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1  Introduction 

1.1 Research Approach and Framework 

Science is confronted with many challenges when researching the quality of 

life, namely, environmental challenges (e.g. pollution, energy supply, and 

traffic), social challenges (e.g. aging population, busy lifestyles, unbalanced 

work-life, and health problems), and spatial challenges (e.g. spatial growth 

of the cities and compact dwellings). For decades, the question about quality 

of life improvement has been debated and answered in architectural and 

technical groups separately. Some believe that spatial aspects of buildings 

affect the quality of life; others see it as a pure technology-driven topic with 

no relation to spatial aspects. In the meantime, the new concept of smart 

homes offers an opportunity to improve quality of life by a multidisciplinary 

approach. Smart home is a potentially interesting and valuable concept to 

consider physical space, technological interfaces, and human activities 

simultaneously in dwellings. Construction of a smart home integrates 

technology developers, engineers, housing market managers, behavioral 

researchers, architects, and designers in a joint platform.  

While smart homes aim to improve users’ quality of life by integrating 

technologies, namely, ICT and Ambient Intelligent (AmI) with physical 

space and consider the user in the center of attention, most of the current 

researches on smart homes pay intensive attentions toward the technology 

installation ignoring other living and spatial aspects. Having technical 

viewpoints towards smart homes makes smart homes both predictable and 

achievable, but still not practical and common in the real world. Hence, 

many people resist accepting smart homes for their future home 

environment, even if they believe that smart homes are useful and can help 

them to address many of the above-mentioned challenges. According to the 

published research on user acceptance of new technologies by Punie [1], 

even if innovative functions are accessible to people, there is no inherent 

guarantee that they will actually be accepted and be used. Surveys have 

shown that user acceptance of any changes in personal spaces is linked to 

the users’ needs and preferences. The problem is that although the 

technology makes life more comfortable, it does not necessarily guarantee 

quality of life improvement. Hence, addressing users’ needs and preferences 

of daily living and home environment seems critical in smart home’s 

acceptance. In a collaborative project, we attempt to challenge the 

established practice of design and engineering of smart homes by offering a 

framework, which links three aspects, namely, technology, lifestyle, and 

space together. Figure  1.1 shows this framework as a chain, which connects 

these three aspects together. A change in each part of the following chain 

can affect the two other parts. By ignoring any of these aspects in the 
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design, the developed technologies will likely cause usability problems in 

real life that will contribute to a decrease of acceptance. 

 

Figure  1.1 The presented framework considering the technology, lifestyle, and 

space in a linked chain 

Hence, the project is composed of two separate theses. While thesis A [2], 

focuses on the use of smart technologies in a residential setting and tries to 

elicit users’ living preferences of a smart home, thesis B, mainly focuses on 

the implications of these technologies in the housing layouts and explores 

users’ spatial preferences. Each of the theses makes a Ph.D. study with 

separate aims, approaches, and final results. But as Figure1.1 shows, they 

are strongly correlated. Hence, the two theses have joint chapters. 

Accordingly, opportunities for explorations of interdependencies among 

thesis A, and thesis B exist. There is a guideline at the introduction of each 

chapter and the Header of each page indicating if the chapter has a joint 

context, a parallel context, or a separate context with the other thesis. 

The present thesis focuses on spatial aspects and is entitled the “Spatial 

Preference Modeling of Smart Homes”. 

1.2 Motivation  

The notion of the smart home has been extensively discussed in ubiquitous 

computing literature. There are some real experiences with smart homes, 

mostly in the domains of Domotics and Ambient Assisted Livings. 

Nevertheless, the developments of smart homes in wider domains, such as 

future housing industries have not been fully explored. Approaching this 

aim, we propose to explore new spatial aspects of the smart homes.  

A smart home should be a home and a place to live; but when the way of 

living inside the home changes, some modifications in the space are 

required to fulfill the new lifestyle of inhabitants. Hence, the home is not a 

fixed concept and it has been changed over the centuries. It is expected that 

Lif

 Technology  

S

 

Lifestyle  

 

Space  
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smart homes stemming from the convergence of ubiquitous computing, 

ubiquitous communication, and intelligent environments, have a different 

concept than the current homes. In current homes, daily activities are 

allocated to specific functional spaces. While in the case of smart homes, 

the spaces can accommodate multiple activity types and are multifunctional. 

Spaces are interactive, responsive, and able to create different contexts for 

different activities. As the devices inside a smart home become smaller, 

more connected and more integrated into the home environment, the 

technology disappears into surroundings until only the user interface 

remains perceivable by users. However, current homes seem to be poorly 

prepared for such kinds of changes. “The housing industry, for the most 

part, is resistant to change, incompatible with new technology, inefficient, 

and unresponsive to the future needs.” There are good reasons to believe 

that traditional concepts of housing may no longer be adequate due to a 

series of contextual and lifestyle changes [3]. As an example, since daily 

activities become more flexible (e.g. people can work in different location 

of a house), the space should support this flexibility and lets user adjust 

privacy of the space according to his/her activity. Hence, separated 

functional rooms with fixed boundaries seem to be no longer appealing in a 

smart home. Accordingly, new spatial organization and new types of 

technology-space combination is expected to match space with the 

technological changes and lifestyle changes and to provide satisfaction of 

the inhabitants. Accordingly, eliciting users’ preferences of different target 

groups seems essential in smart home design. If we would be able to 

evaluate individuals’ decisions in a smart home design, we could understand 

the effective factors on users’ satisfaction of a smart home. Knowing the 

underlying reasons of users’ satisfaction can help designers and technology 

developers to match their design alternatives to what users really need and 

prefer. Accordingly, a higher level of user acceptance for smart homes is 

expected.  

However, in most of the current smart homes, the technologies are applied 

without considering spatial aspects. Hence, complete potentialities of smart 

technologies are not applied in the design and a mismatch among the 

technology and the space occurs. While the realization of true smart homes 

calls for additional research on architectural design (e.g. housing design and 

interior design), current smart home designs appear to be focused on the 

technology rather than on architectural design. An exception is a work by 

Junestrand [4], which focused on the integration of physical spaces and the 

digital spaces. He developed different areas of video communication, called 

"ComZones" in a laboratory-scale of a house built in Stockholm. However, 

more exploration of spatial aspects in smart home design is still lacking. In 

most of the smart home designs, the technology is added to space in the 

final stage of the design. In this thesis, we propose to turn this process 

around by investigating users’ spatial preferences in smart home design. We 
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apply an experimental research for identifying the optimal technology-space 

combinations and testing design concepts. We conduct an experiment, in 

which respondents can change the spatial layout around the smart 

technologies and design their preferred layout in a 3D simulated smart 

home. Through their design decisions, we elicit spatial preferences of 

different target groups.  

It is fundamental to develop an interpretation technique for eliciting users’ 

preferences. As the starting point, we need to answer the question of “what 

makes people satisfied with their smart homes?” Answering the question is 

challenging since people judge smart homes differently. Their satisfaction 

level is based on how the smart home is matching with their latent 

preferences originating from both personal characteristics and their socio-

demographics. Putting personal differences aside, there are common 

features among the preferences of each target group, which can be elicited. 

Accordingly, we define a conceptual framework for eliciting users’ spatial 

preferences of a smart home. The decision model in Figure  1.2 illustrates 

this conceptual framework. 

Choice set

Current lifestyle

Choice Alternative

Final Decision

Preferences

Attribute

New living patterns

Individual

-age

-gender

-working status

-nationality

-household

Figure  1.2 The underlying concept of the thesis presented by UML Class 

Diagramming; showing a decision Model for an individual in the context of 

smart home design 
 

  Aggregation relation: specifies a whole-part relationship between two objects. It is used when 

one object contains different parts. 

  Composition relation: is a stronger form of aggregation where the whole and parts are 

coincident [5]. 

As Figure  1.2 represents, an individual evaluates attributes of the choice 

alternatives with his/her preferences for arriving at a final decision. As soon 

as the individual feels that the attributes are compatible with his/her 

preferences, he/she will choose the alternative from the choice set. 

Preferences vary among people according to their age, gender, working 
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status, nationality, household type, etc. For instance, it is expected that an 

individual from a dual-income family with children, who needs to manage 

to work at home, handling time pressure and busy schedule, and doing 

multiple child related activities, prefers a different bedroom layout of a 

smart home than an elderly, who is retired and lives alone at home. As 

Figure  1.2 shows, an individual looks for an alternative, which is more 

compatible with the preferences derived from his/her lifestyle. Hence, 

taking into account user’ preferences in smart home design can increase 

users’ satisfaction and consequently users’ acceptance of smart homes. Such 

a user-centered approach for smart homes helps designers match smart 

home development with users’ real need and latent preferences and to 

broaden the domain of smart homes to the future housing industry.  

When an individual wants to make a decision among the design alternatives 

of a smart home, the decision can also be influenced by the preferences 

resulting from his /her new living patterns in a smart home. The applied new 

technologies in a smart home can affect the way people live in the house 

and form a new lifestyle. Accordingly, the new living patterns can lead to 

new preferences for the inhabitants. For instance, the preference for the 

kitchen layout can be affected by applying a smart kitchen table. In such a 

way that, an individual, who generally prefers to have a separated kitchen 

may change his/her preference to have a more open space kitchen area, if 

he/she has a smart kitchen table. Because the smart kitchen table lets 

him/her do multiple daily activities such as Tele-working, Tele-shopping, 

Telecommunication, and family gathering beside kitchen-related activities. 

Hence, we propose that an individual evaluates the choice alternatives based 

on not only the preferences from his/her “current lifestyle” but also the 

preferences, which from his/her “new living patterns” (Figure  1.2).  

1.3 Aims and research questions 

In this thesis B, we aim to model the main spatial aspects of smart homes 

based on users’ preferences. The model aims to predict the optimal spatial 

layout for the public-private zone, the kitchen, and the living room of a 

smart home. The term of optimal layout refers to the spatial aspects, which 

maximize the functionalities of smart technologies for different target 

groups. Achieving this aim, the model takes into account different socio-

demographics, current types of lifestyle, and the new living patterns in smart 

homes. The model outlines the essential spatial modifications of the current 

houses for upgrading and, at the same time, for providing the real 

satisfaction of diverse target groups in the future housing industry. 

Multinomial Logit (MNL) modeling is used to elicit individuals’ spatial 

preferences of a smart home. A Bayesian Belief Network (BBN) is then 

applied to generalize the user preference modeling and to predict the 
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optimal spatial layout of the smart home for different target groups. 

Outcomes of the model are expected to contribute to future housing 

developments and smart home design.  

To summarize, the following research questions are going to be answered in 

this project:  

(i) How is the home going to be changed by applying smart 

technologies? 

(ii) What are the optimal spatial layouts of smart homes which can 

provide better functionality for smart technologies and a higher 

level of users’ satisfaction? 

(iii) What are the influencing factors on user’s spatial preferences of 

smart homes? 

(iv) What are the differences in spatial preferences of various target 

groups for a smart home? 

(v) What are the spatial preferences of people in different sizes of 

smart homes?  

1.4 Thesis outline  

After this introductory chapter, we dive into the ocean of available 

knowledge about smart homes to find out exactly what a smart home is. In 

Chapter 2, a state of the art review is given on smart homes and the 

embedded smart technologies. Further, the specific contribution of this 

project to the literature is discussed. The main focus of this chapter is put on 

clarifying the gaps in the current literature and introducing the effort of this 

project on “making smart homes for all”. We propose to involve users’ 

preferences in both living preferences and spatial preferences in smart home 

design. However, this thesis only focuses on users’ spatial preferences of 

smart homes. 

Eliciting users’ preferences and using these in design process needs special 

tools and methods. In Chapter 3, different research tools, which can be 

applied in experimental research on smart homes, are outlined. In particular, 

possibilities, limitations, and drawbacks of the living labs and VR methods 

are discussed. Moreover, a prototyping of an interactive virtual smart home, 

which was done before applying the final experiment, is clarified. It gives 

the opportunity of evaluating technical issues and barriers of applying 

virtual reality for the final experiment. Finally, an explanation is given on 

the applied method for the final experiment. Chapter 2 and 3 are identical in 

the two theses (A) and (B) since they give a literature review on the general 

term of smart homes and the possible applied experimental methods in this 

domain.  



Chapter 1│ Own section 
 

7 
 

Whereas Chapter 3 gives a short description and reasons of applying a web-

based experiment using a 3D interactive smart home, Chapter 4 draws the 

attention to the implementation parts. In the conducted experiment, we 

explore users’ preferences regarding the living patterns and the spatial 

conditions of smart homes. 254 respondents did all the virtual tasks through 

a web-based survey. Thesis (A) uses outputs of the “daily living’s 

arrangement” task and the present thesis mainly uses outputs of the “spatial 

layout’s arrangement” task. Hence, Chapter 4 of this thesis basically focuses 

on the latter task.  While the content of Chapter 4 in both of the theses is 

separated, it has some overlaps. 

Chapter 5 and 6 are concerned with the specific subject of each thesis and 

are written separately. Chapter 5 of the present thesis gives an overview of 

the current housing layouts, highlights the possible spatial modifications of 

these layouts by applying smart technologies, and finally specifies the 

particular spatial aspects, which are included in the model for further 

estimations. The applied method for finding the direct and indirect 

associations between the users’ spatial preferences and other influencing 

variables are explained. The final Bayesian Belief Network, which predicts 

the optimal spatial layout of smart homes based on users’ preferences, is 

constructed.  

Chapter 6 discusses results of the model and gives a description of the 

general spatial preferences of the public-private layout, the smart kitchen 

layout, and the smart living room layout in a smart home. Furthermore, the 

differences among the preferred spatial layouts of smart homes and the 

current home layout are specified. These differences clarify the spatial 

modifications, which are required for upgrading current houses. To have a 

more comprehensive modeling, which can be used in future housing 

industry, the constructed BBN takes into account different target groups and 

different sizes of smart homes.  

Finally, Chapter 7 discusses the main conclusions of this thesis, outlines the 

possible contributions to the literature, and provides recommendations for 

future research. 
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Smart Homes State of the Art Review  
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"Remember how quickly, in just a few years, 

smartphones and tablets have changed our lives. 

Change is coming, and coming fast. The home of the 

future will be woven into the fabric of our lives just as 

fast." Samsung Electronics Chief Executive Boo-Keun Yoon [6]  

 

 

 

 

 

 

2 Smart Homes State of the Art Review  

2.1 Introduction 

Moving from the industrial society to the information society leads homes 

toward being the most important hub of human life; it can affect the design 

of social places, workplaces, residential places, and cities. In this joint 

chapter, we review an emerging type of dwelling in an information society, 

indicated as a smart home. Particularly, we provide answers to questions on 

what smart homes are, and which technological changes are involved. Next, 

we discuss the challenges of smart homes in moving from lab environments 

to the real world housing. Addressing this aim, we propose to evaluate the 

feasibility of applying smart technologies in the real life and the home 

environment of users. A user-centered design framework for smart homes is 

introduced, which aims to investigate users’ preferences in smart home 

design.  

1.1 Definition of smart home 

Many of us are already living amongst an Internet of (some) things. We 

have desktops, smart TV, laptops, smart phones, smart watches, and iPads. 

Hence, what does the intelligence really mean? And how will it affect our 

living and home environment? 

The notion of ubiquitous computing was coined by Mark Weiser in the early 

1990s [7]. Ubiquitous computing moves the computer as a standalone 

system in the background and replaces the disappearing computer with a 
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new user experience [8]. During the past decade, computer scientists have 

developed the concept of ubiquitous computing to situate a world in which 

accessing to any source of information at any place at any point in time by 

any person would be possible. Such a world can be conceived by a huge 

distributed network consisting of thousands of interconnected embedded 

systems that surround the user and satisfy his/her needs for doing daily 

activities [9].This concept can be viewed as an approach to the development 

of the third generation of computing systems, where the first and second 

generations are given by the mainframe and the personal computer, 

respectively. The concept of ubiquitous computing is also described as 

“invisible computer” [8] and “pervasive computing” [10] or 

"everyware"[11]. Each term emphasizes slightly different aspects. When 

primarily concerning the objects involved, it is also known as the Internet of 

Things. The Internet of Things is specifically the network of physical 

objects, devices, vehicles, buildings and other items, embedded with 

electronics, software, sensors, and network connectivity that enables these 

objects to collect and exchange data[12]. 

The European counterpart of ubiquitous computing was “ambient 

intelligence” (AmI) [1]. The Information Society Technology Advisory 

Group (ISTAG) of the European Commission adopted the ambient 

intelligence vision in 2001 [13]. Ambient intelligence was presented as a 

vision to illustrate how the information society will develop in the near 

future [14]. According to the ISTAG 2001, ambient intelligence stems from 

the convergence of three key technologies: Ubiquitous Computing, 

Ubiquitous Communication, and Intelligent User-Friendly Interfaces [13]. 

Humans will be surrounded by intelligent interfaces supported by 

computing and networking technology which is everywhere, embedded in 

everyday objects, such as furniture, clothes, vehicles, roads, and smart 

materials even particles of decorative substances like paint. Ambient 

intelligence aims to “design technologies for people and not make people 

adapt to technologies” [13]. As Emile Aarts describes an ambient intelligent 

environment can be personalized, adaptive, and anticipatory [15]. A 

personalized environment allows people change the environmental 

conditions to suit their own wishes. An adaptive environment is also 

changing to an individual’s needs, but, in this case, the individual’s 

behaviors are recorded and the environment automatically adapts to the 

individual’s preferences. The anticipatory nature of this environment means 

that actions can be anticipated from a profile of the user, which is created 

from observed behavior. 

As a result, in the near future, our homes will have a distributed network of 

intelligent devices. Such intelligent devices will differ substantially from 

contemporary equipment through their appearance in an environment, and 

through the way users interact with them. The interactions are more 

pleasurable, very simple to use and let the residents pursue their normal 
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activities while providing timely and useful services to them. According to 

Turk and Robertson[16], more “natural ” interactions are provided by 

intelligent devices. The environment becomes simpler and at the same time 

more comfortable and multifunctional. As the devices grow smaller, become 

more connected and more integrated into our environment, the technology 

disappears into our surroundings until only the user interface remains 

perceivable by users. 

There are several smart rooms, homes, and living labs under development 

around the world; but the definition of smart home is different among them. 

In fact, the notion of smart homes in current literature covers different levels 

of intelligence. According to Aldrich [17], smart homes can be categorized 

into the following hierarchical classes:  

1. Homes, which contain single, standalone intelligent objects. Like 

Electrolux, that has developed multiple “intelligent” household 

appliances, such as the smart kitchen table or screen fridge 

(Appendix1). 

2. Homes, which contain intelligent objects that are able to exchange 

information amongst one another. 

3. Connected homes, which have internal and external networks 

allowing for interactive and remote control of systems.  

4. Learning homes, which use recorded and accumulated data to 

anticipate on people’s needs and to control the technology. 

5. Responsive homes, where people’s patterns of behavior are 

registered and used to anticipate their needs and react accordingly.  

In addition to the different definitions of intelligence, smart homes in 

current literature have different goals and end users; while some of the 

smart homes aim to improve energy efficiency, others aim to improve 

independent living for elderly, and disabled people; or while some of the 

smart homes are only showcasing the latest smart technologies and 

providing luxury houses, some others try to focus on more diverse end 

users. Below, we review some of the earliest and most influential smart 

homes.  

Many smart home examples use intelligence for facilitating energy 

efficiencies, such as the Panasonic Prototype Eco house in Tokyo and the 

Siemens Intelligent Homes (Appendix1). They have been operating as a 

live-in laboratory for showcasing and testing new smart technologies to 

reduce household energy, water use and greenhouse gas emissions. 

Adaptive House of Colorado in the United States is another example, with a 

high level of adaptation (Appendix1). In contrast to standard computerized 

homes that can be programmed to perform various functions, this smart 

home essentially programs itself by observing the lifestyle and desires of the 

inhabitants and learning to anticipate and accommodate their needs. The 

system controls basic residential comfort systems, HVAC, water heater, and 
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interior lighting. The system monitors the environment, observes the actions 

taken by occupants (e.g. turning up the thermostat, turning on a particular 

configuration of lights) and it attempts to infer patterns in the environment 

that predict these actions. When the actions are reliably anticipated, the 

system performs the actions automatically, freeing the occupants from 

manual control of the home.  

Although energy efficiency is one of the main aims of smart homes to 

address the sustainability issues, functionalities of smart homes are not 

limited to it. Hence, some of the research centers use automation and 

robotics not only for energy management but also for providing ambient 

assisted living (AAL). The Smartest Home of the Netherlands is one of the 

examples (Appendix1). The first platform of this series of smart homes was 

opened in Tilburg at the end of 2001. Then other platforms have been built 

in Almere, Duiven, Heerlen, Dokkum, Amsterdam, and Eindhoven in 2009. 

All of the platforms are a showroom for demonstrating the latest available 

smart products and services. However, they mainly are used for researching, 

testing, and validating of new innovative products and services for elderly 

or handicapped people as the main end users. There are other living labs 

such as the InHaus living lab at Fraunhofer, and the iHomeLab at the 

Lucerne University of Applied Sciences and Arts in Switzerland 

(Appendix1), and the UbiHome at U-VR Lab in Korea [18], which enable 

home automation and pervasive computing in a lively networking space to 

facilitate comfort, natural interaction, and ambient assisted living.  

There are also some smart homes, which go further in smart home design. 

Their aim is not limited to making test beds of pervasive computing 

environments, but also making a demo platform of new smart technologies, 

visions of the future and the new market. These smart homes are exhibition 

centers with the purpose of raising awareness of novel technologies. They 

demonstrate concepts and act as a showpiece for the founding industries. 

Easy Living home of Microsoft is one of the samples of these demonstration 

houses, which is built in Redmond, Washington (Appendix1). Another 

noteworthy demonstration house is the Living Tomorrow Lab. Its first 

project (Appendix1), called “Living Tomorrow 1: The House of the Future” 

was established in Brussels on March 16th, 1995. The next project was 

released in Amsterdam and remained open until 2007. During that year, 

“Living Tomorrow III” started in Brussels as the largest innovation and 

demonstration center globally. A smart kitchen table designed by Zaha 

Hadid, a smart bed, a home camera network and many other smart 

technologies were demonstrated in it. The new version of these living lab 

series called “Care home of the Future” is opened in Belgium in 2014 

(Appendix1). However, while several innovations have been installed, little 

attention has been paid to serving actual users’ needs in this series of smart 

homes.  
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There are notable smart home researches, which investigate users’ needs in 

real-life situations or lab conditions. As an example, the Future Care Lab at 

RWTH Aachen University provides an intelligent infrastructure, consisting 

of different mobile and integrated devices like a smart wall and a smart floor 

(Appendix1). This lab relies on a modular technical concept and it can be 

expanded with other technical products. Accordingly, multiple realistic 

usage evaluations of users, especially elderly, and handicapped people were 

conducted in this sample of the smart home. Sandström research [19] is 

another noteworthy example in which he conducted a post-occupancy 

evaluation of ICT technology (e.g. home network, integrated system for 

computer and telephone, security camera, reception boxes, touch screen 

interfaces) in two residential housing units, called Vallgossen and 

Ringblomman, located in Stockholm, Sweden [19]. In another research by 

Beech[20], users’ attitudes towards wireless technology are investigated. 

She explored the frequency of use, motivations for use, the location of use, 

user likes and dislikes, user health and safety concerns of the wireless 

technology. Davidoff also explored everyday needs of family households 

which can be addressed by computational systems [21]. His work began 

with anthropological fieldwork with families that foreground the problems 

of the coordination of children’s activities in dual-income families. He then 

applied collaborative design with families to concretely define the 

capabilities of applications in a simulated smart house. There are many 

other researches on exploring user needs of smart homes, like the research 

conducted by Wilson et al. [22] on systematic analysis of peer-reviewed 

literature on smart homes and their users or the Wilson et al. [22], Coutaz et 

al. [23], and bum Woo and kyung Lim [24] works, in which researchers 

applied interviews, playful cultural probes, and diary studies to explore user 

needs of smart home. But according to Wilson et al. [22], although 

published research on smart homes and their users is growing, yet a clear 

understanding of who these users are and how they might use smart home 

technologies is lacking.  

Reviewing the current state of the field shows that application of smart 

homes in the housing industry is still lacking, largely because the 

investigation of the real benefits of smart homes for different target groups 

has not yet been done. Commonly elderly or vulnerable householders, 

rational energy users, technophiles and individuals are studied as the main 

target groups of smart homes. A small number of researches imply different 

prospective users for smart homes [22]. Australia’s Smart Home Family is 

one of the examples, which focus on the target group of families and does 

several studies on the energy use of a family with two children (9 and 6 

years old) living in a smart home for a long period of 18 months 

(Appendix1). The Smart Home at Carnegie Mellon University in the United 

States is another example, which considers dual-income families as an 

important target group of smart homes [25], [21]. It is a simulated smart 
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home out of 6’x4’ white foam-core with several sketched appliances on a 

wall of a whiteboard, and a filled environment with enough physical 

trappings to suggest a home (e.g. Magazines on a table, coffee pot on the 

kitchen table, and a laundry basket partially blocks a hallway). Using this 

platform, the researchers evaluated participants’ behavior and tried to 

understand what families do and what families want from a smart home. 

Likewise Woo and Lim [24], and Mennicken  et al., [26] study families in 

different life stages and explore how smart home technologies can be 

designed to evolve with their users over a life span. Particularly, Mennicken 

et al., [26] investigated the following four life segments that can be potential 

domains of focus for mass customization of smart homes:  

1. Early 30s segment: single-income family with young children (1yo, 

3yo); not yet homeowners but interested in economical do-it-

yourself smart home solutions. 

2. Mid 40s segment: dual-income family recently moved into their 

own new home with older children (12yo, 15yo). New homeowners 

interested in ‘modernizing’ their home to facilitate family and 

household coordination. 

3. Late 50s/Early 60s segment: soon to retire/early retire parents of 

young adult children who have moved out. Both in fairly good 

health with the disposable income for home upgrades and traveling. 

Keen to stay connected to their adult children and grandchildren. 

4. Late 70s/Early 80s: widowed older adult who has now moved alone 

from his/her family home into a smaller apartment. Experiencing 

both physical and cognitive decline and therefore increasingly 

seeking help from others. 

Conducting such a kind of lifestyle studies on different prospective users of 

smart home is remarkable and can broaden the domain of smart homes. The 

Experience Lab of Philips in the Netherlands can be mentioned as another 

good sample for expanding the trend of “smart home for all”. This lab 

consists of a Home Lab, a Shop Lab, and a Care Lab, which facilitates user 

studies (Appendix1). The Home Lab started in 2001. It was built as a two-

stock house with a living, a kitchen, two bedrooms, a bathroom, and a study 

room. The house contained distributed, interactive, and intelligent multi-

device applications. There was an observation room adjacent to the house. 

Although the HomeLab is not open today, it provided a perfect instrument 

for studying human behavior in the context of daily living in that time.  

The MIT House-n is another remarkable example that explores different 

methods of applying smart homes in the real life and in the future housing 

industry (Appendix1). The House-n includes two projects of the Place Lab 

and the Open Source Building Alliance (OSBA). The Place Lab is a live-in, 

apartment-scale research facility, which was opened in 2004. It is a home, 
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where the routine activities and interactions of everyday home life can be 

observed, recorded, and experimentally manipulated. Participants live in the 

Place Lab for days or weeks, treating it as a temporary home. Meanwhile, 

sensing devices integrated into the fabric of the architecture record a 

detailed description of their activities. A living lab such as the Place Lab is 

not just a prototype or a demonstration environment, it is a new type of 

scientific instrument that allows researchers to collect human behavior and 

spatial data in a natural setting, and to systematically test and evaluate 

strategies and technologies for the home with volunteer occupants. It 

enables more natural behavioral observation and data collection of everyday 

activities, such as cooking, socializing, sleeping, cleaning, working from 

home, and relaxing [27]. The Open Source Building Alliance (OSBA) 

mainly focuses on spatial aspects of highly responsive homes and tests new 

design models and fabrication for these houses. Specifically, it introduces a 

new building system for mass-customization of smart homes. The 

developed system consists of two parts of “chassis” and “integrated interior 

infill”. The “chassis” is equipped with the infrastructure of smart 

components, systems, and technologies, including work at home solutions, 

integrated room acoustics and entertainment systems, transformable 

elements, networked appliances, etc. The integrated interior infill has the 

potential to replace the interior walls and rapidly connect to the OSBA 

chassis [28][29]. The OSBA aims to promote smart homes in the housing 

industry from the prefabrication and the new building system.  

Giving a comprehensive definition, we refer to Ma et.al [30] definition of 

smart homes: a house environment with the abilities of perception, 

cognition, analysis, reasoning, anticipation and reactions to user’s activities. 

The main aim of the technology integration through the home environment 

in smart homes is to provide a higher comfort and a higher quality of living, 

according to the “smart home association” in the Netherlands[31]. 

Reviewing the literature showed that the intelligence of smart homes has 

been applied for different purposes, such as energy efficiency, assisted 

living and improving physical comfort. But as reviewed, applying this 

intelligence for addressing wide ranges of needs for diverse target groups in 

real life and smart homes’ production in the housing industry are still in its 

initial steps. Continuing the trend of “smart home for all”, we see smart 

homes as: “potential concept of a dwelling that can improve the quality of 

life and space in future houses by embedding smart technologies”. 

Accordingly, we put our main effort on an exploration of the real benefits of 

smart homes for different target groups in this study.  

1.2 Smart technologies inside smart home 

A smart home contains several highly advanced smart technologies and 

interactive interconnected devices. All the devices and spaces inside the 
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smart home support people carrying out their everyday activities, tasks, and 

rituals in an easy, natural and intelligent way [32]. Figure 2.1 shows some of 

the new smart domestic technologies that are involved in a smart home, 

such as “smart flexible partitions”, “smart boundaries with adjustable 

transparency”, “smart kitchen table with flexible cooktop, wireless power 

system and wireless data network”, “smart wall with intelligent and 

interactive system”, “smart furniture with programmable context and sensor 

network”, “smart floor”, etc.  

 
a.b                   c.d                        e.f                              g.h                      i.j 

      
k.                                     l.                                    m.                                n. 

Figure  2.1 Overview of smart technologies  

a, b) smart floor [33], c, d) smart bed (Living Tomorrow Lab, Appendix1), e. f) 

smart kitchen table [34], g. h) smart furniture [35][36], i, j) smart wall [37][36],  

k. l) smart flexible partitions (iHomeLab, Appendix1), and m. n) smart 

boundaries with adjustable transparency[38]. 

