focus groups, scenarios, early phase concept
design and sketching (Morgan 1997, Carrol 2003, Greenbaum and Kyng 1992,
Buxton 2007).

The focus group approach to co-design is a qualitative research method in
which a small group of people of similar background participate in an interactive
session led by a facilitator (Morgan 1997). During the session participants are
asked about their attitudes and opinions about a product, service or concept. Par-
ticipants are free to express their ideas and talk with other group members. The
aim of a focus group is to find out people’s perceptions, beliefs and expectations
towards use of a product, service or concept.

Another commonly used method of user participation is the focused interview.
The focused interview is a semi-structured method in which certain features, such
as the interview focus, themes and some questions, are decided beforehand, but
interviewees are encouraged to raise other aspects and viewpoints as well. Semi-
structured interviews are often used when the objective is to explore the topic in
depth and to gain thorough understanding of the answers provided and the inter-
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viewee’s point of view, rather than making generalizations (Hirsjärvi and Hurme
2001, Fontana and Frey 2005). A focused interview can be either an individual
interview or a focus group interview.

Such qualitative research methods are generally applicable when the research
target is ‘fuzzy’ or unknown, and unexpected viewpoints may arise (Gephart
2004). Interviews and focus groups are effective approaches when dealing with
complex responses and conflicting information and, because the researcher is
able to ask clarifying questions, they enable in-depth understanding of the mindset
of the respondent.

Ideas can be tested with users, for example, by using scenarios at different
stages of the concept or product design process (Norman 1998, Maguire 2001).
Scenarios can be used, for example, in surveys, focus groups or focused inter-
views to concretize new technologies and to activate discussion.

Thinking and drawing are simultaneous cognitive processes (Gydenryd 1998).
Sketching is thus a highly effective means of accessing the thinking process (Bux-
ton 2007, Suwa, Gero and Puercell 1998, Tohidi, Buxton, Baecker and Sellen
2006). Sketches in this context are simple, illustrative drawings, with no artistic
abilities required. Sketching is an acknowledged co-design method for obtaining
reflective user feedback through which participants create a visual explanation of
the system of interest (Buxton 2007, Tohidi et al. 2006).

Co-creation in its original sense is a product development method where con-
sumers actively co-operate with firms in order to create value through new forms
of interaction (Prahalad and Ramaswamy 2000). The method has also been
adopted in service design. Co-creation focuses on user experience; the user is
able to personalize the way she or he uses the product or service (Jaworski and
Kohli 2006). This interactive customer relationship transforms the economics of
the organization and becomes part of its value chain. The terms co-design and co-
creation are often used as synonyms. In our research, we use the term co-design
in the more general sense of involving users in the design process, and co-
creation in the specific sense of co-creation sessions where users are involved in
creation as future customers.

User innovations tend to occur during the use of a product or service (Von Hip-
pel 1986, Von Hippel 2005). According to von Hippel (1986, 2001) lead users play
a key role in user innovations as they are conscious and ahead of trends.

Information digitalization affects many areas of society. In marketing, it has
caused a paradigm change – a transition from products to services. According to
Vargo and Lusch, goods are seen as distribution mechanisms for service provi-
sion, and the value of goods is based on value-in-use (Vargo, Lusch 2004) or
value-in-context (Vargo, Lusch and Akaka 2010). Depending on the viewpoint, the
transition has been from a goods-dominant logic (GDL) to a service-dominant logic
(SDL) (Vargo and Lusch 2008) or Nordic school logic, aka service logic (SD)
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(Grönroos 1978, Gummesson 1991). The Nordic School16 sees service as a per-
spective of value creation (Edvardsson, Gustafsson and Roos 2005), and both
customer and provider are considered necessary for value creation (Nenonen and
Storbacka 2010). Nordic school representatives also consider that marketing
strategies developed for services may also be applied to the marketing of goods,
as goods marketing has an increasing amount of service elements (Grönroos
2006). Although there are some differences in how researchers view marketing
strategies and how they formulate marketing logic, it is generally accepted that the
role of services in the economy is increasing.

 Compared to a traditional product-based economy, service innovation requires
a greater degree of user participation, as well as new practices for realizing it
(Menor, Tatikonda and Sampson 2002, Alam and Perry 2002, Kowalkowski 2010).

Transition from products to services has been especially strong in the software
industry, where the SaaS (Software as a Service) paradigm is gaining ground. A
digital business ecosystem is an interactive self-organizing business community
acting in the environment that it creates through interaction within the community.
Vargo and Lusch (2014) define service ecosystem as a relatively self-contained,
self-adjusting system of resource-integrating actors that are connected by sharing
institutional logics and mutual value creation through service exchange.

3.1.2 Technology adoption and acceptance

The general adoption of a new technology is influenced by a number of key fac-
tors. Firstly, personal characteristics affect individual adoption. People belong in
different categories of the technology adoption lifecycle depending on how easily
they adopt new technology (Bohlen and Beal 1957). Furthermore, the characteris-
tics of the technology and use situation influence the adoption. Key factors influ-
encing adoption include relative advantage compared to other technologies, com-
patibility and relevance, complexity or simplicity, triableness (how easily the user
can test it) and observability (peers and social networks) (Rogers 2003, Compeau
and Higgins 1995).

Besides usability, the assumed benefit and attitude towards use affect how us-
ers come to accept and use a technology. Other factors affecting the adoption and
acceptance of an individual are: voluntariness of use, experience, output quality,
demonstrable results, perceived ease of use and social acceptance (Davis 1989,
Venkatesh and Davis 2000).

The rapid development of mobile technologies has changed user behaviour.
For example, mobile barcode activity has increased remarkably and is still increas-
ing (Frost & Sullivan 2012). The use of mobile applications has reached ‘the ma-
jority’ in the technology acceptance model (TAM) (Davis 1989).

16 The Nordic school is a marketing school of thought that originally grew out of research into
services marketing in Scandinavia and Finland; see e.g. (Grönroos and Gummesson 1985).
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According to Kaasinen (2005) and Olsson, Lagerstam, Kärkkäinen and
Väänänen-Vainio-Mattila (2011) the most important factors affecting intention of
use and user acceptance of consumer-level digital services such as Internet, mo-
bile and location-aware information services, are perceived value of the service,
perceived ease of use and trust. The main obstacle to consumer-level mobile
applications is often getting consumers to start using the service in the first place
(Kaasinen 2005).

3.2 Overview of applied research methods and aims

A variety of web applications offering consumers the possibility for virtual home
design are currently available. Typically, these applications allow the user to cre-
ate a room space in 2D or 3D, or to choose from ready-made room models. Virtual
home design services enable the user to select building products and decoration
materials as well as household appliances and home electronics. Many applica-
tions provide virtual interior design with furniture and small decoration items, and
some have augmented reality functionalities enabling the user to upload their own
images and furnish them. AR functionalities are mainly limited to basic operations,
such as adding and moving virtual items. (Oksman, Siltanen, Väätänen, Kulju and
Kymäläinen 2011.)

Our aim was to determine how well these services meet consumers’ needs and
what kinds of expectations different user groups have, especially regarding AR
services. Moreover, we wanted to blueprint an ‘ideal future home design service’.
In order to do this, we used several user-centred methods: co-design sessions,
focus groups and focused interviews. Users were selected to represent three
different user groups: professional users, pro-users and ordinary users, to enable
the needs of different target user groups to be differentiated.

Interior design is very feminine activity, and thus it happened that all partici-
pants in studies 1 and 2, and most participants in study 5 were females, although
the recruitment was open for both genders. However, they represent the average
users as most of the interior design users are females.

The user groups consisted of “ordinary” people with a professional or personal
interest in interior design and without any technical knowledge of AR or 3D model-
ling and no background in engineering. The consumers represented ordinary
users i.e. average people in terms of technical knowledge and expertise in the
service (Magnusson 2009). Pro-users had considerably better knowledge and
understanding of the subject than ordinary users and therefore represented lead
users as defined by von Hippel (2005, 1986), whereas professional users were
seen as critical users of the service (Cassim and Dong 2003) due to their profes-
sional expertise on the subject.

Including both lead users and ordinary users in the development process is
constructive (Alam 2006). In fact, including any alternative user group is beneficial;
ordinary users, advanced users, critical users and even non-users can provide
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valuable contributions (Franke, von Hippel and Schreier 2006, Ainasoja et al.
2011, Heiskanen, Hyvönen, Repo and Saastamoinen 2007).

In addition to users, we involved service providers and other business actors
with the intention to understand the service ecosystem and service concept. (Pa-
pers III, I and II)

Besides AR home design, we studied AR as part of a future hybrid media con-
cept. By hybrid media we mean a system that connects print media and digital
media. Our aim regarding the hybrid media field was to determine how augmented
reality and other hybrid media solutions change the print media value chain and
what kind of opportunities they offer for future print media. Especially we focused
on AR advertising. In order to investigate human, business and technical aspects
and to identify critical challenges, we interviewed 20 Finnish advertising and media
business actors using focused interviews. (Paper IV)

Table 1. Research methods used for each interior design user group (green rows),
and the hybrid media group (last, blue row).

Interior design
service

Scenario-
based
survey

Co-creation
sessions

Focus
groups

Focused
interviews

Ordinary users =
consumers X X

Pro-users
(interior design
bloggers and
students)

X X

Professional us-
ers
(professional interi-
or designers)

X X X

Professional in-
terest, ordinary
users
(interior design and
lifestyle magazine
editors)

X

Business actors X

Hybrid media

Business actors X
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The AR focus group session consisted of four parts: presentation of use scenari-
os, presentation of example AR applications, presenting the results of the prelimi-
nary survey and sketching the service ecosystem in pairs. Each part was followed
by a group discussion concerning that part (Figure 15).

The AR focus group had a researcher facilitating the session and four partici-
pants: three interior design bloggers, one of which was also an interior design
student, and an AR expert. Participants were 27–49-year-old females.

At the beginning of the session, the facilitator presented four use scenarios for
the imaginary future service (see Appendix A: AR use scenarios 1–4), and partici-
pants commented on how realistic they consider them.

Next, the facilitator presented three existing AR interior design applications us-
ing screen capture images for inspiration. These applications were previously
benchmarked (Oksman et al. 2011) and thereby the presentation included a short
description of features of each application and its benefits and similarities with the
hypothetical future home design concept. The task of the participants was to con-
sider the most important features of the future service considering their field of
expertise and their work.

In the third part of the session the facilitator presented the results of the prelim-
inary survey carried out previously (see page 39). This was followed by a short
discussion.

The first three parts of the session served as an introduction to the most im-
portant phase; the co-design session, in which participants sketched the service
eco-system for the future AR interior design service. During the co-design phase
all previous material was accessible.

For the co-design session, the participants were divided into pairs. It was mutu-
ally decided that the participant’s role in the sketching was as an ambiguous de-
signer. In order to avoid blank paper syndrome, each pair positioned ‘designer’ in
the middle of a poster sized paper. Thereafter, the pairs were assigned to produce
around this a flow chart of the service ecosystem. They were to consider at least
the following items:

•  All necessary stakeholders and elements, i.e. products, services,
technologies, etc.

•  How all stakeholders and elements are connected to the ecosystem?
•  Which are the most important stakeholders and elements (using a

three-level scale)?

The participants had papers, pens, cardboards, and other sketching aids at hand.
In addition, we provided them other inspiring materials (Figure 16) such as colour
patterns, wall paper samples, images of furniture, etc., similar to the IDEO tech
box (Kelley and Littman 2001).
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Figure 16. Focus group session.

After the sketches were ready, each pair presented their sketch to the rest of the
group for discussion. During the discussion participants improved their sketches
based on the group feedback.

The IU focus group session differed only in the sketching task; their assignment
was to sketch user interfaces for the service. User interfaces were analysed by the
co-author and thus the results regarding user interfaces are omitted in this thesis.

3.3.2 Outcomes of Study 1

First of all, the participants provided valuable design information during the dis-
cussions regarding promising ways of utilizing AR technology in the service con-
cept (Paper I).

Already in the first discussion, after familiarizing with the scenarios, the partici-
pants highlighted the importance of good usability. Later on, the interior design
bloggers emphasized the need for the design tool to be user-friendly and simple to
use. Good user experience is always important, in this case even more so; ac-
cording to participants, it would be advantageous if using the service would feel
like “a leisure activity”.

The participants discussed the characteristics of the service while considering
how they would like to use it themselves, and listed important features. They pos-
tulated that the tool must have accurately and authentically sized and proportioned
furniture, rooms and apartments; otherwise it would be useless for them. It should
be able to present the style and colour of virtual elements fairly well. The interior
design enthusiasts stated that the tool should be able to create the ‘atmosphere’
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this sketch explained that the designer uses the service; therefore in the sketch
designer represents the service.

A collection of product providers, actors and other items emerged in the
sketches. All items were scored using the three-level scale used in the sketches.
The most important items were: new furniture providers, interior decoration pro-
viders, owner/buyer of apartment, existing furniture, wall papers & paint providers,
hardware stores and other interior designers or renovators.

However, there was inconsistency between the verbal explanations and
sketches; participants, for example, emphasized the importance of existing furni-
ture in the discussion, yet this did not receive full points. Therefore, the order of
importance should be seen as indicative only.

All in all, the “Focus group user evaluations and co-design sessions provided
adequately new information for further design and development of interactive
interior design services that utilize AR technology” (Paper I).

3.4 Study 2: Co-creation sessions with consumers and
interior designers

This subsection is based on Paper III.
The co-creation sessions focused on a concept defined as a fictitious web-

based augmented reality interior design service that the user can operate on a
laptop, PC or tablet, and which enables ordinary people to easily plan furnishing
and decoration in the home environment.

3.4.1 Implementation of Study 2

We organized six co-creation sessions; five consumers participated in individual
co-creation sessions, and the two interior designers participated in a joint session.

The sessions were carried out by same researcher and lasted 1–1.5 hours. The
participants of the co-creation sessions were 30–50-year-old females.

In computer science, AR, VR, diminished reality, augmented virtuality, etc., are
distinguished from each other (see page 22). To the layperson, however, the nu-
ances of these definitions can be difficult to grasp. In the co-creation sessions,
therefore, we defined the term augmented reality simply as a system that com-
bines real and virtual elements.

The co-creation sessions consisted of three parts:
Introduction with scenarios and a video: discussion of potential use
cases of the technology, and first impressions
Experimenting with an existing AR interior design service and reflection
on it
Discussion: personal opinions and preferences, and overall comments.
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As the consumers were unfamiliar with the augmented reality concept, the con-
sumer sessions were started with an introduction to AR in which the researcher
briefly presented four scenarios (Scenarios 1–4 in Appendix A and Paper III) and a
short video illustrating the use of an AR interior design service. Immediately after
the introduction, first impressions and opinions were collected on how realistic the
participants considered the presented scenarios. No introduction was needed for
the interior designers, as they were already familiar with the concept of AR interior
design.

The sessions were continued by experimenting with the AR interior design ser-
vice in practice. Participants were instructed in advance to bring a few digital pho-
tos of their home to the session. Any participant who did not bring their own pho-
tos was provided with random images by the researcher, or, if the session took
place in the participant’s home, images were taken during the session. We then
used a publicly available online interior design service to augment the images. The
application was used as a means of activating discussion, emphasizing that the
participant should not deliberate whether ideas are possible, but think creatively.

In order to allow participants to focus on generating ideas and on the general
concept rather than on the particular application and its user, the researcher oper-
ated the application throughout the session. The participants expressed their ideas
freely, with statements such as “I’d like to remove this piece of furniture” and “I’d
like to add here…” If a participant came up with an idea that was not achievable
with the application in question, the idea was discussed in detail. If the partici-
pant’s idea was doable, the idea was executed while discussing it further.

During the experimental part of the session, the following themes were dis-
cussed: desired functionalities, potential or actual problems, and the naturalness
of the real–virtual combination.

Each co-creation session ended with a discussion on the following themes:
Would you use this kind of system when buying a new house? Would you use
such a system to buy products from an online store? What are the most important
features of such a system (when buying a new home or renovating/carrying out
interior design)? Would you use this kind of system to share designs? What sorts
of products could be trialled virtually? Any other comments?

3.4.2 Outcomes of Study 2

One of the key findings of the co-creation sessions was that the professional users
and consumers had different needs and expectations regarding the AR interior
design service. Their opinions regarding the importance of different attributes of
the service therefore differed.

For professional interior designers that would use the service to produce interi-
or design plans, accurate sizes and dimensions are highly important as the plan is
used “to show how the furniture fits in the physical space”. The professional de-
signers emphasized the role of colours and materials in interior design planning
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and the importance of the AR service being able to represent furniture in realistic
lighting and realistic materials.

Consumers wanted to be able to search for items based on price, colour and
size. As regards accuracy and rendering quality, the consumers preferred realistic
augmentation over accuracy.

The consumers, as occasional users, considered ease of use important, and
thus favoured limited features over a complicated user interface. In the consum-
ers’ view, the first-time use should be intuitive with no learning required. In con-
trast, the professional users wanted to be able to perform more demanding tasks,
and thus preferred a system with more features even at the cost of ease of use.
The professional users were also willing to invest time in learning to use the appli-
cation and its numerous features in order to be able to use it to its full benefit.

The user groups, i.e. consumers and professionals, also shared a number of
similar opinions. They considered interactions with existing furniture to be highly
important; the service should enable existing furniture to be moved and removed
virtually, and virtual furniture to be place behind existing furniture.

For both user groups, the studied AR service facilitates interior design testing
and enables the user to carry out actions that would be otherwise impossible for
them in the real world (e.g. moving heavy furniture and testing a new couch at
home). These benefits are considered the prime reasons for using the AR service.
In Study 1, the users also described “day dreaming” as a reason to use the ser-
vice.

Interior design plans are rarely produced for empty rooms. Moreover, people
normally have “old furniture with sentimental value” that they wish to retain. The
lack of features enabling interaction with existing furniture was considered one of
critical bottlenecks preventing real use of the AR service.

Another interesting discovery was that those consumers, who explored the ser-
vice with images of their own home, were not only interested to explore more
interior design ideas, but also came up with more ideas, compared to those who
used images of a random room. This indicates that concretization of the concept
using the user’s own environment motivates the user, and also results in more
concrete use scenarios. This finding is in line with the general concepts of human-
centred design (Maguire 2001) and user innovations (von Hippel 1986, 2005).

3.5 Study 3: Focused interviews on AR interior design

Focused interviews were used in two studies in order to gain understanding of the
business factors and business ecosystems influencing the acceptance of AR
technology. The first study focused on AR interior design and the second study on
the use of AR in hybrid media. The focused interview research method was cho-
sen for its ability to elicit new viewpoints and due to the complexity of the service
ecosystems. This subsection is based on Paper III.
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Table 2. Participants of the focused interviews on hybrid media. Participants of
same company are in the same row in the ‘Expertise of participants’ and ‘Number

of participants’ columns.

Interviewed
companies

Company’s
position in the
value chain

Expertise of
participants

Number of
participants

Company 1 Brand owner Marketing 3
Company 2 Brand owner Product 3
Company 3 Advertising Digital con-

tent
1

Company 4 Advertising Digital con-
tent

1

Company 5 Media agency Media plan-
ner

1

Company 6 Publisher On-line 2
Company 7 Publisher Social media 2
Company 8 Publisher Production 1
Company 9 Publisher Marketing 1
Company 10 Printing Sales and

Digital print-
ing

1
2

Company 11 Printing Direct mail 2

3.6.2 Outcomes of Study 4

Each participant viewed the role of the company they represented important in the
future hybrid media value chain – and stronger than the other interviewees con-
sidered it to be. Almost all participants thus seemed to overrate their own role.
Nonetheless, all participants shared a similar vision regarding the components of
the value chain.

In this study we interviewed only business actors, the consumers were not in-
volved in this study. However, the interviewed business actors study their con-
sumers constantly, and thus their opinions take into account consumers’ way of
thinking.
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its share of advertising and readers to digital media. The print media sector there-
fore needs to linkage with digital media to survive. Another important aspect is that
linking print media with digital data transmission enables the collection of customer
information – which is valuable currency in advertising.

With traditional print media, access to customer information is extremely lim-
ited. For instance, the effect of advertising campaigns can only be observed at a
general level. With digital connection, however, the framework owner can collect
considerably more information. When the user reads a printed publication (e.g. a
magazine) with a mobile phone and launches additional information, the system
knows when, and possibly also where, the user is and which of the several adver-
tisements of the campaign the user is viewing. With registered users it is also
possible to collect more background data. Moreover, the system enables direct
linking from printed advertisement to web store, thus lowering the purchasing
threshold. This naturally appeals to advertisers.

3.7 Study 5: Innovation workshop on AR real estate marketing

To complement our previous studies on ambient home design, we held an innova-
tion workshop with three themes. The results concerning two of the themes, Aug-
mented reality in real estate marketing and AR in interior design, were document-
ed in the AdFeed17 project deliverable (Siltanen, Seisto, Mensonen and Wulff
2011) and are described here with permission of the respective project partners.
This subsection is based on that work.

The third workshop theme, presentation of a device for measuring true colours
and potential use cases for it, is outside the scope of this work and omitted from
the present analysis.

The augmented reality themes of the innovation workshop can be considered
as a focus group session.

The objective of this study was to find out how AR could be used in real estate
marketing and how consumers perceive the concept of using additional virtual
and/or augmented reality images of apartments in real estate marketing.

The study also aimed to validate previous results regarding important features
of an AR interior design service with a new group of users. In addition, we were
interested in any new aspects arising from the real estate marketing business
perspective.

17 Adfeed was part of the Next Media programme of DIGILE (former TIVIT).
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 Who benefits from using virtual and modified images?
 What do people expect from this kind of service?
 Who would edit the images? The seller? The real estate agent? Interi-

or designer? Buyer? Furniture manufacturer? Furniture retailer?

Interior design:

Illustrated examples: moving a piano virtually, virtually converting a TV room in-
to a dining room, virtually testing a new couch, and visualizing a 2D interior de-
sign plan (see Appendix B).
Questions to start the discussion:

 What do people expect from this kind of service?
 What functionalities?
 What kind of user interface?

The group discussions were audio-recorded and transcribed to enable analysis of
the results for both themes from both groups.
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3.7.2 Outcomes of Study 5

All participants shared the opinion that AR and VR images bring added value to
real estate marketing.

In the concept illustrations, the nature of all images was clearly marked. The
user was always aware of whether an image was original, virtual, or manipulated
with AR technology (Figure 25). No comments were presented concerning ethical
issues or the acceptability of AR/VR modifications. Nobody expressed concern
about misleading the customer or any other concerns about AR/VR modification.

Participants considered that the service should have different vendors in the
portal: kitchen and bathroom fixtures, ceramic tile and furniture vendors, etc., and
viewed it as important that several vendors from each branch are represented.