The technological changes are likely to affect the way of living at home and 

the spatial needs and preferences of those living there. However, some of 

the technologies can be more influential on the space than others. As an 

example, while a smart kitchen table is expected to have profound 

influences on the kitchen space, home camera network, data sharing, and 

automation have fewer effects on the spatial layout. This can be compared 

to the growth of smart mobile phones, which affect the daily livings of 

people in their houses, but not really affect the house design. In this thesis, 

we basically focus on the smart technologies, which are expected to make 

the most changes in the spatial design of houses. The technologies we 
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choose reflect our scope of investigation, but the research approach is open 

for additions or modifications. In the following, a short description is given 

on the most influential smart technologies on the spatial design of houses: 

 Smart kitchen table, 

 Smart wall,  

 Smart floor, 

 Smart furniture,  

 Smart partitions and smart boundaries. 

1.2.1 Smart kitchen table 

Smart kitchen table is one of the most effective technological changes, 

which are introduced in a smart home. This interactive table can be used as 

a multipurpose space, which may be just around the corner. It is said to 

make the kitchen more social and convenient while improving space saving. 

A smart kitchen table can be used as a social setting that brings together 

kitchen and dining room, host and guest, preparation and consumption, 

serving and sharing. It provides an eco-friendly place, where, through the 

technology, users can have more comfortable and flexible cooking 

experience, eating, entertaining, working and enjoying food while reducing 

energy consumption and optimizing waste management [39]. It is a normal 

table with supplementary attributes of:  

 Touch screen surface, which makes several interactions possible for 

the users. It allows the size of hot zones and temperature to be 

adjusted by the user. It allows the user to browse the internet on the 

surface.  

 Multimedia networking, which lets different electrical appliances 

communicate with each other. Internet, recipe database, television 

as well as other building services can be operated and controlled 

from it [40]. 

 Dynamic table top interface made of wireless power, which makes 

it possible to have no preset cooking zones. Cooking takes place 

anywhere, anytime on the table. Energy will follow the devices as 

they move around the surface, and the interface will be displayed on 

the table top surface. Users can have flexible cooking experiences 

without concerning the safety issues. For instance, kettle or pans 

can be passed to others at the table so they can finish preparation; 

the wine cooler can be shifted to make room in order to chop food. 

These devices continue to cook or cool and energy flows follow 

them as they move around the surface [39]. 

 Wireless sensor networks for recognizing user’ activities and 

supporting their needs.  



Chapter 2│ Joint section 
 

18 
 

1.2.2 Smart wall 

A smart wall with “hidden” equipment, such as cameras and sensors 

combines the concept of both TV and computer together.  This equipment 

can be used in either a fixed or flexible setting, allowing the user to create 

an interactive working and living space. The objective of this wall is to 

serve the following attributes: 

 A changeable scenery system, which creates different sceneries on 

the wall by adding the elements of entertainment and sensitivity to 

the wall [41].  

 Interactive electronic surfaces on the wall represented by a touch-

sensitive information device.  

 An internet connected system enables several tele-activities, such as 

tele-educating, tele-caretaking, e-meetings, and tele-team working.  

The goal is to support two or more persons in parallel for sharing 

the whole display space. It also makes virtual communications rely 

on more natural gestures [42].  

 An environmental control system, which produces a smart context 

around the smart wall. Hence, the smart wall’s environment reacts 

to users’ function by adapting the HVAC conditions and 

natural/artificial light for a personalized room ambience. The smart 

wall is also connected to the other home digital devices. 

Accordingly, users can manage other home appliances through the 

smart wall. 

1.2.3  Smart floor 

A smart floor is able to detect the inhabitants’ position as well as their 

(abnormal) behavior patterns within a room and to activate rescue 

procedures in case of a fall or other emergency events [43]. Implementation 

of a sensing floor requires sensors, which track the number, weight, shape 

and location of objects and persons; for instance, a foot pressure sensor can 

synthesize motion or temporal force signature of a footstep on the floor to 

identify individuals [44]. It is mainly applied in ambient assisted houses. An 

example is the applied smart floor in an apartment for assisted living in 

Bremen, Germany by the SensFloor company[45]. 

1.2.4 Smart furniture 

Computers are going to be embedded in tables, seats, and mobile devices 

[42]. But smart furniture has a different user interface and interaction style 

from both the current furniture and computers, which have standard desktop 

PC, single user display, keyboard, and mouse. Smart furniture is also 

connected to each other and to the whole home network. So the data can 

easily transfer among the different furniture. The common features of smart 

furniture can be introduced as: 
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 Flexible and moveable, 

 Intelligent and aware of users’ need and preferences thanks to 

several sensors (e.g. a smart mirror can  recognize the user and 

show personalized information for the user while he/she is brushing 

teeth in front of the mirror, or a smart bed can monitor conditions of 

the user body and adjust the environmental conditions accordingly), 

 Responsive to the users’ activities, thanks to being programmable ( 

e.g. a smart light is dimming when a user is not close to it or 

becomes brighter and more targeted when the user is studying or 

cooking), 

 Interactive, thanks to equipping with touch screen surfaces, 

 Multifunctional, thanks to supporting different types of activities, 

such as virtual activities, entertaining activities, relaxing, working, 

and managing other devices and environmental conditions (HVAC).  

1.2.5 Smart partitions and smart boundaries  

Smart boundaries with adjustable transparency are smart glasses that offer 

switchable opaque on demand. They give the user the ability to "tune" the 

amount of light, sun glare or view when required [33]. They provide 

flexibility and adjustable privacy levels for the inhabitants of a smart home. 

Figure 2.2 presents an example of such a kind of smart glasses.   

Smart partitions are movable partitions with smart infill elements. For 

making smart technologies affordable for the general public, architects, and 

interior designers are receiving frequent requests from clients to integrate 

smart technologies, such as smart indoor environmental or lighting controls, 

with movable partitions which provide remodeling of houses [40]. 

Accordingly, smart partitions can provide different contextual areas with 

controlling environmental conditions such as light, temperature, view, and 

sound. An example is the iHomeLab in Switzerland (Appendix1) with 

multiple movable smart partitions, which can create different contextual 

zones according to user activities in an open space of a smart home.    

1.3 Gaps in smart home literature  

To a large extent, ambient intelligent homes or smart homes no longer are 

science fiction and are technologically feasible. Recent technical 

developments such as high-speed internet, and the advanced electronics 

market, on one hand, and the increased public willingness of new 

technologies, on the other hand, indicate that the dream of ambient 

intelligence can become a reality soon. Our environments are gradually 

becoming “smart” [46]. According to Siemens research center, consumer 

and market acceptance for smart environments have increased over the last 

years [47]. In 2010, 5% of all Western European homes were smart 

regarding networking and automation. Prior market restraints were 
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complexity, technology-oriented solutions, and high operation costs. But 

today, because of the technological developments in lower costs and the 

lifestyle changes (e.g. high internet affinity, increased importance of 

entertainment, increased importance of time-saving, energy saving, space 

saving, transportation saving, working at home and healthy living), demands 

for applying smart technologies has increased [47]. People are experiencing 

multiple smart technologies from smartphones to smart TVs and home 

automation systems (e.g. HomeSeer, Control4, Crestron, Vera, Staples 

Connect, Iris, Savant, SmartThings, Wink, and Nexia [48]) at their current 

homes. Multiple smart technologies may be largely used in current homes, 

but reviewing the present smart home developments shows that smart 

homes as the main concept are currently considered too luxurious or too 

specified functional homes (ambient assisted living homes) to be commonly 

accepted by people and be applied in the housing industry.  

Increasing numbers of research groups are working in the multidisciplinary 

notion of smart homes (e.g. Automatic home, Adaptive home, Com home, 

Aware Home, Internet Home, Independent Living Home, and Smart Home, 

see: Appendix1). Nevertheless, a smaller number of researchers investigate 

the effects of applying smart technologies on the home layout and the 

everyday lifestyle of people. In section 2.2., some notable researches, which 

explored attitudes, needs and preferences of residents in real or lab cases of 

smart homes, were reviewed. However, most of them focused on some 

selected technologies and did not have a comprehensive investigation on 

users’ living conditions and their preferences in the complete layout of a 

smart home. As Mohammadi in a study on practical issues of integrating 

intelligent technology in houses indicated: 

“In spite of varied researches, a study into embedding of technology in the 

architectural structure of the dwellings lacks. Furthermore, the insights in 

the needs and attitudes towards living in an intelligent house are missing” 

[49]. 

As a result, the functions of smart technologies in improving the quality of 

life and space are not truly applied through the current practices of smart 

homes. As an example, the smart kitchen table is said to be a 

multifunctional device and a hub of daily activities while improving space 

saving and flexibility at homes. It is a single standalone technology which 

simply can be purchased and be inserted in a contemporary kitchen. But 

many of the functionalities of smart kitchen table cannot be achieved if it is 

not surrounded by a proper spatial layout. It is common that the 

technologies designed for the home, when introduced to this environment, 

are not utilized by individuals or families to the full capacity envisioned by 

the designers and sometimes are utilized in ways that are considered 

undesirable [50][51][52]. According to Ben Allouch et al. [53], although 
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academia and industry are trying to realize domestic ambient intelligent 

applications on a small scale in attentive home projects, the general concept 

of smart homes are yet far from everyday reality. While an important aspect 

of ambient intelligence is to make everyday life more convenient for 

ordinary people, sometimes designers fabricate user needs rather than 

design applications to fulfill people’s existing needs[53]. This could imply 

that potentially important user needs are overlooked in the process by going 

after technological opportunities.  

Hence, it is vital to explore users’ living patterns and the essential 

modifications of home spaces when applying new technologies at homes. 

Without explorations of users’ preferences in new conditions of living and 

space in smart homes, one cannot expect a high acceptance of smart homes 

among people and, therefore, a high contribution of smart homes to the 

future housing industry. Accordingly, the basic contribution of this project 

to the literature is investigating users’ living and spatial preferences in smart 

home design. As Figure 2.2 shows, we propose a user-centered design 

framework for smart home design. We investigate different features of 

users’ preferences in the early stage of smart home design. According to this 

framework, not only technical installations, but also users’ preferences need 

to be addressed in a smart home design. 

 

    

 

 

 

Figure  2.2 Proposed user-centered design framework of smart homes  

A home is defined in terms of family rituals, such as breakfast and bedtime 

storytelling. Studies into the meaning of the home of the future have 
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HomeLab of the Philips [54], people fear scenarios of the future, in which 

technology would interfere with their daily life in the home of the future. In 

fact, people expect technology to become more supportive in the future. The 

biggest challenge for future technology is thus to be not only physically 

embedded, but also to be interwoven into the daily life of the inhabitants in 

the home of the future. Hence, matching smart homes with what people 

need in their daily life seems essential for improving users` acceptance of 

smart homes. Accordingly, the presented framework in Figure 2.2 proposes 

to explore users’ living preferences in the design process of smart homes. 

On the other hand, within much of the technologically focused literature on 

smart homes, the domestic environment is simply the ‘‘taken for granted’’ 

backdrop within which technology will be used [55]. In a content analysis of 

smart home marketing materials, Hargreaves et al. [56] found that most 

images of smart homes depicted them as sterile, bland and neutral spaces 

that appeared unlived in. Such depictions are given for technological 

research and testing of smart home equipment occurs in artificially 

constructed test homes [22]. But in a livable smart home, there are more 

than ‘‘a set of walls and enclosed spaces’’ [57] (p.383). Hence, a more 

complex understanding of home spaces is required in smart home 

development. Ignoring the architectural structure of the home and spatial 

aspects in smart home design can cause mismatches between the user 

demands and the smart home possibilities. As an example, a smart wall is 

designed to support different activities in a future living room. However, 

some day-to-day scenarios will likely cause conflicts in its use. For instance: 

 Father wants to have a telecommunication session on the smart 

wall, while the children want to use it for entertainment and mother 

would like to watch a movie at the same time.  

 Both of the parents want to work with the smart wall at the same 

time.  

 The children need the smart wall for e-learning at home, while the 

mother requests its teleworking capabilities.  

The auditory, visual, or functional conflicts around the smart wall do not let 

users apply the full functionality of the smart wall. The above-mentioned 

scenarios show that proper integration of technology with space and 

adjusted spatial conditions which respond to the complexities of life are 

vital for the accomplishment of smart homes. Accordingly, the presented 

framework in Figure 2.2 proposes to consider users’ spatial preferences in 

the design process of smart homes instead of adding the technology by the 

installation expert without considerations of spatial aspects.  

One of the other gaps in the current literature on smart homes is that 

currently applied methods are often small scaled methods and are focused 
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on specific subgroups. Large-scale quantitative studies to understand the 

adoption of AmI appliances are scarce and designers primarily target a 

specific group of people instead of various prospective users [53]. As 

reviewed in section 2.2, most of the current researches focus on a limited 

group of end users, mainly elderly or upper-class people. There are few 

examples, which investigate how smart homes can be designed to fit the 

daily lives of the inhabitants in diverse target populations. However, 

ambient intelligence is supposed to be for ordinary people [58][59][60]. 

Hence, we propose to investigate the preferences of various prospective 

users (e.g. busy lifestyle people, family households, dual incomes, low or 

middle incomes, etc.) in smart home design.  

People judge smart homes differently. Their acceptance level is based on 

how the smart home matches to their preferences originated by both 

personal and target group’s characteristics. Putting personal differences 

aside, there are common features among the preferences of each target 

group, which can be evaluated and be involved in the smart home design.  

As explained, Figure 2.2 proposes a user-centered design (UCD) framework 

in smart home design. User-centered design  can be generally defined as the 

process of designing of a product from the perspective of how it will be 

understood and used by a human user[61]. Rather than requiring users to 

adapt their attitudes and behaviors in order to use a product, a product can 

be designed to support its intended users’ existing beliefs, preferences, and 

behaviors[61]. It was in the 1990s that industrial design and the emerging 

interaction design went through the so-called user-centered turn [62]. In 

retrospect, the most important ideas from this time built on usability and 

user-centered design. Usability laboratories popped up in hi-tech companies 

and universities in North America, Japan, and Europe, and the academic 

community grew rapidly[62]. Practitioners built on books like Usability 

Engineering by Jacob Nielsen [63], while the more academic field was 

reading books like Don Norman’s The Design of Everyday Things[64]. 

Nevertheless, the past 15 years have seen a proliferation of openings that not 

only build on user-centered design but also go beyond it. Several research 
groups have begun to address the problem of creativity in user-centered 

design approaches with methodic, conceptual, technological, and artistic 

means [65], [66]. Hence, several other design practices provide methods 

beyond the user-centered design (e.g. generative design (GD), user 

experience design (UXD)). Although there are more specific determinations 

of user studies in different design disciplines (product design, system 

design, architectural design, etc.), the general term of UCD in this thesis is 

used opposed to the technology-driven design processes, in which the main 

focus is given to business goals, fancy features, or the technological 

capabilities of products. The chief difference from other design philosophies 

is that UCD tries to optimize the product around how users can or want to 
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use the product, rather than forcing the users to change their behavior to 

accommodate the product[61]. 

The result of employing a UCD is a product that offers a more efficient, and 

satisfying for the user, which is likely to increase sales and customer 

loyalty[61]. According to Davis [67] and the theory of Technology 

Acceptance Model (TAM) presented by him, one of the important factors in 

the technology acceptance by users is the perceived usefulness [68]. If 

people really perceive the benefits of a smart home in answering their needs 

and preferences in their daily livings and home environments, they will 

better accept smart homes. It is expected that applying a UCD approach in 

smart home design and matching the designs with the users’ living and 

spatial preferences increase the user acceptance of smart homes. 

1.4  Conclusion  

In this chapter, a literature review was given on different types of smart 

homes, from the homes with single, standalone intelligent objects or the 

automated and robotic homes to the more responsive smart homes with the 

abilities of perception, cognition, analysis, reasoning, anticipation and 

reactions to user’s activities. Different purposes for smart homes were 

introduced from providing a luxurious living to energy efficient and ambient 

assisted living. Continuing the trend of “smart home for all”, we introduced 

smart homes as the potential concept of a dwelling that can improve the 

quality of life and space in future houses by embedding smart technologies. 

Next, the most influential smart technologies on the daily life of people and 

the home environment are reviewed. It was then argued that there is a lack 

of knowledge on how the application of these smart technologies in a home 

affects the home spaces and the everyday lifestyle of people. 

A user-centered design framework was proposed for investigation of users’ 

preferences in smart home design. According to this framework, not only 

technical installations, but also users’ preferences of living conditions and 

spatial conditions in smart homes need to be addressed in the design 

process. Based on the proposed framework, the smart home design is not 

limited to specific groups of end users; rather it can be targeted for diverse 

groups. Applying such a UCD framework in smart home design can result 

in smart homes with a higher acceptance level and can broaden the domain 

of smart homes to the future housing industry. 

On the basis of this framework, two different theses are conducted; one 

focuses on users’ living preferences and the other focuses on users’ spatial 

preferences in smart home design. The current thesis mainly focuses on the 

methods for eliciting user` spatial preferences and applying them for 

defining the new spatial aspects of smart homes, which will be discussed in 

the following chapters.  
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“Even simple tools that are your own can yield 

entirely new avenues of exploration. Remember, 

tools amplify our capacities, so even a small tool can 

make a big difference.” Bruce Mau [69] 

It seems that architecture, as never before, is tied to 

digital tools to open up new possibilities for 

architectural design. 

 

 

 

 

3 Methodology 

3.1 Introduction 

In this joint chapter, different research tools, which can be applied in 

experimental research on smart homes, are argued. In particular, 

possibilities, limitations, and drawbacks of each method are discussed. 

While living labs are introduced as the most common in using facilities, 

virtual reality methods are argued as another assessment research tool in 

smart home researches; especially in researches that need high levels of 

experimental control (e.g. evaluating spatial design alternatives, applying 

scenarios and repetition in tasks), large sized representative samples, and 

information on user living patterns for a long time period.   

Next, we demonstrate a prototyping experiment, which is done before 

applying the final experiment. The developed application utilizes three 

typical domestic tasks and several real-time interactions. It gives the 

opportunity of evaluating technical issues for designing the final experiment 

and also evaluating users’ general attitude and expressions toward an 

interactive and responsive virtual smart home. The results of the general 

evaluation reveal a positive attitude of users toward the prototype. However, 

some barriers are recognized in applying virtual reality for the final 

experiment. Finally, we describe the applied method, which is designed for 

the final experiment. A discussion is given on introducing the applied 

method: a web-based experiment in a 3D interactive smart home and its 

position on the “experimental control-validity trade-off” diagram comparing 

to VR experiments and living labs. At the end, some similar works are 

reviewed and the applied method is compared to them.  
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3.2 Research tools in the domain of smart homes   

Most common in using facilities for researching on smart homes are living 

labs. A living lab allows users to experience new technology ideas within a 

real-life context. The living lab is an experimental facility with the 

philosophy of considering users for value creation. The living lab generally 

intends to:  

 Enable evaluation of new concepts.  

 Increase the understanding of occurring phenomena. 

 Enable user related experiments.  

 Result in more accurate and reliable products and services.  

 Speed up concepts to market and promote adoption.  

 Contribute to initiate potential lead markets.  

 Contribute to bringing science and innovation closer to the citizen. 

[70]  

In the domain of experimental researching, Blascovich et al. [71] described 

the 3 most common methodological problems which have dogged 

experimental methodologies: (1) the experimental control–mundane realism 

trade-off, (2) lack of replication, and (3) unrepresentative sampling. They 

introduce a trade-off diagram which typically exists between experimental 

control and mundane realism (validity); the higher the validity, the lower the 

experimental control.  
Historically, technological advances have allowed researchers to lessen this 

trade-off relation in the design approach and enable investigators to increase 

validity without entirely sacrificing experimental control or vice versa[71]. 

As depicted in Figure 3.1, the sharp line of the trade-off diagram in 

traditional design approach is modified to a curved diagram thanks to the 

technology advancement and the new research tools. 

Figure 3.1 shows the position of living labs (LL) as a research tool on the 

curved diagram of the current experimental design approaches.  

While field experiments locate in the low bottom of this diagram by 

scarifying experimental control in favor of mundane realism and 

generalizability, living lab experiment can be considered in upper levels of 

the diagram allowing experimental researching with a high level of validity 

possible.  

Living labs provide a high level of validity comparing to traditional design 

approaches (paper and pencil, scale models, etc.), because living labs make 

it possible to test new technological products for periods of days, weeks or 

months, and in a situation closer to the normal daily life of the subjects [56]. 

However, experimental controls in some aspects cannot be easily applied in 

living labs. According to the ECOSPACE Consortium, which is composed 

of several members of the European Network of Living Labs (ENoLL), 

there are challenges in experimental controls of living labs[70]. In the 
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following, some of the challenges, which are important in the selection of a 

methodology in this project, are argued.  

 
Figure  3.1 The experimental control–mundane realism trade-off and the 

position of living labs (LL), virtual reality methods (VR) on it (retrieved from 

Blascovich et al. [71]). 

A prototyping environment is used for exploration of concepts, proof of 

concept, adoption of the concept’s platform. Implementation of a user 

experience prototyping environment is composed of three distinctive parts: 

1) designing user experience prototypes around new innovative concepts, 2) 

immersing individual or group of users into specific situations of design, 

and 3) evaluating usage, impact, and potential adoption. Development of a 

specific user experience prototyping environment in the setting of a living 

lab is challenging. One of the challenging phases is to recruit a large sized 

and representative sample in the setting of a living lab, and conducting the 

experiment (monitoring, analyzing behavior, etc.) with many participants. 

There are also challenges in conducting spatial analysis and evaluating 

design alternatives in a living lab. A prototyping environment has limited 

possibilities to be changeable and flexible. The “open living laboratory” is 

one of the flexible living labs, in which users can explore different design 

alternatives through direct manipulation of the physical prototype [72]. This 

laboratory includes a flexible smart wall system that allows dynamic 

configuration of the space, some modular wall panels with changeable 

physical materials equipped with RFIDs, sensors, actuators and a kinetic 

responsive wall system with dynamic appearance corresponding to the 

environmental changes. This laboratory is one of the few examples, which 

lets researchers explore the users’ spatial preferences of a smart 

environment in the setting of a living lab. Nevertheless, development of 

living labs with flexible settings is very cost-intensive and time-consuming. 

Another challenge which exists in living lab experiments is applying 

scenarios and repetition in tasks. Keeping situations and the influential 

factors on respondents behaviors exactly the same in experimental 
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manipulations of different scenarios is difficult, if not impossible [71]. 

Furthermore, tackling time barriers in experimental controls of living labs is 

challenging. Investigation of users’ daily activities needs observation of 

participants’ behavior in the time slots of a complete day for the period of 

one or two weeks. However, the investigation of lifestyle issues (e.g. 

relation of work and life, outside and inside home activities) needs a longer 

time span. The “365 days ambient intelligent in Home Lab” [54] is one of 

the examples, in which researchers asked some participants to live inside the 

Philips Home Lab for several months. Conducting such a long time 

investigations in the setting of a living lab is not possible in every 

researches.   

In the meantime, the promise of Virtual Reality (VR) as a new user research 

tool has been increasingly discussed in the literature. For a variety of 

reasons, researchers are sometimes not able to do research in living labs 

[73]. The appropriate settings may not be available, the logistics of doing 

real prototyping may be too great, or sufficient control may not be 

attainable. According to Blascovich et al., VR methods can help ameliorate, 

if not solve, many of the methodological problems in experimental 

methodologies[71].  

VR experiments are basically done in a Virtual Environment (VE). A VE is 

an artificial world, created with computers, that can give the observer a 

sense of “being there” (presence) in the environment. The artificial world 

can be presented visually on a desktop display, a head-mounted display, or 

on one or more projection displays, sometimes combined with (spatialized) 

audio, haptic feedback, and sometimes even scents or thermal cues [73]; 

(see Ellis, 1991[74], for an in-depth analysis of VEs). A VE is dynamic and 

perceptually rich, three-dimensional and interactive. Immersion in such an 

environment is characterized as a psychological state in which the 

individual perceives himself or herself to be enveloped by, included in, and 

interacting with an environment that provides a continuous stream of stimuli 

[75]. Loomis et al, [76] argue that “the ultimate representational system 

would allow the observer to interact ‘naturally’ with objects and other 

individuals within a simulated environment or ‘world,’ an experience 

indistinguishable from ‘normal reality’” (p. 557). 

VEs provide a compelling sense of presence for users, while allowing the 

investigator near-perfect control over the experimental environment and 

actions within it [71]. Replications, or at least near-perfect replications, 

become quite possible. One can replicate and extend experiments without 

fear of nagging differences or missing information between the replication 

and the original experimental environment[71]. In addition, a virtual 

prototyping environment can provide significant cost and time savings and 

enables user studies with large sample size that would otherwise be 

impossible. In a virtual prototyping environment, users can easily 

experience different design alternatives and accordingly apply their own 
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changes. As an example, Orzechowski [77] used virtual reality to measure 

user housing preferences. He found that users appreciate the virtual system 

to imagine not yet built dwellings. In a virtual experiment, time aspects can 

be managed by a time schedule. Hence, virtual reality can be an alternative 

assessment method in user studies, which need information for a long time 

period.  

To sum up, the use of VR methods can increase the power of experimental 

research by providing experimental control [73]. In particular, VR methods 

have made it possible to ask and answer research questions that would have 

been impossible prior to its development. VR methods help us sample target 

populations more representatively and reduce the difficulty of replication 

[71]. Hence, VR methods can be positioned on the experimental control–

mundane realism trade-off diagram with a higher possibility for 

experimental control but a lower level of validity comparing to living labs 

(Figure 3.1).  

A lower level of validity is specified for VR comparing to living labs 

because there is a risk that people behave differently in a VE than a real 

setting; although knowledge does exist regarding the validity of more 

conventional types of simulation and presentation: photographs and slides. 

For instance, based on a meta-analysis of eleven papers, Stamps [78], 

concludes that there are strong relationships between preferences obtained 

in the environment and preferences obtained through photographs. Others 

have shown that viewing (nature) pictures has physiological effects that are 

similar to the experience of natural environments [79], and that (for a simple 

service setting, more specially a railway ticket office) slides evoked the 

same psychological and behavioral phenomena (related to consumer 

density) as did the actual setting [80]. Simulations of urban or natural 

environments created by graphics computer software are increasingly being 

used, not only in applied contexts but for research purposes as well [81], 

[82], [83]. For an environmental simulation to be considered valid, it should 

evoke a similar set of responses as would a direct experience of the same 

environment [84]. One qualitative study by Murray et al. [85] suggested a 

continuous relationship between real and virtual worlds based on an analysis 

of the interaction of people with a virtual city. 

However, besides reported similarities between reactions to non-mediated 

and mediated events, and between real and virtual environments, important 

differences are also reported; for example, navigation within VEs is not as 

simple as in the real world and can lead to a higher tendency of a user 

becoming lost [86]. There is considerable knowledge on basic task 

performance in virtual environments and differences with that in real 

environments (such as discrimination and recognition, tracking, and 

distance judging) [87]. Kort et al. investigate the comparability of real and 

virtual environments for environmental psychology [73]. In their study 101 

participants explore an identical space, either in reality or in a computer-
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simulated environment. Their findings reveal that experiences and behavior 

of participants in virtual environments have similarities to that in real 

environments, but there are important differences as well. Hence, the 

difference that exists among the Virtuality and the Reality is obviously one 

of the main downsides of applying VR methods; meaning that the validity 

of findings in VE is not so high, or at least lower than living lab settings. 

However, some efforts can be done to make a VE more meaningful for 

users and help them feel more natural. In this regard, Oxman introduced 

three design paradigms: task-based model, scenario-based model, and 

performance-based model[88]. Implementing each of these paradigms 

enhances the users’ experience in virtual environments, improves the human 

sense of “being there” and accordingly increases the validity of the gained 

data about people’s behaviors. In our experiment, which will be explained in 

the next chapter, we apply a task-based model. A task-based model enables 

users to imagine the scheme of their daily activities in the context of the task 

and react accordingly. By executing a task, which is more meaningful to the 

user, the level of presence in virtual reality will be generally improved [87].  

3.3 Prototyping of a virtual experiment 

Before developing the final experiment, we developed a prototype of a 

virtual smart home. Prototyping gives us the opportunity to really tap into 

requirements, limitations, and development procedures of the final 

experiment. It enables us to test users’ expression toward the VR method. In 

the following sections, the design, implementation and evaluation process of 

this prototype, called the interactive virtual smart home, is discussed. 

  Prototype design 3.3.1

In general, prototype development begins with very basic functions. The 

implemented prototype is in between of the ordinary Building Information 

Model (BIM): completely static without any interactions and the Smart 

BIM: dynamic with free interactions [89]. In fact, we let users perform 

predefined tasks through predefined interactions (Figure  3.2). By this 

prescribed prototype, we aim to let users make a journey through a smart 

home, experience some interactions and explore reactions of the smart home 

to their interactions. Although pre-defining the tasks and controlling users’ 

explorations based on the task stories has some disadvantages, like the 

restriction of users’ explorations, it makes the prototype easier and more 

efficient to use. Scripting the tasks makes the real-time interactions and 

system reactions possible in the proposed prototype of a virtual smart home. 
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Figure  3.2 A range from ordinary BIM to Smart BIM and the position of our 

prototype in between of them 

In particular, we define a central system called Script Manager to handle all 

users` interactions and system reactions. Script Manager contains the task 

scripts. The system architecture diagram of the prototype is depicted in 

Figure  3.3.   

Other managers, which take care of specific functions in the prototype, are:  

 Narrator Manager: contains instructions for guiding users step by step 

during the task story. The instructions introduce the task, explain the 

aims of the task, clarify the required interaction for the user, explain the 

system reactions, explain the end task, and guide the user to go further.   

 Camera Manager: contains information about the predefined 

viewpoints and routes for viewpoint transition among the tasks or 

within a task.  

 Lighting Manager: contains different lighting settings and the 

information about lighting adaptability for each task. Users can explore 

different moods of lighting for each task. Hence, when they move to 

another task, the script manager will check whether the mood is 

suitable for this task or not. If the mood is not suitable, then the lighting 

manager will become active and apply the proper lighting setting.  

Smart Object Manager: such as Smart Wall Manager, Smart Phone Manager 

and Smart Kitchen Table Manager. During a task, a smart object manager is 

able to activate the capabilities of several components. For instance, the 

active components in a cooking task can be the soup pot component, 

temperature icon component, temperature degree component or hot zone 

component. 
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Connected to Smart BIM
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 Figure  3.3 The VR prototype architecture diagram 

  Prototype implementation 3.3.2

The implemented prototype is an application, which represents a virtual 

smart home with several smart objects such as, a smart wall, smart surfaces, 

and a smart kitchen table.  In this prototype, users do not perceive the 

environment as a static environment, but as a space in which he/she can 

perform several real-time interactions within three tasks, namely, cooking, 

working, and contemplation. While we define 3 tasks for this prototype, it is 

possible to add other tasks to the application. These three task are chosen 

because we can let users get an overall overview of smart homes and 

conceptually experience the capabilities of the smart wall and the multiple 

smart surfaces in terms of connectivity and data sharing, the home camera 

network, the environmental control system and lighting adjustment, and the 

smart kitchen table in terms of providing touchscreen interactions, flexible 

cooking, supporting sociability, working activities and tele activities during 

these three simple tasks.  