In the participants’ view, the AR/VR interior design could either be a service
provided by real estate agency, or a web service provided by a furniture vendor.
Furthermore, although the service does not need to be free of charge for consum-
er, it could also be funded by advertising.

Important features would be the ability to: illustrate furniture placement from a
360° perspective; virtually remove existing furniture from images; and use own
existing furniture in AR interior design. Participants also wished to see an avatar in
the images to get better idea of scale.

Other key functionalities for such a software/service mentioned were the ability
to measure real dimensions and to order custom-made furniture to fit real dimen-
sions. The system should also have “this [item] does not fit here” type warnings.

Participants also considered that AR interior design would allow people to
dream and make designs just for fun, rather like a “Habbo Hotel19 for adults”.

Other future features of AR interior design mentioned by the participants in-
cluded: realistic lighting models to aid lighting design, virtual curtains, and sugges-
tions for suitable furniture for a given space or the style.

In addition to interior design, the participants also envisaged a similar service
for garden and terrace design. Such a system could visualize sunlight at different
times of the day and year, as well as plants growing and blooming over time.

In summary, the focus group session served our purpose well; we determined
users’ attitudes towards the AR/VR interior design service concept, and identified
how users would like to use such a service.

In this study we concentrated on a web-based service and its functionalities,
and superficially discussed the possibility to use AR application on-site for real
estate marketing. However, an interior design application could be used for visual-
ising different interior design plans on-site in real estate marketing as well.

19 Habbo Hotel virtual world:  https://www.habbo.com/

https://www.habbo.com/
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4. Developing AR applications towards real
use

A substantial finding of the previous chapter was that user experience is improved
if the user is able to interact with the system in a way that feels natural to them.
The user interface thus plays a significant role in user experience – but is by no
means the only noteworthy aspect. Other important factors affecting user satisfac-
tion relate to the usefulness of the system: how well the user can accomplish
something with it, and how useful it is to the user.

In this chapter, we discuss our work on developing augmented reality applica-
tions towards wide consumer-level use. First we discuss user experience in aug-
mented reality applications with a focus on assembly-type tasks, and then we
focus on our specific interest area, augmented reality interior design. Our work
especially takes into account user experience and usefulness as described above.

4.1 Improving UX in AR assembly tasks

AR has proven to be useful in assembly type areas i.e. in assembly, maintenance
and repair (Siltanen 2012, Henderson and Feiner 2011a, Henderson and Feiner
2009, Bimber and Raskar 2005). The development of augmented reality field
really took off after Caudell and Mizell (1992) demonstrated assembling aircraft
electronics with the help of AR.

This section, based on Paper V, describes our work on multimodal user inter-
face for augmented assembly with the aim of improving user experience. Several
other research papers have also been presented by the author regarding the ad-
vancement of AR in assembly–type tasks (Sääski et al. 2007, Salonen et al. 2007,
Sääski et al. 2008, Azpiazu et al. 2011) and natural user interfaces (Honkamaa et
al. 2007, Ailisto et al. 2007, Siltanen et al. 2008).

We start the discussion on the use of AR in assembly tasks, and then turn the
focus towards multimodality and user experience.
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4.1.1 Augmented assembly benefits for manufacturing industry

The transition to service-dominant logic (see e.g. Vargo and Lusch 2008) has
transformed product manufacturing from the production of fixed products to a
growing number of product variants and customized products. Manufacturers often
provide a service where the customer can select certain product features and
production is realized on demand (Salvador, Chandrasekaran and Sohail 2014),
as was the case in our tractor manufacturer study (Sääski et al. 2007).

Customization of products increases the complexity of the assembly task, in-
creases the variety of components (Hu et al. 2011) and causes long assembly
sequences, as also noted in our previous work (Sääski et al. 2007, Salonen et al.
2007). This means shorter life-cycles, smaller production lots, and accelerated
time-to-market, which in turn increase demands on production equipment and
production performance resulting in higher assembly costs (Hu et al. 2011,
Chryssolouris 2006).

The manufacturing industry needs innovative approaches and technologies to
meet the challenges of the current market economy (Hu et al. 2011, He and Lai
2012, Chryssolouris, Papakostas and Mavrikios 2008). Improvements in the as-
sembly process can significantly reduce assembly costs and a product's time to
market (Leu et al. 2013).

Augmented reality can combine human intelligence and skills with the memory
capacity of a computer and thus make assembly more effective and less error-
prone (Sääski et al. 2007, Novak-Marcincin, Barna, Janak and Novakova-
Marcincinova 2013). This, in turn, lowers assembly costs thereby boosting the
competitiveness of manufacturing companies. The same holds true for other simi-
lar tasks, such as maintenance and repair, where a clear advantage can be
gained from supporting human skills and intelligence with the memory and pro-
cessing capacity of a computer system.

The motivation to develop augmented reality systems to support assembly
tasks is clear. In Paper V, we studied user interactions with such a system and,
especially, how different modalities can be utilized in the user interface to increase
UX. This is examined in the following section.

4.1.2 Multimodal user interface

In Paper V, we simulated real assembly work using a portable 3D block puzzle.
The assembly task was to assemble the puzzle. We used a head-mounted display
(HMD) setup consisting of a camera and lightweight video display, both attached
to safety glasses worn by the assembler (Figure 26). (Sääski et al. 2007 and Pa-
per V.)
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The augmented instructions were explicit; no mistakes were made during the
assembly. With the augmented instructions the users were able to turn the puzzle
around and view it from any viewpoint they wished. In contrast, the paper instruc-
tions caused confusion as the illustrations were given from only one viewpoint and
the users were not always certain of the required piece or position.

The test users gave valuable insights concerning the system. First of all, feed-
back from the tested set up was stated to be insufficient, with users emphasizing
the importance of system feedback to the user experience. The users suggested a
number of feedback improvements. Assembly type instructions require eye-
catching augmentations as the aim is to get the user to focus on the right thing.
The same holds true to some extent for menu items. In our test the position of the
virtual menu was not optimal, and some graphics and texts were too small and
thus unnoticeable.

The system repeatedly animated the assembly instruction for each piece until
the user moved to the next step. One user suggested the possibility of freezing the
animation to allow the user to compare the piece in hand with the piece shown in
the animation – a useful feature for a real assembly task.

A somewhat obvious finding is that the system should support the task it is
used for. While this may seem trivial in principle, it is not necessarily so obvious
how best to support the task in practice. In assembly-type task, this means for
example clear, eye-catching augmentations.

Another important result was that all users preferred multimodality over single
modality. User experience is improved if the user is able to interact with the sys-
tem in the way that they want. Use of a multimodal user interface is one way to
support this. This is in line with the general aims of user-centred design (page 33).

The results were similar to other research results in the field. For example,
Irawati, Green, Billinghurst, Dünser and Ko (2006) studied multimodal user inter-
face using speech and gestures using a specific handheld paddle, and also noted
the importance of feedback from the system to the user. Furthermore, their re-
search shows that users prefer multimodality, and that multimodality can improve
the efficiency of user interaction. Multimodality has also been proven to enhance
learning, especially for students who learn through kinaesthetic, visual, and other
non-text-based methods (Billinghurst and Dünser 2012).

The head-mounted video display used in the study proved suitable for this pur-
pose. The display was light-weight and the image quality was good. The display
was convenient to wear, being attached to normal safety glasses as would be
worn by an assembler in a real factory environment. The display was positioned to
the side of the assembler’s line of view, enabling the user to glimpse the instruc-
tions when needed, while allowing a direct view of the environment. In our practi-
cal experience, this type of HMD provides optimal support for assembly tasks
(Siltanen 2012: 142–143).

The devices used in the experiments are no longer on the market. However, a
number of new devices have since been released. The launch of see-through
eyewear designed for AR such as Microsoft HoloLens (see Figure 56, page 102)
on the market is likely to increase the number of consumer AR applications. More-
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Another important aspect raised by professional interior designers and interior
design semi-professionals in the present study is that the interior design process
often starts with existing furniture. In addition, the colours and the “feeling of the
space” are also important. (Papers III, I and II.) It therefore makes sense to com-
bine new components with the existing environment, i.e. to use augmented reality.

Moreover, furniture retailers see an opportunity to increase sales through AR
interior design services (Paper III). Real estate marketing can also benefit from AR
interior design services (Siltanen et al. 2011) and interior designers and bloggers
see an opportunity to advertise their work through such services (Paper I, Paper
II).

Based on these findings, we have a clear motivation to develop augmented re-
ality solutions for interior design.

4.2.1 AR development for interior design

Interior design has the following special characteristics compared to other AR
application areas: users prefer still images to video (Paper VI, Saraspää 2014),
the visual quality of the augmentation must be realistic (cf. assembly tasks where
NPR is preferred, see page 62), and real dimensions are essential (cf. AR games)
(Papers III, I and II).

Next, we will discuss the development of the AR interior design application de-
scribed in Paper VI, on which this subsection is based.

In consumer applications the assumption is that the operator is an ‘ordinary us-
er’, i.e. has no engineering background (Magnusson 2009), and thus the system
must be easy to start using and its further use should be self-evident. In order to
obtain an accurate scale and reasonable coordinates in a user-friendly way, we
used marker-based tracking, whereby the user simply places a printed marker on
the floor and then starts adding virtual furniture.

For marker detection we used ARToolkit with some modifications and additional
features that we created for this purpose. These features were later implemented
in ALVAR. One of these features that we created, and later improved, is marker
hiding (Siltanen 2006, 2012, Korkalo, Aittala and Siltanen 2010). The use of mark-
ers in the augmented image can be distracting to the viewer, especially in interior
design where visual appearance is paramount. However, their use is justified by
their simplicity of use and the fact that they enable the use of correct scales.
Marker hiding resolves this contradiction by removing the marker virtually from the
final image.

A hybrid method can use markers for initialization (i.e. to get the correct scale
and to align the coordinate system with the floor) and thereafter rely on feature-
based or inertial tracking (Su, Kang and Tang 2008, Feng Zhou, Duh and Billing-
hurst 2008). In markerless tracking methods, the scale must be initialized one way
or other. This usually requires some amount of expertise, making it inapplicable for
consumer applications, but feasible for professional applications. As noted earlier,
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Figure 34. Top: A virtual object augmented over a real object looks non-realistic if
the original object remains partially visible. Bottom: This disturbing overlap can be

diminished from the background using diminished reality.

Diminished reality is a special case of video inpainting. Diminishing is carried out
within an augmented reality application. The AR application tracks the movements
of the camera and has information regarding 3D coordinates of the scene. This 3D
information can be exploited in diminishing to improve the visual quality of inpaint-
ing. By definition, AR is a real-time technology and thus good performance speed
of the diminishing method is crucial. On the other hand, the diminished area is
often partly covered by augmentations, and the user’s attention is focused on
these virtual objects. Therefore, the quality requirements are more lax than with
image manipulation tools (e.g. Photoshop), but speed requirements are tighter. In
diminished reality, it is sufficient that the inpainting embeds in the environment and
looks natural at an adequate performance speed.

Diminished reality functionality consists of several tasks. The application must
identify the object to be diminished, decide which information to use for hiding the
object, etc. Each task has special challenges and problems that need to be
solved. In Paper VII we discussed these tasks, suggested solutions to the prob-
lems, and introduced enhancements to previous methods.
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Exemplar-based inpainting methods copy samples from outside the area to be
inpainted into the target area. In this way, the inside of the area resembles its
surroundings resulting in a natural appearance. We used our own exemplar-based
inpainting implementation. In addition, we presented a comprehensive modular
pipeline for implementing diminished reality for indoor AR applications such as
interior design. The modularized pipe-line is one of the important and unique con-
tributions of Paper VII. Other substantial outcome is our methods of adapting the
inpainting texture the current illumination.

In this section, we describe the diminishing pipeline, discuss our main im-
provements and insights, and describe how our implementation improves the
diminished reality field.

We define the pipeline for diminished reality implementation as follows:

1. Select the object to be diminished, i.e., define the area to be inpainted,
aka the inpainting area

2. Define the source area for texture generation
3. Determine the background 3D structures, i.e. planes constructing the

background (positions of walls and floor)
4. Divide masks across the background planes, i.e. floor and wall planes

in interior design
5. Rectify background planes and corresponding inpainting and source

masks
6. Normalize illumination of the texture in the source area
7. Create inpainting texture using an exemplar-based method in rectified

coordinates
8. Adapt the inpainting texture to real illumination conditions
9. Map the inpainted textures back to image coordinates
10. Render the inpainting texture on top of the original image

The source area can as well be defined after rectifying the background structures,
in rectified planes.

We have implemented two possibilities for defining the area to be inpainted.
The user can either select the area with the mouse or use a dynamic 3D volume,
the dimensions and position of which can be changed by the user so that it covers
the object to be diminished (Figure 35). The first approach is intended for still
image usage and the latter also for real-time usage. Both approaches have the
advantage that the selection task is easy to explain to the user and easy to per-
form. In addition, both approaches are robust and reliable, which makes them
suitable for consumer applications.

Researchers have also presented more sophisticated methods for extracting
objects, based on 3D reconstruction, feature detection and segmentation. These
methods, however, often require some understanding of the underlying methods,
and the selection may thus fail if the user is inexperienced. We chose to rely on
simple user interaction; nonetheless the inpainting algorithm is independent of the
way the inpainting area is defined. Kawai, Sato and Yokoya (2014) have present-



ed a similar approach where the diminished area is divided into planes in 3D.
However,
define planes and therefore are able to diminish walls without any trackable fe
tures, whereas
with textured planes.

Figure
with a mouse (above),
left are the original images with the selection illu
ishing results.

The inpainting result and speed
the source area for
method for inpainting. In
the inpainting area.
compare.
increases
ples to enable good visual results.
any interfering
36).

a similar approach where the diminished area is divided into planes in 3D.
However, our approach differs in couple of
define planes and therefore are able to diminish walls without any trackable fe
tures, whereas Kawai et al.
with textured planes.

Figure 35. Two ways of selecting the area to be inpainted
with a mouse (above),
left are the original images with the selection illu
ishing results.

he inpainting result and speed
source area for

method for inpainting. In
inpainting area.

compare. Thus, the processing time
increases. On the other hand, the source area should have enough sui
ples to enable good visual results.

interfering samples

a similar approach where the diminished area is divided into planes in 3D.
our approach differs in couple of

define planes and therefore are able to diminish walls without any trackable fe
Kawai et al. detect planes using feature tracking, which works only

with textured planes.

wo ways of selecting the area to be inpainted
with a mouse (above), and selecting with a dynamic 3D volume (below). On the
left are the original images with the selection illu

he inpainting result and speed can be
source area for texture generation

method for inpainting. In the exemplar
inpainting area. The bigger the source area, the more matches

he processing time
. On the other hand, the source area should have enough sui

ples to enable good visual results.
samples, such as nearby objects

73

a similar approach where the diminished area is divided into planes in 3D.
our approach differs in couple of aspects;

define planes and therefore are able to diminish walls without any trackable fe
detect planes using feature tracking, which works only

wo ways of selecting the area to be inpainted
electing with a dynamic 3D volume (below). On the

left are the original images with the selection illu

can be optimized
texture generation. Our solution uses an exemplar

exemplar-based m
The bigger the source area, the more matches

he processing time increases
. On the other hand, the source area should have enough sui

ples to enable good visual results. However, the source area should not contain
nearby objects

a similar approach where the diminished area is divided into planes in 3D.
aspects; we use user interaction to

define planes and therefore are able to diminish walls without any trackable fe
detect planes using feature tracking, which works only

wo ways of selecting the area to be inpainted were
electing with a dynamic 3D volume (below). On the

left are the original images with the selection illustrated, and on the right the dimi

optimized through appropriate
. Our solution uses an exemplar

method samples are matched
The bigger the source area, the more matches

increases exponentially
. On the other hand, the source area should have enough sui

the source area should not contain
nearby objects that spoil the visual result (

a similar approach where the diminished area is divided into planes in 3D.
e use user interaction to

define planes and therefore are able to diminish walls without any trackable fe
detect planes using feature tracking, which works only

were used: selecting
electing with a dynamic 3D volume (below). On the

and on the right the dimi

appropriate selection of
. Our solution uses an exemplar

ethod samples are matched
The bigger the source area, the more matches there are

exponentially as the source area
. On the other hand, the source area should have enough suitable sa

the source area should not contain
spoil the visual result (

a similar approach where the diminished area is divided into planes in 3D.
e use user interaction to

define planes and therefore are able to diminish walls without any trackable fea-
detect planes using feature tracking, which works only

electing
electing with a dynamic 3D volume (below). On the

and on the right the dimin-

selection of
. Our solution uses an exemplar-based

ethod samples are matched with
there are to
source area

table sam-
the source area should not contain

spoil the visual result (Figure



Figure
copied in
in the lower image the
area, and no
view before diminishing.

In our implementation the source area is limited to the
inpainted area
Paper VII
user can also indicate the source area and select
inpainting algorithm is independent

The source area and inpai
itself is
mask (diminishing mask)

The inpainting texture is created block wise, and the blocks
the edge of the inpainting mask area.
part of it outside the diminished area. The matching blocks ar
source area

Figure

Figure 36. In the upper image s
copied in the inpainting texture
in the lower image the
area, and no interfering
view before diminishing.

In our implementation the source area is limited to the
inpainted area, an N pixel

VII we also discuss how to select the area with segmentation methods. The
user can also indicate the source area and select
inpainting algorithm is independent

The source area and inpai
is marked with ones, and

mask (diminishing mask)
The inpainting texture is created block wise, and the blocks

the edge of the inpainting mask area.
part of it outside the diminished area. The matching blocks ar
source area (Figure 37

ure 37. The best matching block for block

upper image samples belonging to
inpainting texture as the

in the lower image the source area is limited to
fering samples are copied. The small image presents the original

view before diminishing.

In our implementation the source area is limited to the
N pixels wide area around the inpainting area, for example.

we also discuss how to select the area with segmentation methods. The
user can also indicate the source area and select
inpainting algorithm is independent

The source area and inpainting area are presented with masks
marked with ones, and the

mask (diminishing mask) is marked
The inpainting texture is created block wise, and the blocks

the edge of the inpainting mask area.
part of it outside the diminished area. The matching blocks ar

37).

. The best matching block for block

74

amples belonging to
as the source area is not limited

source area is limited to the
samples are copied. The small image presents the original

In our implementation the source area is limited to the
wide area around the inpainting area, for example.

we also discuss how to select the area with segmentation methods. The
user can also indicate the source area and select
inpainting algorithm is independent of the way the source area is defined.

nting area are presented with masks
the outside of the area with zeros.

is marked MD and the source mask
The inpainting texture is created block wise, and the blocks

the edge of the inpainting mask area. Part of the processed block is inside and
part of it outside the diminished area. The matching blocks ar

. The best matching block for block Bd

amples belonging to the window are accidentally
area is not limited

the area close to
samples are copied. The small image presents the original

In our implementation the source area is limited to the area adjacent to
wide area around the inpainting area, for example.

we also discuss how to select the area with segmentation methods. The
user can also indicate the source area and select the most appropriate areas. The

the way the source area is defined.
nting area are presented with masks

outside of the area with zeros.
and the source mask

The inpainting texture is created block wise, and the blocks
art of the processed block is inside and

part of it outside the diminished area. The matching blocks ar

d is searched from the source area

window are accidentally
area is not limited properly, wher

area close to the diminished
samples are copied. The small image presents the original

area adjacent to
wide area around the inpainting area, for example.

we also discuss how to select the area with segmentation methods. The
most appropriate areas. The

the way the source area is defined.
nting area are presented with masks, where the area

outside of the area with zeros. The inpainting
and the source mask MS.

The inpainting texture is created block wise, and the blocks are processed on
art of the processed block is inside and

part of it outside the diminished area. The matching blocks are searched from the

from the source area

window are accidentally
, whereas

diminished
samples are copied. The small image presents the original

area adjacent to the
wide area around the inpainting area, for example. In

we also discuss how to select the area with segmentation methods. The
most appropriate areas. The

the area
inpainting

are processed on
art of the processed block is inside and

e searched from the

from the source area.



The method
tion. In practice
located outside the mask

Figure
right block does not. The centre pixel of the block is

The dissimilarity

where
pixels in block

For RGB

For YUV images
used

The best matching block

ilarity to it

where B
block B

The mask is updated

Our method fi
such as

The method only uses blocks that provide enough information
. In practice, this is ensured

located outside the mask

Figure 38. The left block
right block does not. The centre pixel of the block is

dissimilarity between the
(B ,  B ) (1 ) (B ( , ) B ( , )),D S D D Sd M d i j i j

where DM  is the mask block corresponding to
pixels in block MD, k >

For RGB images, all channels all equal and

( ,  ,  ) ( ,  ,  )   .d r g b r g b r g b
For YUV images one can

where ,  and  1.
d y u v ay bu cv

The best matching block

ilarity to it

B belongs to the
BD are

B

mask is updated

ur method first fills in areas
such as tiles, are mostly repeated nicely.

uses blocks that provide enough information
this is ensured when at least

located outside the mask (Figure 38

block contains enough information for texture generation, the
right block does not. The centre pixel of the block is

between the the blocks

,

(B ,  B ) (1 ) (B ( , ) B ( , )),D S D D S
i j

d M d i j i j

mask block corresponding to
> p. If k p, the
, all channels all equal and

( ,  ,  ) ( ,  ,  )   .d r g b r g b r g b
one can weight

( , , ) ,
where ,  and  1.
d y u v ay bu cv

a b a c a b c

The best matching block bestB for block

best arg min ,B B B

the source area of the source mask. The new pixel values for

( , ) .new
D i jB

mask is updated accordingly

DM
rst fills in areas containing
are mostly repeated nicely.

75

uses blocks that provide enough information
when at least
38).

contains enough information for texture generation, the
right block does not. The centre pixel of the block is

blocks is defined as

,

(B ,  B ) (1 ) (B ( , ) B ( , )),D S D D S
i j

d M d i j i j

mask block corresponding to
the block is omitted.

, all channels all equal and the
2 2 2 2( ,  ,  ) ( ,  ,  )   .d r g b r g b r g b

the intensity values

2 2 2( , , ) ,
where ,  and  1.
d y u v ay bu cv

a b a c a b c

for block DB is the one that minimizes the dissi

arg min ,d
B

B B B

source area of the source mask. The new pixel values for

best

( , ), if  ( , ) 0
( , ) .