In particular, the predefined tasks and their interactions are: 

 Cooking with the following possible interactions: 1) moving the soup 

pot to the table, 2) setting the temperature, 3) relocating the soup pot; 



Chapter 3│ Joint section 
 

35 
 

 Working with the following possible interactions: 1) putting the mobile 

phone on the table, 2) dragging an icon on an arrow, 3) dragging other 

icons, 4) making off the icons, 5) removing the mobile phone; 

 Contemplation with the following possible interactions: 1) selecting a 

mood from the mobile phone, 2) exploring other moods, 3) removing 

the mobile phone. 

Based on the predefined script, the application reacts to the executed task in 

each interaction. The tasks can be active in parallel. It means that a user can 

execute a task like working and then move to another task like cooking 

while the previous task is still running. In that case, the data display or the 

telecommunication screen is still running during the cooking task. Such 

kinds of overlapping let users explore multitasking, like child care-taking 

while working, telecommunication while cooking, etc. An overview of these 

three tasks depicted in Figure  3.4. 

a.  b.   

c.  
Figure  3.4 Scenes of the three tasks: a) cooking, b) working, c) contemplation  

For more clarifications, the script of the cooking task as an example is 

explained in Figure  3.5.  

When a user selects the cooking task from the task list, the camera goes to 

the predefined viewpoint and shows the view of the smart kitchen table. 

Then the application says (:“In this task, you are going to heat up some 

soup”). The script checks the lighting conditions with the selected task. If it 

is not suitable, the lighting mood will change to the appropriate lighting 

settings and the notification of this lighting adaptation will be played “The 

lighting condition is not suitable for this activity. The smart home 

recognizes this and changes it accordingly.” Figure  3.6 shows this mood 

adaptation.  
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Go to camera 1

Say (text &voice)
 (:“In this task, you are 
going to heat up some 

soup”)

set the mood 

Wait for the selection of 
cooking icon

Say (text &voice)
(:“ as you have experienced, cooking is 
more flexible and comfortable. Smart 

kitchen table can also be used for other 
tasks such as dining, working or for 

entertainment. While your soup pot is 
heating up, lets experience another 

task).

Say (text &voice)
(:“ the lighting condition is 

not suitable for this 
activity. The smart home 

recognizes this and 
changes it accordingly.”)

Temperature icon 
appears and enable

Say (text &voice)
(:“move the soup pot to another 

location on the table”)

Say (text &voice) 
(:“ as you can see the hot zone follows 

the pot when you move it and the 
previous hot area immediately cools 

down).

Go to the main view 

Say (text &voice)
(:“please select one of the tasks”)

Say (text &voice) 
(:“keep dragging 

until temperature 
indicator show 

100”)

Soup pot enable

Temperature icon 
disable

Go to camera 2 (zoom 
in)

soup pot disable

Say (text &voice)
(:“set the 

temperature”)

[changing temp] [Not  changing temp]

Check temp= 100

[Yes]

Check the Soup pot on another 
position on the table

[Yes][No]

Say (text &voice)
(:“drag the soup pot to 

the center of the table”)

<< Smart Kitchen Table 
manager>> 

soup pot enable

Check Soup pot on table

[Yes]

[wrong mood]

[No] [No]

[Correct mood]

Show task list 

Go to camera 
1(zoom out)

See Figure 3.6

See Figure 3.7

See Figure 3.8  
Figure  3.5 Cooking task process example 

  
Figure  3.6 Mood adaptations for the task 

Then the soup pot is enabled for moving and the application says “Drag the 

soup pot to the center of the table”. The script waits for user interaction in 

moving the soup pot. According to users’ interaction, the soup pot moves on 

the surface of the table. As soon as the movement has ended, the camera 

zooms in and shows the soup pot in a closer view. Then the temperature 

icon appears and the application says “Set the temperature”. The script waits 

for the user touching the temperature’s icon. If the interaction is not 

complete, the application says “Keep dragging until the temperature 

indicator shows 100 degrees”. During this interaction, the hot zone area, and 

the temperature degree changes accordingly. (Figure  3.7) 
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Figure  3.7 Changes of hot zone and the temperature during user interaction 

 As soon as the temperature set to the “100” degree, the temperature icon is 

disabled and the camera zooms out. The application says “Move the soup 

pot to another location on the table”.  Then the script waits for a user 

moving the soup pot while the soup pot is again enabled. According to the 

users’ interaction, the soup pot moves to the new position and the hot zone, 

which is linked to it appears in the new position. The application says “As 

you can see the hot zone follows the pot when you move it and the previous 

hot area immediately cools down”. The closing remarks are spoken: “As 

you have experienced, cooking is more flexible and comfortable. The smart 

kitchen table can also be used for other tasks such as dining, working or for 

entertainment. While your soup pot is heating up, let’s experience another 

task”. Finally, the viewpoint zooms out to the main view. The application 

shows the task list and waits for a new selection. (Figure  3.8) 

 
Figure  3.8 The main menu scene with the task list 

 Prototype testing in an experiment 3.3.3

An initial experiment was conducted using the prototype to evaluate the 

prototype’s effectiveness from the users’ perspective. The experiment was 

done in ISARC2012 conference &Super Tuesday event in Eindhoven [70]. 

In this regard, we used a touchscreen LCD to run the prototype. The LCD 

set up in the conference hall. Then conference participants were invited to 

voluntary interact with the application.  32 participants completely 

performed the three described virtual tasks, namely, cooking, working, 

contemplation and finally filled a simple questionnaire (Appendix 2) in 

which they reported their feeling toward the application. However, more 

participants experienced the application and were interviewed.  
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 Prototype evaluation  3.3.4

The main aim of developing this prototype is evaluating users’ interactions, 

reactions, and expressions towards a virtual smart home. In fact, we want to 

evaluate the applicability of VR methods in user studies of smart homes. A 

prototype can support correction of design faults and can provide feedbacks 

from end users on the system’s usability and performance.   

We tried to have a diverse users’ sample rather than a specific group of user. 

Diversity among the participants can increase the validity of evaluations. 

Hence, we included participants with different ages of 20 to 65 years old 

(Table3.1) and different household types (21.9% living alone, 50% living 

with a partner, 28.1% living with their family and children). In addition, the 

participants were from different countries such as Germany, Italy, Spain, 

Japan, America, England, Australia, Costa Rica, Albania, Iran, and the 

Netherlands.  

Table  3.1 Age diversity in the sample of the conducted 

 
Based on the information captured from our observations and interviews 

during the tasks, the majority of participants were able to interact with the 

application successfully and to complete all the three tasks without 

interruption and confusion. Some of the participants were interested to do 

even more tasks and to explore other smart technologies, such as a smart 

bed or a smart window. In general, the majority of participants had positive 

feedback toward many lifestyles and behavioral aspects resulted from the 

smart technologies like multitasking, time saving or space personalizing. An 

illustration of the kind of comments is as follows, in which the user said: 

“I think that the smart kitchen table can help me to save a lot of time and 

manage several activities simultaneously. While I am cooking, I easily can 

supervise my children and watch my favorite TV series, which I usually 

miss. In my current home, I have to walk to the living room, the children 

playing room and the kitchen. I really like the smart kitchen table.” [90]  

As mentioned in section 3.3.3., after doing the tasks, we asked participants 

to fill a simple questionnaire (Appendix 2) and rate their attitude toward the 

application. Evaluating the responses, we received positive feedback from 

the participants. As the Table3.2-a shows, the majority of the participants 

find the virtual prototype useful in improving their understanding of smart 

Respondents 

Age  
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homes. In addition, the influence of demographic characteristics such as age 

on the attitude of participants was investigated.  

Table  3.2 a. The frequency table, which represents the participants’ attitude to 

the Application’s Usefulness, b. Point Biserial Correlation analysis, among the 

variables of age and application usefulness (n=32) 

a.  

b.  

As already mentioned above, the participants had different ages with the 

scattering pattern of 20-29 years old: 21.88%, 30-39 years old: 34.37%, 40-

49 years old: 18.75%, 50-59 years old 12.5%, more than 60 years old 

12.5%. We categorize the participants in the two age groups of <40 and >40 

to have categories with comparable numbers. This classification also gives 

the opportunity of comparing the attitudinal differences among the middle-

aged and aged users (>40) with younger ones (<40). Point Biserial 

Correlation method is used for analyzing the correlation between the age 

groups and their attitude. No correlation was found between the “age” and 

the attitude toward the “Application Usefulness” (Table3.2-b). This finding 

together with the outcomes of (Table3.2-a) reports the majority of 

participants (regardless of their age) has a positive attitude toward the 

usability of the VR prototype after they complete the experiment. 

However, the positive attitudes of participants can come from the fact that 

the application was presented a novel home concept with many new 

facilities which can attract people. In addition, participants were mainly 

from people who participated in the conference and they were aware of new 

technologies and the latest advancement in this regard. Therefore, it is 

expected they would highly appreciate the application. By applying this 

prototype experiment, we also aimed to recognize the limitations. During 

Frequencies 
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the experiment, some subjects could not follow the instructions and needed 

some guidance from us to conduct the interactions. Since, there is a high 

chance that respondents get lost in the virtual environment, cannot 

completely understand the instructions, cannot truly perform the 

interactions, etc., the presence of researcher during the virtual experiments 

with real-time interactions seems essential. Furthermore, performing these 

three simple tasks takes around 15 min. It is expected that more complicated 

tasks with different variables to be explored in a VR experiment can take 

exponentially long time. Hence, we decide to limit the real time interactions 

in the final experiment to control the time and possible confusions of 

respondents. Instead of applying the experiment in VE, we conducted a 

web-based experiment in a 3D interactive smart home in order to increase 

the sample size and the diversity in the nationality of the sample. In the 

following, more discussion is given on the applied method of the final 

experiment. 

3.4 The applied method: a web-based experiment in a 3D 

interactive smart home 

In our research, we aim to investigate both of the living and spatial 

preferences of users and to evaluate how the future home-life would be by 

emerging the smart technologies. In this regard, we need relatively a large 

sample size with various characteristic, who can experience living in a smart 

home and then express how the life and the home conditions would change. 

As discussed in section 3.2, conducting such a kind of empirical experiment 

in a prototyping environment (in living labs) needs a lot of time, 

infrastructure, and cost, which cannot be provided in this research. Hence, 

we choose to apply a web-based experiment in a 3D interactive smart home.   

In the prototype of the virtual smart home, which was explained in the 

previous section, respondents were able to interact with the smart objects 

and see the reactions of the environment. Although such kind of real-time 

interactions can increase respondents’ experiences of the smart 

technologies, some confusion can happen for novice users with a lack of 

experience with virtual reality systems. In our prototyping experiment, we 

observed that some subjects had trouble handling interactions with the 

virtual environment and manipulating objects. There are also many research 

projects that have emphasized the problems with object manipulation and 

navigation in virtual reality (e.g., [91]; [92]; [77]). On the other hand, 

controlling the time is essential in case of our experiment because multiple 

tasks are included and applying all of them takes a lot of time. Users should 

be able to learn the interface with almost no effort and in a very short time. 

Hence, we restrict users’ real-time interactions in the final experiment to 

control the time of the experiment for each respondent. Restricted real-time 

interactions motivate us to develop a web-based experiment and to involve a 
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higher number of respondents from different countries and different socio-

demographics, that is, a larger and more representative sample. While a 

lower level of validity is expected for the applied experiment comparing to 

VR and LL, a higher level of possibilities for experimental control can be 

achieved, which is critical in this project (Figure  3.9). As reviewed in 

section 3.2, many researches have investigated the acceptable validity of 

applying conventional types of simulation and presentation as a research 

tool [78], [79], [80], [81], [82], [83],[85]. In the next section, some of the 

related works which apply interactive 3D simulation as a research tool are 

reviewed.  

 
Figure  3.9 The experimental control–mundane realism trade-off and the 

position of the applied experiment on it 

3.5 Related works which apply interactive 3D simulation as a 

research tool 

Applying interactive 3D simulation in user studies is not a new idea. There 

are many types of research that use this method for eliciting “spatial 

preferences” of non-smart environments. The origin of these researches 

backs to the idea of participatory design aiming to evaluate users’ 

preferences toward different design alternatives in early stages of design. 

Home Genome Project is an example that collects users’ preferences by a 

web-based design application and suggests the best-fitting apartment layouts 

accordingly [93]. Dijkstra et al. use choice set representations to evaluate 

design alternatives of a work office in conjoint experiments[94]. 

There are also several researches that use interactive 3D simulation for 

eliciting “activity related preferences” of non-smart environments. Most of 

them aim to simulate and predict occupants’ activities in the given building 

and evaluate the building performance, including evacuation, circulation, 
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building control system [95]. In Tabak's work, a human behavior simulation 

system called USSU is developed to mimic the behavior of real human 

beings when scheduling activities and then applied in assessing the users’ 

usage of office building projects [96]. 

Likewise, applying interactive simulations in the domain of intelligent and 

responsive environment is not new but still in its very early stages of 

development. A categorization of these researches is given below: 

1. Building interactive Modeling called (BiM) is an interactive 

visualization to incorporate the end users’ experience and expertise in 

building design and that supports their input early in the design process 

[97]. In fact, users can explore the proposed smart building and interact 

with it to approve design or suggest new ideas. While this system offers 

interactive interface, it does not provide functions for smart objects. 

This method is largely used for user-configuration of ubiquitous 

domestic environments to enable user participation rather than designers 

to configure and reconfigure the designs and to meet local needs. The 

developed system by Rodden et al., [98] is a tablet-based editor that 

shows available ubiquitous components and presents these to users as 

jigsaw pieces that can be dynamically recombined. iCAP is another 

example, which proposes a  system that allows end-users to visually 

design a wide variety of context-aware applications [99]. Humble et al., 

[100] also develop a user configurator of ubiquitous domestic 

environments. It presents ubiquitous components to users again as 

jigsaw pieces that can be dynamically recombined. The developed 

editor allows users to assemble lightweight sensors, devices such as 

displays and larger applications in order to meet their particular needs. 

2. Building interactive and responsive Modeling, like V-PlaceSims [101], 

facilitates not only interaction between the model and users, but also the 

responses of the model (environment) to the users’ activities and 

interactions. Hence, users can interact with spatial building entities 

through their avatars. In fact, this model implements a 3D simulated 

space as a platform for smart home configuration. It is a good tool for 

evaluating smart home functionality from a technical view. Other 

examples of smart home simulators are ViSi for SM4All, ISS, CASS, 

UbiREAL and UBIWISE.  

 ViSi for SM4All is a 3D environment with responsive devices. It is 

able to adapt the behavior of devices to the needs of the inhabitants. 

For example, a movie may be automatically paused when the 

subject leaves the room, and then launched again when he/she is 

back; or the windows are automatically opened to regulate the air 

condition [102]. 

 ISS is Interactive Smart Home Simulator. It is a 2D application tool 

which focuses on controlling and simulating the behavior of an 
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intelligent house. It determines the optimal sensor network and 

device placement [103]. 

 CASS is Context-Aware Simulation System for Smart Home. A 2D 

application tool which generates the context information associated 

with virtual sensors and virtual devices in a smart home domain. By 

using CASS, the developer can determine optimal sensors and 

devices in a smart home [104]. 

 UbiREAL is a realistic smart space simulator for systematic testing. 

It is a simulator for facilitating reliable and inexpensive 

development of ubiquitous applications, where each application 

controls a lot of information appliances based on the state of the 

external environment, user’s contexts, and preferences. The 

simulator realistically reproduces the behavior of application 

software on virtual devices in a virtual 3D space [105].  

 UbiWise is also a simulator which concentrates on computation and 

communications devices situated within their physical 

environments. It presents two views, each in a separate window on 

the desktop of the users’ PC. One of the views provides a three-

dimensional world and serves to simulate a first-person view of the 

physical environment of a user. The other view shows a close-up 

view of devices the user may manipulate.[106]. 

 

These simulators visualize the behavior of a smart environment like a smart 

home. Most of these simulators are used in functional tests. These 

simulators propose to reduce the testing costs by replacing actual home 

services with virtual objects to visualize the behavior of smart homes. In 

addition, they are mainly designed as a tool for ubiquitous computing 

research. Our implemented experiment, which is going to be extensively 

described in the following chapter, matches the first category (BiM). It 

supports users’ interaction in a 3D smart home environment while no 

function is applied to the objects. The added value of our experiment 

comparing to the above mentioned smart home simulators is that it is done 

within a complete home layout of a smart home containing multiple smart 

technologies and it is not focused on a specific technology. In addition, it 

supports a wide-range of user interactions and lets users arrange their daily 

activities around the smart technologies and also enable spatial 

modifications in the layout of the simulated smart home. 

3.6  Conclusion  

In order to design and engineer successful smart environments, not only 

technological aspects but also users’ attitude and preferences need to be 

addressed. While user studies of smart environments are challenging due to 

several limitations of experiment prototyping in living labs, applying VR 

methods, alleviate many constraints such as time, space, technique, and cost. 
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VR methods enable accurate comparison of different design options by the 

development of more efficient and cost-effective solutions. VR methods 

make user studies easier. Hence, designers can test and evaluate different 

design alternatives considering users’ preferences before construction stage 

by applying VR methods. 

Accordingly, we applied a prototype of a virtual smart home to evaluate the 

effectiveness of VR methods in user studies of smart homes. The prototype 

lets users interact with smart technologies and explore the new 

functionalities of these technologies. After conducting the virtual tasks, 

users express appreciation, misunderstanding, or disapproval. The results of 

the prototype evaluation report a positive attitude of participants toward 

experiencing real-time interactions and performing tasks in a virtual model. 

However, some barriers are recognized in applying VR for the final 

experiment. VR methods may face some barriers to involve huge numbers 

of respondents in an experiment. Hence, we restrict real-time interactions 

and apply the experiment in a 3D interactive smart home instead of a VE, in 

order to control the time and possible confusions that can happen during the 

performance of tasks by users. In addition, the final experiment is designed 

in a way that can be conducted through the internet. Therefore, a larger and 

representative sample can be expected. Conducting the final experiment 

using the 3D interactive smart home lets us evaluate spatial design 

alternatives of smart homes, apply different scenarios and repetitions of the 

tasks by each respondent, and get information on user activity arrangements 

around the smart technologies. In the following chapter, more discussion is 

given on the final design of the experiment.   
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“I wanted to figure out how long to cook things. I did 

some experiments and then wrote a program using 

Mathematica to model how heat is transferred 

through food.” Nathan Myhrvold [107] 

 

 

 

 

 

 

 

 

 

4 The experiment: spatial modification of a virtual smart home 

4.1 Introduction 

In the previous chapter, a short description of different research tools in the 

domain of smart homes was argued. In addition, the reasons for applying a 

web-based interactive experiment in this research were discussed. In this 

chapter, the implementation process of the experiment is outlined. The 

experiment presents a virtual smart home and lets the respondents explore 

multiple smart technologies. Then, the respondents are asked to imagine 

how they apply smart technologies in their daily life. After virtually living 

in the smart home, they are asked to change the spatial characteristics of the 

smart home according to their preferences and configure their final 

preferred layout.  

This chapter first begins with describing the structure of the experiment and 

the implementation of different parts within the experiment. A specific 

focus is given to the task of “spatial layout arrangement” by detailing the 

task’s interface, approach, and components.  At the end, the conducting 

process of the experiment through a web-based survey and the general 

characteristics of the data sampling are discussed. Although the main 

content of this chapter is separate from the other thesis, there are some 

overlaps; because some parts of the conducted experiment and also the 

sample are used jointly in both theses. 
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4.2  Implementation of the experiment 

When experimenting with new technologies, the behavior of users and their 

responses depend very much upon the environment and the context, in 

which information is presented or requested [108]. This is also valid in 

smart home’s experimenting. Smart homes are not still widely being applied 

in the housing industry and are mostly found in laboratories or research 

centers. Hence, the majority of people do not have enough comprehension 

or a true understanding of smart homes. Therefore, their preferences and 

behavior in a smart home’s sample can be affected by the way the 

experiment is conducted. In the implementation of our experiment, we take 

this issue into consideration. We design the experiment in a way that 

respondents not only explore how a smart home will look like but also can 

interact with it. In fact, we first improve the experience of respondents from 

the smart homes and then elicit their preferences through tasks instead of 

asking direct questions. Through the tasks, users can arrange their daily 

activities around the virtual smart technologies and also can virtually change 

the arrangement of spaces around the smart technologies. In fact, to have a 

more trustworthy experimental approach, we focus on not only what people 

say about a smart home, but also focus on what people do in a smart home 

and what they make and create as their own smart home.  

For applying the experiment, we use our developed prototype application as 

a platform for conducting the tasks. The virtual smart home presented in this 

prototype consists of several smart technologies, namely, smart walls, smart 

kitchen table, smart private zone, and smart furniture. The experiment 

consists of five steps, which can be executed in this virtual smart home by 

users from the real-world: Step 1) the initial questionnaire, Step 2) a virtual 

tour through the smart home, Step 3) daily living arrangement, Step 4) 

spatial layout arrangement, Step 5) the final questionnaire. In Appendix 3, 

the complete process of the experiment and the link to Raw Data is attached. 

The structure of the experiment and these five steps are represented in 

Figure 4.1. 

Step 1) the experiment starts with an initial questionnaire with multiple 

sections, in which we ask some questions about the respondents’ 

characteristics (e.g., Socio-demographics and the technology acceptance 

level) and their current lifestyle patterns. Table 4.1 reports the variables 

included in the survey.  

For exploring current lifestyle patterns of respondents the following 

variables are included in the questionnaire: 

 Timing pattern, the level of having time pressure and a busy 

lifestyle.  
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 Tele activity pattern, the level of doing tele activities ( teleshopping, 

telecommunicating, and other types of tele activities) in the current 

lifestyle, 

 Work at home, the level that the respondent currently work at home, 

 Privacy pattern, the level that the respondent generally prefers to 

have personal and spatial privacy for doing his/her activities in the 

current lifestyle, 

 Current space use pattern, the pattern that the respondent currently 

uses the spaces of his/her house, such as, kitchen and living room; 

(e.g. whether the respondent currently does multiple activity types 

in the kitchen or tends to use the kitchen only for kitchen related 

activities.) 

 Current flexibility pattern, the flexibility pattern that the respondent 

currently experience in his/her house; (e.g. whether the respondent 

currently has a house with flexible boundaries and spaces). 

These variables are expected to influence the behavior of respondents in the 

smart home and their design decisions in the next steps of the experiment. 

By including these variables in the questionnaire we can measure their 

effects on respondents living preferences and spatial preferences in smart 

homes, which will be exclusively discussed in the following chapters. 

While the information about the personal characteristic of respondents can 

be easily received from categorical questions, getting information about 

how people live and how their lifestyle is cannot be asked so 

straightforward. Hence, we applied Likert scale questions. A statement 

describing a specific living pattern is given and then the respondent can rate 

to what extent the statement is valid in his/her case. For instance, for 

knowing to what extent the respondent has a busy lifestyle, we give the 

below three statements: 

 I usually have a tight schedule to manage all my “inside-home 

activities” (e.g. cooking, taking care of family, social life activities, 

personal activities) during a day. 

 I usually have a lack of time to do all my “outside-home activities” 

(e.g. Shopping, picking up child from school, visiting family or 

friend) 

 I usually have a lack of time to spend with my family or to do my 

favorite activities. 

The respondent can rate the extent that each statement applies to him/her in 

7 levels from “not at all” to “extremely”. 
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Figure  4.1 The structure of the experiment 

Table  4.1 Variable categories of users’ characteristics (their socio-

demographics and current lifestyle) 

 
 

Categories  Variables Initial Levels 

Personal 
characteristics 

Socio-
demographic 

Age 
 

0 to 17 
18 to 34 
35 to 54 
55 to 64 
Over 65 

Gender 
Male 
Female 

Nationality  

The Netherlands 
Iran 
Germany 
Belgium 
France 
Italy 
Spain 
Poland 
Greece 
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China 
Indonesia 
India 
Other 

Education 

Less than high school 
High school graduated 
College/university graduated  
Post graduated 

Working status 
Single incomes  
Dual incomes 
Not working 

Household 

Living alone 
Living with my partner 
Living with my Family (with 
children) 
Living with my parent 
Other 

Housing Type 

Apartment 
Row house 
Semi-detached house 
Detached house 

Number of bedrooms 

No separate bedroom 
One bedroom 
Two bedroom 
Three bedroom 
More than three bedroom 

Technology acceptance 7 Likert scales 

Current 
lifestyle 

Timing 
pattern 

Time pressure at home 
Time pressure out of home 
Lack of free time 
General preferred level of 
time-saving 

7 Likert scales 

Tele activity 

Tele- shopping 
Telecommunication 
Other types of tele activity 
General preferred level of tele 
activity 

7 Likert scales 

Work at home 

Work at home outside of 
working hours 
Work at home within working 
hours 
General preferred level of 
working at home 

7 Likert scales 

Privacy 
pattern 

Personal privacy 
Spatial privacy 
General preferred level of 
privacy 

7 Likert scales 

Current space 
use 

Current use of kitchen  
Current use of living room 
General preferred level of 
multi-functionality in spaces 

7 Likert scales 

Current 
flexibility 

Flexible boundaries in current 
house  
Flexible spaces in current 
house 
General preferred level of 
flexibility  

7 Likert scales 
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Step 2) in this step, respondents take a virtual tour through the smart home 

environment and watch several movies about the smart technologies. 

Specifically, seven movies are prepared by collecting pieces of promo 

movies from different companies producing smart technologies. Then the 

movies are inserted in a different location of the 3D simulated sample of a 

smart home. Through the movies, respondents can explore different spaces 

in a smart home and the embedded smart technologies. Accordingly, 

respondents become familiar with the general concept of smart homes, the 

involved technologies, and their functionalities before starting the other 

tasks. Figure 4.2 illustrates a screenshot of this step of the experiment. But 

more information is provided in Appendix 3.  

 
Figure  4.2 Screen shot of the experiment representing the virtual tour 

In particular, two of the movies introduce the smart kitchen table and 

represent how it provides interactive, flexible and safe cooking by wireless 

power, and creates different mood conditions for different activities. The 

movies also show how different activity types, such as food preparation, 

studying, sharing tasks, gathering together, dining, washing, tele activities 

(e.g. browsing on the internet, getting medical information, watching media, 

teleshopping, telecommunication), and working can take place around a 

smart kitchen table. One of the movies introduces the smart private zone and 

represents how it provides physical comfort, different privacy levels, mood 

adaptation and flexible activity zones in a house. One of the other movies 

introduces smart surfaces and represents how users can control devices, 

control home conditions, transfer and display data on different screens, and 

personalize devices using the smart surfaces. Another movie introduces 

smart boundaries and represents how a smart glass can respond to the 
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outside environment and adjust natural light accordingly, how it can respond 

to the inside human activities and adjust privacy settings by regulating 

visual presence, and how it can provide personalized interactions and 

programmable reactions. The two other movies introduce the smart wall and 

represent how it provides different possible interactions (e.g. through smart 

phones, smart furniture, body gesture, or haptic interactions), projecting 

different sceneries on the wall, and supporting health monitoring and fall 

recognition. The movies also show how different activities, such as 

entertainment, watching media, tele-educating, telecommunication, 

teleshopping, and teleworking can be supported by a smart wall. 

Step 3) the involved tasks in this step are called the “daily living 

arrangement”. Figure 4.3 represents the interface of this step.  

 
Figure  4.3 Screen shot of the experiment representing the task of daily living 

arrangement 

Respondents are asked to imagine if they have a smart home, how they will 

live inside it. They can report their daily livings using a schedule. 

Specifically, they can specify the activities that they want to do around each 

technology, the time and duration of activities and whether or not they have 

any conflict or interaction during those activities. Accordingly, a complete 

daily schedule is gained for each respondent indicating how he/she would 

use the smart technologies in his/her daily life. The schedule gives us the 

raw data about the daily living of each respondent. By applying simple 



Chapter 4│ Parallel section 
 

54 
 

calculations, we define the living patterns for each respondent, namely, the 

extent that the respondent did multitasking in each zone, the time spending 

and the space use pattern, the patterns of working and doing Tele activities. 

Outputs are mainly used for the living preference modeling in the thesis A 

[2]. Since the outputs clarify the new living patterns in smart homes, they 

are also used in this thesis as input for modeling users’ spatial preferences. 

For predicting new spatial preferences, we need to take into account both of 

the current lifestyles of people and their new living patterns in smart homes. 

A complete description of this step is given in thesis A [2]. 

Step 4) the involved tasks in this step are called the “spatial layout’s 

arrangement”. In this step, respondents are able to make their preferred 

home layout by arranging multiple spatial alternatives in a virtual smart 

home (Figure 4.4).Outputs are mainly used for the spatial preference 

modeling in this thesis.    

The experiment consists of two design tasks for two different sizes of smart 

homes (125m2 and 80 m2). Two different sizes are included in the 

experiment because spatial preferences of people could be dissimilar 

regarding the limitation of size; meaning that a spatial layout, which is 

suitable for a small smart home, could be undesirable in a large smart home. 

By limiting the size, applying an optimal spatial layout becomes more 

important. Every room in a large smart home can easily be upgraded while a 

lot of functional conflicts, privacy disturbances, or spatial problems may 

happen by the upgrading of a small smart home. Hence, analyzing different 

sizes seems crucial in a smart home design. Figure 4.4 shows the design 

tasks in the both sizes. 

In each task, respondents explore multiple design alternatives for different 

zones of the smart home. A respondent can explore all the possible 

combinations until reaching a final decision and selecting the most preferred 

layout. The spatial preferences can be elicited from the selected layout. The 

design alternatives are: 

 Public-private layout with different alternatives for the bedroom 

layout and the level of flexibility.  

 Smart kitchen layout with different alternatives for the level of 

kitchen integration, 

 Smart living room layout with different alternatives for the smart 

wall’s location and the smart wall’s type. 

Step 5) a complementary questionnaire is included in the final step of the 

experiment for measuring the respondents’ final satisfaction and evaluating 

their tradeoff decision for having a smart home or a bigger home.  
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a. 

b. 
Figure  4.4 Screen shot of the experiment representing the task of spatial 

layout’s arrangement: a. Task 1: make the favorite smart home in the size of 

125m
2
, a. Task 2: make the favorite smart home in the size of 80m

2
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4.3 Designing the task of “spatial layout’s arrangement”  

This section details the design of the spatial arrangement task that was the 

main task of the experiment for eliciting users’ spatial preferences. For 

designing the task, we need to answer some questions such as, what is the 

effective interface for the task? Or should users be given different choices of 

predesigned alternatives or let them freely modify a layout? 