( , ), if  ( , ) 1
D Di j i j

i j i j
B M
B M

( , ) 0,  , .D i j i jM
containing edges;

are mostly repeated nicely.

uses blocks that provide enough information
when at least a given amount of pixels,

contains enough information for texture generation, the
right block does not. The centre pixel of the block is marked red

is defined as:
(B ,  B ) (1 ) (B ( , ) B ( , )),D S D D Sd M d i j i j

mask block corresponding to BD, and k is
omitted.

the scalar product is used
2 2 2 2( ,  ,  ) ( ,  ,  )   .d r g b r g b r g b

intensity values, e.g. the

2 2 2( , , ) ,
where ,  and  1.
d y u v ay bu cv

a b a c a b c

is the one that minimizes the dissi

arg min ,DdB B B

source area of the source mask. The new pixel values for

( , ), if  ( , ) 0
( , ) .

( , ), if  ( , ) 1
D D

D

i j i j
i j i j

B M
B M

( , ) 0,  , .i j i j
in ensures that

uses blocks that provide enough information for texture gener
amount of pixels,

contains enough information for texture generation, the
marked red (Paper VII).

(B ,  B ) (1 ) (B ( , ) B ( , )),D S D D Sd M d i j i j

is the number of

scalar product is used, i.e.
2 2 2 2( ,  ,  ) ( ,  ,  )   .d r g b r g b r g b

e.g. the following metric is

where ,  and  1.a b a c a b c

is the one that minimizes the dissi

arg min ,

source area of the source mask. The new pixel values for

( , ), if  ( , ) 0
( , ) .

( , ), if  ( , ) 1
i j i j

i j i j

in ensures that texture boundaries

for texture genera-
amount of pixels, p, are

contains enough information for texture generation, the
).

number of zero

i.e.

following metric is

is the one that minimizes the dissim-

source area of the source mask. The new pixel values for

boundaries,



76

Figure 39. Example of problems with exemplar-based inpainting with a strong
contrast image where samples of intermediate darkness are rare. The small imag-
es show the original image (cf. Figure 47 where normalization is used).

A common problem in real indoor diminishing applications is that one side of the
diminished area is much darker than the other, and mid-darkness or transition
samples are rare. In this situation, the exemplar-based method copies either dark
or light samples, resulting in blocky, clumsy visualization (Figure 39). To overcome
this problem, we propose normalizing the global illumination of the source texture
before creating the initial inpainting texture (Figure 40).

The normalized pixel value S at point (x, y) is

' ,   ,   ,   ,S x y S x y M x y A

where S(x,y) is the original pixel value, M(x,y) the median of the NxN block with
the centre at (x, y), and A is the average of all median values in the source area.
Each channel is processed independently. Local variations are preserved, as local
median values are used for normalization. Illumination normalization is carried out
in the YUV colour space. The normalized texture is adapted to the current illumi-
nation before rendering, as we will explain later.
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is calculated using the four corner points of the texture ti and the corresponding
image points pi, i = {1,2,3,4}. This homography is used to rectify the floor texture
(Figure 43).

A homography between wall and image planes is calculated in a similar man-
ner. An “optimal” rectangle on the wall is first deduced and then the rectangle
corner points are mapped on the wall Pj to the image plane

Next, the homography between the rectified texture and the image using corre-
sponding texture points tj and image points pj , i = {1,2,3,4} is solved using the
equation

This homography, Hw, is used to rectify the wall texture.
The rectified inpainting textures are mapped back to the image plane with in-

verse homographies
1 1  and .

f wi i j jp H t p H t

After initialization, the inpainting texture is not updated, but adapted to the current
illumination. Without adaption the illumination texture would be immediately ap-
parent when the illumination changes (Figure 44).

Figure 44. Frames without (top) and with (bottom) adaption to current illumination;
the small image shows a frame before diminishing. The inpainting texture was
created from a lighter frame.

.j jp MP

.j w jt H p
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Figure 46. Example of adaptation to illumination change: original image on the left,
and inpainted image (with adaptation to lighting) on the right.

The number of control points affecting each point inside the inpainting area is
limited. In order to have influence from all directions, yet a low number of control
points, we select the nearest control points in 1–8 compass directions. Directions
where there is no source texture are omitted. The approach has been adjusted to
create natural looking smooth transitions from one colour to another, while keep-
ing the processing time low.

The illumination adaptation texture is created with low resolution and then the
rest of the pixels are interpolated using bilinear interpolation.

Instead of using true values for control points, we use the difference compared
to the initialization moment. Thus, the created illumination adaptation texture rep-
resents the illumination change and the adaptation is accomplished by adding the
illumination adaptation texture to the inpainting texture:

texture for the frame = the inpainting texture + the illumination adaptation tex-
ture.

The adaptation texture has some artefacts due to the way it is generated and due
to interpolation. However, mixing the high frequency inpainting texture with the low
frequency adaptation texture fades the artefacts and the result looks natural. This
adaptation to current illumination is new in diminished reality.

In real time implementation, only steps 1, 8, 9 and 10 are repeated after initiali-
zation. The illumination adaptation texture in step 8 is calculated at much lower
resolution than the original texture. In step 8, the (inverse) homographies are
calculated. Our diminished reality implementation performs in real time, which
makes it suitable for augmented reality usage. The non-optimised code, which e.g.
contained unnecessary image copying, run typically 13–15 fps. An optimised code
would allow use of diminished reality in applications requiring 25–30 fps.
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Figure 48. Examples of a perspective view with inpainting executed in rectified
coordinates. A shadow of the real object remains, although the object is removed.
Yet the texture looks natural.

Our diminished reality solution works in real time, making it ideal for AR applica-
tions.

Our diminishing solution is based on methods that require no technical skill or
understanding of the underlying methods. Thus the implementation is suitable for
the ordinary consumer.

4.3 Real life examples using AR in interior design

In this chapter we present three real life examples and users’ comments regarding
the use of a real AR interior design solution.

4.3.1 VividAR

VividWorks24 is a software company that offers online 3D design-to-purchase
SaaS platform solutions for furniture manufacturers and retail chains. We co-
operated with VividWorks on the AR-Sisustus and CloudSW projects, for example
(see page 69 for details).

As augmented reality is a natural extension to 3D design software, VividWorks
also offers an AR platform called VividAR™ 25, the marker-based version of which
uses the ALVAR library for marker detection and marker hiding (Figure 49).

Our diminished reality functionality has been integrated into the developer ver-
sion of VividAR. We observed three real use cases using the diminished reality
enhanced VividAR, and we will next discuss our observations from these trials.

24 www.vividworks.com
25 http://youtu.be/YxY146gzziQ

http://www.vividworks.com
http://youtu.be/YxY146gzziQ
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In the first use case, the apartment was expected to have been empty and the
interior design task thus a straightforward augmentation. However, a number of
tools and equipment had been left in the living room, thus making the diminishing
feature both necessary and valuable (Figure 51).

Figure 51. The first user’s living room: a real situation where the diminishing fea-
ture proved valuable. Above: augmentation without diminishing. Below: augmenta-

tion with diminished reality.

The second user also spontaneously commented as follows regarding the useful-
ness of the diminished reality capability: “the apartment was literally full of removal
boxes and other stuff right after the move – just when you wanted to be getting on
with planning the decorating and getting in new furniture”.

Another highly appreciated feature was virtual mode, which enables the user to
observe virtual furniture from any viewpoint. The users shared the opinion that the
AR application helps the user to perceive dimensions. Particularly with respect to
furniture size it helps in determining whether furniture fits a desired space. The
users also expressed the wish to be able to obtain floor plans from the application.

The users experienced some difficulty noticing when a piece of furniture had
been moved so far away that it was actually outside the room. They proposed that
virtual furniture should stop at the wall, and if brought near a wall, should snap
against it. They also proposed that the application should automatically position on
the wall any objects that are normally mounted on a wall, such as picture frames
and wall cupboards. The application should also allow the user to move such
objects along the wall to the desired position.

When planning to buy new furniture or considering a new interior design, con-
sumers typically spend considerable time experimenting with online home design
tools and browsing furniture retailers’ websites. An AR interior design tool that
connects these resources was considered a significant step forward, and it was
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thought that the tool should also contain a comprehensive collection of virtual
furniture products, e.g. from a specific retail brand. The test users thought that “a
good tool would engage the user, they would then spend more time on the ser-
vice, and would probably end up buying products”, and that people could also use
the AR interior design service “to give instructions to a removal company”.

The desired features were similar to those recorded from previous in co-
creation sessions and focus groups presented in Chapter 3. Other comments were
more related to implementation of the application rather than its technical features
(e.g. order of the menu items).
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5. Results – Answers to the research
questions

We have earlier presented outcomes of each study and development case. Now
we summarize all these together and see how the presented research answers to
the research questions set in Section 1.2 (page 15).

5.1 RQ1: How to involve users in the design process to create
more effective AR experiences?

Our hypothesis was that user-centred and participatory methods are able to reveal
user expectations of emerging technologies such as augmented reality. This
proved to be valid; we were able to identify the users’ expectations. In the follow-
ing, we review the research methods used and analyse their validity.

We chose to use a combination of user-centred methods with different target
user groups to support our overall research goal. The different user groups pre-
sented many similar ideas and complemented the general view.

In augmented reality field, the development has been technology-driven and
only recently there has been more user-centric approaches (Swan and Gabbard
2005; Dünser, Grasset et al. 2007). The users have been for example involved in
testing visual perception issues and task performance as well as in developing
interaction techniques and user collaboration (Swan, Gabbard 2005; Shen, Ong
and Nee 2010). Users have been involved in lesser amount in design phase of
augmented reality solutions, and although co-design is established method in
other fields, it has been rarely used in designing of augmented reality solutions26.
Our work was emphasized on user involvement in the design and implementation
phases of the development cycle (see page 18), which makes our work particular.

26In February 2015 Google Scholar listed ca. 96 000 articles with the keyword “augmented
reality”, ca. 61 400 articles with “co-design”, and only 877 with “augmented reality” AND “co-
design”. This means that roughly 0,9% of all augmented reality research utilised co-design,
and 1,4% of co-design research concerned augmented reality.
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We conducted several studies at different stages of developing interior design
solution and with different user groups. The users were involved in sketching the
not-yet-existing service (Section 3.3), in determining required features of a future
service (Sections 3.4 and 3.7), in testing, evaluating and further ideating during the
development phase (Sections 3.4 and 3.5), and evaluating and testing of the im-
plemented service (Sections 4.3.2 and 4.1.2). In addition, users were involved in
testing multimodal user interface for assembly type tasks (Section 4.1). The com-
bination of several user-studies with different groups at different stages of devel-
opment process makes the extent of our research unique in AR field, and novel in
interior design field.

We were able to verify that the users are able to produce useful ideas re-
gardless of their knowledge of the underlying technology and regardless of
the phase of the design process they participated.

Parallel studies supported each other, and for example business actors who
have been part of an AR interior design value chain presented similar ideas as we
used in scenarios, thus validating them.

On the other hand, there was also variation between the user groups, which
had different needs and opinions regarding functionalities and preferred ways of
using the service. Particularly, professional users and consumers had different
expectations regarding the interior design service. Also in other studies, different
users groups tend to have different expectations and preferences for the use of
AR (see e.g. Ventä-Olkkonen, Posti, Koskenranta and Häkkilä 2012, Mosiello,
Kiselev and Loutf 2013). Thus, a one-size-fits-all approach to application/service
design might fail. User involvement in the design phase helps to take into account
the expectations of the specific target group.