Conjoint approaches usually involve the measurement of consumer 

preferences and/or choice behavior. They are recognized as decomposition 

of multi-attribute preference and choice models [109]; [110]. The approach 

is based on asking subjects to choose the alternative they like best from a 

choice set of two or more alternatives. Accordingly, preferences are 

measured. Conjoint experiments typically are administered using paper and 

a pencil. Predesigned alternatives are described in verbal terms, although 

occasionally pictorial information is included. Dijkstra et al introduced the 

effectiveness of applying three-dimensional representation for conjoint 

analysis of users’ preferences in spatial design [94].  

Alternatively, the Bayesian approaches can be used for measuring spatial 

preferences represented as cause–effect relations between nodes. They can 

be used to represent (causal) relations in the preference structure. There are 

some similarities between the conjoint approaches and the Bayesian 

approaches. The most important one is that in both cases we observe a 

subject’s choices or reactions to an architectural design or design elements. 

However, the meaning of choice differs between both types of approaches. 

In conjoint approaches, the choice is understood as an indication of the most 

preferred profile (combination of multiple components) in one of the choice 

sets. In Bayesian approaches, that we applied here, the choices are made for 

individual components of an ultimate design solution. Therefore, we talk 

about a subject's choice of, for example, a smart kitchen layout.  In the case 

of a Bayesian approach, the profiles are not transparent to subjects. Because 

the choice refers to attribute levels, not to complete profiles, different 

profiles are not directly evaluated. Consequently, we would observe one 

choice for each attribute, which results in the creation of an ultimate design 

solution, defined by the selected attribute levels [77]. In the Bayesian 

approach, a subject is adjusting a base design by applying modifications that 

are captured and translated into choices, which are used as evidence in the 

network. It should be mentioned that the utility function used in the network 

is similar to the preference function used in the conjoint analysis. In both of 

the methods, it is assumed that the designed subject (e.g. the smart home) 

can be described and qualified in terms of a set of attribute levels. 

Individuals derive some part-worth utility from each of the attribute levels 

and combine their part-worth utility to arrive at an overall preferences or 

choice. However, the methods differ, in terms of the experiment and the 

data collection procedures and, to some extent, also in regard to model 

estimation (this issue is explained in detail in the next chapter).   
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As mentioned, we applied a Bayesian approach for data collection of users’ 

spatial preferences of the smart home. This decision was motivated by the 

fact that although conjoint experiments are proved to be an assessment 

method for eliciting user’ spatial preferences, they could create 

misunderstanding in the context of a smart home design comparing to an 

ordinary home design. Since smart homes are not commonly known, an 

image representation of their ultimate design might be ineffective to 

subjects. But the Bayesian approach details the presentations to the level of 

each component and subjects can explore each component separately until 

they reach the final decision for the ultimate layout. 

A Bayesian experiment can be conducted in two different ways, namely, 

“predefined options” and “free modification”. In both cases, subjects were 

requested to modify the base design such as to create the most preferred 

layout [77]. In an experiment with free modifications, subjects are 

completely free in their arrangements within specific design constraints. But 

studies, which are done with free design modifications, indicated that users 

tended to get flustered or confused if they weren’t given a bit more 

constraint [111]. It is not easy for most people to represent their ideas 

spatially and it can be even worse in the case of a smart home design 

comparing to an ordinary home design.  

Hence, we applied “predefined options” in our experiment. This method has 

been largely used in many of the configurator systems for mass customizing 

new products. Product configurators are using “predefined options” to guide 

consumers through a decision-making process to find optimum solutions for 

their needs. Configurators generally have been used for simple consumer 

goods, such as apparel and electronics [111]. Few types of research exist, 

which use “predefined options” method for eliciting users’ preferences in 

complex assemblies, especially for housing.  The examples are Home 

Genome Project [93] or the MuseV3 [77]. 

Accordingly, our experiment has been centered on a component-based 

representation, in which the options of each component are predesigned and 

presented to the respondents. Each option is implemented in the form of a 

partial design that fits directly or swaps parts of the base design. A catalog 

of items is developed for the space modification. The manipulation of 

catalog items is implemented as a checkbox function. In particular, the 

interface allows respondents interact with the base design by enabling or 

disabling the options of each component. The different components, which 

are designed to be combined in a grid schematic plan, allow for multiple 

layout configurations for the smart home.  

The selected component will be shown on the schematic plan. The 

components cover the main zones of a smart home, namely, the private 

zone, the kitchen zone, and the public zone. A respondent can configure 

multiple options of all the components in a non-sequential process. He/she 

can explore all the options until reaching a final decision. While the “daily 
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living arrangement” task has a realistic interface to help respondents feel 

like being in a real home, this task has a conceptual interface with a simple 

grid schematic plan. It was inspired in part by Kevin Lynch’s work, which 

suggests that people understand space in terms of basic elements that can be 

represented diagrammatically [112]. If the components had realistic 

visualizations, respondents would think it is a final product and start to think 

on unnecessarily aspects. A conceptual interface allows users to conceive 

the space in terms of an abstract spatial description [111].  

Many efforts have been made to keep the task simple and straightforward 

with minimum unknown external factors. The components are designed 

independently from each other. As an example, the alternatives of the 

kitchen zone are pre-designed in such a way that the size of the living room 

does not change; since if multiple changes happen by one selection, we 

could not evaluate which one was effective on the respondent’s design 

decision.  Hence, many efforts have been done to control the side effects of 

each design alternative.   

In particular, users’ preferences are captured in terms of five components in 

the two smart home design tasks. The five components are bedroom layout, 

smart wall type, flexible room, smart wall location, and kitchen layout. One 

task relates to the spatial modification of a 125m2 smart home and the other 

relates to 80 m2.  Alternatives of a component in both of the sizes are 

designed similarly. From the five components in each of the design tasks 

(125m2 or 80 m2 smart home), four components had two options, and one 

component (bedroom layout) had three options. This implied that there were 

2
4 

*3= 48 possible combinations or smart home layouts that could be made. 

In Figure 4.5, we show the final combinations of the options.  

Note that not all possible combinations were included in the experiment; 

since some of the combinations (e.g.  Combinations of the large, separated 

bedroom with the extra flexible room) were not practically possible. Finally, 

40 combinations were made for each size of the smart home. If a 

combination was not available, the related button in the catalog became 

unselectable and showed a gray text explaining that “the combination is not 

compatible”. In the next chapter, a complete discussion is given on the 

options of each component.  

4.4 The applied decisions during the task design 

The criterion of the validity of presence in experimental approaches, using 

VE or a 3D interactive simulation, does not imply simply reproducing the 

conditions of physical presence (immersion) but designing the experiment in 

which actors may function in a valid way [113]. Many factors in setting up 

this kind of experiment can influence human performance [113]. There are 

different ways to help people to imagine a building and design alternatives. 

People could have different interpretation and perception in different 

methods and therefore different consequences are expected from different 
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methods. During the task design, we made multiple decisions among 

different methods. The decisions are made based on the goals of this study, 

technical limitations, prior knowledge, and experiences. 

 

 
 

 

Figure  4.5 The 40 constructed combinations (smart home’s layout) 

  

Smart wall type Smart wall type 

Flexible room 

Bedroom layout Bedroom layout Bedroom layout Bedroom layout 

Sm
ar

t 
w

al
l l

o
ca

ti
o

n
 

Sm
ar

t 
w

al
l l

o
ca

ti
o

n
 

K
it

ch
en

 la
yo

u
t 

K
it

ch
en

 la
yo

u
t 

K
it

ch
en

 la
yo

u
t 

K
it

ch
en

 la
yo

u
t 

Si
ze

 



Chapter 4│ Parallel section 
 

60 
 

In the following a list of the possible alternatives for designing the “daily 

living arrangement” task, the decisions that are made, the limitations and the 

consequences of these decisions are outlined:  

 Choice method; “showing conjoint choice sets (combinations of 

alternatives)”, “showing the predefined alternatives and letting 

respondents make the preferred layout (BBN)”, “free modifications 

(BBN)”. While different methods can affect design decisions of 

respondents, we applied the predefined alternatives and let respondents 

explore the alternatives of each component and combine them until 

they reach to an ultimate design. This method has been selected based 

on the discussed literature in section 4.3 in order to guide respondents 

through the decision-making process and help them to better realize 

differences among the alternatives.  

 Design setting; a “schematic plan” or a “real plan”. Letting respondents 

upgrade a real plan with smart technologies may be more sensible to 

them, but makes evaluations of user preferences difficult. Because 

there are many underlying relations among the spaces of a home and a 

change in one part can affect the other parts. We apply a schematic 

plan composed of independent components to control possible 

unknown effects among the alternatives and to be able to evaluate user 

preferences. If multiple changes happen by one selection (e.g. both the 

kitchen layout and the living room layout change by one selection), 

evaluation of the causal relations for the specific design decision 

becomes complicated; because it is not obvious that the respondent 

considers which of the changes while making the design decision. 

 The interface of the task; “not full-screen representation with a separate 

catalog of items” or “full-screen representation with embedded 

catalogs”; We represent the alternatives in a separate view from the 

catalog of items in order to keep the interface of the task as simple as 

possible and to help respondents better focus on the design question. In 

a full-screen representation with embedded catalogs, multiple changes 

happen in the interface by each interaction and therefore more efforts 

are needed for respondents to explore the differences among the 

alternatives.   

 Viewpoint; a “perspective representation of the above” or “multiple 

perspectives from different angles and from the inside of the spaces”. 

For keeping the interface of the task as simple as possible and letting 

respondents better focus on the design question, we apply one 

perspective representation instead of multiple perspectives from 

different angles. A bird's-eye view is chosen for this representation in 

order to properly show different spaces of the smart home and the 

alternatives in one view. 
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 Rendering method; a “conceptual interface” or a “realistic interface”. 

As argued in section 4.3, a conceptual interface is selected for the 

design task.  It offers a greater attention to the specific design question 

and prevents other influencing factors (e.g. aesthetic) on respondents’ 

design decisions. In addition, a conceptual interface keeps 

opportunities for respondents to have their own imaginations and does 

not give them a sense of the final design for the smart home.  

 Representation of smart technologies; “highlighting the smart 

technologies” or “not highlighting the smart technologies”. Since smart 

technologies are invisibly embedded through the environment, 

representing them in a visualized experiment is difficult. We make the 

applied smart technologies highlighted in the representations to draw 

respondents’ attention to them. Without highlighting, there is a risk that 

respondents do not consider smart technologies in their design 

decisions. 

 The sequence of the task; a “non-sequential process” or a “sequential 

process”. A sequential design process, in which respondents choose 

their preferred alternative for each zone step by step, is appropriate for 

the design experiments with independent components, but it does not 

let respondents compare the alternatives. Hence, we apply a non-

sequential process to let respondents play with components, compare 

the alternatives of different zones, and change their selections until they 

make a final decision for all the zones.  

4.5 Conducting the experiment 

In a research, quality sampling may be characterized by the number and 

selection of subjects. Obtaining a sample size that is appropriate in both 

regards is critical for many reasons [114]. Especially in an experimental 

research, gathering large numbers of participants can be difficult, time-

consuming and often simply impractical. In the case of our experiment, 

which took approximately one hour for each respondent to complete all the 

tasks, gathering large numbers of participants was even more challenging. 

Most importantly, we needed a varied population with different nationality, 

age, gender, working status, households and etc. to make the study’s 

conclusions more useful. Hence, we conducted the experiment through an 

internet-based survey to obtain a sufficiently large and diverse sample size. 

In an internet-based experiment, no specific location is required for 

conducting the experiment and people can easily access the experiment 

from their own computers. In addition, there is a higher chance to have more 

participants with diverse characteristics. Accordingly, the experiment was 

conducted with 320 respondents. The final sample size was reduced to 254 

respondents due to several withdrawing’s, which are caused by technical 

problems, faults in responses and incomplete tasks. 
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4.6  Data sample and descriptive analysis  

 Processing the data sample 4.6.1

As explained in section 4.2, the survey contains multiple questions about 

respondents’ characteristics and their current lifestyle. Most of the questions 

are designed in wide categories helping respondents to give more detailed 

answers.  But more accurate modeling is possible by merging the categories 

because the numbers of evidence in each category are increased. Hence, we 

merged multiple levels of the variables to the smaller categories before 

applying analyses. As an example, the variable nationality had a large-sized 

category in the survey. However, there were not enough numbers of 

respondents in all of the categories. Hence, we merged the levels of this 

variable to the three main categories: Dutch, Iranians and Others. Table 4.2 

represents the multiple merging which is done on the levels of both 

categorical and Likert-scaled variables. 

Table  4.2 Variable categories of the sample data and their merged levels 

 Categories  Variables Initial Levels Merged Levels 

Personal 
characte
ristics 

Socio-
demographic 

Age 
 

0 to 17 
18 to 34 
35 to 54 
55 to 64 
Over 65 

Less 34 
Above 35 

Gender 
Male 
Female 

Male 
Female 

Nationality  

The Netherlands 
Iran 
Germany 
Belgium 
France 
Italy 
Spain 
Poland 
Greece 
China 
Indonesia 
India 
Other 

Dutch 
Iranians 
Others  

Education 

Less than high school 
High school graduated 
College/university 
graduated  
Post graduated 

High school or 
less 
University 
Postgraduate 

Working status 
Single incomes  
Dual incomes 
Not working 

Single incomes  
Dual incomes 
Not working 

Household Living alone Alone 
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Living with my partner 
Living with my Family 
(with children) 
Living with my parent 
Other 

With partner 
With family 
Others  
 

Housing Type 

Apartment 
Row house 
Semi-detached house 
Detached house 

Small 
apartment 
Medium 
apartment 
Large 
apartment 
Small house 
Medium house 
Large house  

Number of bedrooms 

No separate bedroom 
One bedroom 
Two bedroom 
Three bedroom 
More than three 
bedroom 

Technology acceptance 7 Likert scales 3 Likert scales 

Current 
lifestyle 

Timing pattern 

Time pressure at home 
Time pressure out of 
home 
Lack of free time 
General preferred level 
of time- saving 

7 Likert scales 3 Likert scales 

Tele activity 

Teleshopping 
Telecommunication 
Other types of tele 
activity 
General preferred level 
of tele activity 

7 Likert scales 3 Likert scales 

Work at home 

Work at home outside of 
working hours 
Work at home within 
working hours 
General preferred level 
of working at home 

7 Likert scales 3 Likert scales 

Privacy pattern 

Personal privacy 
Spatial privacy 
General preferred level 
of privacy 

7 Likert scales 3 Likert scales 

Current space use 

Current use of kitchen  
Current use of living 
room 
General preferred level 
of multi- functionality in 
spaces 

7 Likert scales 3 Likert scales 

Current flexibility 

Flexible boundaries in 
current house 
Flexible spaces in current 
house 
General preferred 
flexibility  

7 Likert scales 3 Likert scales 

 Socio-demographic of the sample 4.6.2

An overview of the sample characteristics is given in Table 4.3. From all of 

the 254  respondents, 76 percent of the respondents were less than 34 years 
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old (young), 20.5 percent were between 35 to 54 years old (middle aged) 

and the remainder were above 55 (elderly). According to Table 4.3, slightly 

more males than females participated in the study and the majority of the 

participants are educated. While 15.4 percent of the respondents are 

individuals and 31.5 are couples, families are the largest household category 

with the 46.9 percent. The sample contains international respondents mainly 

from Iran, the Netherlands and from other countries. 48.8 percent were 

single incomes, 41.7 percent were dual incomes while the remainder was 

not working. They are almost equally divided over the current housing 

types. However, the least presented housing type is the small house; most 

respondents live in large houses and medium, small apartments. 

Table  4.3  Percentage distribution of the sample for the socio-demographics: 

Gender, Age, Nationality, Educational level, Working status, Household type, 

Housing type. n=254 

Variables Levels Percent % 

Age 
 

Less 34 
35 to 54 
Above 55 

76.0 
20.5 
3.5 

Gender 
Male 
Female 

57.1 
42.9 

Nationality  
Dutch 
Iranians 
Others  

7.9 
67.7 
24.4 

Education 
High school or less 
University 
Postgraduate 

5.5 
43.3 
51.2 

Working status 
Single incomes  
Dual incomes 
Not working 

48.8 
41.7 
9.4 

Household 

Alone 
With partner 
With family 
other 

15.4 
31.5 
46.9 
6.3 

Housing Type 

Small apartment 
Medium apartment 
Large apartment 
Small house 
Medium house 
Large house  

19.7 
24.0 
13.4 
4.3 
10.2 
28.3 

 Personal technology acceptance level of the sample 4.6.3

People generally have different levels of technology acceptance; meaning 

that people perceive new technologies differently. While some people have 

a positive attitude toward new technologies, some are conservative and the 

rest has a negative attitude. Hence, it is expected that the technology 

acceptance of people influences their behavior in a smart home and their 

final acceptance. The descriptive analysis shows that the final users’ 
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acceptance of smart home (the tradeoff decision) correlates to the users’ 

technology acceptance level (Table4.4).  

Table  4.4 Chi-Square Tests for the two variables: technology acceptance 

attitude and the tradeoff decision (smart home acceptance) 

 Value df 
Asymp. Sig. (2-

sided) 

Pearson Chi-Square 14.680
a
 2 .001 

Likelihood Ratio 13.655 2 .001 
Linear-by-Linear 
Association 

14.603 1 .000 

N of Valid Cases 252   

a. 2 cells (33.3%) have expected count less than 5. The minimum 
expected count is .83. 

No significant relationship is found between the users’ technology 

acceptance level and their behavior in a smart home. It may be caused by 

the fact that the majority of respondents in the data sample have a positive 

attitude toward new technologies. According to the Figure 4.6, 77.6 percent 

of the respondents indicate that they are highly open to accept new 

technologies, 21.2 percent have a neutral attitude and only 1.2 percent of the 

respondents indicate that they are definitely against of accepting new 

technologies.  

 
Figure  4.6 Percentage distribution of the technology acceptance level 

The current lifestyle of people is also asked in the questionnaire since the 

current lifestyle of people can influence their behavior in a smart home. 

According to Table  4.5, the sample is composed of respondents with 

different lifestyle types: from busy lifestyle people to free lifestyle people, 

from people, who do not largely do Tele activities (29.9 percent) to people, 

who are fans of doing Tele activities (42.5 percent), from people, who do 

not work at home (27.6 percent) to people, who work at home (72.4 

percent). In addition, the respondents have different privacy patterns and 

manners of kitchen use in their current houses. Regarding the conditions of 

the current housing, the majority of respondents (88.2 percent) are living in 

non-flexible houses.  

1% 
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Table  4.5  Percentage distribution of the sample representing their current 

lifestyle: Time pressure at home, Time pressure out of home, Lack of free time, 

Level of doing Tele activities, Working at home, Current kitchen use, Level of 

flexibility in current house 

Variables Levels Percent % 

Timing Pattern 

Time pressure at 
home 

Low 
Medium 
High 

28.0 
13.0 
59.1 

Time pressure out of 
home 

Low 
Medium 
High 

32.3 
14.6 
53.1 

Lack of free time Low 
Medium 
High 

41.0 
12.4 
46.6 

Tele activity Current 
Low 
Medium 
High 

29.9 
27.6 
42.5 

Work at home Current 
Low 
Medium 
High 

27.6 
41.3 
31.1 

Privacy pattern 

Personal privacy Privacy 
In between 
No Privacy 

34.6 
9.4 
55.9 

Spatial privacy Separated Space 
In between 
Free Space 

44.2 
17.1 
38.6 

Current kitchen use 
Low 
Medium 
High 

49.2 
9.4 
41.3 

Flexibility Current  
Low 
Medium 
High 

88.2 
9.8 
2.0 

4.7 Conclusion 

In this chapter, we outlined our developed virtual experiment with the 

capability of measuring users’ preferences. The overall scope, 

implementation, and conducting process of the experiment were discussed. 

A specific focus is given on task of “spatial layout’s arrangement”, 

explaining its interface, the applied method of design and presentation. 

Finally, we succeed to conduct the experiment with 254 respondents from 

different socio-demographics and nationalities, basically Iranians and the 

Dutch. The collected data are principally about the users’ spatial preferences 

of smart homes in two different sizes of 80m2 and 125m2. In the next two 

chapters, will explain that how this data is used in spatial preference 

modeling of smart homes. 
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5 Modeling Specification 

5.1 Introduction 

A comparison of current high-equipped dwellings with historical dwellings, 

without any water faucets and toilets, central heating, electricity, improved 

cooking facilities, television, and many other facilities, reveals that a home 

has developed a lot over the last centuries [19]. A dwelling is meant 

primarily to support the activity “to live”. When living patterns change 

because of embedding the new technologies, conditions of the dwelling 

change accordingly. According to the conducted lifestyle study of smart 

homes in thesis A [2], many of the daily living patterns are going to be 

changed by applying smart technologies in houses. Therefore, spatial 

characteristics of the houses need redefinitions to suit this upcoming 

lifestyle. Accordingly, we aim to model the new spatial characteristics of 

smart homes based on users’ preferences. The model is based on the 

assumption that different individuals and households have different spatial 

preferences due to having various characteristics, lifestyles, and needs. The 

notion of user preference is a representation of underlying judgments of 

users in a decision-making process of design. While it has been discussed in 

the literature of user center design, its usefulness in smart home design has 

not been fully explored. Hence, it is fundamental to develop interpretation 

methods and techniques for measuring users’ preferences. In the previous 

chapter, we discussed how we conducted an experiment for measuring 

users’ spatial preferences of a smart home. In this chapter, we will argue 

how we use the data to define the new spatial characteristics of smart homes 

based on users’ preferences. This chapter is organized in a separate section 

from thesis A [2]. 

We start the chapter by describing spatial aspects of houses, which are 

expected to be changed by applying smart technologies. For defining 

optimal spatial layouts of smart homes, we included different options of the 

smart kitchen, smart living room, and the public-private zone in the model. 

The reasons for focusing on these spatial aspects are explained in this 

chapter. Next, a Bayesian Belief Network (BBN) is applied to define the 

direct and indirect relations among the variables and to predict the optimal 

layout of these spatial aspects based on users’ preferences. Finally, the 

process of construction and specification of the network is explained.  

5.2 Defining the optimal spatial layouts of a smart home  

The main aim of this thesis, as argued in Chapter 1, is to investigate optimal 

spatial layouts of smart homes, which are fulfilling the preferences of wide 

ranges of target groups. The phrase “optimal spatial layout” in this project 

refers to modifying layouts of current houses for realizing the better 
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functionality of smart technologies and for matching them with users` 

preferences. Hence, for specifying the design alternatives, we need to first 

review conditions of the current houses. Accordingly, we used the 

Referentiewoningen nieuwbouw 2013[115]. In this report, six housing types 

are presented as a set of reference houses in the Netherlands.  

This report is used as a reference for defining the basic features of the 

virtual smart home, which is applied as a setting of the experiment. This 

setting presents a simple apartment equipped with multiple smart 

technologies. The reason that an apartment typology is chosen as the main 

setting of the experiment is that the apartments have approximately 33% of 

the housing production in the Netherlands and are the second common 

housing type (after row houses) according to the Referentiewoningen 

nieuwbouw report [115]. The choice on this typology is not only because 

apartments are the second most common housing type in the Netherlands, 

but also because apartments are going to be the main housing types in most 

of the countries. According to the statistic center of Iran, 93.5% of the total 

issued construction permits in Tehran in 2013 belong to the five or more 

store buildings [116]. In addition, the experiment presents design 

alternatives for two different sizes of smart homes, namely, 125m2 and 80 

m2. Selection of 125m2 is due to the reason that almost 50% of all houses in 

the Netherlands have the average area of 125 m2, according to the 

Referentiewoningen nieuwbouw report [115]. Hence, specifying an 

apartment with 125 m2 area as the smart home’s sample makes the 

experiment more tangible for a diverse people. Selection of 80m2 is due to 

the reason that we wanted to evaluate the optimal spatial layout for small 

scaled smart homes. These specifications make it possible to evaluate the 

applicability of smart homes not only for high incomes but also for more 

middle/low income people, who determine the majority of the population in 

most of the countries.  

The Referentiewoningen nieuwbouw also has been used for defining design 

alternatives of the experiment[115]. Figure 5.1 shows the 6 reference houses 

presented in this report, namely, row houses, corner houses, semi-detached 

houses, detached houses, gallery complex, and apartment complex. 

Although there is considerable variety in their housing design, some of the 

common characteristics can be found in the layout of these reference 

houses.  

In all of the presented houses, there is a definite separation between the 

private zone (bedrooms) and the public zone. There is no flexible boundary, 

no visual or functional relation between these two zones. Hence, the current 

living rooms are separate rooms with some furniture in front of TV. Their 

layouts predominantly are designed for passive TV consumption.  The 

bedrooms of current houses are mostly used for personal activities and 
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working activities. Approximately half of the total area of the houses is 

occupied by the private zone and is divided into several rooms. Current 

kitchens usually allocate cooking related activities. The design of current 

kitchens is based on the work triangle zone. Although kitchens in the current 

houses have a view towards other zones of the house, the working area of 

the kitchen still is a distinct area and is not integrated with other spaces. 

Therefore, limited communicational and social activities are taking place in 

current kitchens. All of these separations make a multi-roomed layout for 

the current houses. 

a.                 

b.    

c.                

d.   

e.                           

Figure  5.1The reference housing types in the Netherlands published in 

Referentiewoningen nieuwbouw (2013). a. Row house or Corner house, b. 

Semi-detached house, c. Detached house, d. Gallery complex, e. Apartment 

But thanks to the smart technologies, more flexibility, multi-functionality, 

and spatial integration can be applied in the interior spaces of the houses. 

Hence, multiple changes are expected to happen in the spatial layout of the 

current houses. In our experiment, we give respondents different alternatives 

ranging from the current state of the spaces to multiple new layouts and ask 

them to make their most preferred smart home. More explanations are given 
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in the following about alternative specifications of the main spatial aspects 

in a smart home, namely, the smart kitchen layout, the smart living room 

layout, and the public-private layout (Table 5.1).   

Table  5.1 Considered spatial aspects of a smart home in the modeling part 

Spatial layout  Spatial aspects  Levels 

Smart living 
room layout  

The smart wall location  
In front of the smart kitchen 
Besides the smart kitchen 

The smart wall type  
One sided smart wall 
Two sided smart wall 

Public-private layout 

Bedroom layout 
Small integrated private zone 
Medium semi integrated private zone 
Large separated private zone 

Flexible room 
Yes 
No  

Smart kitchen layout 
Integrated 
Separated  

It is notable that there are many other spatial aspects, such as bathroom 

layout, terrace layout, circulation pattern, that we do not take into 

consideration. For simplification, we only consider the spatial aspects of a 

smart home, which will mainly be affected by the installation of smart 

technologies; because not necessarily all parts of the home need 

modification for upgrading. For instance, installing sensors or a smart 

mirror in the bathroom does not require any changes in the layout of the 

bathroom, while installing a smart wall requires multiple modifications in 

the layout of the living room.  

 The smart kitchen layout 5.2.1

While contemporary kitchens are a distinct area and a center for kitchen 

related activities in most of the current houses and apartments, the smart 

kitchen table is recognized as an important place for different daily 

activities, such as family gathering alongside with cooking in smart homes. 

According to Ahluwalia, future kitchens are going to be the hub of the 

home, as a place to study, work, do teleshopping, do crafts, pay bills, as well 

as to enjoy a cup of coffee [117]. The lifestyles study of thesis A [2] 

confirms that the smart kitchen table changes the kitchen from being a place 

dedicated only to the kitchen related activities to a multifunctional, social, 

and convenient space, which integrates kitchen related activities to the other 

daily activities. People use it to have time saving, multitasking, working at 

home and tele activities. The applied smart devices, information networks, 

wireless power, flexible work spaces and other technologies are very helpful 

for the smart kitchen table to achieve these goals; but some spatial 

modifications are also essential to achieve the optimal functionality. For 

instance, if the smart kitchen table is being restricted in a separated space, 
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its interactions with other spaces and the smart technologies will decrease. 

Hence, the smart kitchen needs to be free from physical boundaries and be 

integrated with other activity centers in the home to achieve its full 

functionality, especially when smart technologies, such as wireless power, 

wireless network, interactive surface and other smart devices make 

integration feasible.  

In terms of design, there are multiple samples that try to create kitchen 

integration. The Hettich Kitchen Concept 2015 with a smart island and a 

smart wall presents a kitchen integrating with other parts of the home [40]. 

The smart kitchen of Philips (Green Cuisine) also presents an interactive 

kitchen table as the focal point of daily activities. Friends and family would 

gather around this table and relax, chat, dining and perhaps even help out 

with the cooking [39]. Other concepts, such as, GE kitchen of the future, U-

style Samsung kitchen, Japanese ITOKI barrier free kitchen, Electrolux 

kitchen of the future, Z-island kitchen, present kitchens which are integrated 

with living spaces [118]; [119]; [120]; [121]. Accordingly, we specify two 

alternatives of 1) integrated and 2) separated to be able to estimate the 

preferred level of kitchen integration based on users’ preferences. Figure 5.2 

shows these two choice alternatives for the smart kitchen layout.  

 

Figure  5.2 An illustration of the choice alternatives for the smart kitchen layout 

a) integrated kitchen, b) separated kitchen 

 The smart living room layout 5.2.2

The living room of a smart home is highly affected by the smart wall. The  

lifestyle study of thesis A [2] reveals that people mainly choose the space 

around the smart wall (in the living room and also in the semi-private zone) 

as the most preferred work location as well as the hub of doing tele 

activities. Hence, the smart living room should allow many activity types 

from family gathering and watching TV to children’s gaming, working,  e-

meetings, tele-educating or other tele activities at the same time or in 

different time slots. These activities are different in nature; while watching 

TV is a passive activity, most of the other activities which are supported by 

the smart wall are interactive. By implementing the smart wall into the 

current living rooms, which are predominantly designed for passive TV 
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consumption, their spatial layouts need to be modified to be more 

multifunctional and more interactive. 

The “smart wall type” and the “smart wall location” determine the smart 

living room layout.  We specify two alternatives of 1) one sided and 2) two 

sided for the “smart wall type”. The two-sided smart wall creates a semi-

private zone behind the smart wall. It improves multi-functionality of the 

living room since it can support multiple activities with different required 

privacy levels at the same time and creates more interactive space around 

the smart wall. The “smart wall location” refers to the location of the smart 

wall in the living room comparing to the base point of the smart kitchen 

table. Since the smart wall and the smart kitchen table are the two main 

smart technologies in the smart home, which are connected together, their 

relation in the space is important. Hence, for the smart wall location, we 

specify two alternatives of 1) in front and 2) besides of the smart kitchen 

table. Figure 5.3 illustrates the choice alternatives for the smart living room. 

a. b.                                                         

c. d.  
Figure  5.3 An illustration of the choice alternatives for the smart living room 

layout a) one-sided smart wall beside the smart kitchen, b) two-sided smart 

wall beside the smart kitchen, c) one-sided smart wall in front of the smart 

kitchen, d) two-sided smart wall in front of the smart kitchen 

 The public-private layout 5.2.3

According to the lifestyles study of thesis A [2], the private zone of a smart 

home is used less than current homes. People typically use bedrooms of a 

smart home only for sleeping. Instead, they prefer to do most of their daily 

activities, even working, outside the private zone. Thus, when activities 

move from the bedroom and take place in other spaces, bedrooms seem to 

be required less. In spatial design, the proportion of public-private and the 
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integration of these two zones in a smart home need some modifications. 

There is some existing literature which claims that bedrooms in future 

houses will be replaced by cozy islands in the home layout. Certain rooms 

in the home will likely disappear and will be replaced by multifunctional 

spaces (Living Tomorrow lab, Appendix 1; [122]). For investigating the 

optimal layout of the public and private zone in a smart home based on user 

preferences, we specify three alternatives of 1) small, integrated private 

zone, 2) medium, semi integrated private zone and 3) large, separated 

private zone. Figure 5.4 illustrates the choice alternatives for the public-

private layout.  

a. b.         

c. d.                                     

e.  
Figure  5.4 An illustration of the choice alternatives for the public-private 

layout a) small integrated private, no flexible room, b) small integrated private, 

flexible room, c) medium semi-integrated private, no flexible room, d) medium 

semi- integrated private, flexible room, e) large separate private, no flexible 

room 

Moreover, the main advantage of ambient intelligent technology in the 

smart home is improving the level of flexibility in the ways of doing 

activities. Any corner in a smart home is suitable for working or doing tele 

activities thanks to ICT and AmI technologies. Due to these changes, an 

architecturally distinct area is no longer required and the separation of work 

space and living space is increasingly broken down and rearranged by 

“blurring boundaries” [123]. In such a scenario, some granted boundaries 
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between spaces may dissolve. The home allows users to experience open 

and livable flow in the multifunctional smart zones rather than separate 

rooms. The available example of such a kind of flexible prototypical smart 

home is the Proto Home (Appendix 1), which has an open space layout with 

one main core and multiple flexible spaces around it. Hence, any successful 

preference modeling of public- private layout in smart homes needs research 

on the flexibility issues. In the experiment, respondents can select their 

preferred level of flexibility for the smart home through the alternatives of 

having a flexible room or not. By selecting the flexible room, an extra 

flexible space is added between the public and private zones. All the 

alternatives related to the public-private layout are presented in Figure 5.4.  

As depicted, the alternative (e) which has the largest bedroom can not offer 

the extra flexible room, since having a flexible room requires spatial 

reduction of the private zone. This alternative defines a large private zone 

with fixed boundaries and is the most similar layout to current houses. 

5.3 Method of modeling 

As discussed, we aim to define optimal spatial layouts of smart homes, 

which is adapting interior spaces of a smart home to the users’ needs and 

preferences in real life and establishing the highest functionality of the 

applied smart technologies. Hence, a Bayesian Belief Network (BBN) is 

used to estimate and formulate the relations between the variables that 

directly and indirectly influence the users’ spatial preferences of smart 

homes. A BBN is composed of a set of variables, connected by links to 

indicate dependencies. It also contains information about relationships 

between the variables. For each variable, a conditional probability table 

(CPT) is provided, which quantifies how much a variable depends on its 

parents (if any) [77]. The belief network can be used for measuring users’ 

spatial preferences since it represents causal relations in the preference 

structure.  

The Bayesian technique emerged in the last decades from the combined 

work in the artificial intelligence, statistics, decision analysis, and 

operations research communities and is now widely used in probabilistic 

expert systems in various problem domains. Traditionally, it has been used 

for modeling many real decision problems with uncertain consequences of 

possible actions. A BBN is a good way of viewing the probabilities in 

domains, where little or no direct empirical data is available. Orzechowski  

has proven in the past [77], that a learning based approach like the Bayesian 

Belief Networks allows estimate users’ preferences in a choice model. The 

BBN is a good match with the aims of this present study for eliciting users’ 

spatial preferences and estimating the optimal spatial aspects in smart 

homes based on different users’ characteristics, lifestyles and the upcoming 
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living patterns in the smart homes. The effects of the multiple variables can 

be simultaneously estimated since BBN does not require the explicit 

definition of a dependent variable. Moreover, a BBN is designed to deal 

with discrete variables and almost all variables in the present study are 

discrete[124]. In the following, we discuss the basic concepts of probability 

theory that are central for understanding BBN’s and then describe the 

process of constructing our BBN. 

 The concept of Bayesian Belief Networks 5.3.1

Probabilistic reasoning is based on an elementary relationship in conditional 

probability theory: 

P (A B) =   
𝑃(𝐴,𝐵)

𝑃(𝐵)
                                (1) 

Where: 

 P (AB) is the conditional probability of A given B 

 P (A, B) is the joint probability distribution of A and B 

 P (B) is the prior probability of B. 

We can rearrange the conditional probability formula to get: 

P (A| B) P (B) = P (A, B) 

But by symmetry we can also get: 

P (B | A) p (A) = p (A, B) 

Therefore: 

P (A B) =   𝑃 (𝐵  𝐴).  𝑃(𝐴)
𝑃(𝐵)

                         (2) 

This is the well-known Bayes rule, in which the posterior belief p (A|B) is 

calculated by multiplying the prior belief p (A) by the likelihood p (B|A) 

that B will occur if A is true. The Bayes’ rule is helpful in many situations 

where we want to compute p (A|B) but we cannot do so directly. It is 

common to think of Bayes’ rule in terms of updating the belief about a 

hypothesis A in the light of new evidence B. In the following, we argue how 

we apply this method to predict spatial preferences (as hypothesis A) in the 

light of new evidence of the users’ characteristics. 

 Construction of the Bayesian Belief Networks 5.3.2

In a BBN, the nodes are used for presenting the variables. While “variable” 

refers to the real world or the original problem, a “node” usually refers to its 

representation within the belief network [77]. Nodes are then connected 
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through links. If there is a link from node A to node B, then node A is called 

the parent and node B the child. Usually, a link from node A to node B 

indicates that A causes B. There are two types of nodes in a preference 

based BBN, choice nodes and parent nodes. Design alternatives are seen as 

the choice nodes and the influencing factors on choosing of the design 

alternatives are seen as the parent nodes. The relations between a node and 

its parents are defined in a conditional probability table (CPT), which 

specifies quantitative probability information specific to it. The table 

indicates the probability of each possible state of the node given each 

combination of the parent node states. The tables of parent nodes contain 

unconditional probabilities. 

In this study, we applied BBN to investigate the probability of choosing 

design alternatives of a smart home given the users’ characteristic and types 

of living. The estimation of a BBN requires, as a first step, the process of 

learning the network structure of the data, and then estimation of the 

conditional probability tables (CPT) [125]. The Power Constructor which is 

network-learning software is usually used for constructing the 

network[126]. Applying such a kind of learning algorithm requires 

thousands of samples. But the data collection of this study was done through 

an experiment and therefore having a large number of participants and 

collecting a big data set were not possible. Hence, we could not directly use 

the Power Constructor; but we construct the BBN by mimicking the 

procedure that the Power Constructor does.   

We start from the estimation of causal links among the nodes using the Chi-

square test. Specifically, we investigate the significant dependency relation 

between the selection of design alternatives and the characteristics of users’ 

and different living patterns. The Pearson’s Chi-square test is a statistical 

test applied to sets of categorical data to evaluate how likely there is any 

observed difference between the sets arising by chance. In fact, it is used to 

determine whether there is a significant association between two variables 

or not. Two random variables x and y are called independent if the 

probability distribution of one variable is not affected by the presence of 

another. Assume Oij is the observed frequency count of events belonging to 

both ith category of x and jth category of y. Assume Eij is an expected 

(theoretical) frequency. The value of the 2 test-statistic is:  

2 = ∑
(𝑂𝑖𝑗 −𝐸𝑖𝑗 )

2

𝐸𝑖𝑗
                                                             𝑖,𝑗 (3) 

The test compares the observed data to a model that distributes the data 

according to the expectation that the variables are independent. Wherever 

the observed data doesn’t fit the model, the likelihood that the variables are 
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dependent becomes stronger. Two variables are considered dependent if the 

Chi-squared probability is less than or equal to 0.05 [127]. Using the SPSS 

software, we conduct this test and determine all the existing associations 

among the variables. Hence, a hypothesis network representing the choice 

nodes, the parent nodes, and the possible causal links among them is drawn. 

However, Chi-square statistic does not give any detailed information about 

the relationship. It only clarifies the existence or nonexistence of the 

relationships between the variables[128]. For exploring the interactions 

among the variables in more detail, other methods need to be applied. 

Hence, we use multinomial logit model (MNL) to estimate the probability 

of selecting each choice node based on its parent nodes (the influential 

variables). The multinomial logit model is applied since the way a choice is 

represented by the BBN and estimated resembles the preference (utility) 

function used in choice models. The nodes in BBN have a cause-effect 

relationship. In case of a preference network, the cause is given by the part-

worth utilities and the effect is represented by the choice of a design 

alternative. Hence, the utility of a specific choice alternative is based on the 

summing up all the causal part-worth utilities. The part-worth utilities are 

represented by coefficients β that have to be estimated. In fact, the 

coefficient β explains the exact dependency of the choice alternative on the 

attribute levels of the parent node. As explained, the choice nodes in this 

study are the design alternatives of the smart home and the parent nodes are 

the independent variables describing the users’ characteristics and living 

patterns.  

Hence, the preference (utility) of an individual n for the alternative i is 

written as: 

     𝑈𝑛𝑖 =  𝑉𝑛𝑖 + 𝜀𝑛𝑖                                                              (4) 

𝑉𝑛𝑖 =  𝛽0 + 𝛽1. 𝑥𝑖1 + 𝛽2. 𝑥𝑖2 + ⋯                                          (5) 

Where β0 is the constant and βk is the set of estimated parameters of 

variables x, and xi is the set of independent variables. In fact, β0 represents 

the mean utility of the ‘alternative i’ option and the ‘k parameters’ measure 

deviations from this mean utility [129]. Moreover, the probability that 

alternative i is chosen among the alternative’s set of j by the individual n is 

written as: 

P ni=
𝑒𝑉𝑛𝑖

∑ 𝑒𝑉𝑛𝑗
𝑗

=
𝑒𝛽1.𝑥𝑖1+𝛽2.𝑥𝑖2+⋯

∑ 𝑒𝛽1.𝑥𝑗1+𝛽2.𝑥𝑗2+⋯
𝑗

                       (6) 

Using the equation (6), the probability of each choice alternative based on 

all other attribute levels of the parent nodes can be calculated (called 
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Conditional Probabilities Tables).  For calculating the CPT of each choice 

node, we insert the attribute levels of its parent nodes, one by one, in the 

MNL model (equation 5); then we test if the model works using the 

Econometric software NLOGIT [130]. Specifically, we start with the lowest 

rate of Chi-squares, since a lower value of Chi-squares indicates a stronger 

relation among the variables. A high value of Chi-square which is close to 

the 0.05 is a sign of a weak relationship. Increasing the value of Chi-square 

can result in more errors in the MNL modeling. Moreover, errors can be 

related to an inconsistence relation among the included variables. By 

inserting variables one by one, we are able to recognize the inconsistent 

variable and exclude it from the model. Accordingly, an optimal MNL 

model per each choice node is specified, which clarifies all the dependency 

relations for the choice node (the valid causal links pointing to the choice 

node) with the exact amount of dependency (the coefficients β). After CPT 

calculation, the resulting network is imported to Netica [131], where the 

network is compiled and displayed.  

In the following, this process is explained for the choice node bedroom 

layout, which has 3 alternatives: 1) small, integrated private zone, 2) 

medium, semi-integrated private zone, and 3) large, separated private zone. 

At first, the Chi-square was done to find out the causal links pointing to this 

node. The tests reveal that the choice for the bedroom layout depends on the 

users’ living patterns, namely, the amount of using the semi-private zone 

and the most time spending zone in a smart home, the level of doing tele 

activities, gender, nationality, and the current housing type of the user. To 

be able to apply MNL, we need to do effect coding all of these variables. 

For instance, gender with two levels and nationality with three levels are 

coded like: 

Gender (male) = 1       
Gender (female) = -1      

Nationality (Nederland’s) = 1 0    
Nationality (Iranians) = 0 1   
Nationality (others) = -1 -1  

The coefficients which will be gained from the MNL modeling are: 

Gender (male)  𝛽𝑀𝑎𝑙𝑒 
Gender (female)   −𝛽𝑀𝑎𝑙𝑒 

Nationality (Nederland’s)  𝛽𝑁𝑒𝑑𝑒𝑟𝑙𝑎𝑛𝑑’𝑠 
Nationality (Iranians)   𝛽𝐼𝑟𝑎𝑛𝑖𝑎𝑛𝑠 

Nationality (others)  −𝛽𝑁𝑒𝑑𝑒𝑟𝑙𝑎𝑛𝑑’𝑠 −𝛽𝐼𝑟𝑎𝑛𝑖𝑎𝑛𝑠 
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Since the attribute levels of Gender (female) and Nationality (others) are the 

reference ones, their coefficients are calculated based on the coefficients of 

the other attribute levels. Similarly, the MNL modeling estimates all 

coefficients, which indicate the dependency of the bedroom layout’s 

alternatives on the attribute levels of the parent nodes (Table 5.2). 

Table  5.2 Estimated parameters of the choice node of the bedroom layout 

(MNL Model), Note: ***, **, * ==> Significance at 1%, 5%, 10% level.  

A minus sign indicates an inverse relation among the variables and the choice 

alternatives (an increase in one leads to a decrease in the other one). A plus sign 

indicates an aligned relation among the variables and the choice alternatives. 

Main Category Independent Variables 
Small, 

integrated 
private 

Medium, 
semi-

integrated 
private 

 
Size of the smart home 

Constant  
Larger size (125) 
Smaller size (80) 
 
Kitchen 
Public 
Private 
Semi-private 
 
None 
One 
(Two 
 
Low  
Medium 
High 
 
Male 
Female 
 
Netherlands 
Iran 
Others 
 
Apartment 
Row, Semi-detached house 
Detached house 

-2.93977*** 
0.67486** 
- 0.67486 

 
-0.46577 
0.05682 

1.23552** 
-0.82657 

 
0.29673 
-0.92882 
0.63209 

 
-0.6113 
0.49623 
0.11507 

 
0.05648 

- 0.05648 
 

1.16916** 
-1.39345*** 

0.22429 
 

0.62507 
0.14939 
-0.77446 

0.15257 
-0.33065 *** 

-0.33065 
 

0.1314 
-0.23683 
-0.30581 
0.41124 

 
0.40276*** 
-0.37394** 

-0.02882 
 

-0.16678 
0.55751*** 

-0.39073 
 

0.17771* 
- 0.17771 

 
0.137 

0.04895 
-0.18595 

 
-0.23074* 
0.20331 
0.02743 

Most time spending zone 

 
 
Activity types in semi- 
integrated zone 
 
 
Level of doing tele activity in 
current lifestyle 

 
Gender 

 
Nationality 

 
Current housing type 

Finally, the CPTs are calculated by applying the gained coefficients in the 

equation (6). In the following, this calculation is explained for a specific 

case. The probability that a Dutch male, who somewhat uses the semi-

private zone, but mostly spends time in the kitchen of the smart home, 

highly does tele activities and currently lives in an apartment, chooses each 

of the bedroom layouts for the larger sized smart home(125m2) is calculated 

as follows:  
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𝑉𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔(𝑁𝑒𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑𝑠,𝑂𝑛𝑒,𝐾𝑖𝑡𝑐ℎ𝑒𝑛,𝐻𝑖𝑔ℎ𝑇𝑒𝑙𝑒,𝑀𝑎𝑙𝑒,𝐴𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡,𝑆𝑖𝑧𝑒125) =

𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔 + 𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝑁𝑒𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑𝑠 + 𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝑂𝑛𝑒 + 𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝐾𝑖𝑡𝑐ℎ𝑒𝑛 +

𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝐻𝑖𝑔ℎ𝑇𝑒𝑙𝑒 + 𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝑀𝑎𝑙𝑒 + 𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝐴𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡 + 𝛽𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔,𝑆𝑖𝑧𝑒125 =                                   

-2.93977+1.16916-0.9288-0.46577+0.11507+0.05648+0.62507+0.67486= -1.69372 

𝑉𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝(𝑁𝑒𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑𝑠,𝑂𝑛𝑒,𝐾𝑖𝑡𝑐ℎ𝑒𝑛,𝐻𝑖𝑔ℎ𝑇𝑒𝑙𝑒,𝑀𝑎𝑙𝑒,𝐴𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡,𝑆𝑖𝑧𝑒125) = 𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝

+

𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝,𝑁𝑒𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑𝑠

+ 𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝,𝑂𝑛𝑒

+ 𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝.𝐾𝑖𝑡𝑐ℎ𝑒𝑛

+

𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝,𝐻𝑖𝑔ℎ𝑇𝑒𝑙𝑒 

+ 𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝,𝑀𝑎𝑙𝑒

+ 𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝,𝐴𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡

+

𝛽
𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝,𝑆𝑖𝑧𝑒125

= 0.15257+0.137-0.374+0.1314-0.3907+0.1777-0.23074-

0.331= -0.72738 

Since the large, separated bedroom layout is considered as the base 

alternative, its utility function is equal to zero and the utility function of the 

other alternatives is compared to it.  

𝑉𝑙𝑎𝑟𝑔𝑒𝑠𝑒𝑝(𝑁𝑒𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑𝑠,𝑂𝑛𝑒,𝐾𝑖𝑡𝑐ℎ𝑒𝑛,𝐻𝑖𝑔ℎ𝑇𝑒𝑙𝑒,𝑀𝑎𝑙𝑒,𝐴𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡,𝑆𝑖𝑧𝑒125) = 0 

Therefore,  

P SmallInteg (Netherlands,One,Kitchen,HighTele,Male,Apartment,Size125) =
𝑒𝑉𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔

𝑒𝑉𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔+𝑒𝑉𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝+𝑒𝑉𝑙𝑎𝑟𝑔𝑒𝑠𝑒𝑝
=

𝑒−1.69372

𝑒−1.69372+𝑒−0.72738+1
= 

0.110278071 

P MediumSemisep (Netherlands,One,Kitchen,HighTele,Male,Apartment,Size125) =
𝑒𝑉𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝

𝑒𝑉𝑆𝑚𝑎𝑙𝑙𝐼𝑛𝑡𝑒𝑔+𝑒𝑉𝑀𝑒𝑑𝑖𝑢𝑚𝑆𝑒𝑚𝑖𝑠𝑒𝑝+𝑒𝑉𝑙𝑎𝑟𝑔𝑒𝑠𝑒𝑝
=

𝑒−0.72738

𝑒−1.69372+𝑒−0.72738+1
= 0.28984 

Since, the sum of the three alternative’s probabilities should be equal to 1, 

the probability of choosing the third alternative which is the large, separated 

bedroom is: 

P largesep (Netherlands,One,Kitchen,HighTele,Male,Apartment,Size125) = 1- (P SmallInteg+ P 

MediumSemisep)= 0.59988 

Similarly, the probability of choosing each alternative based on all the 

possible combinations can be calculated in a Conditional Probability Table. 

Figure 5.5 is an illustration of the CPT for the bedroom layout node. As it is 

highlighted, the probabilities that each of the small, integrated bedroom 

layout, the medium semi-integrated bedroom layout, and the large, separate 

bedroom layout are chosen by the explained case are respectively ~ 

11.028%, 28.984%, 59.988%. 
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The size of the CPT depends on the number of alternatives of the choice 

node, but also on the number of combinations among the levels of parent 

nodes. Consequently, such a table can be very extensive. In the explained 

example, the bedroom layout depends on the most time spending zone with 

4 levels, activity types in the semi-private zone with 3 levels, amounts of 

doing tele activities with 3 levels, the gender with 2 levels, the nationality 

with 3 levels, the current housing type with 3 levels and the size of the smart 

home with 2 levels. Hence, the possible combinations are 4 * 3 * 3 * 2 *3 * 

3 * 2= 1296. Therefore, the number of rows in the table is also equal to 

1296. The illustrated table in Figure 5.5 is a small fraction of a quite large 

table. Constructing all the CPTs is done by programming.  

 
Figure  5.5 An illustration of the CPT for the bedroom layout node 

 Specification of the Bayesian Belief Network for Users’ Spatial 5.3.3

Preferences  

The constructed network is depicted in Table 5.3. Socio-demographic 

characteristics, namely, age, gender, nationality, households, education, 

working status, current housing type and the variables describing the current 

lifestyle of people, namely, the privacy pattern, time pattern, working 

pattern and tele activity are considered as the observed variables (parent 

nodes) and do not need to be predicted. In addition, it is assumed that the 

way people use smart technologies and live in the smart home affect their 

decisions for the spatial layout of the smart home. Hence, the variables 

describing the living patterns of people in the smart home are also included 

in the network as the parent nodes. The living patterns that according to the 
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MNL modeling influence people’s spatial preferences are the work location, 

the amount of using the public, kitchen and the semi-private zone, the time 

spending pattern in different zones and the behavior of doing tele activities 

in the smart home. The presented BBN can estimate optimal spatial layouts 

of the smart homes for the main aspects of the public-private layout, the 

smart kitchen layout, and the smart living room layout. These spatial aspects 

correspond to the spaces of a smart home, which are mostly influenced by 

the new technologies. Moreover, the spatial preferences are estimated for 

the two sizes of smart homes, 125m2 and 80 m2.  The presented BBN in 

Table 5.3 is a large network, which consists of multiple nodes. In the 

following, particular emphasize has been placed only on the most important 

findings. 

5.4 Conclusion 

In this chapter, a Bayesian Belief Network is constructed, which models 

spatial preferences of different target groups in a smart home and specifies 

the influencing factors on users’ preferences. Users’ preferences for spatial 

aspects of the smart home are defined based on their socio-demographics, 

current lifestyles, and the upcoming living patterns in a smart home. For one 

or more combinations of the alternatives, values can be entered into the 

related choice node(s) in the constructed BBN. Then, the probabilistic 

inference for all the other variables is performed. The probabilistic inference 

is the computation of the posterior probability distribution for a set of query 

variables, given values of the evidence variables. Accordingly, the 

conditions, in which a specific alternative is chosen, are predicted. As an 

example, it is possible to predict the conditions, in which a specific smart 

kitchen layout will be chosen. The BBN model can also be applied to 

predict spatial preferences of particular cases, such as, people with different 

nationality, household, privacy pattern, working status, age and etc. by 

entering evidence in the parent nodes of the network and extracting the new 

updated probabilities of the spatial layouts. The most important findings of 

the constructed BBN are described in the next chapter. 

 

  

Choice node:  (Spatial aspects of the smart home) 

Living patterns of users in the smart home 
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Table  5-3 The constructed Bayesian network representing the users’ spatial 

preferences of the smart home
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Chapter 6  

Results of the Spatial Preference Modeling 

of Smart Homes
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6 Results of the Spatial Preference Modeling of Smart Homes 

6.1 Introduction 

In this chapter, a discussion is given on the findings of the constructed BBN, 

which models users’ spatial preferences of smart homes based on different 

aspects of socio-demographics, current lifestyles and new living patterns in 

a smart home. In the following, we discuss the BBN in detail and specify 

the optimal spatial characteristics of a smart home. The term of optimal in 

this thesis refers to the maximization of smart home’s functionalities for 

different target groups.  

First, we apply the BBN to predict the general spatial preferences of smart 

homes for the public-private layout, the smart kitchen layout, and the smart 

living room layout. The general spatial preferences give a broad estimation 

of new spatial layouts and they can vary among different target groups. 

Hence, we make the estimation more accurate by applying multiple cases in 

the BBN and exploring the specific preferences of different target groups for 

the spatial layout of each zone. At the end, we draw conclusions on the 

optimal and the best-fitted layouts of each zone for different target groups. 

This chapter is organized in a separate section from thesis A [2]. 
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6.2 Predicting the general spatial preferences of smart homes 

As discussed in the previous chapter, current studies envision an open plan 

layout for smart homes, which is free from several dedicated spaces and 

functional separations thanks to the pervasive computing and the applied 

smart technologies. In these predictions, the occupied area of the private 

zone decreases and instead the public zone becomes bigger and provides 

multiple flexible and semi-private zones within it. This prediction is based 

on the reason that people increasingly tend to use the private zone less and 

use the public zone more in a smart home than in an ordinary home. Hence, 

the public zone in a smart home is expected to have a more multifunctional 

platform for supporting multiple daily activities with different nature and 

privacy levels (e.g. working, family gathering and relaxing). In addition, no 

separate work office is predicted in a smart home since work becomes more 

flexible and not limited to a specific space. Users prefer to work more 

around the smart wall in the public zone or on the smart kitchen table. 

According to the predictions, the kitchen of a smart home becomes a center 

of daily activities and free from physical boundaries. In this section, these 

predictions are evaluated from the users’ perspectives. 

Table 6.1 reports the estimation of our constructed BBN for the general 

spatial preferences of a smart home. This estimation is gained from the 

compiled network when no case is applied in the network.  

Table  6.1 The general spatial preferences of smart homes in two different sizes 

Bold numbers show the higher probabilities and the highlighted numbers indicate a 

significant increase in the probability of choosing the alternative 

 
General Preference Size125 Size80 

Bedroom Layout    

Small/Integrated 7.1977 11.378 3.0173 

Medium/Semi-integrated 50.008 40.97 59.047 

Large/Separated 42.794 47.652 37.936 

Flexible Room    

Yes 26.948 20.342 33.555 

No 73.052 79.658 66.445 

Smart Kitchen Layout    

Integrated 59.145 63.374 54.915 

Separated 40.855 36.626 45.085 

Smart Wall Location    

In front 46.968 46.968 46.968 

Besides 53.032 53.032 53.032 

Smart Wall Type    

One Sided 62.527 56.517 68.536 

Two Sided 37.473 43.483 31.464 
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According to Table 6.1, a semi-integrated layout with limited possibility of 

flexibility and multi-functionality for the smart home is commonly preferred 

among people (the medium, semi-integrated bedroom layout, the integrated 

smart kitchen, the one-sided smart wall locating next to the smart kitchen, 

and no flexible room). This estimation does not accurately correspond to the 

predictions of the new spatial design for smart homes in the current 

literature. Although, the overall estimation indicates that some levels of 

integration are going to happen in the public-private layout and the kitchen 

layout of the smart homes, a maximum integration and a true flexibility and 

multi-functionality in the smart living room are not estimated. The 

mismatches among this general estimation and what is predicted in the 

literature are partially due to the reason that the reported general preference 

in Table 6.1 gives a very broad estimation of users’ spatial preferences; 

without explaining the target groups’ differences and the size of smart 

homes that have an important role in users’ spatial preferences. Hence, more 

specifications are required to clarify the important circumstances which vary 

the general preference of people. 

On the other hand, the mismatches are related to the fact that spatial 

preferences of people in a smart home generally are inspired by the layout 

of current houses. As discussed in the previous chapter, a common feature 

in current house design, regardless of all the varieties, is that the bedrooms 

of current houses are located on a different floor or are completely separate 

from the public zone. Moreover, private zones in most of the current houses 

are big and occupy half of the total area of the house. Although, most of the 

kitchens in current houses are open to the other spaces, they are still located 

in a separate functional space. Generally, there is no semi-private zone or 

flexible spaces within the current living rooms for supporting interactive 

activities and working. Hence, a multi-roomed layout is commonly applied 

in the current house design. Accordingly, there is a high chance that people 

draw smart homes based on the layout of their current houses. This can be 

explained by the theory of influencing prior experiences on individuals’ 

decisions [132]; [133]. In a house design, prior experiences refer to the 

conditions of the current house of a user. Hence, choosing a completely 

different layout than the layout of current houses is somehow difficult for 

respondents, especially in the scope of an experiment. This is the downside 

of experimental-based research. However, by applying the BBN method we 

can overcome these limitations. In the BBN, it is possible to apply different 

cases in the network and evaluate the changes that happen in the updated 

network. Hence, we are able to elicit the latent preferences of users and 

measure variations of the general preference under different circumstances. 

In the following, more discussion is given for better understanding of users’ 

spatial preferences in smart homes.   
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It is assumed that the size of a smart home has an important effect on users’ 

preferences. While smart technologies can easily be added to a large sized 

house without any cost concerns, applying smart technologies in smaller 

sized houses should be based on economic feasibility. Due to the matter of 

cost, there will be a low chance for smart homes to be accepted by 

middle/low incomes, especially if the applied smart technologies cannot 

really improve the quality of space. Hence, spatial design of smart homes 

with a limited size would be challenging if smart homes want to be targeted 

for a wide range of target groups. In this study, we focus on the two sizes of 

125 m2 and 80 m2 to evaluate the effects of limiting the size on the users’ 

spatial preferences. The 125 m2 type is considered as a normal sized smart 

home and the 80 m2 type is considered as a small scaled smart home. 

Figure6.1 includes the diagrams representing variations of the general 

preference of smart homes for the two different sizes.  

 
Kitchen layout 

 
Smart wall type 

 
Flexible room 

 
Bedroom layout 

Figure  6.1 Variation of the general preferences in the two sizes of smart homes 
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In the 125 m2 smart home, the general preference for the medium, semi-

integrated bedroom layout decreases with ~ 9 % and instead the preference 

for the two other alternatives, namely, the large, separated layout and the 

small, integrated layout take an upward trend with ~5% and ~4% 

respectively. As depicted in Figure 6.1, while the preference for the 

integrated kitchen and the two-sided smart wall goes up with ~4% and ~6% 

respectively, the preference for the flexible room goes down with ~6.6% in 

this size. Meaning that people increasingly prefer to mainly modify the 

public zone of the smart home and keep the large separate private zone in a 

125m2 smart home (Figure 6.2-b); because there is enough space in this size 

to have a multifunctional living room with integrated kitchen, while keeping 

the private zone as large and separated as it is. 

 The general preference The layouts with an increased probability to be 

chosen  

125

m
2 

a1 

 

b 

 

c 

 

80

m
2 

a2

 

d 

 

Figure  6.2Variation of the general preference while including the size 

(a1) and (a2) the most preferred layout of the smart home without considering the 

size. (b) and (c) the two layouts with an increased probability to be chosen in the 

size of  125m2, (d) the layout with an increased probability to be chosen in the size 

of 80m2 

But according to the estimations reported in Table 6.1, despite such a kind 

of high preference for the large separate private zone in this size of the 

smart home, the majority of people prefer to minimize and integrate the 

private zone of the smart home; the total probability of choosing the small 

integrated bedroom layout and the medium semi-integrated layout 

(52.348%) is higher than the probability of choosing the large, separated 

bedroom layout (47.652%). More specifically, the preference for the small 
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integrated bedroom layout (Figure6.2-c) increases in this size. To conclude, 

the hypothesis of minimizing the private zones and changing the multi-room 

layout of current houses to a more open plan layout is valid in the 125 m2 

smart home, in spite of a high preference for not modifying the private zone 

in this size.   