Our research verifies that user-centred and participatory methods are well
suited to discovering user expectations regarding AR services. In addition,
involving several different user groups in the early stages of concept design
proved to be valuable for two reasons: it gave a good general view of the
subject, and revealed differences between user groups. The latter is especial-
ly important if the target users belong to several user groups. Involving different
actors and user groups in sketching digital services enables to figure out a feasible
ecosystem. A viable ecosystem is essential for service providers and to the exist-
ence of AR service in the first place. In the literature, co-design has been seen as
useful to the service design process as well as to both users and service providers
(Steen, Manschot and Koning 2011). Our outcomes in both application areas
(interior design and hybrid media) are in line with these results.

As explained above, the users can be involved in various ways to the design
process to create more effective AR experiences.

With user-centred and participatory methods, we were able to reveal a great
number of user expectations, fulfilling of which is essential for good user experi-
ence. Next, we will discuss these expectations regarding interior design.



90

5.2 RQ2: What are the user expectations regarding AR interior
design?

First of all, our studies confirmed that there is a need for easy-to-use tools for
consumers as well as for professionals and pro-users working in the area of interi-
or design (Paper III).

Our investigation of AR service requirements began with a vague concept of an
ambient home design service. Firstly, we sketched the potential users, service
providers and functionalities of such a service (Figure 52). During this sketching
process, the participants raised a number of issues related to business factors and
other relevant topics that are worth consideration when developing the service.

Figure 52. A mindmap of potential users, service providers and functionalities of
an ambient home design service.

Thereafter, we focused on a narrower concept of AR interior design service and its
characteristics, including business attributes. Next, we discuss those results and
answer RQ2.

According to our studies, user expectations regarding AR are generally similar
to those for any other technology; there must be a need to use the technology
(see e.g. page 47), and the technology should be easy to use (see e.g. pages 43
and 54). ‘Need’ here means that the technology solves a problem or makes tasks
easier. In the case of interior design, AR enables the user to test different furniture
and interior designs effortlessly, without any physical work. Ease-of-use and need
go hand in hand; people are prepared to invest effort if the expected benefit from
using the technology is high (see e.g. page 47). This observation is in line with the
technology acceptance model (see page 36). People also perceive use as easier
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when the benefit is higher (Davis 1989). Therefore, during the service develop-
ment process it is important to focus on the aim of use, keeping in mind what the
user is supposed to achieve by using the application or service.

Figure 53. A mindmap of AR interior design service features. Must-be features are
marked with red flags and other important features are marked with orange flags.

In the interior design context, the aim of use for ordinary people is testing interior
design elements in a real home environment as an occasional pastime activity.
Ease-of-use is paramount and, especially, first-time use should be effortless. For
professional users, the aim of use is to produce an interior design plan and the
technical requirements are higher. Professionals can use the service only if certain
existing bottlenecks are solved, such as the ability to remove existing furniture
virtually.

After determining user expectations, researchers often end up with (too) many
options. The number of desired features may be vast, expectations may be con-
tradictory, and different user groups may have contrasting opinions (see Figure 52
and Figure 53). In this situation one must select the best or most important
features for further development. As we discovered, a viable business model is
essential for a successful AR service. Thus, one selection criterion is to choose a
viable business model as a basis for further development. Another way to limit
the work is to focus on the most prospective target users and user groups.
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Even then, the number of requirements that the users propose during co-
creation might be large, in which case one needs to reduce the number of fea-
tures to be implemented. One possible means of limiting features is to categorize
the features according to physical function and user-satisfaction. Kano (2001) and
Kano, Seraku, Takahashi and Tsuji (1984) propose following categorization: At-
tractive quality elements, which can give user satisfaction if functional although the
user can tolerate a lack of these elements; One-dimensional quality elements,
which can give user satisfaction if functional, and cause dissatisfaction if dysfunc-
tional; Must-be quality elements, whose function is always required and which
cause dissatisfaction if dysfunctional.

Must-be quality elements are bottlenecks of the service, without them, the ser-
vice is not feasible. One-dimensional quality elements have a great impact on user
experience and are thus important; hence, the technical solution must be reliable.
Attractive quality elements can improve user experience, but are not vital to the
service – they are not the first features to develop and implement.

Figure 53 shows user expectations regarding features of the service: must-
be features (red flags), important features (orange flags) and nice-to-have fea-
tures; and user experience related viewpoints: easy-to-use, engaging, fun-to-
use.

In this work, we focused our application and algorithm development on selected
one-dimensional quality elements and must-be quality elements (see Table 3).
These elements fall in two categories: important features (e.g. ease-of-use, multi-
modality) common to several fields of AR and critical, application independent
bottlenecks of AR interior design service (e.g. diminished reality). Application
independent means that those elements serve the whole application area.

5.3 RQ3: Which technical solutions fulfil the user
expectations and improve the user experience of AR?

For the user, a good user experience consists of easy and pleasant use of the
application and satisfying results. For the service provider, good UX means that
the service is easy to deploy and supports the business network’s activities
(Väänänen-Vainio-Mattila, Oksman and Vainio 2007). In other words, the digital
service needs to be valuable to the user, in addition to being useful, usable and
desirable (see e.g. Morville 2004). Next, we consider how these observations are
reflected in our studies regarding AR interior design service.

Earlier, we identified user expectations for AR interior design (see e.g. Figure
53). Fulfilling these expectations is what is primarily needed to improve the UX.
Solving critical challenges and bottlenecks makes the service valuable and
usable for the user. Enabling other desired features makes the service desirable
and pleasant to work with. In other words, one must consider the special char-
acteristics of the task during the development process. Other expectations
that the users highlighted were related to ease-of-use and satisfaction – i.e. fac-
tors affecting to the UX.
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UX was shown to play a significant role in the adoption of AR technology. The
study also succeeded in identifying the key factors affecting its adoption, and to
find factors that affect the user experience.

The purpose of using augmented reality is to aid the user in a meaningful way.
In assembly applications the system is used to guide the assembly pipeline. In
interior design AR is used to visualize interior design plans. Users find it important
that they know what is happening and feel that they are in control of the system
(page 66). In assembly this means, among other things, that the user is aware of
the current task and knows when the task is completed and when a new tasks
starts. One key issue for this is adequate feedback from the system and verifi-
cation of completed tasks (page 65). The feedback should reach the user. It is
important that fonts, colours, animations, etc., catch the user’s attention and
help the user to focus on essential things (page 65). In other words the as-
sembly system should guide the user’s attention in a helpful way. The system
could also utilize audio feedback and other modalities. Verification of completed
tasks could also be built-in, as discussed in Section 4.1.3.

Individuals have different preferences regarding how they wish to interact with
the system. Our research shows that a possibility to interact with the system in
a preferred way improves the user experience (e.g. page 65 and 69). In paper
V, we run user tests on multimodal user interface for augmented assembly and
noted that multimodality is one way to improve the user experience of this
kind of applications.

For interior design our observations on benefits on interaction alternatives in
user interface are more heuristic (Paper VI). These findings are in line with user-
centred design principles; which indicates that the result is generalizable for differ-
ent types of AR applications. As for the interior design, we also noted that different
users have different expectations for a system; the consumers prefer an easy-to-
use and simple system, the professional user desire more features and interaction
options (Paper III, page 47). These kinds of expectations could be fulfilled by giv-
ing the user a possibility to select the way of interaction with the system (e.g. dif-
ferent user interface options).

The system should support the purpose it is used for. Users often have high
expectations and the number of desired features can be high (see Section 5.2). It
is therefore important to identify “must-be features” and solve bottlenecks that
would prevent or hinder the use of the solution. In AR interior design, diminished
reality solves a serious bottleneck against using the solution for producing real
interior designs. For AR assembly this means, for example, that the setup, the
devices and the environment should be such that the assembler is able to work
normally and in one way or other more efficiently than without the system. For
interior design, the learning phase should be relative for the use purpose: con-
sumers are not willing to use time for learning to use the application, whereas
professionals are ready to invest time on learning if the benefit is high enough
(e.g. to be able to do valuable tasks). These findings can be summed up as: The
cost of using the technology should be lower than the benefits.
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In interior design, we chose to use robust methods of diminished reality in
order to minimize the risk of anomalies, such as the tracking failing. For example,
for selecting the object to be diminished and detecting the wall position our imple-
mentation uses simple interaction, which allows the user to be in control of
the system.

We studied solutions that enable the users to choose how they interact with the
system. A multimodal interface allows the user to select their preferred mode of
interaction with the assembly system. The flexible user interface presented for
interior design allowed the user to select the most convenient way of interacting
with the AR system (see pages 69 and 83). We showed earlier that the number
of supported features should support the needs of different user groups. User
interface should support individual choice of how to interact with the sys-
tem, and user group and use purpose dependent factors should be support-
ed by the design and the user interface. By user group and use purpose de-
pendent factors, we mean that the setup should be suitable for the purpose and
task in question and the supported features should support the purpose of the
application. What works for an assembler in a factory is not necessary suitable for
an interior designer decorating a customer’s home.

To support the task that the application is used for, all bottlenecks preventing
such use should be removed. In interior design, we identified a lack of diminishing
capability as a crucial bottleneck preventing real use of AR in interior design. To
overcome this, we developed a diminished reality solution. Another serious
concern in AR is performance speed; low performance speed prevents use of
technology in real-time applications. All of our implementations (assembly, interior
design, diminished reality) work in real time.

The rendering approach depends on the application area. Non photorealis-
tic rendering best supports assembly-type applications, whereas photorealistic
rendering supports the aims of AR interior design. In assembly tasks, clearly dis-
tinguishable augmentation is need to steer the user’s attention to the desired ob-
jects or functions. In interior design, the goal is to create a realistic scene by em-
bedding virtual objects with photorealistic rendering.

Illumination plays a key role in supporting the purpose of an AR interior design
application. We therefore developed virtual light sources that the user can posi-
tion freely, and the characteristics of which the user can adapt to real environment.
Our implementation also allowed the user to adapt the ambient illumination of
the virtual scene according to the real environment. This approach improves the
visual quality and the user experience in AR interior design (see pages 44,
47, 59 and 83).
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Figure 54. An example of using diminished reality in an AR application for con-
struction visualization. On the left, the buildings to be demolished disturb the AR
visualization of the new construction plans. On the right, the visualization result is
clearly improved through diminished reality.

Illumination also needs to be taken into account in diminishing. We therefore de-
veloped a diminished reality solution that adapts to illumination conditions
(see e.g. Figure 44, Figure 46 and Figure 47). Implementing this solution in AR
interior design applications will have a great impact on the possible use cases for
AR in interior design. The diminishing ability is also a useful feature for other
application areas, such as building and construction visualization as well (Figure
54).

In this work we focused on selected features and a natural continuation would
be to implement rest of the identified features in the future. While adequate func-
tionalities are essential for the user, a viable business model is needed for the
service existence in the first place. Next, we discuss what our studies revealed
about business factors supporting wide utilization of AR.

5.4 RQ4: Which business factors support the wide utilization
of AR technology?

We studied business aspects in two different application areas of augmented
reality: interior design (Papers I, II and III) and hybrid media (Paper IV). Although
these application areas are different, we found many similarities at the concept
level. Commercial actors viewed a viable business model as the most important
attribute of the service. It is consequently beneficial to involve business actors in
the design process.

In AR advertising in print media, we focussed on the value chain of the hybrid
media concept and service ecosystem. In interior design, we focused on the ser-
vice concept and its features.

From the user’s point of view AR is not an end in itself, but a means of doing
something. User satisfaction comes from completing the desired task. Often AR is
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Figure 55 shows a sketch of the AR interior service ecosystem and the essen-
tial elements affecting it. The actors are the user, the service provider and a 3rd

party (there can be several 3rd party actors and different users). For the user, the
user experience is most important, and for the service provider a viable business
ecosystem is essential.