In contrast, by decreasing the size of the smart home to the 80 m2, the 

preference for the integrated kitchen and the two-sided smart wall decreases 

with ~ 4.2 % and ~ 6 % respectively, but the preference for the medium, 

semi-integrated bedroom layout and the preference for the extra flexible 

room increases with ~9 %  and ~6.6 %  respectively (Figure6.1). This result 

is an indication that having a large living room by minimizing the bedrooms 

and making them flexible (Figure 6.2-d) is the priority in people’s design 

decision for a small scaled smart home. In this size, applying smart 

technologies mainly affects the private zone of the smart home. The 

majority of people prefer to reduce the size of the private zone and 

accordingly have a larger living room. The increasing preference for the 

flexible room, but not for the two-sided smart wall is due to the reason that 

the flexible room can be completely open to the living room whenever it is 

not needed and therefore it can create a larger living room. Similarly, a 

separate kitchen produces fewer conflicts and therefore creates a more 

dedicated space in the public zone of a small scaled smart home. Hence, 

there is an increasing preference for the separate kitchen in this size. 

However, according to Table 6.1, the preference for the integrated kitchen is 

still higher than the separate kitchen (54.915% > 45.085%). Meaning that 

inserting the smart kitchen table can effectively change the layout of the 

current kitchens to an integrated layout even if there is a size limitation. To 

conclude, applying smart technologies in a small scaled house mainly 

affects the private zone and changes it to be smaller but more flexible.  

6.3 Predicting the preferences of the public-private layout and the 

smart living room layout 

Our lifestyle study (thesis A, [2]) shows that people behave differently in a 

smart home and have different living patterns than in an ordinary home. It is 

expected that the different living patterns of people influence their spatial 

preferences of the smart home. The gained results from the constructed 

BBN indicate that users’ preferences for the public-private layout and the 

smart living room layout depend on some aspects of their living pattern in 

smart homes, namely, their work locations, time spending patterns and the 

amount of using the semi-private zone in the smart home sample of the 

experiment. Figure 6.3 illustrates this dependency in the BBN.  
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a.  

b.  

Figure  6.3 A screen shot of the BBN showing the three nodes of flexible room, 

bedroom layout and the smart wall type with some of their parent nodes 

indicating living patterns in the smart home 

Updated probabilities of the network for the (a) no flexible room, one-sided smart 

wall and the small integrated bedroom layout, (b) flexible room, two sided smart 

wall and the small integrated bedroom layout 

In the previous section, the evidence is entered in the parent node “size” in 

order to evaluate the probability changes and to explore variations of the 

general preference in different sizes of smart homes. But in this section, 

applying the evidence to the parent nodes and identifying variations of 

users’ preferences is difficult since the categories of living patterns (parent 

nodes) are large. Hence, we do the analysis the other way around and enter 

the evidence in the choice nodes in order to identify the most effective 

living patterns on users’ spatial preferences of smart homes. In the 

following, more explanation is given on the choice alternatives and the 
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probability that they will be chosen among people with different living 

patterns. 

The two nodes flexible room and bedroom layout define the public-private 

layout of the smart home. The smart wall type node defines the layout of the 

smart living room in such a way that the two-sided smart wall makes a more 

multifunctional living room than the one-sided smart wall. Figure 6.4 

illustrates the combinations of these three choice nodes.  

a. b. c. d.  

e. f. g. h.  

i. j.  

Figure  6.4 Choice alternatives for the public-private layout and the living room 
a) Small integrated private without flexible room and the one-sided smart wall, b) Small integrated 

private without flexible room and the two-sided smart wall, c) Small integrated private with flexible 

room and the one-sided smart wall, d) Small integrated private with flexible room and the two-sided 

smart wall, e) Medium semi- integrated private without flexible room and the one-sided smart wall, f) 

Medium semi- integrated private without flexible room and the two-sided smart wall, g) Medium semi- 

integrated private with flexible room and the one-sided smart wall, h) Medium semi- integrated private 

with flexible room and the two-sided smart wall, i) Large separate private without flexible room and the 

one-sided smart wall, j) Large separate private without flexible room and the two-sided smart wall. 

The combinations outline different layouts for a smart home, from the most 

integrated, open plan layout with the largest public zone (Figure 6.4, 

combination-a), or a multifunctional, flexible layout with equal proportion 

of the public and private zone (Figure 6.4, combination-h), to a separated, 

room by room layout with the largest private zone (Figure 6.4, combination-

j). The probabilities of choosing the combinations based on different living 

patterns are reported in Table 6.2. We apply an evidence for each of the 

possible combination in the choice nodes and then evaluate the updated 

probabilities of the living patterns.  

In the smart home sample of the experiment, there is a semi-private zone 

next to the smart wall, which enhances the spatial functionalities of the 
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living room and gives respondents more opportunities to do their activities 

around the smart wall. It is expected that the amount people use this space 

will affect their spatial preferences of a smart home. According to updated 

probabilities in Table 6.2, the extent that people use this semi-private zone 

does not significantly affect the choice for the flexible room, but it affects 

the choice for the smart wall type and the bedroom layout. It is logical that 

people, who use the semi-private zone around the smart wall, care about the 

type of the smart wall and the size of the living room more than the 

flexibility of the private zone. As it is discussed in the previous section, the 

small integrated bedroom layout (Figure 6.4, combination-b-d) generally 

has the lowest probability (~7.19%) to be chosen among people. But the 

BBN analysis in this part (Table 6.2), interestingly reveals that people, who 

highly use the semi-private zone of the smart home (activity types in semi-

private = double) have the highest preference (~51%), for this bedroom 

layout. To summarize, more using of the semi-private zone in a smart home 

leads to an increased preference for minimizing the private zone and 

enlarging the living room.  

Table  6.2 Eliciting preferences of the public-private layout and the smart living 

room layout for different living patterns in the smart home (%) 

Bold values show the higher probability for smart wall type, underlines values 

show the higher probability for flexible room and the highlighted values show the 

higher probability for bedroom layout 

 

Small integrated bedroom layout 
Flex, One-

sided 
Flex, Two-

sided 
No flex, 

One-sided 
No flex, 

Two-sided 

Activity Type Semi-Private  
   

None 37.016 27.218 37.59 27.537 

Single 13.406 20.861 13.864 21.458 

Double 49.578 51.921 48.546 51.004 

Location Work     

Nowhere 19.576 7.3017 27.747 11.578 

Public 15.976 15.884 20.171 22.418 

Kitchen 26.346 37.49 14.023 22.086 

Private 17.683 20.532 18.193 23.563 

Semi Private 20.419 18.792 19.866 20.354 

Most Time Spending Zone     

Kitchen 22.057 15.413 12.87 8.6433 

Public 22.177 23.234 23.292 23.568 

Private 48.554 50.729 56.925 58.044 

Semi Private 7.2117 10.623 6.913 9.7445 

 

Medium semi- integrated bedroom layout 
Flex, One-

sided 
Flex, Two-

sided 
No flex, 

One-sided 
No flex, 

Two-sided 
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Activity Type Semi-Private  
   

None 43.077 30.544 43.586 31.049 

Single 24.937 36.799 24.807 36.624 

Double 31.986 32.657 31.607 32.327 

Location Work     

Nowhere 19.733 7.4225 27.592 11.624 

Public 16.542 16.517 20.585 22.829 

Kitchen 25.197 36.043 13.566 21.388 

Private 18.055 21.043 18.427 23.797 

Semi Private 20.474 18.975 19.829 20.362 

Most Time Spending Zone     

Kitchen 39.846 27.435 27.222 17.884 

Public 19.599 20.22 23.805 23.269 

Private 15.575 16.239 21.437 21.114 

Semi Private 24.98 36.106 27.537 37.734 

    

 

Large separated bedroom layout 
Flex, One-

sided 
Flex, Two-

sided 
No flex, 

One-sided 
No flex, 

Two-sided 

Activity Type Semi-Private  
   

None   31.055 20.286 

Single   36.06 48.904 

Double   32.885 30.809 

Location Work     

Nowhere   28.048 11.892 

Public   20.374 22.67 

Kitchen   13.554 21.436 

Private   18.22 23.611 

Semi-Private   19.804 20.391 

Most Time Spending Zone     

Kitchen   24.644 16.611 

Public   27.507 27.943 

Private   29.179 29.279 

Semi-Private   18.67 26.167 

In addition, high usage of the semi-private zone increases the preference for 

the multifunctional living room. People who highly tend to use the semi-

private zone in the smart home sample of the experiment have a higher 

preference for the two-sided smart wall than the one-sided smart wall (e.g. if 

Activity Type Semi-Private = single, then the probability that the alternative 

[small integrated bedroom layout, flex, two-sided smart wall] is selected is 20.86%, 

which is larger than the alternative [small integrated bedroom layout, flex, one-sided 

smart wall] with the probability of 13.40%, or the probability that the 

alternative [medium semi-integrated bedroom layout, flex, two-sided smart wall] is 

selected is 36.79%, which is again larger than the alternative [medium semi-

integrated bedroom layout flex, one-sided smart wall] with the probability of 

24.93%). Oppositely, people who tend not to use the semi-private zone, 
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have a higher preference for the one-sided smart wall (e.g. if Activity Type 

Semi-Private = none, the probability that the alternative [small integrated 

bedroom layout, flex, one-sided smart wall] is selected is 37.01% which is larger 

than the alternative [small integrated bedroom layout, flex, two-sided smart wall] with 

the probability of 27.21% or the probability that the alternative [medium semi-

integrated bedroom layout, flex, one-sided smart wall] is selected is 43.07% which is 

again larger than the alternative [medium semi-integrated bedroom layout, flex, two-

sided smart wall] with the probability of 30.54%).  

The amount of applying the semi-private zone in smart homes also affects 

preferences for the bedroom layout; such that people who do not use the 

semi-private zone have a higher preference for the medium, semi-integrated 

bedroom layout. The medium, semi-integrated bedroom layout and the one-

sided smart wall (Figure 6.4, combination-e-g) is preferable among people, 

who do not use the semi-private zone; (if Activity Type Semi-Private = 

none, then the chosen alternatives are [medium, semi-integrated bedroom layout, 

flex/not flex, one-sided smart wall] with the highest probability of ~43%); since 

they do not need any semi-private spaces and the combinations e and g 

provide a simple living room. The smart home with the same bedroom 

layout (medium, semi-integrated), but the two-sided smart wall (Figure 6.4, 

combination-f-h) is popular among people, who spend most time in the 

semi-private zone of the smart home; (if Most Time Spending Zone = semi-

private, then the chosen alternatives are [medium, semi-integrated bedroom layout, 

flex/not flex, two-sided smart wall] with the highest probability of ~36-37%). 

These preference differences show the importance of having the two-sided 

smart wall among people, who highly use the semi-private zone of the smart 

home and spend relatively a lot of time there.  

If a smart home has the largest bedroom layout but has a multifunctional 

living room (Figure 6.4, combination-j), it will be commonly chosen by 

people, who somehow use the semi-private zone (if Activity Types in semi-

private= single, then the chosen alternative is [large separated bedroom layout, no 

flex, two-sided smart wall] with the highest probability of 48.9%). This is due to 

the reason that although they prefer to have a large private zone and a not 

too large public zone, the two-sided smart wall can address their wish to do 

some of their activities in a semi-private zone. To summarize, although the 

general estimations in the previous section reported a higher preference for 

the one-sided smart wall, BBN analysis in this part reveals that spending 

more time and more intensive usage of the semi-private zone around the 

smart wall increase the preference for the two-sided smart wall. 

According to our lifestyle study (thesis A, [2]), people choose dissimilar 

locations to work and have different patterns of time spending in a smart 

home. Spatial preferences of people are influenced by these different living 

patterns in the smart home. The general estimation in the previous section 
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reported that people generally prefer not to have a flexible room in the smart 

home (P (flexible) =26.94%). But the gained results here extracted from Table 

6.2 reveal that people, who spend most of the time around the smart kitchen 

table, have different preferences for the flexible room. They mainly prefer to 

make the private zone smaller and add a flexible room to it. Moreover, they 

mostly prefer the one-sided smart wall in the living room; (if Most Time 

Spending Zone = kitchen, then the chosen alternative is [medium, semi- 

integrated bedroom, flex, one-sided smart wall] with the highest probability of 

39.84%). In fact, spending most time around the smart kitchen table causes 

people generally prefer a simple and non-multifunctional living room, but a 

flexible private zone; because the smart kitchen table improves the 

functionality of the public zone and no more modification is required in the 

public zone. Regarding the bedroom layout, the medium, semi-integrated 

bedroom layout is the preferred layout for people who spend a lot of time in 

the kitchen. Hence, the combination-g (Figure 6.4) is the most preferred 

combination of space for them. However, this preference is slightly different 

among people who mainly choose the smart kitchen table as a workplace. If 

people work on the smart kitchen table, they highly prefer to choose both 

the flexible room and the two-sided smart wall; (if Location Work = 

kitchen, then the chosen alternatives are [medium, semi-integrated bedroom, 

flexible, two-sided smart wall] and [small, integrated bedroom, flexible, two-sided smart 

wall] with the highest probability of 36.04% and 37.49%). Since people who 

choose the smart kitchen table as their main work location do not like too 

much separation and would like to use the flexible working possibilities of 

the smart technologies; the multifunctional living room and the flexible 

room in connection with the smart kitchen table make a better layout for this 

type of working. Hence, the combination-d and h (Figure 6.4) are mainly 

preferable among people who work on the smart kitchen table. As above 

explained, these two combinations are also preferable among people, who 

highly use the semi- private zone or mostly spend time there. From the 

lifestyle study (thesis A, [2]), we know that people basically use the semi- 

private zone of the smart home for doing their work activities. Hence, it can 

be concluded that the combination of a small, flexible private zone with a 

multifunctional public zone, consisting of a smart kitchen table and a two-

sided smart wall, provides the best-fitted layout for working in a smart 

home.  

Different from the current home offices, which are dedicated private rooms, 

work in a smart home becomes flexible and can take place in different 

locations. Hence, we can see that the choices for the private zone of a smart 

home are independent of work locations in that smart home. But the choices 

for the flexible room and the smart wall type are influenced by work 

activities in a smart home. People, who do not work in the smart home, have 

a low preference for any possibilities of the flexibility or multi-functionality 

in the smart home. They mainly prefer the one sided smart wall and do not 
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want to have any flexible room; (if Location Work = nowhere, then the 

chosen alternatives are no flexible room and the one-sided smart wall with 

the highest probability ~27.7%). But if people work in the kitchen of a smart 

home, they have a higher preference for flexibility and multi-functionality; 

(if Location Work = kitchen, then the chosen alternatives are flexible room 

and the two-sided smart wall with the highest probability ~36%-37%).   

While the way people use the public and private zone of the smart home 

does not effectively influence the choices of the smart wall type and the 

level of flexibility, it affects the choice of the bedroom layout. 

Unsurprisingly, spending much time in the private zone increases the 

preference for the large, separated bedroom layout (Figure 6.4, 

combination-i - j); (the highest probability that the alternative large, 

separated bedroom layout is chosen is ~ 29% relates to people with the most 

time spending in the private zone). While the two other bedroom layouts 

reduce the occupied area of the private zone and weaken the boundaries of 

this zone, the large, separated bedroom layout provides a room by room 

smart home. Hence, this layout is mainly preferred by people who spend a 

lot of time in the bedrooms. But surprisingly spending much time in the 

private zone also increases the preference for the small, integrated bedroom 

layout; (if Most Time Spending Zone = private, then the probability that the 

alternative [small integrated bedroom layout] is chosen is ~ 48%-58%). This high 

preference can be due to the reason that this layout proposes an open space 

living room with flexible bedrooms. Hence, people can adjust the privacy 

level of the space according to their daily activities.  

6.4 Predicting the preferences of the smart living room layout 

The location of the smart wall in the living room is an important criterion 

which shapes the spatial layout of a smart living room. While the smart wall 

type specifies the multifunctionality level of the living room, the smart wall 

location specifies the relation between the smart wall and the smart kitchen 

table. The general outputs of the BBN (section 6.2) already indicated that 

people generally prefer to have the smart wall beside the smart kitchen 

table. But this general preference does not apply to all of the people. The 

BBN depicted in Figure 6.5 shows that the preference for the smart wall 

location depends on the way people use the public zone and the smart 

kitchen table. 

According to Table 6.3, the more people use the public zone, the more they 

prefer the location of in-front than the besides for the smart wall; (if Activity 

Type Public= single, then the probability that the alternative [in front] is 

chosen is 26.36% which is smaller than 39.56% the probability of 

alternative [besides], but if Activity Type Public= double or triple, then the 

probability that the alternative [in front] is chosen is larger than the 
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probability of alternative[besides], 36.16% > 30.79% and  37.47% > 29.63%). 

The in-front smart wall has less spatial connection with the smart kitchen 

table and therefore provides more dedicated space around the smart wall in 

the living room. Hence, people who tend to do multiple activities in the 

public zone, mostly prefer this alternative to have less conflict with the 

activities around the smart kitchen table. 

a.  

b.  
Figure  6.5 A screen shot of the BBN showing the node of smart wall location 

with two of its parent nodes indicating living patterns in the smart home. 

 Updated probabilities of the network for the (a) smart wall located in front of the 

kitchen, (b) smart wall located beside the kitchen. 

Table  6.3 Eliciting preferences of the smart wall location for different living 

patterns (%) 

 
In front Besides 

Activity Type Public 
  Single 26.36 39.568 

Double 36.168 30.799 

Triple 37.472 29.633 

Activity Type Kitchen  
  Single 39.244 28.048 

Double 28.941 37.26 

Triple 31.814 34.691 

In contrast, the more people use the smart kitchen table, the more they 

prefer the location “besides” than the “in-front”; (if Activity Type Kitchen= 

single, then the probability that the alternative [in front] is chosen is 39.24% 
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which is larger than 28.04% the probability of alternative [besides], but if 

Activity Type Kitchen = double or triple, then the probability that the 

alternative [in front] is chosen is smaller than the probability of 

alternative[besides], 28.94% < 37.26% and 31.81% < 34.69%). Meaning that 

people who do multiple activity types in the kitchen prefer to locate the 

smart wall beside the smart kitchen table to have the maximum spatial 

connection among them. They can use both of the smart kitchen table and 

the smart wall in their activities (e.g. working or tele activities).  

6.5  Predicting the preferences of the smart kitchen layout 

According to our lifestyle study (thesis A, [2]), people consider the smart 

kitchen table as one of the important hubs in a smart home and use it for 

different daily activities. Moreover, the BBN modeling of spatial 

preferences indicated that the general preference for an integrated kitchen is 

higher than for a separate kitchen (section 6.2).  

a.  

b.  

Figure  6.6 A screen shot of the BBN showing the node of the smart kitchen 

table with some of its parent nodes indicating living patterns in the smart home 

Updated probabilities of the network for the (a) integrated kitchen, (b) separated 

kitchen 
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In this section, we evaluate the factors that may influence this general 

preference. As Figure 6.6 shows, the working behavior of people both in 

their current lifestyle and in a smart home, and the level of using the smart 

kitchen table affect their spatial preference for the kitchen layout.  

Changes in the preferences for the integrated kitchen or the separated 

kitchen are illustrated in Figure 6.7. As it is depicted, the preference for the 

integrated kitchen is generally higher than the separated kitchen. Although 

some living aspects decrease this general preference, the majority of people 

prefer an integrated layout around the smart kitchen table. Only people, who 

do not work in smart homes, have a definite higher preference for the 

separated kitchen (Figure 6.7-c).  

a.  

b.  

c.  
Figure  6.7 Variations in the preference for the smart kitchen layout based on 

the (a) activity types doing in the kitchen, (b) working pattern, and (c) work 

location. The diagrams are based on the updated probabilities of the BBN.  

Table 6.4 shows the preferences for each of the kitchen layouts among 

people with different living patterns. It reports that the preference for the 

integrated kitchen is decreased by not effectively using the smart kitchen 

table; (if Activity Type Kitchen = single, then the probability that the 

alternative [separated] is chosen is 36.42% which is larger than 31.2% the 

probability of alternative [integrated]). A smart kitchen table makes it possible 
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to integrate kitchen related activities, such as cooking, with other daily 

activities, like child care-taking or entertainment. Spatial integration of the 

kitchen provides a better layout for this functional integration. It is logical 

that people, who do not use the smart facilities and do not apply the smart 

kitchen table for different activities have a lower preference for the 

integrated layout because the separated layout is more similar to the current 

layout of kitchens and provides more privacy in the kitchen area. 

However, the integrated layout is the most preferred layout among people, 

who normally use the smart kitchen table; (if Activity Type Kitchen=double 

then the probability that the alternative [integrated] is chosen is 36.54% which 

is larger than 28.68% the probability of alternative [separated]). But more 

using of the smart kitchen table does not necessarily lead to a higher 

preference for the integrated kitchen. The integrated layout for the smart 

kitchen has an added value for many of daily activities (e.g. tele activities 

and family gathering), but it cannot provide a proper level of privacy for 

some of the activities, which are taking place around the smart kitchen table 

and need high concentration like working activities. As depicted in Figure 

6.7-c, the preference for the integrated layout is decreased among people, 

who tend to work in the public zone or in the kitchen of the smart home, 

because the integrated kitchen may cause some conflicts with their work 

activities; (if Activity Type Kitchen=triple then the probability that the 

alternative [integrated] is chosen is a little bit less than the probability of 

alternative [separated] 32.25% < 34.89%).  

Table  6.4 Preferences of the smart kitchen layout among people with different 

living patterns (%) 

 
Integrated Separated 

Activity Type Kitchen  

  Single 31.201 36.421 

Double 36.546 28.683 

Triple 32.254 34.896 

Location Work 
  Nowhere 13.635 29.214 

Public 19.365 20.919 

Kitchen 20.033 19.952 

Private 25.789 11.62 

Semi Private 21.178 18.295 

Work Pattern 
  Low 31.77 35.596 

Medium 36.868 28.216 

High 31.362 36.187 

Remarkably, the probability of choosing the integrated kitchen is increased 

among people who tend to work in the private zone or in the semi-private 
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zone of the smart home; because they have enough privacy for working and 

an integrated kitchen can not cause any disturbance. (If Location 

Work=private or semi-private then the probability that the alternative 

[integrated] is chosen is more than the probability of alternative [separated], 

25.78 > 11.62%, 21.17% > 18.29%). Moreover, the preference for the 

kitchen layout is affected by the level of working at home. People, who 

neither currently work at home, nor work in the smart home, have the least 

preference for the integrated kitchen. According to Table 6.4, people who 

normally work at home in their current lifestyle (work pattern= medium) 

have the highest preferences for the integrated kitchen in a smart home (if 

Work Pattern= low or Location Work=nowhere, then the probability that the 

alternative [integrated] is chosen is less than the probability of alternative 

[separated], 13.63% < 29.21% and 31.77% < 35.59%).  

To conclude, while the smart kitchen table generally changes the layout of 

the kitchen to an integrated layout, some living patterns, like working at 

home and multifunctional use of the smart kitchen table increase the 

preference for this integration. However, their effects on the preference for 

the integrated kitchen are not linear. Meaning that not necessarily increasing 

the amount of working at home or the amount of using the kitchen will 

increase the preference for the integrated kitchen. If people would like to 

apply the smart kitchen for focusing activities such as working, their 

preferences for the integrated kitchen can be decreased. Not working at 

home and not applying the smart kitchen table definitely lead to a decrease 

in the preference for the kitchen integration. 

6.6  Predicting spatial preferences of different target groups 

Till now, we discussed the underlying reasons and conditions in which 

different spatial aspects are preferred. In the following, we are going to 

investigate spatial preferences of different target groups, namely, people 

with different nationalities, household types, privacy patterns, current 

housing types, working statuses, ages, and genders. Specifically, we enter 

evidence in the nodes determining users’ characteristics and then extract the 

updated probabilities of the choice nodes which define the spatial layouts. 

 Spatial preferences of people with different nationalities and 6.6.1

households 

Modeling spatial preferences of users is a difficult task since it depends on 

the characteristics of people and it can vary from person to person. Hence, 

we included the most important socio-demographic characteristics in the 

BBN model to make our predictions more accurate. Nationality and 

household are the two main characteristics, which are expected to affect the 

spatial preference of people. Households in different nationalities have 

various types of livings, needs, and therefore, they have various 
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expectations from the smart home. Figure 6.8 shows that how preferences 

for the main spatial aspects of the smart home, namely, bedroom layout, 

smart kitchen layout and, the smart wall type can be influenced by the 

nationality and the household’s type of people.  

a.   

b.  

Figure  6.8 A screen shot of the BBN showing the node of the bedroom layout, 

the smart wall type and the smart kitchen layout with the parent nodes of 

nationality and household. 

Preferences of (a) Dutch families, (b) Iranian families 

The general outputs of the BBN already indicated that the small, integrated 

bedroom layout is not largely preferred among people (see section 6.2). But 

according to Table 6.5, the probability of choosing this bedroom layout is 

considerably increased among the Dutch. They have the highest preference 

(12.79%) for this alternative, compared to Iranians (1.62%) and other 

nationalities (7.16%). Reviewing the results of our lifestyle study (thesis A, 

[2]) indicates that the Dutch tend to have the least time spending in the 

private zone of a smart home. They are the main target group, who does 

most of their activities in the public zone of the smart home and around the 

smart kitchen table. Hence, it is logical that the small, integrated bedroom, 

which proposes the largest public zone, has an increasing probability to be 

chosen among them. For the same reason, the Dutch have the least 

preference for the large, separate bedroom layout (37.08%) compared to the 

Iranians (44.68%) and the other nationalities (46.61%).  
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According to the Table 6.5, while the medium, semi-integrated bedroom 

layout is generally preferred by all the nationalities, the Iranians have the 

highest preference for it (53.68%). To summarize, although Iranians tend to 

minimize the private zone of the smart home, the most minimization and 

integration of the private zone is more acceptable among the Dutch.  

Table  6.5 Updated probabilities of the preferences for spatial layout of the 

smart home based on the nationality and household 

Highlighted values show the higher probability among the nationalities; bold 

values show the higher probability among the households  

 Dutch, alone Dutch,couple Dutch, family Dutch, other 

Bedroom Layout 

    Small, Integrated 12.799 12.799 12.799 12.799 

Medium, Semi separated 50.117 50.117 50.117 50.117 

Large, Separated 37.084 37.084 37.084 37.084 

Smart Kitchen Layout 
    Integrated 43.206 55.82 60.096 39.886 

Separated 56.794 44.18 39.904 60.114 

Smart Wall Type 
    One Sided 69.836 61.56 52.68 66.03 

Two Sided 30.164 38.44 47.32 33.97 

 
Iranian,alone Iranian,couple Iranian,family Iranian,other 

Bedroom Layout 

    Small, Integrated 1.6271 1.6271 1.6271 1.6271 

Medium, Semi separated 53.685 53.685 53.685 53.685 

Large, Separated 44.688 44.688 44.688 44.688 

Smart Kitchen Layout 
    Integrated 61.132 72.414 75.841 57.836 

Separated 38.868 27.586 24.159 42.164 

Smart Wall Type 
    One Sided 69.836 61.56 52.68 66.03 

Two Sided 30.164 38.44 47.32 33.97 

 
Others,alone Others,couple Others,family Others,other 

Bedroom Layout 

    Small, Integrated 7.1669 7.1669 7.1669 7.1669 

Medium, Semi separated 46.223 46.223 46.223 46.223 

Large, Separated 46.61 46.61 46.61 46.61 

Smart Kitchen Layout 
    Integrated 54.739 66.806 70.616 51.342 

Separated 45.261 33.194 29.384 48.658 

Smart Wall Type 
    One Sided 69.836 61.56 52.68 66.03 

Two Sided 30.164 38.44 47.32 33.97 
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The preference for the integrated kitchen highly depends on the household 

type in all of the nationalities. By increasing members within a household, 

the preference for the integrated kitchen is also increased. Families, couples, 

and individuals respectively prefer the integrated kitchen more than the 

separated kitchen. The probability that the integrated kitchen is chosen by 

the Dutch alone, couple, family = 43.20% < 55.82% < 60.09%, by the 

Iranian alone, couple, family = 61.13% < 72.41% < 75.84%, and by the 

other nationality alone, couple, family = 54.73% < 66.80% < 70.61%. Even 

if Dutch individuals have a higher preference for the separated kitchen 

(43.20% < 56.79%), Dutch couples, and families mostly prefer the 

integrated kitchen (55.82% > 44.18%, 60.09% > 39.90%). Our lifestyle 

(thesis A, [2]) study already revealed that increasing members of the 

household can increase the use of the smart kitchen table. Hence, it can be 

concluded that the spatial integration provides a better layout around the 

smart kitchen table to address the needs of a crowded household. According 

to the Table 6.5, the Iranians have the highest preference for the integrated 

kitchen among all of the other nationalities (e.g. the probability that the 

integrated kitchen is chosen by Iranian, couples is 72.41%, while the 

probability that the integrated kitchen is chosen by Dutch, couple = 55.82% 

and other nationality, couple = 66.80%). 

While the household type does not affect the preference for the bedroom 

layout, it affects the preference for the smart wall type. By increasing 

members within a household, the preference for having the two sided smart 

wall, which makes the living room more multifunctional, is increased. 

According to the Table 6.5, although the one-sided smart wall is generally 

more preferred among people, the probability of choosing the two-sided 

smart wall is highly increased by increasing members of the household. The 

probability that the two-sided smart wall is chosen by the Dutch alone, 

couple, family is 30.16% < 38.44% < 47.32%, by the Iranian alone, couple, 

family = 30.16% < 38.44% < 47.32%, and by the other nationality alone, 

couple, family = 30.16% < 38.44% < 47.32%. It is predictable that a family 

with children needs a more multifunctional layout around the smart wall 

than an individual who is alone at home and does not have any disruptions 

and conflicts. Finally, the results show that the nationality does not affect 

this preference trend.  

 Spatial preferences of people with different current housing 6.6.2

types  

People live in different types of houses, from small sized apartments, row, 

and semi-detached houses to detached houses with large sizes. It was 

assumed that the current housing type of people may influence their spatial 

preferences of the smart home. Hence, we included the housing type as a 

node in the network to be able to evaluate its effect on people’s spatial 
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preferences. Figure 6.9 shows how spatial preferences of people for a smart 

home can be influenced by their current housing type.  

a.    

b.  

Figure  6.9 A screen shot of the BBN showing the nodes of the bedroom layout 

and the smart wall location with the parent node of current housing type 

Preferences of people who currently live in (a) apartments, (b) detached houses 

Table 6.6 shows that the current housing type only affects preferences of the 

bedroom layout and the smart wall location. As discussed in the previous 

chapter, most of the current houses have a two-story layout with completely 

separated bedrooms. People who currently live in houses, on one hand, get 

used to this kind of separated private zone and on the other hand, would like 

to use the facilities of the smart home for an open plan layout. Hence, when 

they want to make a decision for the public-private layout of a smart home, 

they generally prefer neither too much separation nor too much integration 

in the private zone. There is a high probability for them to choose the in-

between alternative, which is the medium, semi-integrated bedroom layout; 

( if Current housing type= row or semi-detached house, then P (Medium, Semi 

separated bedroom layout) = 54.32% which is larger than P (Small, Integrated bedroom layout) = 

6.86% and P (Large, Separated bedroom layout)= 38.81% or if Current housing type= 

detached house, then P (Medium, Semi separated bedroom layout) = 52.29% which is again 

larger than P (Small, Integrated bedroom layout) = 3.51% and P (Large, Separated bedroom layout)= 

44.19%). 

But people, who currently live in apartments, have different preferences. 

The probability of choosing the medium, semi-integrated layout decreases 

and instead the probability of choosing the two other alternatives, namely, 
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the large separated bedroom layout and the small integrated bedroom layout, 

increases (Table 6.6). Not surprisingly, they mostly choose the most similar 

alternative to the layout of the current apartments, which is the large 

separated layout (45.37%). But P (Small, Integrated bedroom layout) among inhabitants 

of apartments is 11.21% while among inhabitants of houses is ~ 3.5% - 

6.8%. This increased preference for the small integrated layout may rely on 

the fact that the separation of the public-private zone in current apartments 

is less than current houses. The bedrooms in the apartments are built in the 

same floor where the living room is located. Therefore, people who 

currently live in apartments are more open to accept a high integrated layout 

than people who live in houses. This preference behavior also matches with 

our findings in the lifestyle study (thesis A, [2]). The lifestyle analysis 

confirms that people, who currently live in apartments, tend to have less 

using of the private zone in the smart home and instead more using the 

public zone compared to people, who currently live in houses.  

Table  6.6 Updated probabilities of the preferences for spatial layout of the 

smart home based on the current housing type (%) 

Bold values show the higher probabilities and the highlighted value show the 

significantly increased probability for the bedroom layout 

 Apartment 
Row/Semi- 

detached house 
Detached 

house 

Bedroom Layout 

   Small, Integrated 11.215 6.8682 3.5103 

Medium, Semi separated 43.407 54.321 52.298 

Large, Separated 45.379 38.811 44.192 

Smart Wall Location    

In-front 51.929 40.416 49.267 

Besides 48.071 59.584 50.733 

Regarding the smart wall location, people who live in apartments have 

different preferences from others (Table 6.6). While the general preference 

is to locate the smart wall beside the smart kitchen for applying the highest 

spatial connection, people who live in apartments alternatively prefer the in-

front location; (if Current housing type= apartment, then P (In-front) = 51.92% 

which is larger than P (Besides) = 48.07%). Although the probability difference 

is not so large, comparing it with the definite higher preference of the 

location “besides” among the inhabitants of houses indicates a change in the 

general preference from the location “besides” to the location “in-front” 

among people who currently live in apartments. As already discussed, the 

in-front smart wall has fewer functional relations with the smart kitchen 

table, but it provides more dedicated space around the smart wall. Hence, it 

is logical that people who currently live in apartments and tend to highly use 

the public zone (according to the lifestyle study (thesis A, [2]) prefer to 
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choose the in-front smart wall, which provides more dedicated space in the 

living room.  

 Spatial preferences of people with different personal privacy 6.6.3

patterns  

The personal privacy pattern refers to the extent that a person would rate 

his/her general required privacy to do daily activities. Our lifestyle study 

(thesis A, [2]) reveals that the personal privacy pattern of people affects the 

use of public and private spaces in the smart home. Hence, it is expected 

that it also affects the spatial preferences of people in smart homes. 

Accordingly, we include the privacy pattern node in the network to evaluate 

its effects on people’s preferences. Figure 6.10 shows this node in the 

network.  

a.  

b.  

c.  

Figure  6.10 A screen shot of the BBN showing the nodes of the smart kitchen 

layout and the smart wall type with the parent node of privacy pattern 

Preferences of people with (a) high privacy, (b) somewhat privacy, (c) low privacy 
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As Table 6.7 shows, the privacy pattern of people affects their preferences 

for the smart kitchen layout and the smart wall type. Although the majority 

of people, even those who need high privacy, prefer the integrated kitchen, 

the probability of choosing the integrated kitchen is highly decreased by 

increasing the need for privacy. Meaning that the more people need privacy, 

the less they prefer the integrated kitchen. The probability that the integrated 

kitchen layout is chosen by the people with low privacy, somewhat privacy, 

and high privacy = 65.57 % > 60.39% > 51.46%. 

The two-sided smart wall creates a semi-private zone in the living room. 

Hence, it is expected that the privacy pattern of people affects their 

preference for the smart wall type. The results confirm this hypothesis. The 

general estimation in section 6.2 indicated that the one-sided smart wall is 

preferable (P (one-sided smart wall) = 62.52% and P (two-sided smart wall) =37.47%). But 

according to Table 6.7, there is an increased probability (43%) for people, 

who somehow need privacy, to choose the two-sided smart wall; because 

they can benefit the adjustable privacy that this alternative provides.  

People, who do not need privacy or highly need privacy, have a higher 

preference for the one-sided smart wall since they respectively care about a 

completely free public space or a completely separated private space and do 

not need any semi-private space. If Privacy pattern= high, then P (one-sided smart 

wall) ~ 70%, which is a lot larger than P (two-sided smart wall) ~30%, and if Privacy 

pattern= low, then P (one-sided smart wall) ~ 60.5%, which is a lot larger than P (two-

sided smart wall) ~39.5%. 

Table  6.7 Updated probabilities of the preferences for spatial layout of the 

smart home based on the privacy pattern (%) 

Bold values indicate the higher probabilities and the highlighted values indicate 

the significantly increased probabilities  

 
High Privacy Somewhat, privacy Low,  Privacy 

Smart Kitchen Layout 

   Integrated 51.468 60.393 65.573 

Separated 48.532 39.607 34.427 

Smart Wall Type 
   One Sided 70.006 56.997 60.577 

Two Sided 29.994 43.003 39.423 

 Spatial preferences of people with different working statuses 6.6.4

and ages 

The working status and the age are the two other important characteristics, 

which are expected to influence people’s spatial preferences. While our 
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lifestyle study (thesis A, [2]) does not find any relation between these two 

characteristics with people’s behavior in the smart home, analysis of the 

spatial preferences in this part shows that the working status and the age of 

people influence their preferences for the flexible room. Figure 6.11 shows 

how these two nodes change the probabilities of choosing the flexible room. 

a.  

b.  

Figure  6.11 A screen shot of the BBN showing the flexible room node with its 

parent nodes of working status and age 

Preferences of the flexible room among (a) middle-aged single incomes, (b) 

middle aged dual incomes 

It is already discussed that people generally prefer not to have the flexible 

room in the smart home due to being inspired by the non-flexible layout of 

their current houses (section 6.2). According to general estimations, the 

probability of choosing flexible room is only 26.94%. In this part, more 

detailed exploration is given about the variation of this general preference 

among people with different ages and working statuses. According to Table 

6.8, the preference for having the flexible room is increased by increasing 

the age. While young people in all of the working statuses have the least 

preference for the flexible room (10.29%, 20.73%, 22.63%), the elderly has 

the highest preferences for it (26.23%, 43.52%, 46.14%). The reason may 

rely on the fact that the elderly needs to manage the privacy more than other 

people and the flexible room can be a response to this need. 
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Likewise, people who do not work have an increasing preference for the 

flexible room; (e.g. while P (flexible room) among single incomes is ~10.2% to 

26.2%, P (flexible room) among not working people is ~22.6% to 46.1%). These 

people, such as, retired people or housewives; usually spend a lot of time at 

home. Hence, the flexibility of spaces is more important for them compared 

to people who work out of the home. Moreover, dual incomes have a higher 

preference for the flexible room than single incomes. Dual incomes usually 

have a busier lifestyle than single incomes; (while P (flexible room) among single 

incomes is ~10.2% to 26.2%, P (flexible room) among dual incomes is ~20.7% to 

43.5%). They usually have a tight schedule while they are at home. 

According to the lifestyle study (thesis A, [2]), dual incomes are the main 

group, who greatly use the semi-private zone of the smart home. Hence, the 

flexible room is in accordance with their living pattern and can help them to 

reduce the possible conflicts among their activities.  

In conclusion, while the general estimations indicated that the flexible room 

is not largely preferred in smart homes, case analysis on the BBN reveal that 

the elderly, not-working people and dual incomes are the potential target 

groups for the spatial flexibility inside the smart homes. They are people, 

who need different ranges of privacy and a flexible room helps them to 

adjust the privacy of spaces in accordance with their activities. 

Table  6.8 Updated probabilities of the preferences for spatial layout of the 

smart home based on the working status and age (%) 

Highlighted values indicate the significantly increased probabilities for the flexible 

room among the elderly, not-working people, and dual incomes than the others 

 
Single inc, young Single inc, middle-aged Single inc, elderly 

Flexible Room 
   Yes 10.296 14.8 26.231 

No 89.704 85.2 73.769 

 
Dual incomes, young Dual inc, middle-aged Dual inc, elderly 

Flexible Room 
   Yes 20.735 27.961 43.526 

No 79.265 72.039 56.474 

 
Not-working,     young Not-working, middle-aged 

Not-working, 
elderly 

Flexible Room 

   Yes 22.63 30.21 46.147 

No 77.37 69.79 53.853 

 Spatial preferences of people with different genders 6.6.5

It is expected that males and females have different spatial preferences of a 

smart home. According to our lifestyle studies (thesis A, [2]), there are some 

differences among their behavior in a smart home. The gender affects 
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especially the kitchen use of people in a way that females use the multi-

functionality of the smart kitchen table more than males. But analysis of the 

spatial preferences in this part shows that the gender only affects the 

preference for the public–private layout.  Figure 6.12 represents this 

relationship.  

a.  b.  

Figure  6.12 A screen shot of the BBN showing the dependency of bedroom 

layout node on the gender 

Preferences of the bedroom layout among (a) males, (b) females 

According to the updated probabilities, which are reported in Table 6.9, 

males are more welcome to modify the private zone of a smart home and to 

minimize and integrate it with the public zone. While P (medium, semi- integrated 

bedroom) = 53.76% is the highest among males, P (medium, semi-integrated bedroom) 

among females decreases to 46.25% and instead P (large, separated bedroom) 

increases to the highest amount 46.40%. However, the probability of 

choosing other options with smaller and more integrated bedrooms is still 

higher than choosing the large bedroom among females (46.253+7.3416= 

53.59%). To summarize, although smart homes are going to have an open 

space layout, females are more conservative to accept this change in 

comparison with males.    

Table  6.9 Updated probabilities of the preferences for spatial layout of the 

smart home based on the gender (%) 

 Male Female 

Bedroom Layout   

Small, Integrated 7.0537 7.3416 

Medium, semi-integrated 53.764 46.253 

Large, separated 39.183 46.406 

6.7  An evaluation of smart home acceptance 

A descriptive analysis of the data shows that majority of the respondents 

had a quite positive feeling to the final designed smart home. As Table 6.10 
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shows, 87.8 % of the respondents were satisfied (somewhat, very much and 

extremely satisfied) with the quality of home environment in the smart 

home. Almost all of the respondents (about 95.6%) believed that the 

modified layout of the smart home is different from the layout of current 

houses and applying smart technologies really changes the spatial layout of 

the houses.  

Table  6.10 Frequency table represents the final satisfaction of respondents for 

the final designed smart home in the experiment 

 

Although the respondents had a high level of satisfaction in the smart home, 

it does not guarantee that they would accept it as a future house for 

themselves. According to the Technology Acceptance Model presented by 

Davis in 1986, the actual acceptance and use of a new technology by people 

can be different from their motivation [67]. Hence, we included another 

question in the survey to measure the actual acceptance of the smart home 

among the respondents. We used a trade-off question to ask the respondents 

if they have limited budgets, they would prefer to have a smart home or a 

larger home. The reported findings in Table 6.11shows that although some 

of the respondents, even those who had a high satisfaction of the smart 

home, prefer to invest money in making their home larger, the majority of 

respondents (71.7%) makes the trade-off and prefer to invest money in the 

smart home. This high level of smart homes’ acceptance in comparison with 

the low level of outlining acceptance in the literature is an indication that 

applying the spatial modification during the implementation of smart 

technologies can effectively increase the acceptance of smart home among a 

wider range of target groups; because the spatial modifications change the 
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qualityOfHomeEnvironment 2 1.6 3.5 4.3 31.9 39.4 16.5
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layout of the house to a compatible layout with the functionalities of smart 

technologies and the users’ preferences in daily life. Accordingly, more 

diverse people perceive the benefits of smart homes in their life and home 

environment and accept them.  

Table  6.11 Frequency table represents the trade-off decision of respondents for 

having a smart home or a bigger home if they have a limited budget 

 

6.8 Conclusion 

Applying new smart technologies in current houses change many of the 

current living patterns of people (lifestyle study, thesis A, [2]). Hence, 

spatial aspects of houses need some modifications to provide a compatible 

platform with the new living patterns. Better use of the smart technologies 

and better quality of space can be achieved by adapting the spaces of a 

smart home with these new living patterns. Accordingly, a higher level of 

smart homes’ acceptance is expected. In this chapter, we applied a Bayesian 

Belief Network to define the optimal spatial layouts of smart homes. In 

particular, we used the BBN to model the main spatial aspects of the smart 

home based on users’ preferences. We included users’ socio-demographics, 

current lifestyles and the new living patterns in the model to define the 

optimal spatial layouts of smart homes for different target groups.  

The general estimation of the compiling BBN indicated that the most 

preferred layout for smart homes is an in-between integrated layout with 

limited possibility of flexibility and multi-functionality (layout-a1, a2, Table 

6.12). In general, there is a high preference for the spatial layout with the 

medium, semi-integrated bedroom, the integrated kitchen, and the smart 

wall beside it, but a low preference for the extra flexible room and the two-

sided smart wall. Hence, maximum integration of the public-private zone, a 

true flexibility, and multi-functionality of the living room are not estimated 

in the most preferred layout of smart homes.  

27.6 

71.7 

0 10 20 30 40 50 60 70 80

Big
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Table  6-12 Variations of the spatial preferences in an 80 m
2
 smart home; 

By moving from the bottom to the top of table, the layouts become more flexible, 

multifunction, and integrated.   
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Table  6-13 Variations of the spatial preferences in a 125 m
2
 smart home; 
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However, this is a very broad estimation of users’ spatial preferences and 

the differences in the preferences of target groups for the smart homes in 

different sizes are not explicated in this estimation. The demographic 

analysis revealed that the estimated layout as the most preferred layout of 

the smart homes is principally compatible with the preferences of young 

individuals or couples, who are single income; there is a lower compatibility 

between this layout and the preferences of more diverse target groups, such 

as the elderly, middle-aged people, families, and dual incomes. Hence, more 

accurate estimation was done by applying different cases (e.g. different 

sizes, users’ characteristics, and living patterns) in the BBN and exploring 

the updated probabilities. A conclusion of the main variations in the 

estimated general spatial preference of smart homes is given in the 

following. Table 6.12 illustrates how the preferred layout of the smart home 

can be changed in different cases. 

Applying the size and other living patterns in the network gives a more 

accurate estimation of the optimal layouts of smart homes for different 

target groups in the real world. By decreasing the size of the smart home to 

80 m2, preferences for the integrated kitchen and the two-sided smart wall 

are decreased and instead preferences for the medium, semi- integrated 

bedroom layout and the extra flexible room are significantly increased. To 

conclude, by limiting the size of a smart home, people mainly prefer to 

apply spatial modifications only in the private zone to make it smaller and 

more flexible, but keep the public zone as large and simple as it is (layout-

b1, Table 6.12). The demographic analysis reveals that a layout with a 

simple living room and a separate kitchen is mainly compatible with 

preferences of individuals, who generally do not work (e.g. Retired people, 

housewives) or do not work at home, and do not effectively use the smart 

facilities. 

Although the probability of choosing the separated kitchen is increased in a 

small sized smart home, the majority of people still prefer an integrated 

kitchen layout even in the 80m2 smart homes. Moreover, it is found that 

effectively using the smart facilities, especially the smart kitchen table, can 

increase the preferences for the integrated kitchen with the flexible room 

close to it. According to the gained results in this chapter, people who 

normally apply the smart kitchen table and the semi-private zone (located 

next to the smart wall) and people who work at home especially dual 

incomes have a higher preference for the integrated and flexible layout 

(layout-c1, Table 6.12). In addition, the flexible minimized private zone of 

this layout is compatible with the expectations of the elderly and middle-

aged people from a smart home.  

The living room presented in the layout c1 is as simple as an ordinary living 

room and it is not multifunctional. The gained results of this chapter 
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revealed that while individuals and couples do not care much about the 

multi-functionality of the living room and the space around the smart wall, 

families with children have a higher preference for the two-sided smart wall. 

Hence, layout-d1 (Table 6.12), which proposes a flexible semi-integrated 

private zone together with a multifunctional public zone, is better 

compatible with the preferences of family households. Moreover, layout d1 

is compatible with the preferences of not only families but also those, who 

normally work in the smart kitchen or in the semi-private zone of the smart 

home. The flexible private zone and the multifunctional public zone in this 

layout provide the best-fitted layout for the work activities. 

In contrast to the small sized smart homes (80m2), people generally prefer to 

apply spatial modifications mainly in the public zone of the 125m2 smart 

home. In this size, people prefer to keep the private zone as large and 

separate as it is but make the living room and the kitchen more 

multifunctional and integrated. Layout-b2 in Table 6.12 depicts this 

preferred layout. In fact, there is a high probability that people follow the 

current multi-roomed layout of their house in this size of smart homes; 

because there is enough space to have some separated large bedrooms while 

applying the smart technologies in the public zone. However, the large 

separated private zone in this layout cannot fully address the needs of 

people, who really want to apply the smart technologies. Only young, single 

income families, who tend to use the bedrooms a lot, are the potential target 

groups of this layout.  

According to the results, if people really apply the smart technologies, their 

preferences for modifying the private zone of the smart home are increased. 

The preference for the most open plan layouts (layout-c2 and layout d-2, 

Table 6.12), with the small integrated private zone is significantly increased 

among people who greatly use the smart wall and spend most of the time in 

the public zone, greatly use the semi-private zone next to the smart wall, 

effectively use the smart kitchen table and work on it, dual incomes, middle-

aged people, the elderly, and families. In conclusion, by increasing the use 

of smart facilities, and increasing the age, members of a household and 

numbers of people who work at home, the need for applying the smart 

technologies is increased and accordingly the preference for the flexible 

room, small integrated bedroom layout, and the two-sided smart wall is 

increased. 

To conclude, a full functionality of smart technologies in both sizes of the 

smart homes for diverse target groups can be better achieved by more open 

space layouts, which are embedding the smart technologies in flexible and 

multifunctional platforms. Opposed to such kinds of open space layouts, a 

multi-roomed layout is proposed which is composed of a big, separate 

private zone, a separate kitchen with low spatial relation to the smart wall 
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and a non-multifunctional living room with a one-sided smart wall (Table 

6.12). This is the most similar layout to layout of current houses. According 

to the results, the multi-roomed layout cannot address preferences of diverse 

target groups of smart homes and it is appropriate only for young 

individuals, young couples, and single incomes. Because of the maximum 

level of privacy provided in this layout, it is mainly preferred by people, 

who need high privacy and mostly spend time in the private zone. In 

addition, more analysis of living patterns reveals that this layout is 

principally preferred by people, who do not effectively use the smart 

facilities, namely, do not work in the smart home, do not use the facilities of 

the smart kitchen table, and do not use the semi-private zone next to the 

smart wall. To conclude, people, who do not really apply the smart 

technologies, generally prefer this multi-roomed layout, which has the most 

similarities to the layout of current houses. However, because of the high 

privacy provided in this layout, it can be a preferable layout among people, 

who work at home to a large extent, especially those, who choose the smart 

kitchen table or the public zone as a place for work. 

Applying smart technologies decreases the occupied area and the separation 

of the private zone. Hence, the public zone becomes larger and more 

integrated to the private zone. Similarly, applying the smart kitchen table 

make the kitchen integrated with the public zone. The private zone becomes 

more flexible and the public zone becomes multifunctional in a smart home 

only if users really apply the smart technologies in daily life. Such a kind of 

change from the multi-roomed layout to a more flexible, multifunctional 

open plan layout in smart homes is in line with the new living patterns in 

smart homes. According to the lifestyle study (thesis A, [2]), the border of 

work and daily life is loosening up in smart homes. Work and tele activities 

in a smart home are more flexible, integrated with daily life, not isolated, 

and not restricted to a specific location. People execute an increasing 

amount of their daily activities with the smart kitchen table and shift from 

the private zone (separated personal rooms) to the public zone of smart 

homes happens. The private zone is less used and instead the public zone 

becomes more multifunctional. The semi-private zones in smart homes 

become more important for work and tele activities.  

However, the spatial modifications of smart homes cannot be applied the 

same for all the people. Because people do not behave similarly in a smart 

home and they have different needs and preferences of a smart home. Based 

on the gained results in this chapter, the main socio-demographic 

characteristics, which influence the spatial preferences of people for a smart 

home are household, working status, age, gender, and the personal privacy 

pattern. Moreover, the results indicated that nationality can influence spatial 

preferences of people, especially the preference for the public-private layout 

and the kitchen layout of a smart home. While both nationalities basically 
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prefer to minimize the private zone of a smart home to the medium, semi- 

integrated layout, the highest level of minimization of the private zone is 

mainly appealing among the Dutch. The Dutch have the highest preference 

for the small, integrated bedroom layouts but the lowest preference for the 

large, separated bedroom layouts. Such a kind of high preference for 

minimization of the private zone among the Dutch arises from their living 

patterns in a smart home. According to the lifestyle study (thesis A, [2]), the 

Dutch generally tend to do most of their daily activities around the smart 

wall in the public zone of a smart home and they do not largely use the 

private zone. Instead, Iranians basically prefer to apply the maximum 

integration in the kitchen layout. But that is not highly preferred among the 

Dutch. Although, there are many similarities in spatial preferences of smart 

homes among different nationalities, such kinds of differentiation in the 

preferred types of integration in the layout call for more contextual analyses 

in smart home design. However, our comparative analysis showed that that 

majority of the respondents, from different nationalities and socio-

demographics, had a quite positive feeling to the final designed smart home 

and had a high tendency to accept the smart home and invest money on it. 

Hence, smart homes can potentially be marketed for diverse target groups in 

different countries, only if their designs (both technical and spatial designs) 

become adapted with users’ preference in the real life. 
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7 Conclusions and Discussions  

Smart homes are believed to improve quality of life. Smart homes introduce 

a new housing concept, which is well matched with the emerging types of 

livings. For instances, improvement of flexibility and multi-functionality of 

spaces inside the smart homes provide a significant level of space saving. 

Hence, smart homes are said to be addressed the challenge of compact 

housings in high dense cities. Furthermore, facilitation of daily routines, 

multitasking, and many out of home activities (e.g. home working, tele 

activities) within the smart homes helps to address other challenges, such as, 

traffics, pollutions, lacking time, and busy stressful lifestyles, which are 

largely available in current societies. Hence, many up-level challenges can 

be addressed if smart homes become a common type of dwelling in the 

housing industry.  
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When this project started in 2010, smart homes were an issue primarily seen 

from a technological point of view and the architectural perspective was 

poorly addressed; except for some disperse theoretical work, there were few 

relevant researches about the contribution of smart homes in the housing 

industry and smart homes were targeted for specific people in the society 

not for the public. In recent years, the rapid development of smart 

technologies dramatically affects the life of almost everyone. Nowadays, 

increasingly more people, even those living in poor countries, have smart 

phones and experience connectivity, remote working, social networking and 

other aspects of a digitalized lifestyle. However, the housing industry still 

does not show any reaction to these changes of lifestyles. According to the 

European smart home report 2013, the largest sector for smart homes 

application are luxury villas or luxury apartments and only a small sector 

relates to mid-range houses and apartments (Figure 7.1). In addition, the key 

demand side drivers of smart homes still remains comfort and convenience; 

other functionalities of smart homes are not completely achieved. According 

to BSRIA smart home study, the Netherlands is one of the notable samples 

which plan to promote the domain of smart homes as assisted living homes 

in a way that they are becoming an important market with financial support 

from the government [134]. However, other potentialities of smart homes 

are not completely achieved yet in the current smart home developments. 

 

Figure  7.1 The sectors of smart homes in Europe in 2013 [100] 
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In this thesis, we put our emphasis on mid-range smart homes to be able to 

enlarge smart home’s contribution to future housing industry and broaden 

the target groups. There are many barriers to achieve the aim of “smart 

homes for all”. The main barriers are: 

1. The public perception of smart homes as costly and technically 

complex reserved for luxury houses or assisted houses. 

2. The lack of customer awareness and insufficient tangible benefits of 

smart homes for ordinary people. 

Obviously, the possibility of a reduction in the prices of smart homes is the 

key to the market’s growth of smart homes in the future. It needs further 

research on making smart technologies more affordable and accessible to 

people. However, the issue of cost and its effects on people’s preferences is 

outside of the domain of this dissertation and can be viewed as a venue for 

future research. 

Another critical issue for breathing life into the smart home’s marketing, 

which better fits with the goal of this dissertation, is addressing the second 

barrier. Namely, smart homes need to be oriented towards more diverse 

applications for different target groups. To this aim, the thesis highlighted 

the need for smart home design that goes beyond technical services and 

merged with architectural and spatial aspects. Only when such a holistic 

approach is adopted, where other applications of smart homes like 

improving the quality of space and life are enabled, the benefits of smart 

homes become clear to the consumers. Accordingly, the tendency of 

accepting smart homes among them is expected to be increased. 

While the spatial consequences of applying smart technologies in a home 

are hardly noticed or commented upon in the current literature, we 

investigated the optimal spatial aspects of smart homes according to users’ 

preferences. In fact, we suggested a new way of smart home design, which 

is different from the contemporary housing design as the current 

technology-driven design. Meaning that while on one hand current houses 

are first to be designed and then the technologies are added to space and, on 

the other hand, the technologies are designed without considering the spatial 

aspects, we merged these two processes and applied a user-centered design 

process for defining the spatial aspects of smart homes. Specifically, we 

applied the technology in the first stage of the design and then investigated 

the preferred spatial layout of a smart home by users. The approach was (i) 

developing applicable virtual experiments for presenting smart homes to the 

users and letting them experience the smart home and finally making 

decision among different layouts of smart homes, (ii) estimating utility 

functions from the design decisions of users within the virtual experiment, 
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and (iii) estimating the optimal spatial layouts of smart homes by finalizing 

the spatial preference modeling of smart homes in BBN.  

The constructed BBN model identified the influencing factors on user’s 

spatial preferences of smart homes based on not only socio-demographics 

but also different aspects of users’ lifestyle. Specifically, the model 

estimated the nature and strength of relationships and probabilities of 

choosing a particular design alternative with a set of variables, namely, 

sociodemographic,  users’ current lifestyle types and their new living 

patterns in smart homes. In addition, the model was able to estimate the 

effect of size on users’ spatial preferences of smart homes. The differences 

and similarities of users’ spatial preferences were measured in two different 

sizes of 80 m2 and 125 m2 smart homes. Accordingly the model was able to 

answer all of the research questions, which were raised in Chapter 1:  

(i) How is the home going to be changed by applying smart 

technologies?  

(ii) What are the optimal spatial layouts of smart homes which can 

provide better functionality for smart technologies and a higher level 

of users’ satisfaction?  

(iii) What are the influencing factors on user’s spatial preferences of 

smart homes? 

(iv) What are the differences in spatial preferences of various target 

groups for a smart home? 

(v) What are the spatial preferences of people in different sizes of smart 

homes? 

Two types of output were derived from the constructed BBN model. First, 

estimating optimal spatial layouts for the main parts of a smart home, 

namely, public-private layout, smart living room layout and the smart 

kitchen layout by evaluating the final compiled network; second, estimating 

spatial preferences of different target groups by inputting different cases in 

the network and then deriving the updated probabilities. The first outcome 

can potentially be used by smart home designers, technology developers, 

housing corporations and architects to upgrade the current state of houses 

and contributing smart homes in the housing industry. The second outcome 

is potentially relevant as input to strategic policy making and smart home 

marketing in the real estate sector.  

Figure 7.1 shows the position of the model’s output in the basic framework 

(Figure  1.1), which was presented at the beginning of the thesis to explain 

the thesis contribution in smart home development by considering 

technology, lifestyle, and space as a chain.  
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Figure  7.2 The position of gained results in the chain of technology, lifestyle, 

and space 

7.1 Summary of the study 

Like the similar studies which derive people’s preferences from the choices 

they made for a particular housing type (e.g., [135]; [136]; [137]; [138]; 

[77]), we assumed that users’ choice behavior reflects their underlying 

preferences. Hence, each subject was presented a basic layout with multiple 

predefined design alternatives. The subject could explore all of the 

alternatives until reaching an ultimate layout, which was called the most 

preferred layout. This process was done by 254 respondents who 

participated in the experiment. The choices made by them for the 

alternatives were translated as the user preferences and were entered as 

input into the Bayesian Belief Network. The structure of the BBN was 

already constructed by applying Multinomial Logit (MNL) for each choice 

node. The network processed the information for the whole sample of 

respondents, estimating their preferences and predicting their preferred 

layout.  

The key conclusion includes the fact that spatial organizations of current 

houses need modifications if the full functionality of smart technologies is 

applied for diverse target groups. One of the essential spatial modifications 

relates to the kitchen layout. Although kitchens in the current houses have a 

view of other zones of the house, they are still not completely integrated 

with other spaces and need a distinct area. Moreover, current kitchens 
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mainly allocate cooking related activities and do not commonly support 

communicational and social activities. But the model’s outputs suggest a 

different layout for smart kitchens. Applying the smart kitchen table in the 

kitchen area which is connected to other smart technologies changes the 

current concept of kitchens to one of the most important centers of daily 

activities in smart homes. Spatial separations are no longer preferable in 

smart kitchens and even can cause some functional problems. Hence, people 

generally prefer a high level of integration in smart kitchens. Other spatial 

modifications should be applied in the public-private layout of current 

houses. The layout analysis of the six reference housing types in the 

Netherlands represented by the Referentiewoningen nieuwbouw (2013) 

[115] reveals that generally there is a definite separation between the private 

zone (bedrooms) and the public zone in current houses. There is a limited 

amount of flexibility, visual, or functional relations between these two 

zones. Hence, the current living rooms are separate rooms which 

predominantly are designed for passive TV consumption. On the other hand, 

the bedrooms of current houses are the main place for personal activities 

and working activities and occupy approximately half of the total area of the 

houses. Hence, a multi-roomed layout is dominantly applied in the current 

housing design. But the results of this study report some degree of reduction 

in the size of the smart private zones. Mainly because the private zone of a 

smart home is less occupied and is less being used. Instead, people prefer to 

do most of their daily activities, even working, out of the private zone (i.e. 

around the smart wall, the smart kitchen or in smart semi-private zones). 