A 3rd party actor can bring added value to the service ecosystem both for
the service provider and for the user. In fact, 3rd party actors can be a necessity for
a viable business ecosystem in some cases. We have listed some potential 3rd

party actors for interior design in Figure 52 (page 90). These actors, such as a
hardware shop, can enhance the interior design service.

One outcome of our studies regarding both interior design and hybrid media
was that lack of standards hinders building such business ecosystems. For exam-
ple, Lechner (2013) and Kim and Yoon (2014) also acknowledge the need for
standards to enable further growth of the mobile AR field. Thus, standards are
important from business ecosystem viewpoint.

A workable tactical solution is needed both for viable business and for a sat-
isfying user experience. Other aspects affecting the user experience include, for
example, social and personal acceptance, and the usefulness and functionalities
of the system. The required functionalities and functionalities that bring added
value depend on the purpose of use and the user. Social media connection may
connect 3rd party actors to the ecosystem, but may also be essential part of the
service and bring added value to both the user and service provider. For instance,
interior designers may provide their services within the system.

The importance of the user experience to the success of digital services is
widely acknowledged (see e.g. Karapanos, Zimmerman, Forlizzi, and Martens
2009). Augmented reality technology is for the most part in a mature enough state
to support workable technical solutions. Thus, the challenge is to ensure good
user experience and fulfil user expectations, and to develop technical fea-
tures that promote these goals. Accordingly, in order to solve the research prob-
lem and enhance AR towards mass market use at the consumer level, we need to
consider the user experience.

In this work we discussed mainly features of the system and business ecosys-
tem factors. However, there are a number of business factors (such as pricing,
availability, etc.) affecting the adoption of the technology that should be studied
and to be taken into account in development of AR services.
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6. Conclusions and discussion

After extensively investigating several aspects of augmented reality and examining
the key factors affecting the use of AR in consumer-level applications, it became
clear that a successful technology has to be connected to the world around it. The
users’ needs, the use environment, and the business ecosystem all play a role in
this success, and must be therefore each considered in all stages of the develop-
ment.

Next, we will conclude the main outcomes of our research and discuss the re-
search problem how can user involvement be utilized in developing more effective
AR experiences?

6.1 How can user involvement be utilized in developing more
effective AR experiences?

Based on our observations, we propose the following approach for bringing aug-
mented reality technology into widely used consumer-level applications:

Identify the need for the technology (see pages 47 and 90).
Select a potential business model (see pages 91 and 96)
Identify user requirements with participatory & user-centred ap-
proaches (see page 89)
Consider the special characteristics of the task (see pages 65, 91 and
92)
Select a feasible subset of features and a business model, not all user
wishes are to be fulfilled (see page 92)
Develop a technical solution (see Sections 4.2.3 and 4.3)
Evaluate and test the solution (see pages 45 and 64)

Involving all actors in the development of a digital service in accordance with co-
creation methods is valuable (see Section 5.1). The (co-)development is an itera-
tive process, and co-design is beneficial at all stages of the development
process from sketching the not-yet-existing service, to evaluation of the existing
service (see Sections 3.3.2, 3.4.2 and 3.7.2).
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Our guidelines for AR development are similar to general software and service
development processes (see e.g. Benyon 2010, Maglio, Kieliszewski and Spohrer
2010). AR is by nature an impressive visualization method, and over the years
many AR demonstrations have been based on a wow-effect. However, our contri-
bution shows that this is not enough for common users; the solution should be
helpful in a meaningful way to the user. While co-design is an established re-
search method in other areas, it has been less applied to designing AR solutions.
Our research proves that co-design and other user-centred methods serve the
development of AR solutions as well.

Furthermore, our research shows that with adequate user-centred and partici-
patory methods, one can determine the mindset and needs of the users and de-
termine a service ecosystem that supports those needs through AR solutions
(Papers I, II, III, and IV). This user-centred approach enabled us to identify bottle-
necks in the adoption of AR technology and to focus on technical and algorithmic
solutions to solve the most essential ones, thus bringing augmented reality closer
towards commonplace use (Paper V, Paper VII).

We note that the best technical solution is always use case specific; while as-
sembly instructions require non-photorealistic rendering, interior design visualiza-
tion needs photorealistic rendering; some applications call for real-time video
visualization, other times users prefer still images (cf. Paper V vs. Paper VI)
Therefore, there is no unique “best (AR) technology” that can be applied across
the board; instead, the special characteristics of each task should always be con-
sidered, along with the user experience and the use environment as a whole.

Another important aspect is that users are individuals with individual prefer-
ences. For example, different users prefer different interaction modalities (Paper
V). In addition, different user groups have different needs and require different
functionalities from the application (Paper III).

In order to bring AR into widely adopted consumer-level applications, the user’s
needs, expectations and fears must be taken into account in the design process.
The application has to be useful, and the user experience pleasing (Papers I, II, III,
IV and V). In order to succeed in this, the technology must be developed (Paper
VII) to support the crucial aspects of its use. In this way, the chasms in the tech-
nology adoption life cycle can be bridged.

A technology will be widely adopted only if users can clearly see the benefits of
using it. However, even the most user-valued system will grind to a halt without
someone to maintain it. In most cases this means that there must be some benefit
to the service provider, i.e. a viable business ecosystem that supports the sys-
tem’s existence (Paper III, Paper IV). Note that the currency of value is not always
money, the benefits could be immaterial.

In our studies, the users sketched a non-existing service, evaluated an existing
service, and ideated new ways of using such services. These studies verified
users’ ability give valuable feedback at all stages of the design process. (Papers I,
II and III.)
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6.2 Enhancing augmented reality in interior design

Interior design is a prominent application area for augmented reality. An effective
AR application makes planning interior designs easier and faster. Ideally it can
make it feel as a leisure activity. AR also helps ordinary people to understand
interior designs and room dimensions better. (Papers III, I, II and, e.g., page 60.)
Authentic visualization of furniture and interior decoration has the potential to
change interior decoration and the furniture retail business, where web sales
share of markets is lower than in many other business areas. This could change
radically if customers had the possibility to test furniture in their own home easily
and reliably – an AR interior design application may enable this. AR interior design
also has the potential to transform real estate marketing in a similar way (Siltanen
et al. 2011).

Usually, new furniture is purchased for rooms that are already occupied with old
furniture. Augmenting virtual elements in such a setting leads to virtual elements
overlapping with the real ones to be replaced. This spoils the illusion of realism
(see e.g. Figure 34, page 71). Our studies show that a lack of solutions to this
common problem is preventing the use of AR in interior design (Papers III, I and
II).

In paper VII, we propose a solution to overcome this problem: a workable di-
minished reality solution to remove existing furniture virtually. The implementation
works in real time and produces realistic results for indoor scenes. It is also de-
signed to be robust and suitable for ordinary users (Section 4.2.2). The presented
solution enhances AR interior design applications substantially and brings
AR technology towards wider utilization.

This work focused on early phases of application development: requirements
specification and design. In addition, technical work i.e. application and algorithm
development constitutes a significant part of the work. The evaluation and user
tests at the end of the development cycle gained less attention, and the conducted
tests were informal and included few users. In the future, one should carefully test
and evaluate the results before the next development cycle. (The software devel-
opment cycle is presented earlier in Figure 6, page 18).

Hassenzahl (2005; 2008) divides the factors affecting user experience in two
types of attributes: pragmatic and hedonic. Pragmatic attributes enable doing
something e.g. “making a phone call” and “finding a book in an online-bookstore”,
whereas hedonic attributes enable being something e.g. “being competent”, “being
related to others” and “being special”.

Pragmatic components are often what Kano (2001; Kano et al. 1984) called
One-dimensional quality elements and must-be quality elements (see page 92).
These are things that are necessary for the solution in the first place and things
that destroy user experience if dysfunctional. In other words, pragmatic attributes
facilitate the potential fulfilment of hedonic quality which leads to good user expe-
rience (Hassenzahl 2008).
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Figure 57. AR contact lenses by Innovega. (Left image: Timothy Hogan.) Images
courtesy of Innovega.

Brain–computer interfaces (BCI) allow users to interact and control digital systems
by thought (He et al. 2013). For augmented reality, the brain–computer interface
creates a totally new user interaction paradigm (Lenhardt and Ritter 2010).

Another technology trend that has impact on the AR field is the development of
depth cameras. The price of depth cameras is dropping while their accuracy and
reliability is improving. They are also getting smaller. Depth cameras offer an easy
solution to a number of critical AR issues, such as modelling a room and its exist-
ing furniture. As depth cameras become integrated in common devices, such as
tablet PCs, it can be expected that consumer-level AR applications will penetrate
the market on a large scale. This may happen in the near future. In 2013, Apple29

acquired PrimeSense30, known for its depth camera technology used in Microsoft’s
Kinect31 motion sensor. Already today, with an add-on depth sensor, such as
Structure Sensor32 by Occipital, an ordinary tablet (e.g. iPad) can be transformed
into a 3D scanner and modelling tool (Figure 58).

29 https://www.apple.com/
30 http://en.wikipedia.org/wiki/PrimeSense
31 http://www.microsoft.com/en-us/kinectforwindows/default.aspx  and

http://www.xbox.com/en-US/kinect
32 http://structure.io/

https://www.apple.com/
http://en.wikipedia.org/wiki/PrimeSense
http://www.microsoft.com/en-us/kinectforwindows/default.aspx
http://www.xbox.com/en-US/kinect
http://structure.io/
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Figure 58. StructureSensor attached to an iPad. (Image source: StructureSensor.)

The vast collection of data on the Internet, aka big data, enables new approaches
for combining virtual elements with reality (Huang, Hui and Peylo 2014). For ex-
ample, the ready availability of 3D models makes it possible to resurrect objects
from photos (Kholgade, Simon, Efros and Sheikh 2014)33 (Figure 59). On the other
hand, the Internet of things (IoT) – the concept of all possible objects and their
information connected to the Internet (Li, Xu and Zhao 2014, Atzori, Iera and Mo-
rabito 2010) – creates a huge application area for location-aware AR visualizations
(see e.g. Jara et al. 2014, Keil, Zoellner, Engelke, Wientapper and Schmitt 2013).

Figure 59. A 3D model is positioned and adjusted over an object in a photograph.
Thereafter the object can be moved and rotated freely, as if it were 3D graphics.

Images from (Kholgade et al. 2014).

33 https://www.youtube.com/watch?v=bMeBvrG9Uyo

https://www.youtube.com/watch?v=bMeBvrG9Uyo
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The importance of understanding the user is becoming ever more important as
devices become increasingly attached – or even integrated – to the human body.
The success of future AR services depends on how well developers can take into
account human aspects and their influence on technology acceptance and user
experience.

Mobile devices are becoming more and more personal and private. Close col-
laboration with users is therefore essential in order to design devices and services
that the users will accept. Security and privacy issues also play a big role (Roes-
ner, Kohno and Molnar 2014, Roesner, Kohno, Denning, Calo and Newell 2014).

In future, service-dominant logic is likely to have a significant role in the devel-
opment of AR solutions; here, the customer and the expected service experience
should be the focal point of the service development process (Helkkula, Kelleher
and Pihlström 2012).

AR by its interactive nature enables playfulness and the gamification of serious
services and supports formal and informal learning. The possibilities of AR are
vast. In order to make beneficial AR solutions researchers must be able to reveal
user needs – both existing and emerging ones – and develop technologies to fulfil
those needs. We have demonstrated that this can be achieved by developing
augmented reality solutions through user involvement.