Hence, the private zone is required to be minimized and flexible in smart 

homes. Basically, the living room of a smart home is highly affected by the 

smart wall. A smart living room should support different activity types from 

passive to interactive at the same time or in different time slots. Hence, the 

current living room layouts also need to be modified to a more 

multifunctional and interactive layout in smart homes. Such a kind of 

estimated layout is useful to the future housing industry with the needs to be 

adapted to new complex lifestyles and ever-changing technologies. 

However, the results clarified that these spatial modifications are mainly 

preferable among target groups, who need smart technologies the most. 

According to the results, only if people really utilize the smart technologies 

in their daily life, they prefer to have spatial modifications in order to 

achieve the full functionality of the smart technologies. For this reason, dual 

incomes more than single incomes, the elderly, and middle-aged people 

more than young people, families more than individuals and couples, people 

who work at home more than people who do not work at home, prefer a 

flexible, multifunctional and integrated layout in the smart homes. But if 

people do not really need the smart technologies and do not apply them in 
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their daily life, there is a high probability that they prefer the most similar 

layout to the layout of their current house; because people generally get 

inspired from the spatial layout of their current house while they are making 

a new home design.  

To conclude, applying the spatial modifications according to the preferences 

of different target groups can broaden the domain of smart homes from a 

technology-driven industry to the future housing industry and the real estate 

industry. There is a great opportunity to apply the smart technologies not 

only in living labs, luxurious houses, or assisted houses but also in more 

common types of housing, like the small and medium sized apartments. 

When we are considering the small-scale houses, the technology cannot 

only be added to these houses and some spatial modifications are required in 

the layout of the houses to make them logically acceptable. The outlined 

spatial modifications in this study, adapt the space with the functionality of 

smart technologies and with the users’ needs and preferences. The 

modifications improve the flexibility and multi-functionality of spaces, 

reduce unessential separations among the spaces, decrease multiple useless 

areas, provide space saving, facilitate better interactions among the activities 

and the spaces, and well support tele activities and working. All of these 

modifications make ordinary houses more livable and more adapted to the 

lifestyle of their inhabitants. Perceiving the utility of smart homes increases 

the acceptance of mid-range smart homes among more diverse target 

groups, not only individuals, the elderly, or wealthy people, but also family 

households, busy lifestyle people, double income families, low incomes, big 

crowded city inhabitants and etc. Our investigations on the users’ 

acceptance of smart homes also proved that applying the spatial 

modifications affect people’s decisions to invest their money on making 

their home smart but not bigger. This “build better, not bigger” design 

policy offered by smart homes helps housing producers to make an optimal 

housing model for a smart city.  

7.2 Strengths of the study  

 Multidisciplinary approach 7.2.1

We did not see the smart home design as a pure technical development or a 

pure spatial design, rather a combination of both; we investigated the best-

fitted layouts of the space and the technology based on different user 

aspects, such as sociodemographic characteristics, current lifestyles, and 

new living patterns.                                        

The model successfully could find the interdependencies and causal 

relationships among these factors. It can be concluded that the future 

housing design is a multidisciplinary activity and requires a variety of 
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competencies, e.g. architects, technology developers, device manufacturers, 

behavioral researchers, and marketers.  

 Multi-sized smart home samples 7.2.2

We did not see the smart home design as a unified design solution 

applicable for different sizes of smart homes; rather we investigated the 

best-fitted layouts of space-technology in different sizes. The model 

successfully clarified the interdependencies and causal relationships among 

the size of the smart home and the users’ spatial preferences. According to 

the results, in the smaller sized smart home the changes mostly are applied 

in the private zone but in the large sized smart home, the changes mostly are 

applied in the public zone. Meaning that the smaller the home is, the more 

smart technologies change its public-private layout. If people have enough 

space in their homes, they prefer to apply smart technologies mainly in the 

public zones and keep the private zone unchanged. Spatial modifications of 

the private zones in small sized smart homes can effectively increase the 

functionality of smart technologies in those homes and support the logic of 

applying smart technologies in them. While without the spatial 

modifications, people may find the smart technologies useless or 

unessential. Hence, the modifications can increase users’ satisfactions and 

acceptance of smart technologies in small-sized houses. It can be concluded 

that considering the size of the flat is crucial in the selection of the best-

suited layout for that flat in the upgrading process to a smart home.   

 Multinational dataset  7.2.3

We did an internet-based experiment with respondents from all over the 

world. However, the two most dominant groups of respondents were 

Iranians and the Dutch. Such kind of multinational dataset let us explore 

users’ preferences of smart homes in different countries, which is one the 

strengths of this study. The results report some minor differences among 

preferences of these two main nationalities. While preferences of Iranians 

and the Dutch converge for minimization of the private zone in smart 

homes, the Dutch have a higher preference for it. However, Iranians 

basically prefer to apply the most integration in the kitchen layout, while 

that is not highly preferable among the Dutch.  

The conclusion is that while applying smart technologies generally can 

break down the multi-roomed layout of the current houses, the types of the 

new integrated layout are varied in different countries. Therefore, a deeper 

cross-country research is required to match the smart home design to 

different regional markets, which can be seen as a potential field of research 

for further studies. 
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 Combining MNL and BBN for modeling users’ preferences in 7.2.4

an experimental design task 
1
 

The process of estimating a preference function using a Bayesian Belief 

Network requires quite a large sample of subjects. Usually network-learning 

software, such as Power Constructor are used in such studies for estimating 

the causal links among the variables and calculating the probability of each 

choice alternative based on the other attribute levels of the parent nodes 

(CPTs). Since smart homes are still not in the market, there was no available 

data reporting the behavior of a large population toward smart homes. 

Hence, we had to apply experimental methods for data collection. A limited 

number of respondents is inevitable in experimental methods especially in 

experiments which take relatively long time (around 1 hour for each 

respondent). Nevertheless, we succeeded to gather 254 respondents in our 

experiment which was really good sample size for an experimental research. 

But the sample size of 254 was still not enough for applying a learning 

algorithm, automatically detecting the relationships among the variables, 

and generating the links. Hence, we could not directly use the Power 

Constructor. In this regard, we mimicked the procedure of Power 

Constructor for constructing a BBN. Specifically, we estimated the causal 

links among the nodes using the Chi-square test. Next, we used multinomial 

logit model (MNL) to estimate the probability of selecting each choice node 

based on its parent nodes (the influential variables) and calculate the CPTs. 

Finally, the resulting network was imported to Netica to be compiled and 

displayed. The constructed BBN network could successfully model the 

optimal spatial layout of smart homes based on the preferences of different 

target groups.  

The conclusion seems justified that processing MNL modeling to the 

Bayesian Belief Network offers a potentially valuable approach to model 

users’ preferences in the experimental design tasks. In fact, each of the 

design decisions is modeled separately by MNL. Then the separate design 

decisions are used as input to the BBN and become generalized in one 

network representing the final preferred design layouts.  

 Applying virtual experimental methods in the smart homes’ 7.2.5

studies 

In this thesis, we tested possibilities of applying virtual experimental 

methods in the smart homes’ studies through a prototyping experiment. We 

developed an application representing an interactive virtual smart home, 

which lets respondents conduct multiple typical domestic tasks by doing 

some real time interactions with the smart technologies. Evaluation of the 

                                                            
1 This section is identical with the section 7.2.5 of thesis A [2] 
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users’ reactions to this interactive and responsive prototype revealed that 

users appreciate the virtual system to understand and interact with the smart 

technologies and perceive their functionalities. The results verified that VR 

methods can successfully be applied in user studies of smart homes. 

Especially because virtual experiments are cost effective, provide time 

saving, and enable user studies with many participants, while for real world 

prototyping experiment this is impossible. In a virtual prototyping 

environment, users can easily experience different design alternatives and 

apply their own changes. Hence, we propose VR methods as an alternative 

assessment method for eliciting users’ preferences in smart home design.  

 Narrowing down the model but keeping it extensible  7.2.6

We acknowledge that in this study the Bayesian Belief Network was used 

for modeling limited numbers of design decisions. The design decisions, 

which are included in the network, correspond to the main spatial aspects of 

the smart home, namely, size, bedroom layout, flexibility pattern, kitchen 

layout, smart wall type, and smart wall location in the living room. These 

are the main aspects of a home, which are expected to have the most 

changes by applying smart technologies. Hence, we focused only on these 

aspects and ignore many other design aspects to keep the model simple. 

However, the network can theoretically include more design alternatives. 

Bayesian Belief Networks offer flexibility in manipulating a network’s 

structure by introducing additional nodes.  In principle, it is possible to do 

so as the only needed information for the newly added nodes is the initial 

probability distribution that can be arbitrarily set to a uniform distribution 

[77]. Further extension of the network is left for future studies. 

Furthermore, the alternatives that were sampled in the experiment were 

developed in simple graphic shapes to reduce any unknown effects (e.g. 

personal tastes and emotions for aesthetical issues). Hence, the attributes of 

the alternatives could better work for any existing house layout. 

7.3 Limitations of the study as venues for future works 

 Application of the modeling’s outputs in real smart home design 7.3.1

The final BBN model developed in this study is able to predict optimal 

spatial aspects of smart homes based on different target groups’ preferences. 

But the application of the model’s externalities in real smart home designs 

was unfortunately not completely attained in this study. The model’s 

externalities can be seen as the rules, which determine the extent that a 

designed plan layout is successful in providing a full functionality of the 

smart technologies for the inhabitants. One way to continue with this work 

is to use the developed model in a pattern recognition engine that can 

understand housing plans and can measure their capability of being 
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upgraded to a smart home based on these rules. A system which can rate the 

level of being suitable for involving smart technologies in the designed 

housing plans and can determine the potential target groups for that plans. 

Such a system can be effectively used in mass customization of smart 

homes.  

 Representation of the sample
2
 7.3.2

Although a great effort has been take place to conduct a web-based 

experiment in order to have a large sized and representative data set, the 

final sample is not really representing the general public. As reported in 

section 4.5, some aspects such as age, education and nationality do not have 

proportional categories in the final sample. The sample suffers from the lack 

of numbers of elderly. The sample is mostly highly educated people and the 

numbers of Iranians, Dutch people and other nationality in the sample are 

not quite proportional. This limitation might be relevant when presenting the 

results as cultural and age differences in terms of needs and preferences in 

smart homes. In later studies, more arrangements (e.g. paying fee to the 

respondents for their contribution) need to be done in order to cover this gap 

in the sample.  

However, it is notable that adequate distribution is provided in the sample of 

this study for the other demographic aspects such as gender, household, 

working status, current housing type and lifestyle aspects.   

 Validation and generalization of the results
3 7.3.3

As discussed in chapter 3, living labs are the commonly applied research 

tool in the smart home research and the user studies. Living labs make user 

observations and behavioral analyses possible. Accordingly, researchers can 

elicit Revealed Preferences (RP) of users through their observations. 

However, due to many reasons which are largely discussed in chapter 3, we 

did not conduct the experiment in a living lab environment. Alternatively, 

we applied a web-based survey using a 3D interactive simulated smart home 

to elicit user preferences. Respondents were asked to imagine the spatial 

conditions in a smart home and select their preferred layout. Accordingly, 

the outcomes are not revealed preferences but stated preferences of users. 

However, the question arises regarding the validity of respondents’ choices 

and the extent that their stated preferences are close to the real preferences. 

Stated preference data are useful when revealed preference data are not 

available [139]; because stated preferences rely on respondents’ choices 

over hypothetical scenarios or alternatives. Conversely, revealed preferences 

                                                            
2 This section is identical with the section 7.3.2 of thesis A [2].  
3 This section is in parallel with the section 7.3.3 of thesis A [2].  
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techniques use observations on actual choices made by people to measure 

preferences. The primary advantage of the revealed preference technique is 

the reliance on actual choices. But the strength of revealed preference 

techniques is its primary weakness too [140]. By relying on observable 

choices, analyses are largely limited to observable states of the world. 

Therefore, revealed preference techniques may not be suitable for 

quantifying preferences for attributes where no variation exists or for which 

the attribute cannot be observed. According to Hicks [140], RP methods are 

difficult to be provided dependent on the type of study. For this reason, RP 

methods were not applied in this thesis, which required large-scale user 

studies and high levels of experimental possibilities. (See section3.2) 

However, there are many concerns related to the validity of SP methods; 

because stated preferences are elicited from intentions and not actual 

choices. Accordingly, there is a risk that they are different from the actual 

preferences. For example, Neill et al. [141] found that hypothetical 

statements of willingness to pay (WTP) are greater than real payments 

(revealed WTP) for market goods. Hence, ensuring compatibility of 

revealed and stated data is essential to derive meaningful results. There is a 

growing body of literature comparing revealed and stated preference 

methods. This literature has focused on testing for compatibility of revealed 

and stated preferences (e.g. [142], [143], [144], [145]). These tests are seen 

as validity tests for the SP method so that results from the SP model will be 

relevant for the real-world application. Specifically, within marketing, 

environmental, or management research, where SP experiments have seen 

widespread application, numerous validation tests have been undertaken 

[146]. According to Huang et al.[139], the compatibility of revealed and 

stated choices is often supported by these studies. Wardman [146] in a 

comparative study of revealed preference and stated preference models of 

travel behavior found that there is a high degree of correspondence between 

the RP and SP models according to socio-economic factors. He advocated 

that the overall SP model provided a reasonable account of individuals’ real 

choices[146]. Loomis et al. [147] also found that stated preferences about 

intended trips are valid and reliable by comparing these data to actual trip 

data. Moreover, they found evidence that improved survey design can 

increase the correlation between stated and revealed WTP for market goods. 

One of the remarkable literatures is a detailed examination and comparison 

of SP techniques and revealed preference (RP) conducted by Hicks [140]. 

He evidenced that the SP method is an effective way for quantifying 

people’s preferences for environmental conditions or management that are 

not readily identifiable using real-world observations. According to him, the 

experimental design technique is a very powerful and efficient way of data 
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collection coupled with minimal burden on respondents, especially in 

studies that RP methods cannot provide adequate information [140].  

Although numerous literature exists ensuring the validity of SP methods, 

there is always the chance that unknown factors contribute to the results and 

findings in the stated preference methods. While reveal preference (RP) 

methods, which can increase external validity of the results, could not be 

attained in this project, we devoted much effort to reduce the threats to this 

validity and to increase the generalizability of outcomes. In this regard, we 

involved a wide range of target groups in the experiment. A large sized 

sample with diverse socio-demographics (ages, nationalities, working 

conditions, households and etc.) can increase the credibility of the 

outcomes. Moreover, we applied programming for screening data to 

decrease any possible faults in calculation processes and to increase the 

accuracy of the final model. Most importantly, we applied BBN to 

generalize the outcomes from the individual level to the larger level of 

target groups; meaning that instead of answering “why Mr. X choose this 

smart home layout?” we provided answers to the question of “which target 

groups will choose this smart home layout and why?”. The first question can 

be answered as follows: Because he is Mr. X. He is a unique human being. 

He has a particular family background and a specific social circle. Such 

particular statements misguide researchers away from the issue of external 

validity. But applying the BBN method let us explore direct and indirect 

influential factors on people’s choices in a smart home. We apply this 

approach for understanding users’ spatial preferences and especially the 

underlying choice mechanisms and reasoning. To capture the complexity of 

spatial decision-making, a modeling approach that represents the 

mechanisms leading to a particular choice is required. In this regard, 

Bayesian Belief Networks are largely applied in the literature to 

conceptualize a complex (decision) network. The most dominant example in 

this regard is the Orzechowski’s work [77]. He previously proved that 

design sessions, in which users create their own preferred designs, and then 

their designs are used as input to a Bayesian Belief Network offers a 

potentially valuable approach to measuring housing preferences. Verhoeven 

et al. also proved that BBN can be a successful method for the study of 

user’s choice behavior [148]. The advantages of BBN method are that it 

allows representing a complex network of direct and indirect causal 

relationships between a set of variables, that it can handle uncertainty in the 

reasoning process, and that it is based on a probabilistic chance distribution 

among the various states of a variable.  

Selection of subjects and statistical methods are important in providing 

external validity, but also, experimental method and testing conditions are 
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important [149]. A complete discussion on the applied decisions during the 

experiment design was given in section 3.4 and 4.1. In different stages of 

the experiment design, we made decisions, which result in a simpler 

experiment for respondents with less possible confusions but a higher 

possibility to obtain significant outcomes. For instance, restricting real-time 

interactions, restricting free modifications, or not conducting the experiment 

in a VE, can decrease the perception level of respondents and consequently 

can affect their choices. But on the other side, these restrictions make a web-

based survey possible, which results in higher numbers of respondents. 

Moreover, the conducted web-based experiment in a 3D interactive smart 

home makes evaluations of spatial aspects, evaluations of users` daily 

activities, evaluations of different sizes of smart homes and repetitions of 

the tasks by each respondent possible. Hence, every decision during the 

experimental design has some positive and negative effects on the final 

validity of the outcomes. A great effort was done in order to control the 

negative effects during the experiment design and to improve the 

performance of respondents. For instance, the smart home’s sample was 

illustrated in a schematic plan with conceptual interface to reduce any bias 

effect; a non-sequential process was applied to let respondents play with 

components, compare the alternatives in different zones, and change their 

selections until they make a final decision for all the zones; predefined 

alternatives are shown to the respondents to let them better realize the space 

and the differences among the alternatives, and finally make their preferred 

layout instead of asking some direct questions. All of these settings help to 

guide respondents through the decision-making process, reduce possible 

faults, confusions, misunderstandings and lead to increased credibility of the 

outcomes. 

Nevertheless, there are always limitations in empirical studies of future 

technologies and their prospective users, which to some extent are inevitable 

for these studies. Since smart technologies are still not widely applied in the 

housing industry, assessment and validation of the results are the main 

limitations of these studies. Hence, it is important to emphasize the needs 

for comparing the predicted spatial preferences in this study with the actual 

choices of residences in real world smart homes by post occupancy analyses 

or in living lab conditions by experimental analyses. A joint RP-SP model 

can obviously be superior to RP or SP models alone. Combining RP and SP 

data has many advantages [144]; especially in situations where the validity 

of stated preference data is a concern [139].  They can be seen as potential 

extensions to be pursued in further research that can support the results of 

this study. 
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Summary  

To a large extent, an ambient intelligent home called smart home is no 

longer science fiction and is technologically feasible. But reviewing the 

current state of the field shows that application of the smart home in the real 

life and in the housing industry is still lacking; largely because the 

investigation of smart homes is limited to the domain of technical issues. 

But applying smart technologies in a home environment affects the way 

people live inside and outside of their home and shapes a new lifestyle. 

When the way of living changes the conditions of the dwelling change 

accordingly. For this reason, the home has developed over centuries. At 

certain times, major fundamental changes have been happened in the home 

by the introduction of new technologies, such as fixed fireplaces, stoves, 

water faucets, toilets, central heating, electricity, improved cooking 

facilities, later introduction of broadcasting, television, telephone and much 

more in the latter part of the 20th century. Similarly, application of smart 

technologies in the home calls for some spatial modifications to suit the 

upcoming lifestyle. The ultimate goal of this research is to make smart 

homes as one the common housing type in the future housing industry.  

Hence, we propose to upgrade spatial aspects of the home in accordance 

with the functions of smart technologies and the preferences of different 

target groups to increase users’ acceptance of smart homes. 

(i) How is the home going to be changed by applying smart technologies?, 

(ii) What are the optimal spatial layouts of smart homes which can provide 

better functionality for smart technologies and higher level of users’ 

satisfaction?, (iii) What are the influencing factors on user’s spatial 

preferences of smart homes?, (iv) What are the differences in spatial 

preferences of various target groups for a smart home?, (v) What are the 

spatial preferences of people in different sizes of smart homes? These are 

the governing questions of this study that involve nearly 254 respondents in 

an experiment. The experiment presents a 3D interactive smart home and 

lets the respondents explore multiple smart technologies, namely, smart 

walls, smart kitchen table, smart private zone, and smart furniture. Then, the 

respondents are asked to imagine how they apply smart technologies in their 

daily life. After reporting their one day living in the simulated smart home, 

they are asked to design their preferred layout of the smart home in two 

sizes of 80m2 and 125m2. In this design task, respondents make their 

preferred layout by choosing the predesigned alternatives for different parts 

of the smart home, namely, the smart kitchen, the smart living room, and the 

public-private zone. The alternatives range from a multi-roomed layout 

similar to the layout of current houses to the open space, flexible and 

multifunctional layouts. The experiment is done through an internet-based 

survey to obtain sufficiently a large sized and diverse sample. A 
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complementary questionnaire is included in the experiment in order to 

derive data about socio-demographics and lifestyle types of respondents. 

The data is accomplished with the outputs of the experiment, in which 

respondents report their daily life in the simulated smart home. Therefore, 

we can evaluate the effects of personal differences, current lifestyles, and 

the new living patterns on people’s spatial preferences of smart homes. A 

Bayesian Belief Network (BBN) is used to estimate and formulate the 

relationships of the variables that directly and indirectly influence the users’ 

spatial preferences of smart homes. The BBN estimates the probability of 

choosing design alternatives of a smart home given the users’ characteristics 

and their types of living. Accordingly, the BBN model estimates the optimal 

spatial layouts of smart homes for different target groups. Applying such a 

kind of user-centered design modeling is useful to broaden the boundaries of 

smart home’s concept and expand it in the future real estate and housing 

industries. 

In summary, the model’s output pointed out that some modifications need to 

be applied in the spatial organization of current houses to reach full 

functionality of smart technologies. The most common concept of space in 

current houses is its categorization by functions, such as sleeping rooms, 

working room and living room that can be traced to the “form follows 

function” design philosophy by American architect Louis Sullivan’s 

established more than a century ago. But the results obtained in this study 

revealed that smart technologies improve multi-functionality of the spaces. 

In a smart home, spaces are not dedicated to only one function but support 

different activity types. One of the most important multifunctional zones in 

a smart home is the kitchen, which is not anymore a separate zone dedicated 

to only kitchen related activities. Hence, people generally prefer to integrate 

the kitchen of a smart home with the living room and the context around the 

smart wall to be able to better apply the smart kitchen table for different 

daily activities. In addition, smart technologies break down many of the 

boundaries, separations, and spatial limitations in the internal spaces of 

houses. Many activities, such as, working and Tele activities are not 

restricted anymore to the physical spaces and can take place everywhere 

inside the smart home. The public zone of a smart home is enhanced with 

multiple smart technologies and people spend most of their time there. 

Hence, it is not preferable to specify a large area of the smart home to the 

private zone for making separate bedrooms and work offices. Furthermore, 

there are multiple semi-private zones and flexible spaces in a smart home, 

which provide personalized contexts and adjustable privacy levels for users. 

Therefore, the need for private spaces with fixed separations and boundaries 

is decreased. As a result, the multi-roomed layout of current houses is no 

longer adequate for the future smart livings and a more integrated, flexible, 

open space layout needs to be implemented in smart homes.  
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However, these modifications do not apply the same to different target 

groups and to all sizes of smart homes. According to the estimations of the 

BBN model, there are some differences in spatial preferences of people in 

different sizes of smart homes. One of the most important differences relates 

to the preference of the public-private layout. In small sized smart homes, 

preference for minimization and integration of the private zone is higher 

than large sized smart homes. If there is enough space in the home, people 

generally prefer to keep the private zone as large as it is and mainly apply 

the changes in the kitchen and the public zone. Case analysis of the BBN 

model also reveals that the new spatial aspects are preferable among people 

who effectively apply the smart technologies in their daily life. The more 

people need the smart technologies (i.e. dual incomes, middle-aged  people, 

the elderly, and family households), the more they prefer a flexible, 

integrated, open space layout for smart homes. In contrast, people, who do 

not really apply the smart technologies, generally prefer the multi-roomed 

layout, which has the most similarities to the layout of current houses.  

To conclude, the better functionality of smart technologies for diverse target 

groups are achieved in more open space layouts, which are embedding the 

smart technologies in flexible and multifunctional platforms. Without these 

modifications, smart homes just contain multiple standing alone smart 

technologies and do not offer any spatial or lifestyle improvements. Hence, 

smart technologies are seen as very detailed functional items for assisted 

living or perfect items for luxury livings. Accordingly, there will be no 

logical reasons for ordinary people to accept smart homes. Applying the 

spatial modifications proposed in this thesis not only match the space with 

the technical developments and provides better functionalities for smart 

technologies but also add values to the spatial conditions of current homes. 

Hence, a higher acceptance level of smart homes is expected among diverse 

target groups. This is proved by a trade-off investigation at the final stage of 

the experiment, in which most of the respondents chose the smart home 

instead of the bigger home in a situation of having a limited budget.  
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Appendix 1 

Electrolux home appliance company,  http://www.electroluxgroup.com/ 
Panasonic Prototype Eco-House, 

Tokyo, Japan,  
http://wn.com/panasonic_prototype_eco-
house_in_tokyo,_japan 

Siemens Intelligent Home, Germany,  

 
http://www.buildingtechnologies.siemens.c
om/bt/global/en/buildingautomation-
hvac/home-automation-system-synco-
living/system/pages/system.aspx 

Adaptive House, Colorado, United 

States,  

 

http://www.cs.colorado.edu/~mozer/index.
php?dir=/Research/Projects/Adaptive%20h
ouse/ 

The Smartest Home, Eindhoven, The 

Netherland,  
http://www.smart-homes.nl/ 

InHaus living lab at Fraunhofer 

 
http://www.inhaus.fraunhofer.de/de/ueber
-uns.html 

the iHomeLab at the Lucerne 

University of Applied Sciences and 

Arts in Switzerland 

https://www.hslu.ch/de-ch/technik-
architektur/forschung/kompetenzzentren/i
homelab/ 

Easy Living, Microsoft, Washington, 

United States,  
http://www.cs.washington.edu/mssi/tic/int
ros/Shafer/index.htm 

Living Tomorrow Lab. Brussels, 

Belgium 
http://livingtomorrow.com/en/livingtomorr
ow 

Care home of the future http://www.carehomeofthefuture.com/ 
Future Care Lab at RWTH Aachen 

University 
http://www.comm.rwth-
aachen.de/?article_id=355&clang=1 

Australia’s Smart Home Family http://www.ausgrid.com.au/ 
Experience Lab of Philips in the 

Netherlands, HomeLab 
http://www.research.philips.com/technolog
ies/projects/experiencelab.html 

House of the Future or House-n, MIT, 

United States,   
http://web.mit.edu/cron/group/house_n/pr
ojects.html 

Aware Home, Georgia Tech, Atlanta, 

United State, 
http://awarehome.imtc.gatech.edu/ 
 

Proto Homes, http://protohomes.com/Homes.aspx 
Connected Home, Cisco, England http://www.wired.co.uk/promotions/cisco/

connectedhome 

http://www.electroluxgroup.com/
http://wn.com/panasonic_prototype_eco-house_in_tokyo,_japan
http://wn.com/panasonic_prototype_eco-house_in_tokyo,_japan
http://www.buildingtechnologies.siemens.com/bt/global/en/buildingautomation-hvac/home-automation-system-synco-living/system/pages/system.aspx
http://www.buildingtechnologies.siemens.com/bt/global/en/buildingautomation-hvac/home-automation-system-synco-living/system/pages/system.aspx
http://www.buildingtechnologies.siemens.com/bt/global/en/buildingautomation-hvac/home-automation-system-synco-living/system/pages/system.aspx
http://www.buildingtechnologies.siemens.com/bt/global/en/buildingautomation-hvac/home-automation-system-synco-living/system/pages/system.aspx
http://www.cs.colorado.edu/~mozer/index.php?dir=/Research/Projects/Adaptive%20house/
http://www.cs.colorado.edu/~mozer/index.php?dir=/Research/Projects/Adaptive%20house/
http://www.cs.colorado.edu/~mozer/index.php?dir=/Research/Projects/Adaptive%20house/
http://www.smart-homes.nl/
http://www.inhaus.fraunhofer.de/de/ueber-uns.html
http://www.inhaus.fraunhofer.de/de/ueber-uns.html
https://www.hslu.ch/de-ch/technik-architektur/forschung/kompetenzzentren/ihomelab/
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Appendix 2 

A sample of the questionnaire in the prototype experiment: 

Thank you for experiencing the presented VR Smart Home.  

Could you please tell us in what extent do you agree with the following three 

statements? 

 

1. This virtual application gives me a better understanding of Smart Homes. 

 

 

 

2. Smart Homes are useful for future lifestyle. 

 

 

 

3. I would like living in such a Smart Home.   

 

 

 

Gender:        Male         Female 

Age: ……………………………………………………………………………. 

Living type:  Alone        With my partner/spouse         with my family 

If you are interested to be one of participants in our future experiences on this 

domain, please write your email address: 

……………………………………………………........................................... 

  

3-Neutral 1- Strongly 

disagree 

5-Strongly 

agree 

2-Disagree  4-Agree  

3-Neutral 1- Strongly 

disagree 

5-Strongly 

agree 

2-Disagree  4-Agree  

3-Neutral 1- Strongly 

disagree 

5-Strongly 

agree 

2-Disagree  4-Agree  
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Appendix 3 

Questionnaire link: http://www.smarthome.ddss.nl/en 

Raw data available at: The certified data archive of 3TU.Datacentrum,  

http://dx.doi.org/10.4121/uuid:9215c9af-c224-4db9-b79c-30e533f9e595 

Screen shots from the online questionnaire and the tasks in the conducted 

experiment: 

 

 

http://www.smarthome.ddss.nl/en
http://dx.doi.org/10.4121/uuid:9215c9af-c224-4db9-b79c-30e533f9e595
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It is expected that smart homes stemming from the convergence of ubiqui-
tous computing, ubiquitous communication, and intelligent environments, 
have a different spatial concept than the current homes. While the spatial 
consequences of applying smart technologies in a home are hardly noticed 
or commented upon in the current literature, this thesis highlighted the 
need for a smart home design that goes beyond technical services and 
merged with architectural and spatial aspects. 
In current smart home design practices, on one hand,     houses are first 
to be designed and afterward are upgraded with the technologies, on the 
other hand, the technologies are designed without considering spatial as-
pects. We      proposed to merge these two processes together. We applied 
the smart technologies in the first stage of the design and then investigat-
ed the preferred spatial layout of a smart home by users. The approach was 
(i) defining multiple tasks within a simulated smart home environment, 
which let users explore the smart home with different space-technology 
combinations and make their own preferred layout, (ii) estimating utility 
functions (preferences) from the user’s design decisions using MNL, and 
(iii) generalizing the individual’s spatial preference modeling in BBN. 
The final model identifies spatial preferences of different target groups 
based on not only socio-demographics but also different aspects of their 
current lifestyles. Accordingly, the model is able to clarify the best-fitted 
spatial layout of small and medium sized smart homes for the prospective 
target groups.  
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