6.4 Closure

Throughout this work we have referred to the ALVAR library and this doctoral
thesis has been produced for Aalto University. These names have a double mean-
ing; Alvar Aalto34, the famous Finnish architect and designer (1898–1976), was a
forerunner of modern functional design whose design approach was very close to
the user-centred approach used in technology development. According to Aalto, in
a successful design the user and purpose of use meet aesthetics. This is a valid
guideline also for technology development. In Aalto’s words (1928):

 “Beauty is the harmony of purpose and form.”

34 http://www.alvaraalto.fi/aalto_arkkitehti_muotoilija.htm

http://www.alvaraalto.fi/aalto_arkkitehti_muotoilija.htm
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Appendix A: AR use scenarios

Scenario 1: A young couple is looking for a starter home

A couple in their mid-twenties is looking for a starter home from a popular city
area. They wish to find a nice two or three bedroom apartment. They both have
their own studio apartments with their own furniture. The challenge is to fit in all
the dearest goods and furniture in the new apartment. Some of the old furniture
has to be sold or put into storage, but at least the couple would like to keep a new
sofa and the kitchen table. When choosing the right apartment, the couple has
many discussions how they are going to fit in the furniture and what kind of new
furniture they need to buy.
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’3D interior design’ is new kind of portal, which presents modifiable virtual models
of the apartments up for sale. The customers interested in buying the apartments
can use 3D modelling to add virtual furniture in the apartments on sale. The user
can try out new furniture from a ready selection or feed in the size of existing furni-
ture. Users can also choose the colours and styles of the furniture from a number
of different options. In this way, the young couple is able to make choices regard-
ing furnishing of the new apartment and at the same time they got inspired to try
out some new armchairs offered by the service.

The couple has already chosen two apartment options, which they are seriously
considering. They have made 3D interior design plans for both of the apartments.
They are able to save, view and edit their plans whenever they like. When the
moment of the choice comes, they want also to hear their friends and parents
opinions of the virtually furnished apartments. They place the virtual interior design
plans in their Facebook pages. Their friends can comment their plans and one
friend who is working in a home furnishing products shop makes some changes
for the other plan. She adds a flexible wardrobe system in customizable functions
in the small corridor of the apartment.

The friend’s proposal looks so good in the virtual plan that they want to study it
even closer. They sign in for the service and download an AR application, which
make it possible to see through the phone camera how the furniture looks in the
real environment. They go to other apartment, target the phone camera in the
corridor and decide the place and the size of the virtual wardrobe system. It fits
perfectly in the corridor.
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When the problem of the narrow corridor is solved, the couple decides to buy that
apartment and orders the wardrobe system with a couple of other furniture found
during the 3D design planning.

Scenario 2: A couple moving back to Finland is making
interior design for their new home

A building company, a home furnishing store and some interior design houses are
organizing a campaign to promote sales of new luxury apartments, because most
of the brand new apartments are not yet sold. During the campaign discounts are
offered from a wide range of interior design and furnishing products and materials.
A couple living abroad notices the campaign immediately. They have been living
abroad already over twenty years and are now considering to moving back to
Finland. They want to make moving and starting their living in their new home as
easy as possible. They have made some interior design plans with the service and
sent them by e-mail to their friends and relatives in Finland.
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They have also sent their interior plans for the interior design houses which are
participating in the campaign to ask some advice.

After some contacting the couple finds a common tone with one interior design
company who also takes the responsibility of furniture assembly and transport.

Scenario 3: A family is making interior design for their new
house with 3D television

A family has already bought a house which is going to be built on a new neigh-
bourhood. With the virtual design program they consider different wallpapers for
children’s room as well as new furniture and home theatre.

The home theatre is going to be placed in the downstairs of the house and they
need new elegant yet effective loudspeakers as well as some large acoustic
boards for the wall. Some hifi-stores and home furnishing stores have offered their
products for the service.

Scenario 4: Home decoration contest for bloggers

’3D interior design’ service is organizing a contest regarding new homes. Five
popular decoration bloggers are designing the interior of a similar three bedroom
apartment in a new terraced house with the application. The bloggers have a wide
range of different home furnishing products available for the virtual design to make
styles they like. Several home furnishing products stores offer downloadable mod-
els for the service. During one week users can follow the proceeding of the five
different plans, comment the solutions and share the links for their friends. The
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most enthusiastic users can make their own versions of the decoration plans and
share them with their friends.

After a very tight and controversial contest the winner is announced: simple Scan-
dinavian functionality beats romantic vintage country style. The winning blog-
ger/interior designer gets money and a lot of publicity. The winner’s interior de-
signs are actually so popular that a couple of apartment buyers end up making
their home furnishing according to the visions of the contest winner.

Finally the styles of the contest are saved in ’3D interior design’ –service. Many
users are especially interested in 50’s style of home furnishing products and they
are able to see other related products in the service.
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Scenario 5: AR renovating scenario

A family with two children is looking for a bigger apartment. They are looking for a
new home that is not too expensive, and they are willing to do some decoration.
They find an apartment with nice floor plan. However, not pleased with all the
materials and colours.

A real estate agent co-operates with interior decoration companies and furni-
ture shops, and offers a web marketing campaign with virtual renovation and inte-
rior design functionalities. Sellers are aware that the colours are unfashionable
and that the potential new owners probably want to repaint walls and change
some of the surface materials. Therefore, the sellers have selected this particular
real estate agent, as they know that it is easier to sell the apartment if the potential
buyers are able to test their decoration plans.

The family considering buying this apartment test their ideas. The mother paints
the walls virtually and makes interior design plans to see if they can furnish it
soundly. The father makes several measurements and tests different floor materi-
als to get and gets a cost estimated for the renovation. The teenage daughter is
thrilled as she is finally getting own room and is allowed to choose the colours,
and some new piece of furniture, which she has been testing with interior design
application.

They can see that after relatively small redecoration, the apartment will be of
their style, and the cost estimate for the required work is reasonable. So they have
the courage of buying the apartment.
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Appendix C: ALVAR – A Library for
Virtual and Augmented Reality
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ALVAR – A Library 
for Virtual and 
Augmented Reality
ALVAR is a suite of products and libraries for creating 
virtual and augmented reality applications. ALVAR has been 
developed by the VTT Technical Research Center of Finland.

• ALVAR Library includes a high-level application programming 
interface (API) and several tools to create augmented reality 
applications with just a few lines of code. Low-level interfaces 
also make it possible to develop your own solutions using 
alternative approaches or completely new algorithms.

• ALVAR Studio offers high-level tools for creating AR applications 
for desktop and mobile platforms with just a few mouse clicks.

• ALVAR Industrial Solutions are specifi c applications for industrial 
users, such as Architectural, Interior Design, and Publishing 
companies.

MAIN FEATURES

Marker based tracking
• Accurate marker pose estimation
• Two types of square matrix markers
• New marker types easy to add
• Recovering from occlusions
• Multiple markers for pose detection

Markerless tracking
• Feature-based (tracking features from environment)
• Template-based (matching against predefi ned images or 

objects)

Rendering
• Materials, refl ections, transparency
• Matching image quality to video, motion blur
• Lighting from real environment, soft shadows

Other features
• Hiding markers from view
• Tools for camera calibration
• Several methods for tracking optical fl ow
• Distorting/undistorting points, projecting points
• Kalman framework and several other fi lters

Platforms
• Windows, Linux, mobile phones

ALVAR Library

Basic Pro Render Mobile

ALVAR Studio

Project Compose Application

Industry Solutions

Publishing Interiors Buildings ProductionGames

Research Scope

VR HTI VW

Publish

AR

http://www.vtt.fi
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Co-designing novel interior design
service that utilizes augmented reality,

a case study

In: Cipola-Ficarra, F. V. (Ed.) Advanced research and
trends in new technologies, software, human-computer

interaction, and communicability, IGI Global. Pp. 269–279.
Copyright 2012 CCGIDIS.

Reprinted with permission from the publisher.

Contact
Charles Woodward
Research Professor
Tel +358 20 722 5629 
charles.woodward@vtt.fi 

Harri Nurmi
Customer Manager
Tel +358 20 722 6199
harri.nurmi@vtt.fi 

VTT Augmented Reality Team
www.vtt.fi /multimedia
alvar.info@vtt.fi 

ALVAR Business Solutions

SOLUTIONS FOR PUBLISHING COMPANIES
Adds augmented information to printed publications 
(technical and educational books, cartoons, product 
catalogues etc.)

• Based on markers or real features in the printed material
• Augmented objects can support various interactions and 

narratives
• Allows photorealistic renderings, soft shadows, marker 

erasing etc.
• Supports both desktop and mobile use

SOLUTIONS FOR INTERIOR DESIGN
Provides augmented reality tools for furniture manufacturers, 
interior designers and home decoration purposes.

• Marker-based furniture positioning
• Supports multiple room images and multiple markers
• Live webcam, still image or mobile phone view
• Highly realistic designs with lighting, shadows and textures
• VividAR – Alvar-based web service for consumers by 

VividWorks

SOLUTIONS FOR BUILDING AND 
CONSTRUCTION
Seamless integration between architectural and BIM 
(building information model) systems:

• Compare project plans (4D BIM) with situation on-site
• Provide real-time mobile feedback from site to BIM-system
• Client-server system: Scalable even to mobile phones
• Construction site web cameras can be attached for public 

4D demonstrations

OTHER SOLUTIONS AND PROJECTS:
• Entertainment and games
• Manufacturing, Assembly 
• Mobile plant maintenance
• Mixed Reality video conferencing
• Multitouch surfaces, CAVE interaction

Physical model authors
• Structural
• Mechanical
• Architectural
• Electrical

Process model authors
• Schedule
• Classification
• Logistics
• Safety

Information users
• View
• Review
• Comments
• Approvals
• Status
• Feedback

Application images by courtesy of Futurecode Oy, Aller Media Oy, VividWorks Oy, 
Pöyry plc. and Tekla plc.

Technology and market foresight • Strategic research • Product and service development • IPR and licensing
• Assessments, testing, inspection, certifi cation • Technology and innovation management • Technology partnership

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

mailto:charles.woodward@vtt.fi
mailto:harri.nurmi@vtt.fi
http://www.vtt.fi
mailto:alvar.info@vtt.fi
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Have you ever been in a furniture shop and wondered whether a 
couch fits in the space you have for it? Have you bought some 
interior decoration item – and realized at home that it doesn't fit the 
atmosphere? Or have you been frustrated when trying to 
understand the instructional pictures in an assembly manual for 
some gadget? 
    Augmented reality (AR) is a visualization technology that can 
help in the situations described above. It merges virtual 
objects into the user's view, and enhances spatial perception skills. 
Why isn't this technology widely utilized in everyday situations 
then? Are there still some technical bottlenecks that need to be 
solved before wide consumer-level use? Are there some business 
ecosystem factors that hinder AR applications from entering the 
consumer market? This work seeks answers to these questions. 
    We involve users in the development process and show that 
ordinary, non-technically oriented users can provide useful insight 
regarding emerging technologies such as AR. Different user-
centred and participatory design methods are used to find out the 
factors hindering the widespread use of AR and user expectations 
regarding AR enhanced interior design services. 
    This work also describes application development to support 
wider use of AR and algorithm development to solve some critical 
bottlenecks, such as not having a way to remove existing furniture 
virtually. This thesis presents a solution for this kind of virtual 
removing functionality, aka diminished reality, which is an enabler 
for many AR applications. 
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